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SPATIALLY SEPARATED HOMO/LUMO AT INTERFACE OF POLYPYRROLE PHYSISORBED 

ON OXIDIZED NANODIAMOND FACETS 

MATUNOVÁ Petra1,2, JIRÁSEK Vít1, REZEK Bohuslav1,2  

1Institute of Physics, Czech Academy of Sciences, Prague, Czech Republic, EU  
2Faculty of Electrical Engineering, Czech Technical University, Prague, Czech Republic, EU 

Abstract 

Nanodiamond particles (NDs) have recently risen in popularity owing to their unique and perspective 
properties. Merging NDs with organic molecules, such as polypyrrole (PPy), into hybrid organic-semiconductor 
functional systems gives rise to potential applications in photovoltaics, which is supported by prior 
experimentally observed charge transfer between bulk diamond and PPy. This work focuses on the most 
relevant (111) and (100) O-terminated ND facets with different coverage of surface terminating oxygens in 
ether, epoxide, ketone, and peroxide positions. We use density functional theory computations employing 
B3LYP functional and 6-31G(d) basis set. Energetically the most favorable oxidized ND facets were further 
optimized with PPy in physisorbed configurations. Analysis of geometry, binding energy, HOMO-LUMO gap, 
and charge transfer was done on the relaxed PPy-ND structures. Multiple hydrogen bonds are formed between 
PPy amino groups and O atoms on ND surface. PPy on 1 × 1 reconstructions is energetically favorable with 
exothermic binding energy (2.7 eV) and high charge transfer (up to 0.26 e-) in the dark. The HOMO-LUMO at 
the PPy-ND interface becomes spatially separated and significantly closer in energy (down to about 1 eV). 
These features may be beneficial for photovoltaic applications of nanodiamond. 

Keywords: Diamond, nanoparticles, polypyrrole, density functional theory, charge transfer 

1. INTRODUCTION 

Recent progress in nanotechnology and the increasing ability to characterize matter at the atomic-scale leads 
to the discovery of intriguing properties and obtaining novel materials with a vast potential for applications. 
Nanodiamond particles (NDs) have been a focus of nowadays research owing to their unique semiconducting, 
chemical, and optical properties, as well as tunable surface structure. The applications cover a large range of 
fields from biomedicine to optoelectronics including renewable energy. Combining NDs with organic molecules 
into joint organic-inorganic functional systems may result in novel functional devices. An example of a suitable 
organic material is polypyrrole (PPy), which is one of the most chemically stable conjugated polymers [1] with 
controllable conductivity. Its HOMO-LUMO gap is 1.3 - 3.2 eV, depending on the method of preparation [2]. 
Combining PPy with ND has potential use in photovoltaic (PV) applications based on an experimentally 
measured charge transfer between the bulk diamond and PPy [2]. We have recently reported a computational 
study of physisorption and chemisorption of PPy on ND facets passivated by hydrogen, which indicated 
energetic level alignment promising for PV applications [3]. Oxidized nanodiamonds represent an interesting 
complementary system as the surface dipole of the terminating C-O bonds of diamond is opposite with respect 
to the dipole of the C-H bonds and relatively stronger. 

The most representative surface facets on NDs are (111) and (100) facets [4], [5]. Thermodynamic stability 
and surface reconstruction of O-terminated NDs under varying conditions and surface coverage of (111) and 
(100) facets were studied both theoretically [5]-[8] and experimentally [9]. On the 1 × 1 (111) ND surface facet, 
oxygen in the on-top (i.e. ketone) position with peroxide bridges is the most favorable [8]. On the 2 × 1 (111) 
facet, oxygen adsorption in on-top and bridge positions were pointed out as the only plausible positions [5]. 
The bridge configuration occurs preferably at 50% or lower oxygen coverage [4], [8]; 100% O coverage leads 
to dimerization [5]. On the 1 × 1 (100) facet, the bridge position is preferred at high surface coverage [4]. 
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Alternatively, etherized 1 × 1 (100) structures with a bridging ether may be convenient [7]. For oxygen surface 
coverage up to 50% on (100), the 2 × 1 reconstruction is preferred over the 1 × 1 reconstruction [4] and epoxy 
structure is more favorable than the bridge structure [6]. The bridge position is stable at high surface coverage 
[6], [8].  

In this study, we investigate a physisorption of PPy on the most stable, fully oxygen passivated 1 × 1 and 2 × 1 
reconstructed (111) and (100) ND surface facets.  

2. COMPUTATIONAL METHODS 

The first-principles density functional theory (DFT) method implemented in Gaussian 09 electronic structure 
software [10] was used for the optimization of all of the structures employing B3LYP functional with the 6-
31G(d) basis set. We used (111) and (100) ND surface slabs consisting of 3 C layers of 6 × 6 pattern and 
surface terminating layer of O atoms. The slabs represented a corner of ND, hence always three “outer” 
surfaces of ND were functionalized with oxygens and the remaining three “inner” surfaces representing inner 
cut planes were saturated with hydrogen atoms, which were fixed during the optimizations. More details on 
the computational setup are provided in our prior work [3]. 

Based on the literature and our preliminary calculations, we choose the most probable 1 × 1 and 2 × 1 surface 
reconstructions of both (111) and (100) surface with fully passivated oxygens in ether, epoxide, ketone, and 
peroxide positions. For both reconstructions of both surface slabs, the oxygen structure with the lowest relative 
total energy after optimization was chosen for further simulations with absorbed PPy. For the 1 × 1 (111) 
surface slab was chosen 100% termination with peroxides, for the 2 × 1 (111) 50% of epoxides, for the 1 × 1 
(100) 50% with ethers and for the 2 × 1 (100) 50% with epoxides. Note that in the case of ethers and epoxides, 
the 50% surface coverage generates fully passivated forms.  

To study the contact formation, different non-equivalent positions of physisorbed PPy (represented by six Py 
units) on the relaxed slabs were optimized. Chemisorbed PPy was not calculated due to the high activation 
barrier for oxygen to be replaced with PPy. The top C layer with the terminating O atoms and PPy were allowed 
to relax during these further optimizations. For each of the four ND slabs, several initial PPy-ND configurations 
were tried. The structure with the lowest relative energy with respect to the optimized 1 × 1 (111) or 2 × 1 (100) 
O-terminated ND slabs was then taken for analysis of geometry, binding energy (Eb), HOMO-LUMO gap, and 
charge transfer (Δq). 

3. RESULTS AND DISCUSSION 

Figures 1 and 2 show the relaxed structures of PPy on ND slabs. The geometry of ND remained almost 
unchanged. The originally planar character of PPy modifies into an out-of-plane structure as a result of 
electrostatic interactions between PPy and ND. Multiple H-bonds are created between amino groups of PPy 
and surface O atoms of ND. 

The binding energies Eb, related to the energetic preferences of the interactions are summarized in Table 1. 
The binding energies were calculated as the difference of total energies of the relaxed structures before and 
after the contact formation according to the formula:  

(1) 

where E corresponds to total energies of C:H slab (Eslab), PPy molecule (EPPy), 
and PPy-C:H structure (Econ). Positive EB corresponds to an exothermic process, i.e. thermodynamically 
favorable, whereas negative value corresponds to an endothermic process. 

,)( conPPyslabb EEEE −+=
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Figure 1 PPy physisorbed on peroxide-terminated 1 × 1 (111) ND slab, side view of HOMO (a) and LUMO 
(b). PPy physisorbed on epoxide-terminated 2 × 1 (111) ND slab, side view of HOMO (c) and LUMO (d).  

C atoms are in gray, H atoms are in white, O atoms are in red, and N atoms are in blue 

 

Figure 2 PPy physisorbed on ether-terminated 1 × 1 (100) ND slab, side view of HOMO (a) and LUMO (b). 
PPy physisorbed on epoxide-terminated 2 × 1 (100) ND slab, side view of HOMO (c) and LUMO (d).  

C atoms are in gray, H atoms are in white, O atoms are in red, and N atoms are in blue 

Formation of all of the calculated structures is exothermic, the highest binding energy of around 2.7 eV is 
obtained for the case of PPy on 1 × 1 reconstructed facets. The values for the 1 × 1 reconstructed facets are 
1.68 - 1.84 eV higher than the values obtained for the 2 × 1 reconstructed facets. 
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Table 1 Binding energy (Eb), charge transfer (Δq), HOMO-LUMO gap, HOMO and LUMO values 

Structure Eb [eV] Δq [e-] HOMO-LUMO gap [eV] HOMO [eV] LUMO [eV] 

1 × 1 (111) - - 3.32 -6.35 -3.03 

2 × 1 (111) - - 3.09 -4.41 -1.32 

1 × 1 (100) - - 3.29 -5.22 -1.93 

2 × 1 (100) - - 2.50 -5.42 -2.92 

PPy - 1 × 1 (111) 2.76 0.26 1.09 -4.39 -3.30 

PPy - 2 × 1 (111) 1.08 0.12 0.40 -3.52 -3.12 

PPy - 1 × 1 (100) 2.71 0.19 1.71 -3.53 -1.83 

PPy - 2 × 1 (100) 0.87 0.08 0.35 -3.22 -2.87 

The calculated HOMO-LUMO gap of PPy is 3.36 eV, agreeing well with theoretical [11] and experimental [2] 
values. Band gap of bulk diamond is 5.48 eV. The calculated HOMO-LUMO gaps of the O-terminated NDs are 
in the range of 3.09 - 3.32 eV except for the HOMO-LUMO gap of 2.50 eV for the 2 × 1 (100) slab. Similar 
results of HOMO-LUMO gaps, equal to 2.76 and 3.72 eV, were obtained for fully passivated O-terminated 
diamond nanocrystals (with small enough size below 2 nm) by DFT [12]. Band gap in the range of 2.0 and 2.6 
eV was also obtained for the O-terminated (100) bulk diamond surface by DFT [13]. After the physisorption of 
PPy, the HOMO-LUMO gaps significantly decreased by 1.6 - 2.7 eV. Upon the PPy adsorption, the HOMO 
energy of the ND is increased in the PPy-ND complex in all cases. The LUMO energy decreases in the case 
of PPy on (111) but increases in the case of PPy on (100) facets. 

There is also a considerable spatial separation of HOMO and LUMO at the PPy-ND interface in all cases 
except the 2 × 1 (111) ND where it is only moderate. HOMO is located mostly on PPy and LUMO is located 
mostly on ND for all the cases except for PPy on the 1 × 1 (111) ND slab, for which the separation is opposite. 
Generally, the HOMO and LUMO are found in areas with a significant interaction between PPy and ND, where 
the most pronounced modification with respect to the separate components happens. This is mostly in the ND 
corner enclosed by oxygens. Thus the nanoparticle form of diamond may be important for such strong 
interaction.  

The spatial separation of HOMO and LUMO is convenient for photovoltaic applications. It was calculated by 
DFT for the case of H-terminated NDs interacting with PPy [3] or diamond with adsorbed buckminsterfullerene 
(C60) [14], for which it was also observed experimentally [15]. Under illumination, the HOMO-LUMO spatial 
separation can promote dissociation of excitons and thereby lead to a generation of free charge carriers. 
Moreover, it increases the efficiency of a photovoltaic cell by decreasing the probability of recombination 
processes.  

Charge transfer was calculated as the difference between the number of donated electrons from ND to PPy, 
and the number of electrons back donated from PPy to ND based on summing up molecular orbitals 
redistributed to both of the fragments [16]. The positive values of charge transfer, shown in Table 1, thus 
correspond to the net transfer of electrons from ND to PPy. After the absorption, the formerly electrically neutral 
PPy and the intrinsic O-terminated ND thus become oppositely charged. This may again facilitate the exciton 
dissociation under illumination. The highest charge transfer of 0.26 e- is observed for PPy on the  
1 × 1 (111) structure. The values of the charge transfer are consistent with the binding energy. The higher the 
binding energy, the greater is the charge transfer. Generally, the values of charge transfer were relatively high 
comparing with the values obtained for physisorption of PPy on the H-terminated NDs without any H-bonds 
[3]. The calculated charge transfer mirrors the changes in the frontier molecular orbitals. 
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4. CONCLUSION 

We showed in our calculations that even without chemisorption there is a considerably strong interaction 
between PPy and O-NDs in terms of PPy structural changes, high exothermic binding energy, high charge 
transfer and pronounced changes of HOMO-LUMO energy levels at the PPy-ND interface. Formation of 
hydrogen bonds plays probably an important role in these phenomena. The results also showed that the 
complex of PPy with O-terminated ND might be suitable for photovoltaic applications since spatially separated 
HOMO-LUMO orbitals may promote separation of photogenerated charge carriers. 
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Abstract 

Properties of the resulting polymer nanofibers are often tailored by sonication technique applied prior or past 
an electrospinning process. The aim of this contribution is to evaluate morphology of nanofibrous mats formed 
by poly(ethylene oxide) with distributed magnetic nanoparticles (MNP) (about 20 nm in diameter) in 
dependence on time of sonication of the used polymer solutions. The solutions were exposed to sonication 
(intensity 200W, frequency 24 kHz) for 10, 30, and 60 minutes. It was shown that rheological characteristics 
(viscosity, storage and loss moduli) strongly depend on time of sonication (particularly phase angle) in contrast 
to electric conductivity and surface tension. For analysis of homogeneous distribution of MNP in polymer 
solution, the rheological measurements were carried out also in presence of external magnetic field. 
Magnetorheological efficiency (a relation of corresponding viscosities) was determined for 80, 170, and 255 
mT. Consequently, changed rheological characteristics participate significantly in the process of 
electrospinning and resulting quality of the obtained nanofibrous mats. Qualitative changes were described by 
means of scanning electron microscopy (variance of mean diameter of nanofibers), transmission electron 
microscopy (distribution of MNP within nanofibrous mats). Static magnetic properties were determined by a 
vibration sample magnetometer. It was shown that even distribution of MNP in the mats can be achieved by 
mere sonication process without application of external magnetic field during an electrospinning process. 
However, time of sonication generates a degree of embedding of MNP into individual nanofibers. 

Keywords: Ultrasound, poly(ethylene oxide), magnetic nanoparticles, magnetorheology, electrospinning 

1. INTRODUCTION 

Electrospinning is based on evoking viscoelastic usually polymer jets in intensive electric field (~kV/cm). After 
passing a distance between a source of polymer solution and a collector, used solvent should be optimally 
completely evaporated and an obtained nanofibrous mat should consist of a pure polymer material. This 
ranges an electrospinning process to a relatively simple but very efficient method producing nanofibers. 

Nevertheless, this process subjects too many input parameters [1, 2] basically divided into four categories 
characterizing: 1) polymer material (molecular weight, molecular weight distribution, topology of 
macromolecules), 2) solvent (surface tension, solubility parameters, relative permittivity), 3) solution (viscosity, 
concentration, specific conductivity), and 4) basic process parameters (electric field strength, tip-to-collector 
distance, temperature, humidity).  

In addition to basic process parameters, there exists a series of possibilities how to influence quality and 
practical application of the final electrospun products. In this respect sonication process as a non-invasive 
method has recently attracted attention both in pre-electrospinning stage as well as in the post-electrospinning 
phase. This process makes the electrospun mats possible to apply in various branches as for instance 
biomedicine (magnetic targeted therapy, magnetic cell separation or magnetic treatment of tumors [3]) for 
which some attributes can be successfully tailored. 
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Basically, there are three approaches in preparing polymer solutions for electrospinning: vibrational shaking, 
magnetic stirring, and sonication. The last approach is effective especially when magnetic nanoparticles (MNP) 
(usually 2-30 nm in diameter) are inserted into polymer solution [4, 5]. Tarasova [5] compared three different 
methods of preparation of polymer solution containing conductive filler and showed a strong influence of an 
employed method on final morphology of the fibers, their conductive and mechanical properties. As expected, 
polymeric material during sonication process exhibits non-negligible degradation [6]. 

The aim of this contribution is to relate morphological changes of poly(ethylene oxide) (PEO) electrospun 
nanofibrous mats containing MNP to magnetorheological characteristics of source material for homogenization 
of which sonication process is applied. Distribution (homogeneity) of MNP in the resulting mats was evaluated 
using a scanning electron microscope, a transmission electron microscope, and a vibrating sample 
magnetometer. 

2. EXPERIMENTAL PART 

PEO (Sigma Aldrich, USA, molecular weight 300,000 g/mol) was dissolved in distilled water (9 wt.%) and 
magnetically stirred at 250 rpm under 25 °C for 48 hrs. MNP were prepared under microwave assisted 
radiation ensuring homogeneous conditions during the synthesis [7]. All chemicals used were in reagent grade 
(Penta, Czech Republic). The diameter of the prepared MNPs was around 20 nm. 

Prepared MNPs were dispersed (5 wt.%) in aqueous PEO solution. To improve their dispersion, an ultrasonic 
processor UP200S (Hielscher, Germany) equipped with a sonotrode (2 mm in diameter) providing sonication 
intensity of 200 W and frequency 24 kHz was applied for 0, 10, 30, and 60 minutes.  

A rotational rheometer Physica MCR 501 (Anton Paar, Austria) was used in two geometrical arrangements. 
The first one with no external field was represented by concentric cylinders (diameter 27 mm) and the second 
one by the magnetorheological cell Anton Paar 180/1T in configuration of parallel plates (diameter 20 mm) 
where consecutively three values of strength of magnetic intensity were set: 80, 170, and 255 mT. 

The electrospinning process (more details in [8]) was carried out at voltage of 25 kV with the tip-to-collector 

distance fixed to 200 mm under ambient conditions (temperature 21±1 °C and relative humidity 64±1 %).  

Morphology of resulting nanofibrous mats was analyzed using a Vega 3 high resolution scanning electron 
microscope (Tescan, Czech Republic). For a determination of mean fiber diameter, 300 fibers were taken from 
3 different images using Adobe Creative Suite software. Topology of MNPs within the nanofibrous mats and 
nanofibers themselves was studied using a transmission electron microscope Philips CM 12 (wolfram cathode; 

operated at 120 kV). The microscope was equipped with a high tilt holder (±45°) that was used for the checking 
of particle positions (inside/outside fibers). Magnetostatic properties of nanofibrous webs were evaluated by a 
vibrating sample magnetometer VSM 7407 (Lake Shore, USA) at ambient temperature (25 °C) in a magnetic 
field up to 10 kOe (~800 kA/m). The amplitude and the frequency of vibration attained 1.5 mm and 82 Hz, 
respectively. 

3. RESULTS AND DISCUSSION 

Duration of sonication process during incorporation of MNPs into aqueous PEO solution prior to 
electrospinning has a significant impact to rheological behavior of the resulting source material. Longer 
sonication implies chain scission of PEO macromolecules as documented by lowering average molecular 
weight as well as index of polydispersity (see also [9]). This simultaneously causes a decrease in shear 
viscosity and a prolongation of Newtonian plateau with time of sonication (Figure 1). These two factors are 
accompanied by deagglomeration of MNPs in a solution.  
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Simultaneously with a decrease in shear viscosity with time of sonication, there is also a drop in storage 
modulus. In other words, elasticity is reduced which is reflected in worse morphology of nanofibrous mats - 
appearance of so called beads. 

For analysis of homogeneity of MNPs distribution in polymer solution, the rheological behavior of aqueous 
PEO solutions with MNPs was also characterized in the presence of an external magnetic field (Figure 2).  

 

Figure 1 Shear viscosity of aqueous PEO solutions with MNPs in dependence on shear rate 

 

Figure 2 Shear viscosities of aqueous PEO solutions with MNPs in dependence on shear rate in the 
presence/absence of an external magnetic field 

The magnetorheological behavior is significantly influenced by the duration of sonication. While the viscosity 
of the system decreases in the absence of magnetic field, the opposite tendency occurs when the magnetic 
field is employed. Due to the lower viscosity of the polymer solution and deagglomeration of MNPs, the 
magnetized MNPs can more easily move, attract each other due to magnetic dipole-dipole interactions and 
thus create stiffer and more shear-resistant structures. 
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The fibers of higher quality (circular in diameter, beadless) were spun from non-sonicated aqueous PEO 
solution with MNPs. Gradually, as the duration of sonication increased, the quality of fibers deteriorated. The 
mean fiber diameter dropped by 39 % after 60 min of sonication and the presence of numerous beads varying 
in the size appeared (Figure 3). In addition; as the size of agglomerates decreases with duration of sonication, 
the MNPs are more homogeneously distributed within the electrospun fibers. These results correlate very well 
with literature data [9, 10], where the impact of viscosity, elasticity and polydispersity on the quality of fibers 
was documented.  

 

Figure 3 Morphology of nanofibrous mats electrospun from aqueous PEO solutions with MNPs in 
dependence on time of sonication (SEM (larger) and TEM (smaller insets) pictures) 

The type of particle positions (inside/outside fibers) was also checked by observing at various holder tilts in 
TEM analysis. The overall saturation magnetization of prepared composite structures is much lower 
(9 emu·g-1=9 A·m2·kg-1) than that of the pure MNPs (76 emu·g-1=76 A·m2·kg-1) [7] due to the contribution of 
nonmagnetic polymer matrix. It is worth mentioning that the saturation magnetization of nanofibrous mats is 
virtually unaffected by the sonication time indicating that the amount of magnetic phase is identical in all 
composites. 

4. CONCLUSION 

The considerable impact of sonication on the final properties and application of PEO solutions containing 
MNPs was approved. The sonication contributes to better implementation of MNPs into the structure of 
electrospun nanofibers as confirmed by scanning and transmission electron microscopy. Due to the chain 
scission and deagglomeration of MNPs the shear viscosity significantly decreases with respect to its original 
value. On the other hand, aqueous PEO solutions lose their elasticity which contributes negatively to the quality 
of electrospun nanofibers. 

ACKNOWLEDGEMENTS 

The authors (M.S. and V.B.) thank to the support of the Operational Program Research and 
Development for Innovations co-funded by the European Regional Development Fund (ERDF) and 
the National Budget of the Czech Republic, within the framework of the project Centre of Polymer 

Systems (reg. number: CZ.1.05/2.1.00/03.0111). The author (N.P.) appreciates the institutional support 
RVO 68081723. 

REFERENCES 

[1] DEITZEL, J. M., KLEINMEYER, J., HARRIS, D., BECK TAN, N.C. The effect of processing variables on the 
morphology of electrospun nanofibers and textiles. Polymer, 2001, vol. 42, pp.261-272. 

[2] AGARWAL, S., WENDORFF, J. H., GREINER, A. Use of electrospinning technique for biomedical applications. 
Polymer, 2008, vol. 49, pp. 5603-5621. 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

24 

[3] ZHANG, D., KARKI, A. B., RUTMAN, D., YOUNG, D. R., WANG, A., COCKE, D., HO, T. H., GUO, Z. H. 
Electrospun polyacrylonitrile nanocomposite fibers reinforced with Fe3O4 nanoparticles: Fabrication and property 
analysis. Polymer, 2009, vol. 50, pp. 4189-4198. 

[4] CAO, Q. Q., WAN, Y. Q., QIANG, J., YANG, R. H., FU, J. J., WANG, H. B., GAO, W. D., KO, F. Effect of 
sonication treatment on electrospinnability of high-viscosity PAN solution and mechanical performance of 
microfiber mat. Iranian Polymer Journal, 2014, vol. 23, pp. 947-953. 

[5] TARASOVA, E., BYZOVA, A., SAVEST, N., VIIRSALU, M., GUDKOVA, V., MARTSON, T., KRUMME, A. 
Influence of Preparation Process on Morphology and Conductivity of Carbon Black-Based Electrospun 
Nanofibers. Fullerenes Nanotubes and Carbon Nanostructures, 2015, vol. 23, pp. 695-700. 

[6] DUVAL, M., GROSS, E. Degradation of poly(ethylene oxide) in aqueous solution by ultrasonic waves. 
Macromolecules, 2013, vol. 46, pp. 4972-4977. 

[7] SEDLACIK, M., MOUCKA, R., KOZAKOVA, Z., KAZANTSEVA, N. E., PAVLINEK, V., KURITKA, I., KAMAN, O., 
PEER, P. Correlation of structural and magnetic properties of Fe3O4 nanoparticles with their calorimetric and 
magnetorheological performance. Journal of Magnetism and Magnetic Materials, 2013, vol. 326, pp. 7-13. 

[8] PEER, P., STENICKA, M., PAVLINEK, V., FILIP, P. The storage stability of polyvinylbutyral solutions from an 
electrospinnability standpoint. Polymer Degradation and Stability, 2014, vol. 105, pp. 134-139. 

[9] PEER, P., FILIP, P., POLASKOVA, M., KUCHARCZYK, P., PAVLINEK, V. The influence of sonication of 
poly(ethylene oxide) solutions to the quality of resulting electrospun nanofibrous mats. Polymer Degradation and 
Stability, 2016, vol. 126, pp. 101-106. 

[10] ROSIC, R., PELIPENKO, J., KOCBEK, P., BAUMGARTNER, S., BESTER-ROGAC, M., KRISTL, J. The role of 
rheology of polymer solutions in predicting nanofiber formation by electrospinning. European Polymer Journal, 
2012, vol. 48, pp. 1374-84. 

 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

25 

TRANSFER OF ELECTRONS OR HOLES BETWEEN LOCALIZED STATES.  

APPLICATION TO POLYMER ELECTRIC CONDUCTIVITY  

KRÁL Karel1, MENŠÍK Miroslav2  

1Institute of Physics, Academy of Sciences of Czech Republic, v.v.i., Prague, Czech Republic, kral@fzu.cz   
2Institute of Macromolecular Chemistry, Academy of Sciences of Czech Republic, v.v.i.,  

Prague, Czech Republic, mensik@imc.cas.cz  

Abstract  

Basing on the quantum transport formalizm a formula for the irreversible transfer of charged particles has been 
introduced by us recently. This formula is expected to be suitable for the theoretical description of the electron 
or hole transfer between quantum dots, other nanoparticles, molecules, and so on. We discuss shortly the 
main physical properties of the formula. We also demonstrate the use of the formula for the theoretical analysis 
of the electronic physical properties of some electrically conductive polymers.  

Keywords: Electron transfer, electron-phonon interaction, quantum nanostructures, transfer rate formula,  
                   polymer conductivity 

1. INTRODUCTION 

The transfer of the charged particles, like electrons or holes, between nanoparticles like quantum dots, 
nanoparticles in colloid solution, molecules, and so on, has been regarded as an important phenomenon [1]. 
Similarly, the transfer of the electronic excitation, or an exciton, between the nanoparticles, is regarded to play 
an important effect, like in the photosynthesis. The transfer of the charged particles has been traditionally 
treated recently with help of the theory introduced by R. Marcus [2]. This theory for the charged particles and 
another such theory for electronic excitation energy transfer [3], were in fact built on using the interaction of 
the electronic subsystem of the nanoparticle with the vibrations of the atomic lattice of the nanostructure. So, 
the Förster’s theory of resonance transfer [3] utilizes the optical emission spectral data and absorption spectra 
of the nanoparticles, broadened due to the exciton-phonon interaction. In the case of the Marcus theory of the 
electron transfer the important role is played by the introduction of a certain macroscopic fluctuating parameter, 
which presence in the theory should provide a vehicle for how to circumvent the question of the energy 
conservation between the particle state entering the transfer reaction and and the state when the system is 
leaving the reaction of the electron transfer. We have developed an effort recently to obtain similar transfer 
rate formulas using a more detailed microscopic approach [4], building on the use of the multiple scattering of 
the transferred electron, or exciton, scattered on the atomic vibrations of the lattices of both the nanoparticles 
entering the transfer process reaction. We show that the theory of the transfer can be built in a similar formal 
way for the electrons and also for the excitons, providing that the excitonic particle operator commutation 
relations are simple enough so as to be represented by fermionic commutation relations, as may happen in 
cases of sufficiently simple systems of two nanoparticles between which the exciton is considered to be 
transferred.  

The multiple scattering of electron or exciton on lattice phonons can be viewed to be only an approximation 
from the point of view of the eventual more complete or full theory, taking into account the complicated situation 
in the simple systems of interacting electrons and phonons [5]. This approximation only means that we expect 
that the scattering electron or exciton has a sufficiently long mean free path before it looses its phase. We may 
perhaps expect this to be met in the quantum dots samples like those of GaAs quantum dots grown in the 
Stranski-Krastanow mode. On the other hand we might expect that in say a pair of nanoparticles made of the 
anthracene material, the mean free path of electron or exciton already in a single nanoparticle is regarded as 
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so short [6] that we would rather not expect an electron to make coherent multiple scattering acts in such a 
nanostructure.  

In this paper we briefly characterize the formula for the transfer and some of its main propeties. There are 
perhaps many areas of application of the transfer theory of electronic charge or excitation energy. We shall 
concentrate our attention on the application of the present theoretical approach in the theoretical analysis of 
experimental data measured recently on a certain class of bulk polymer materials. In order that we simplify the 
language, let us say that although the electric current in those polymers is very likely transferred by hole 
particles, we simply speak here about the electrons only. 

2.  CHARACTERISTIC PROPERTIES OF THE FORMULA FOR THE ELECTRONIC TRANSFER 

Although our theoretical approach makes it possible to develop the transfer rate formula on the same grounds 
for the electronic charge transfer as well as for the exciton energy transfer, we shall confine ourselves to the 
case of the electronic transfer only. We shall not present the derivation of the formula from the Hamiltonian of 
the system of the nanoparticles, we instead give directly the resulting formula. It should be only emphasized 
that the formula for the electronic transfer was derived upon using the so called Lang-Firsov transformation to 
include into account exactly the significant electron-phonon interaction. The resulting Hamiltonian of the 
system was then simplified to neglect certain feature of the coherence between quantum mechanical systems 
of the source nanoparticle on one hand, and the target nanoparticles on the other. This approximation, which 
is discussed in more detail in the reference [4], is supposed to be a standard approximation included already 
in both the traditional theoretical transfer papers [2, 3]. In the present work the electron-phonon interaction is 
included in an approximation which goes beyond the limits of the finite order of the  

perturbation calculation, namely, the electron-phonon interaction is included in the self-consistent Born 
approximation. With using the nonequilibrium Green’s functions, together with the standard approximations for 
obtaining the quantum transport equation [7], we arrive (see also [4]) at the quantum transport formula for the 
electron transfer between two quantum quasi-zero-dimensional (Q0D) nanostructures, where 
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The retarded electronic Green’s function of the system is given by the electronic self-energy mM  calculated 

from the equation (2): 
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Let us now summarize some of the significant properties of the formula for the electron transfer. Thanks to the 
approximation to the electronic self-energy the formula can be applied to any choice of the single energies of 
the electron at the two localized sites. The reason is that the self-consistent Born approximation corresponds 
to the multiple scattering of the electron, due to which multiphonon states of the vibrational modes are excited. 
These multiphonon states can be seen as similar to the coherent phonon states which are known to have a 
continuum of their energy. In the case of the electron transfer this multiple scattering mechanism plays a similar 
role as the fluctuating macroscopic parameter introduced earlier with great intuition by R. Marcus [2]. In the 
case of the exciton scattering the present formulation allows one to obtain the transfer formula [4] to be possibly 
applied also in transfer processes which might be already outside the limits of the applicability of the traditional 
Fӧrster’s resonant transfer formula, which is restricted to the assumption of the nearly resonant transfer 
processes.  

Besides the general properties of the formula (1) there are also other its properties which are manifested when 
the formula is applied to a more specific physical situation. In the next section the transfer rate formula is 
shown in aplication to the electric conduction of certain conductive polymers. 

3. ELECTRIC CONDUCTION OF POLYMERS 

Some polymers, like those based on poly(thiophene)s, display an electric conductivity [8]. Basing on the 
analysis of their electric conduction it might be suitable to imagine a mechanism of their electric conductivity 
to be like an electronic transfer between localized sites under the influence of the applied electric field. If we 
knew the distribution of the sites in the polymer, in which the conduction electron can be localized, and the 
quantum mechanical operators of the electron tunneling between the sites, we could try to develop the 
theoretical description of the electric conductivity along these lines. Instead of this we better confine ourselves 
to a much simpler task, namely we try to represent the whole polymer by just a single pair of neighboring 
localized sites. We are going to test the application of the formula (1) within this simple picture. 

We imagine that there is an average occupation totn  equal on all the localized sites. We represent the individual 

localized sites by a single CdSe cubic quantum dot, in which we consider only one bound state which can be 
occupied by single electron. In this way we can use a well defined localized state of electron and its coupling 
with optical phonon modes. The electron-phonon coupling in the polymer is substituted here by the coupling 
of the electron to the phonons inside the individual quantum dot. Because the pair of the quantum dots is 
coupled to the rest of the polymer, we assume that the chosen occupation of the  two sites is constant in time 

and maintained at the level of totn . We assume that the pair of quantum dots is subject to an applied electric 

field which intensity is directed from the target quantum dot to the source quantum dot, so that the electric field 
moves the electronic charge from the source to the target. We simulate the effect of the applied electric field 

simply by introducing the energy difference 1 0E E E∆ = −  between the electronic state at the target state, 1E

, and the electron energy at the source quantum dot 0E , as an input parameter in the numerical calculation. 
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In Figure 1 we plot the reduced transfer rate of the 
electron from the source state (no. 0) to the targer 
state (no. 1). The reduced rate means here that the 
rate given by the transfer rate formula is devided by 
the average occupation of the both states 0 and 1. 
We sometimes use the quantity of the reduced 
transfer rate because this quantity is closely related 
to the electron mobility [4]. The full curve in Figure 1 
gives the transfer rate for the equal occupation of the 
both sites, each chosen as 0.05 of electron per the 
site. This curve shows us the important property of 
the formula. We see the effect of the negative 
differential conductivity in the polymer. This 
calculated effect can be compared with a similar 
effect found in experiment measured in polymers [9]. 
The comparison of the theory and experiment shows 
us that the effect of the negative differential 
conductivity can be caused by the nonadiabatic 
manifestation of the interaction between the 
electrons and the vibrations of the atomic lattice. Let us note that the maximum of the negative differential 
conductivity peak is found at such energy difference between the two sites which corresponds to the energy 
of the optical phonons (25 meV in CdSe). The observed maximum is due to the excitation of an optical phonon 
with which the conduction electron is assumed to interact in the present model. 

In order to understand more the shape of the dependence of the electric conductivity of our model of the 
polymer, as it depends on the applied electric field, we compared the conductivity with the equally populated 
sites with a different case, in which the occupation of the sites fluctuates between the two distributions of the 
electronic density among the two sites, namely with the occupation 

0 10.095, 0.005N N= =  and the occupation 

1 00.095, 0.005N N= = . We assume that each of these two occupation of the sites occurs with 50 % 

probability. Note that on average the occupation of the sites is again 0.05 of electron per site. The result of the 
numerical evaluation of the reduced transfer rate is presented by the dash curve in Figure 1. We see that the 
negative differential conductivity peak of the displayed dependence becomes broader when the occupation of 
the sites fluctuates between two inhomogeneous distributions of the electronic charge. Let us remark that the 
use of the transfer rate formula assumes that the changes of the electronic distribution are supposed to occur 
with sufficiently low frequency in time, because the formula is derived inder the assumption that the electronic 

distribution , 0,1iN i =  changes slowly as compared to the rapidity of the transfer process (see [4] and the 

references cited in).   

4. CONCLUSION 

We discuss the formula for the irreversible electronic transport of electrons between two quasi-zero-
dimensional nanostructures and briefly characterize its general properties, among which we emphasize the 
property allowing the formula to be applicable to cases when electron is transferred between states with 
different energies. Another property of the present transfer rate is that for sufficiently simple situations in the 
physical systems under study the formula has a similar formal structure for the transfer of electrons and for the 
transfer of excitons. When applied to the electric conductivity of some conducting polymers the formula shows 
the property of negative differential conductivity. The formula also allows to analyze the behavior of the electric 
conduction under a significant occurence of the fluctuations in the electronic distributions among the localized 
sites in the polymer. 
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Abstract 

In the present study we analyzed an influence of adding of Cu2-xSe nanocrystals (NCs) to PbS quantum dots 
(QDs) prepared in colloidal solution, in organic matrices and on glass substrates. We found that 
photoluminescence (PL) signal from QDs is considerably affected by Cu2-xSe NCs, which results in slowdown 
of PL decay and change of PL intensity. The behavior of PL signal drastically depends on the surrounding 
matrix and QD-NC separation distance. Despite Cu2-xSe NCs provide an enhancement of PbS QDs PL, they 
also caused and acceleration of QD degradation when QDs and NCs interact. 

Keywords: Photoluminescence, quantum dots, PbS, LSPR, doped semiconductor nanocrystals 

1. INTRODUCTION 

Heavy doped semiconductor nanocrystals show unique optical features which make them attractive for 
photonic applications [1, 2]. In particular, they possess localized surface plasmon resonances (LSPRs) which 
arise from oscillation of excess charge carriers. High concentrations of excess charge carriers in 
semiconductor nanocrystals are reached via ionized dopant or self-doping through the deviation from 
stoichiometric phase [3]. The self-doping is used to reach LSPRs in the near-infrared region (NIR) for copper 
chalcogenide (Cu2-xSe) plasmonic nanocrystals (PNCs). In comparison with noble metals nanoparticles with 
LSPRs in NIR, semiconductor PNC demonstrates some important advantages: small size (5-11 nm), tunability 
of LSPRs energy, low cost of materials for colloidal syntheses and comparative simplicity of syntheses 
technique [1, 4]. 

LSPRs effect is widely used in different photonic and photoelectric applications [2, 5]. Electric field arising from 
LSPRs modifies optical properties of nanoscale objects which are located near the PNC surface. In particular, 
LSPRs can lead to an enchantment of photoluminescence from organic molecules and quantum dots (QD) [6, 
7]. Semiconductor QD is nanometer size object with energy structure determined mostly by the size of QD due 
to the quantum confinement effect [8]. Due to their unique properties, QD have become a building block for 
various photonic devices. Interaction between LSPR, arising from metals, and QDs were studied well and has 
several applications [9-11], but the interaction of LSPRs, arising from semiconductor PNC, with different 
fluorophores is still poorly understood. 

In this work we studied an interaction of LSPRs in Cu2-xSe PNCs and PbS QDs, which has attractive features, 
including bandgap energy that covers all NIR regions by varying QD size, high absorbance and emitting 
efficiency. These features make them a promising material for light harvesting devises [12]. We analyzed an 
influence of adding of Cu2-xSe PNCs to PbS QDs prepared in colloidal solution, in organic matrices and on 
glass substrates. We found that photoluminescence (PL) signal from QDs is considerably affected by Cu2-xSe 
PNCs, that results in slowdown of PL decay and change of PL intensity. The behavior of PL signal drastically 
depends on the surrounding matrix and QD-PNC separation distance. Despite Cu2-xSe PNCs provide an 
enhancement of PbS QDs PL, they also caused and acceleration of QD degradation when QDs and PNCs 
interact. This process was analyzed in details for colloidal QD solution. 
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2. EXPERIMENTAL 

Oleic acid capped PbS QDs with the average diameter of 4 nm were synthesized via well-established 
organometallic synthesis, the details described elsewhere [13]. Oleylamine (OAm) capped Cu2-xSe PNCs were 
synthesized via Cu vacancies boost cation exchange reactions in copper selenide nanocrystals describes in 
[4]. Absorption and PL spectra from PbS QDs dissolved in tetrachloromethane, and absorption spectrum from 
Cu2-xSe PNCs dissolved in toluene are shown in Figure 1. LSPRs from PNCs cover broad spectral region and 
centered at ~ 1.16 eV, QDs bandgap width is about 1.19 eV and match well with LSPR.  

 

Figure 1 Absorption spectra of Cu2-xSe PNC dissolved in toluene (black), absorption (red) and PL 
(green) spectra of PbS QDs dissolved in tetrachloromethane 

To explore QD-PNC systems, we used PL and absorbance spectroscopy. Shimadzu UV-3600 
spectrophotometer was used to measure absorbance spectra, and home-build measuring system described 
in [14] was used to obtain the steady-state PL spectra. Briefly, an excitation was realized by using He-Ne laser 
at 633 nm. PL signal was collected in 90o geometry. Acton SP-2558 monochromator, with a relative aperture 
of 6:5, a focal length of 0.5 m and spectral resolution of about 6 nm, equipped by InGaAs photodiode 
Hamamatsu G585221 with spectral range of 900-2100 nm, was used for detection of PL radiation. To study 
PL kinetics, we used self-build measuring setup analogues to that described in [4]. Laser-Export DTL-339QT 
pulsed laser with a pulse duration of 10 ns was used for excitation at 527 and 1053 nm wavelengths. High-
frequency InGaAs photodiode was used for PL detection. 

3. RESULTS AND DISCUSSION 

First, we studied an interaction between Cu2-xSe PNCs and PbS QDs distributed in an organic matrix. PbS 
QDs were dissolved in 5 wt% solution of Poly(methyl methacrylate) (PMMA) in toluene. 10 µl of this solution 
was drop-casted on cover slips and dried at 50 °C during 1 hour. 10 µl of PNC solution was then dropped on 
the top of the layer of QDs in PMMA. Figure 2a shows PL spectra of QDs in PMMA layer before (green line) 
and after (black line) PNCs were added. As one can see from the Figure 2a, we observed 35% enhancement 
of PL signal. An enhancement of PL from QDs is caused by the coupling with LSPRs which are resonantly 
excited by the QDs PL. When we used 8.5 nm PbS QDs with PL at ~0.65 eV we did not observe any 
enhancement of QD PL. To examine sample stability, we repeated the measurement on the next day and 
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performed heat treatment at 50 °C during 1 hour. Figure 2a shows that an enhancement factor reduces after 
storage at ambient conditions and after heating. These finds agree well with data reported in [15] where the 
coupling of LSPRs in Cu2-xSe PNCs and upconversion luminescence from NaYF4:Yb3+, Er3+ was studied. The 
degradation of LSPRs in Cu2-xSe PNCs was explained in terms of destruction of OAm capping layer by the 
oxidation reaction.  

 

  

Figure 2 a) PL spectrum of PbS QDs in PMMA: before (green line) and after (black line) PNCs were 
added, after day of storage (red line), and after heating (blue line); b, c) PL decay curves for QD in 

PMMA: pure (black), after PNC application (red) and after heating (blue), using 527 nm (b) and 1053 nm 
(c) laser excitation 

Figure 2b and c shows PL decay curves for QD in PMMA, which were measured using 527 and 1053 nm 
laser excitation. We observed slight increase of PL decay times which is more pronounced for the resonant 
excitation at 1053 nm. It is known that LSPR can affect the photoluminescence by the modification of 
recombination rate and by local field enhancement, and the second mechanism does not lead to variation of 
the PL decay time. An increase of PL decay time caused by the plasmon enhancement has been previously 
observed for NaYF4:Yb,Tm hybrid nanostructures [16] and for Sm complexes [17] when they interact with 
noble metal NPs, and was ascribed to the redistribution of the exciton population between emitting states. PbS 
QDs possess complicated energy structure which involves long-lived emitting state [4]. If LSPR effect is more 
pronounced for the excitons at the long-lived state, we can expect an increase of the average PL lifetime. 
Similar, Ozel et al. have demonstrated that coupling of CdS QDs with localized plasmon can lead to both 
acceleration of the band-edge emission and to slowdown of the defect-related emission [18]. To deeper 
understand our observations further experiments are required. 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

33 

For a series of the samples prepared by that method we observed an enhancement in the range of 35-50 % 
and slight red shift of PL spectra after PNCs have been deposited. Relatively small value of enhancement 
factor can be explained by long distance between PNCs and QDs dissolved in polymer matrix. To explore the 
interaction in case of direct contact of QDs and PNCs, 10 µl of QDs solution with concentration  
of 8.1×10-5 M was deposited on glass substrate by drop-casting method and dried at 50 oC. After that, 10 µl of 
PNC solution was drop-casted on QD layer and dried for 1 minute at 45 oC. Figure 3a shows QDs PL spectra 
before (blue line) and after (red line) PNCs were added. As shown, an enchantment factor reaches 12 times 
value. We can conclude that penetration of PNCs into QDs layer and, consequently, smaller  
QD-PNC distance, leads to more effective interaction between QD and LSPRs from PNCs. In contrast to the 
case of QDs in PMMA, a pronounced blue shift of PL spectrum is observed. After a day of storage, we found 
totally disappearance of PL response from the sample. These features may be explained by degradation of 
QDs. It is known that oxidation lead to degradation of QD surface which is accompanied by blue shift and 
weakening of PL signal [19, 20].  

 

Figure 3 a) PL spectra of PbS QDs: blue line - QD drop (10 times magnification), red line - after PNCs 
were dropped onto QD layer, black line - PL signal from the sample after day of storage at ambient 

conditions 

To better understand the mechanisms that lead to fast destruction of PbS QDs, we watched the evolution of 
absorption and PL spectra of QD solution with PNCs. 20 µl of QD and PNC stock solutions were added to  
3 mL of tetrachloromethane. Figure 4a shows that even after 15 minutes the position and magnitude of the 
first excitonic peak in absorption spectrum changed, and after 1 day of storage all features of QD absorption 
are vanished from the spectrum. Similar tendency was observed for the PL spectra. At the first moment after 
PNCs were added to QD solution, slight enhancement of PL signal was observed. Then we observed blue 
shift and weakening of PL signal, which were progressing during the time (the details are shown in Figure 4b). 

Then we watched the evolution of absorbance and PL spectra of QD solution with OAm only. When we added 
20 µl of 20 wt% solution of OAm in toluene into QD solution, no noticeable change in neither absorption nor 
PL spectra were observed. The specified amount of OAm is close to that used in studied QDs+PNCs mixture. 
Then we increased concentration of OAm and added 300 µl of 20 wt% solution of OAm in toluene into QD 
solution. Figure 4c and Figure 4d show that excess of OAm also leads to the blue shift of absorption and PL 
spectra of PbS QDs. However, the weakening of excitonic absorption and emission is not as fast as in case of 
PNCs. After day of storage we still we able to detect absorption and PL signal from the solution. The 
degradation of QDs in presence of OAm excess took about a week. That let us conclude that Cu2-xSe PNCs 
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act as a catalyst and drastically accelerate the degradation of QDs. It is known that copper ions are very mobile 
in the selenides, and thus may lead to corrosion of QD surface. 

  

Figure 4 Evolution of absorption and PL spectra of QD solution: a) absorption spectra of QDs with PNCs; 
b) PL spectra of QDs and PNCs; c) absorption spectra of QDs with OAm; d) PL spectra of QDs with OAm 

4. CONCLUSION 

To conclude, we have investigated an interaction between near-infrared emitting PbS QDs with plasmonic  
Cu2-xSe doped semiconductor nanocrystals. We found an enhancement of PL from QDs when they interact 
with Cu2-xSe PNCs. The features in PL responses that we have observed depend on the distance between 
QDs and PNC. We found, that Cu2-xSe can accelerate QD destruction when they are in a direct contact. 
Present study revealed further routes to optimize an enhancement of optical responses in QDs-PNCs systems.  
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Abstract  

The DC reactive magnetron sputtering of metallic target in oxide atmosphere is a simple method of depositing 
the intrinsic (undoped) nanocrystalline layers of metal oxides. We have optimized the deposition of the intrinsic 
ZnO thin films with submicron thickness 50−500 nm on fused silica glass substrates and investigated the 
localized defect states below the optical absorption edge down to 0.01 % using photothermal deflection 
spectroscopy from UV to IR. We have shown that the defect density, the optical absorptance and the related 
optical attenuation in planar waveguides can be significantly reduced by annealing in air at 400 °C. 

Keywords: ZnO, reactive magnetron sputtering, plasma treatment, photothermal deflection spectroscopy,  
                   optical spectroscopy 

1. INTRODUCTION 

ZnO is classified as a semiconductor group II-VI, whose covalence is on the boundary between ionic and 
covalent semiconductors [1]. It is nowadays a subject of a large attention due to the interesting physical 
properties such as wide direct band gap, high refractive index, high thermal conductivity and large exciton 
binding energy [2]. These properties uncover a wide range of optical, electrical and magnetic devices and 
appliances, i.e. in solar cells [3], electroluminescence diodes [4], surface acoustic devises [5], photodetectors 
or biosensors [6]. ZnO layers doped with magnetic metals, such as Mn, Co and Ni have recently attracted 
interests as diluted magnetic semiconductors for spintronic device applications [7]. There has been also 
theoretically predicted and experimentally confirmed the room temperature ferromagnetism induced by non-
magnetic ionic dopants [8]. First-principles studies have provided an insight into the atomic and electronic 
structures of native point defects and impurities and defect-induced properties of ZnO [9]. They predict that 
the O vacancy is a very deep donor and cannot be a major source of carrier electrons. The Zn interstitial and 
anti-site defects are shallow donors, but these defects are unlikely to form at a high concentration in n-type 
ZnO under thermal equilibrium due to high forming energy. Important extrinsic defect can be hydrogen, 
presumably a shallow donor [10]. 

The high optical transparency and the high refractive index contrast opens the way to the implementation of 
the ultra-small bending radius, ultra-compact, ultra-dense integrated photonic structures operating in extreme 
conditions providing an outstanding platform for the development of new photonic structures in wide spectral 
range [11]. However, the requirements for optical quality of optical waveguides are very challenging. The 
optical absorption and the optical scattering at grain boundaries are the critical issue in photonic applications 
such as multimode interference demultiplexer [12]. The association between the optical absorptance inside 
the band gap on one side, and the impurities and defect perturbations inside the atomic structure of the ZnO 
lattice on the other, is far from satisfactory. The goal of this paper is to show the effect on thermal annealing 
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of the nominally undoped ZnO thin films with the submicron thickness prepared by reactive magnetron 
sputtering of metal target on the concentration of the localized defect states in electron energy gap. 

2. EXPERIMENTAL 

2.1. Reactive magnetron sputtering 

In the magnetron sputtering process the plate target (cathode) is bombarded by the positively charged 
energetic Ar+ ions generated in glow discharge plasma. The bombardment process causes the removal, i.e., 
sputtering, of target atoms, which then diffuse towards a substrate where they condense in the form of the thin 
film in a process called physical vapor deposition. Secondary electrons are also emitted from the target surface 
as a result of the ion bombardment, and these electrons together with magnetic field play an important role in 
maintaining the cold plasma [13, 14]. 

Figure 1 Reactive magnetron sputtering equipment 

Reactive magnetron sputtering has been done in the stainless steel vacuum chamber using Zn target with 
purity 99.9 %, diameter 60 mm, sputtered zone diameter 45 mm, distance between target and sample holder 
75 mm, see Figure 1. The residual pressure (vacuum) was 0.01 Pa, magnetic field is induced 
electromagnetically by current 4.5 A. The target was sputtered in the reactive mixture of argon (purity 99.999 
%) and oxygen (purity 99.95 %) under flow rate 2.0 and 0.5 sccm and the pressure 1 Pa. The voltage at the 
target was kept constant 400 V and the current 0.13 A. The temperature of the resistively heated substrate 
holder stage was regulated from 100 to 450 °C. 

2.2. Optical spectroscopy 

Unlike the transmittance and reflectance spectroscopy, the photothermal deflection spectroscopy (PDS) 
measures directly the optical absorption of thin films with high sensitivity of four orders of magnitude [15]. Our 
PDS setup uses the 150 W Xe lamp, the monochromator equipped with three gratings blazed at 300, 750, 
1250 nm and a chopper operating at low frequency a light source. The heat absorbed in the sample generates 
the periodical thermal waves in the medium surrounding the sample causing the periodical deflection of the 
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laser beam parallel to the sample surface. The amplitude of the deflection normalized on the black sample 
spectra gives the optical absorption of thin film. The monochromatic light is partly deflected by the beamsplitter 
into the compound detector based on the integrating sphere equipped with Si and InGaAs photodiodes to 
monitor the light intensity in the broad spectral range from ultraviolet to infrared region 250−1700 nm. The 
compound detectors are also placed in front and behind the sample to detect the reflected and transmitted 
light, whereas the optical absorptance is detected by the position detector monitoring the laser beam deflection. 
The signal from the detectors is coupled via the multiplexer to the current preamplifier and a lock-in amplifier 
referenced to the chopper frequency.   

 
Figure 2 The measured (R) and fitted (Rfit) reflectance spectra of 270 nm thick intrinsic ZnO layer compared 

to the index of refraction dispersion spectra (n) 

3. RESULTS AND DISCUSSION 

The reflectance spectrum of the thin intrinsic ZnO layer shows the interference fringes up to the optical 
absorption edge in near UV region at 3.3 eV, see Figure 2. To estimate the film thickness and the index of 
refraction we fitted the reflectance spectrum in non-absorbing region using mixed Lorentz oscillator and Drude 
dielectric function ε1 (Eq. 1) where ε∞ is the high frequency lattice dielectric constant, A the amplitude (strength) 
of the Lorentz oscillator, Ec the center energy of the Lorentz oscillator, Ev the vibration energy (broadening) of 
the Lorentz oscillator, Ep the plasma energy related to free electron density, charge and the effective mass and 
Ed the damping energy related to free electron collisions [16].  
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To improve the fit quality, we extended our model by two layers system using the effective medium 
approximation (EMA). The first (bottom) layer represents ZnO with the thickness d1 while the second (top) 
layer with thickness d2 is a mixture of ZnO and voids with the volume fraction f0. The dielectric function of the 
second layer ε2 (Eq. 2) is calculated from the dielectric function of the first layer ε1 and the surrounding medium 
ε0 using the self-consistent Bruggeman model [17].   

 

Figure 3 The optical absorption coefficient calculated independently at each wavelength from the 

absorptance spectra of the as grown ZnO layer before and after anneling in air at 400°C 

The optical absorption coefficient is calculated in the two layer EMA model independently at each wavelength 
from the absorptance spectra using the dispersion spectra of the index of refraction calculated and the film 
thickness calculated from the reflectance spectra, see Figure 3. The direct band gap optical absorption edge 
is clearly observed at 3.3 eV as well as the defect related optical absorption below the absorption edge and 
the free carrier infrared absorption in the case of as grown layer that disappeared after annealing [18]. 

To estimate the role of the optical absorption on light attenuation in the ZnO/glass planar optical waveguide 
(PWG), we applied the 2D geometry finite-element method (FEM) using COMSOL Multiphysics® Software 
[19]. Prior to solving for the electromagnetic field in the PWG, mode analysis was done on both ports in order 
to calculate the effective mode index and corresponding out-of-plane wavenumber. Then, the electromagnetic 
field propagation was solved for the fundamental TE0 mode. Attenuation of the optical signal in the waveguide 
was calculated from the 21 component of the S-matrix (provided by FEM software). The calculated optical 
attenuations for selected wavelengths are summarized in Table 1 where the values of real and imaginary parts 
of refractive index of ZnO were taken from reflectance & absorptance measurements except the k values for 
annealed sample at 0.8 eV, where the hypothetical value 1 cm-1  of the optical absorption coefficient was also 
used for comparison. 
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Table 1 The calculated optical attenuation OA for selected photon energies (En), wavelength (λ), absorp.  
              coeff. α, the real (n) and imaginary (k) parts of the index of refraction. Values marketed * are  
              hypothetical for comparison 

 En (eV) λ (nm) n α(cm-1) k OA (dB/cm) 

as grown 0.80 1550 1.84 139 1.72E-3 386 

0.93 1330 1.89 116 1.23E-3 379 

1.38 901 1.90 78 5.59E-4 312 

1.96 633 1.93 130 6.49E-4 530 

annealed 0.8 1550 1.84 8 1.00E-4 5 

1* 1.00E-5* 0.5 

The optical absorption in the visible region 2−3 eV is dominated by the deep defects that cannot be suppressed 
by temperature annealing. Therefore the optical attenuation is too high for applications in optical waveguides. 
The nominally undoped as grown ZnO exhibits the characteristic shape of the free carrier optical absorption in 
the infrared spectral region at photon energies below 2 eV and the high calculated optical attenuation in planar 
waveguide. On the other hand the infrared optical absorption coefficient of annealed sample was below the 
detection limit 10 cm-1. Our calculations for hypothetical value 1 cm-1 show that in this case the optical 
absorption coefficient will be sufficiently low to drop the optical attenuation below 1 dB/cm.  

4. CONCLUSION 

We have optimized the deposition of the intrinsic ZnO thin films with the sub-micron thickness by the DC 
reactive magnetron sputtering of metallic target in oxide atmosphere and investigated the localized defect 
states below the optical absorption edge in a broad spectral range from near UV to near IR. We have shown 
that the optical absorption and related optical attenuation can be significantly reduced in the infrared region by 
annealing in air. However, the association between the electron states inside the band gap, the impurities and 
the defect perturbations inside the atomic structure of the ZnO lattice is not yet fully understood, which may be 
an obstacle when trying to use ZnO in applications such as planar waveguides. Therefore, the information on 
intrinsic defects based on the first principles calculations and further basic research is needed.  
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Abstract   

Flexible strain sensors based on MWCNTs/epoxy nanocomposite coated on a polyimide (Kapton HN) 
substrate are often preferred due to their outstanding properties. Nevertheless, polyimide has a poor adhesion 
with different classes of materials, such as ceramic, polymers and metals, caused by its hydrophobic nature 
and low specific surface energy. Generally, the physicochemical properties at the substrate interface are 
decisive for the performance of strain sensors. To enhance the adhesion to substrate, oxygen plasma cleaning 
is proposed as an adhesion improvement technique. For this, different exposure times were investigated; 2 
min, 4 min, 5 min and 10 min. The PI surface wettability was investigated by static contact-angle measurements 
using two different liquids; water and n-hexane. Results demonstrate that the contact angle of water decreases 
with increasing the oxygen plasma treated time to reach a completely hydrophilic surface with a contact angle 
of 12.6° after 4 min. The effect of plasma treatment on thin film nanocomposite performance was evaluated 
using DC measurements. To understand the phenomena behind the increased conductivity by plasma 
cleaning, the chemical groups introduced by the treatment were examined using Raman spectroscopy 
measurements. The results show the formation of more carbonyl groups with the elimination of hydrocarbon 
impurities after 4 min of exposure to plasma which increase the electrical resistance.  

Keywords: Adhesion, contact angle, Raman spectroscopy, electrical characterization, strain sensor 

1. INTRODUCTION 

Adhesion in microelectronics and MEMS devices has a cardinal importance for the durability and performance 
of devices. Consequently, adequate adhesion of thin film to substrate is needed. In the last decade, polyimide 
substrate is widespread in microelectronic applications results of their desirable bulk properties in term of 
flexibility, high thermal stability, low moisture absorption, good mechanical properties and good processability 
[1]. However, polyimides have unfavourable surface characteristics caused from hydrophobic nature, low 
surface energy and poor chemical reactivity which leads to poor adhesion to other materials [2-3]. Many works 
illustrate that enhanced adhesion at the interface are linked to the composition and processing conditions. 
Dauskardt et al. found that interfacial impurity content, morphology and adjoining microstructures are the keys 
interfacial parameters [4]. In fact, adhesion promoter techniques are usually used to remove contaminations 
and to modify the surface morphology. 

Recently, interest in plasma cleaning process for surface modification of polyimide has increased because of 
its possibility to change the surface characteristic by cleaning surface from contaminations, roughening the 
surfaces and introducing functional groups. The degree of these effects vary depending on parameters such 
as the type of plasma (direct current, radio frequency or microwave), the power, the pressure, the used gas 
mixture (Ar, He, N2 or O2) and the treatment time [5-7]. 

In this study, multiwalled carbon nanotubes (MWCNTs)/epoxy nanocomposite films were coated on the top of 
polyimide substrate treated using oxygen plasma under different exposure time to determine the influence of 
the film/substrate interface on the overall conduction properties and to predict the optimal treatment time to 
get better adhesion and ensuring a good stress transfer at the interface which in turn has effect on both the 
electrical properties of films and the sensitivity of prepared strain sensor. The effect of plasma through the time 
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is characterized using several techniques to determine the phenomena behind the changes of films electrical 
resistances. Contact angle measurements are performed to provide information about the wettability of the 
surface and surface polarity through the time. In addition, Raman spectroscopy is used to determine chemical 
compositions and functional groups created at the interface by the treatment. 

2. EXPERIMENTAL 

2.1. Fabrication process of conductive polymer nanocomposite film 

Many methods have been described in the literature for fabrication of CNTs polymer nanocomposite including 
direct mixture of polymer and CNTs, in-situ polymerization, and melt mixing [8-9]. In this study, direct mixing 
methods is chosen due to the simplicity and efficiency to distribute uniformly the fibers inside the polymer 
matrix. The process is done as following MWCNTs purchased from Southwest Nano Technology with high 
level of purity was added to epoxy resin with two different amounts 0.3 wt.% and 0.75 wt.%. The epoxy resin 
employed in this study is from R&G Faserverbundwerkstoffec composite technology, GmbH, Germany which 
is a bisphenol A/F resin diluted with a difunctional butanediol diglycidyl ether. Because of the high surface 
energy that induce agglomerations, it was necessary firstly to apply an ultrasound energy using a horn 
sonicator (Bandelin GM 3200, Sonication Temperature: 25 C˚, Sonication Power: 15W, Duty Cycle: 50 %) to 
enhance distribution of nanotubes within the polymer and remove agglomeration of tubes. Then, the dispersion 
was mixed for 100 min at 80°C with magnetic stirrer followed by addition of hardener and mixing for 10 min. 
At the end, degassing process is done in vaccum oven in order to remove bubbles. Prior the film deposition, 
surface modifications of polyimide are carried out to give uniform deposition of thin film and to improve 
interfacial bonding between the film and substrate. To this aim, Polyimide (Kapton HN) obtained from DuPont 
is exposed to oxygen plasma treatment as it is shown in Figure 1. The oxidation is done using an oxygen 
radical source which is an RF plasma generated from an RF power of 13.56 MHz applied to the top electrode 
coil to induce plasma. The surface treatment experiments of PI films were performed on a working pressure 
of 39 mTorr. The treatment time was varied from 2 min up to10 min. For the deposition of thin film, screen 
printing method was used after recovering substrate by an isolation foil. At the end, films were kept in the oven 
to be cured. 

 
Figure 1 Shema of the thin film preparation process 

2.2. Characterization techniques 

The surface properties such as wettability, surface energy, adhesion work and polarity of pristine and treated 
substrates were investigated using several characterization techniques. Contact angle measurements of two 
types of liquids (water and n-Hexane) were performed under atmospheric conditions at room temperature by 
the sessile drop technique using contact angle system OCA from DataPhysics Instruments GmbH, Germany 
in order to determine the influence of the plasma treatment on the hydrophilicity. The process is done as 
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following, PI sample is mounted in front of microscope video camera on a sample holder. A drop of 5µl was 
set onto the substrate using a syringe containing the wetting liquids using a motorized platform. An image was 
taken for the drop to obtain the contact angle by fitting a tangent to both sides of the drop. Six measurements 
on the top of the substrates are made and averaged. Based on the measured contact angle, the surface free 
energy of the treated PI substrates is calculated using Owens-Wendt, Rabel and Kaelble methods. 
Additionally, the composition structure of treated substrates was analyzed using Raman spectroscopy Xplora 
plus microscope. An Ar+ laser beam was used giving an infrared light of 785 nm with an incident power  
of 58.5 mW at the sample, served as the excitation source. A 100x magnification objective lens is used for 
collection of scattered radiation. The Raman spectra in the wave number region were deconvoluted from 300 
to 2000 cm-1. 

After deposition of thin conductive composite, the electrical resistance was measured using 4 wires 
measurement set up. These measurements are done using Keithley 2602A sourcemeter connected to a host 
computer, the I-V characteristics were measured by applying a DC voltage from -5 to 5 V and the resulting 
currents were recorded and then resistance of the film was obtained. 

Table 1 Contact angle of water and n -hexane droplet for  different treated substrates and the obtained 
   surface energies 

Treatment Time 
(min) 

Contact angle (°) 

Water              n_hexane 

Surface energy (mN/m)       �                           ���                         ���    

0 74.73 +/- 3.37 9.53 +/- 0.58 30.74 18.18 12.56 

2 26.22 +/- 0.2 8.13 +/- 0.87 66 18.25 47.75 

4 12.60 +/- 0.73 9.23 +/- 1.22 71.98  18.19 53.79 

5 22.53 +/- 0.85 9.30 +/- 1.10 67.99       18.19 49.8 

10 21.97 +/- 2.46 9.83 +/- 0.80 68.27 18.16 50.11 

3. RESULTS AND DISCUSSION 

Table 1 gives the measured contact angles on pristine polyimide and treated polyimide. It is seen clearly the 
fast change on the surface wettability. After 4 min of exposure to plasma, the water contact angle is reduced 
from 74.73° to 12.6° indicating the improved level of liquid spreading on the top of polyimide. Based on the 
contact angle measurements, the surface energies are calculated. According to Fowkes, the total surface 
energy (�) can be described as the sum of contributions from dispersive interactions ( ��) and polar interactions 
(��). 

                                                                                                                                                   (1) 

Owens and Wendt and Kaelble proposed a geometric-mean approach to predict the solid surface energy, 
which is written as following: 

                                                                                                      (2) 

where �� is the surface energy of the liquid in equilibrium with the liquid vapor. �� is the surface energy of the 
solid and ‘‘d’’ and ‘‘p’’ correspond to the dispersive and polar components, respectively. θ is the contact angle 
between the liquid and the solid. Using two liquids, the two surfaces components are determined by solving 
Equation 2. 
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Table 1 shows the calculated surface energies of the different surfaces; the total surface energy is increased 
approximately to two times after 2 min of plasma exposure from 30.74 mN/m for pristine polyimide to 66 mN/m. 
This enhancement in the total surface energy is result of increased polar interactions. This indicates that 
oxygen plasma treatment yields to higher polarity of the surfaces due to the formation of reactive chemical 
groups on the surfaces making it become more hydrophilic. 

Interestingly, additional exposure time above 4 min is followed by a little decrease in the film wettability caused 
by removing of hydrophilic groups from the surface by the excessive micro etching. To determine the functional 
groups formed on the polyimide surfaces, Raman spectroscopy is used as shown in Figure 2. IR spectrum of 
treated films contain peaks near 1796,1720,1620,1520, 1385, 1169, 1125, 855, 725 and 350 cm-1 assigned to 
C=O (in phase), C=O (out of phase), COO-1, C-N, and (OC)2NC vibration bands. 

Around 1420 cm-1, the peaks intensity was sharply reduced for the substrate treated for 4 min in comparison 
to the others treated substrates. This band correspond to hydrocarbon chains formed by impurities. In addition, 
the graph show that the surface functional groups are improved with oxygen plasma cleaning and more 
carbonyl group are formed as it is shown in the region 850cm-1 and 600 cm -1 especially at 4 min. The increase 
of number of polar groups such as CO, COOH and COO- on the plasma treated polymer surfaces was 
detected, making the surfaces more hydrophilic compared to the untreated polymer surface. 

 

Figure 2 Raman spectrum for untrated substrate and the different treated surfaces 

Figure 3 illustrates the electrical behavior of the MWCNTs/epoxy nanocomposite coated on different 
substrates. The results show the enhanced electrical conductivity at 4 min of exposure for both concentrations. 
This improvement in the surface electrical conductivity of is a sign of good cleaning of contaminations that 
inhibit the electrical property, uniform deposition of thin film obtained from the exposure to plasma and good 
quality of electrical transfer between MWCNTs achieved by the enhancement of substrate hydrophilicity and 
the improved bond between the substrate, carbon nanotubes (CNTs) fibers and the epoxy resin by the 
formation of carbonyl groups. Additionally, the graph shows the reduced electrical resistance at higher 
MWCNTs content due to the formation of more conductive paths inside the polymer matrix. However, in this 
case the change was by order of magnitude which imply that this concentration is above the percolation 
threshold. 
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Figure 3 Variation of electrical resistance with exposure time for different MWCNTs concentrations 

4. CONCLUSION: 

The purpose of this work is to enhance the conductivity of nanocomposite thin film deposit on flexible polyimide 
substrate by improving the adhesion at the interface using oxygen plasma treatment. The effect of plasma 
treatment was investigated using contact angle measurement. The measured contact angle is dramatically 
reduced within the first minute of plasma cleaning to reach 12.6° after 4 min indicating the efficiency of the 
treatment to increase the hydrophilicity of the surface. Additionally, the total surface energy as well as the 
dispersion and polar components of the surface energy of the films were calculated from the measured contact 
angle. The polar component of surface energy of the polyimide is increased caused from the structural change 
that induce higher polarity due to the formation of carbonyl groups and deterioration of hydrocarbon group 
which was confirmed by the Raman spectroscopy measurement. The presence of functional groups promotes 
the interaction at the interface between the substrate and the thin film which in turn improve the electrical 
property in interface. 
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Abstract 

We study formation and properties of graphene grown on diamond films with a prospect for large area 
deposition and devices of graphene. Nanocrystalline diamond thin films (grain size ~ 200 nm) are coated with 
a thin Ni layer (nominal thickness ~ 20 nm) and heated to 900°C in a forming gas atmosphere (H2/Ar) to initiate 
a thermally driven catalytic transformation of the diamond surface into graphene by a reaction of Ni with carbon. 
The samples are cleaned from residual Ni after the catalytic transformation. We employ scanning electron 
microscopy, Raman micro-spectroscopy, and Kelvin probe force microscopy showing how diamond and grain 
boundaries influence the graphene growth as well as graphene material, structural, and electronic properties. 

Keywords: Graphene, diamond, microscopy, micro-spectroscopy, electronic properties 

1. INTRODUCTION 

Two allotropes of carbon, the sp2-bonded two-dimensional graphene and sp3-bonded three-dimensional 
diamond have both attracted a significant technological and scientific attention. For graphene, the electronic 
properties such as high carrier mobility, saturation velocity, mechanical strength and chemical stability have 
driven the enormous interest, whereas for diamond, the extraordinary combination of intrinsic properties 
(hardness, chemical stability, wide range optical transparency, semiconducting properties, etc.) has been in 
the spotlight. Due to outstanding properties, both materials are considered promising in the fields of nano-
electronics, bio-electronics, spintronics, photonics, and life sciences. Yet industrial scale applications taking 
advantage of the above specific and unique features are still lacking. To realize possibly large impact of these 
materials in the respective applications, there is a high demand for developing technological procedures 
resulting in their fabrication with well-defined bulk and/or surface properties. Moreover, combining both 
materials in one system, as represented for instance by graphene-on-diamond composite, can provide new 
perspectives where novel devices will benefit from complementary properties of graphene and diamond. 

Since graphene has a zero bandgap, devices fabricated from it have a small on-off ratio. The development of 
a reliable technique to create a sizable gap without degrading the electronic properties of the material remains 
challenging so far. Moreover, electronic properties can be affected by nearby materials. In that respect, 
graphene-on-diamond structures have attracted much attention recently [1]. Compared with SiO2 and other 
substrates, diamond has low charged surface states, few impurities, and high phonon energy. Graphene on 
monocrystalline diamond (111) surface behaved as a semiconductor with both finite gap and linear band 
dispersion and exhibited both p-type and n-type doping [2]. Electronic devices composed of hybrid graphene-
diamond structures, which were fabricated by transferring graphene on top of diamond layers, demonstrated 
very promising performance [3]. Thus diamond appears as a suitable substrate material for graphene. Under 
particular conditions graphene can be formed by thermal processes on diamond directly, thereby avoiding 
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wrinkling and contamination during the substrate transfer process [1], [4]. Compared with SiO2, SiC, and most 
other substrates, diamond has low charged surface states, few impurities, and high phonon energy (165 meV). 
Since the monocrystalline diamond substrates are still too expensive and too small (typically few mm in size) 
for industrial applications, the focus is directed to layers of nanocrystalline diamond. 

Recent report showed that graphene can be formed on an ultrananocrystalline (the grain size of 2-5 nm) 
diamond thin film by thermally driven catalytic process in wafer size [1]. The process does not involve a 
graphene transfer from another substrate while intrinsic diamond can provide also electrical insulationThe 
current-carrying capacity of graphene on ultrananocrystalline diamond was as high as 18 μA/nm2 even under 
ambient conditions. The results indicated that graphene’s current-induced breakdown is thermally activated. 
Replacing conventional SiO2 substrate with diamond also substantially improved radio frequency 
characteristics of graphene transistors, leading to a new planar sp2-on-sp3 carbon-on-carbon technology. 
Nevertheless, structure and interactions at the interface of graphene and diamond still remain unclear and 
reliable growth across large areas represents a challenge. 

In this work we demonstrate a formation of graphene on nanocrystalline diamond (NCD) thin films by Ni 
induced catalytic process and compare it with similar process on monocrystalline diamond. We characterize 
these carbon-based layered composites by a number of microscopic techniques and Raman micro-
spectroscopy. We focus in particular on a correlation of structure, composition and electronic properties on 
microscopic level by merging data from the diverse methods. 

2. MATERIALS AND METHODS 

The NCD thin films with mean grain size of 200 nanometers were prepared by chemical vapor deposition in 
microwave plasma (Aixtron P6 reactor) on p-type Si wafer substrates [5]. The diamond chemical vapor 
deposition (CVD) process was performed in two steps: The first interfacial layer was grown using 1% of CH4 
in 300 sccm of H2, 30 mbar, power 2500 W, temperature 300 °C, duration 15 min. The second layer was grown 
using 5% of CH4 in 300 sccm of H2, 100 mbar, power 4500 W, temperature 950 °C, duration 60 min.  

The as-deposited diamond films were coated with a thin Ni layer (nominal thickness ~ 20 nm) and heated to 
900°C for 10 min in a forming gas atmosphere (H2/Ar) to initiate a catalytic transformation process. Figure 1 
shows an idealized schematic drawing of the Ni-coated diamond films before and after the annealing process. 
After the graphene growth process the samples were cleaned from residual Ni catalyst by using wet chemical 
etching in 10% HNO3.  

 

Figure 1 Schematic drawing of diamond surface transformation to graphene 

To characterize structural, and electronic properties of graphene on diamond we employed scanning electron 
microscopy (SEM) of secondary electron emission, Raman micro-spectroscopy (excitation wavelength 
473 nm), and atomic and Kelvin probe force microscopy (AFM/KPFM, using Cr/Pt coated silicon tips 
BSMulti75E-G). This methodology was previously successfully established for characterizing CVD graphene 
deposited on polycrystalline Cu foil, showing variations in graphene quality and doping in dependence on the 
Cu grain surface structure and composition [6].  
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3. RESULTS AND DISCUSSION 

Figure 2 shows Raman spectra from the NCD thin film before and after the catalytic transformation process. 
Spectrum from monocrystalline diamond after similar process is shown for comparison as well. The diamond 
character of the pristine NCD layer is confirmed by a single narrow peak at 1330 cm-1 in the Raman spectrum. 
After the transformation process the sharp peak of diamond is superposed on a wider peak resulting from 
defects in a graphitic structure - the dispersive D mode at around 1350 cm-1. In addition, two other graphitic 
features are resolved in the spectrum: the G and 2D peaks. The two peaks evidence formation of graphene 
on diamond. The ratio of G/2D intensities is larger than 1, which indicates few layer graphene. It is noticeable 
that nanocrystalline diamond provides the most pronounced 2D graphene peak as well as lower G/2D intensity 
ratio compared to monocrystalline diamond. Most likely, a large amount of grain boundaries acts as a carbon 
source for the graphene growth [1]. 

 

Figure 2 Characteristic Raman spectra on nanocrystalline diamond substrate before and after the graphene 
formation process and wet etching of Ni catalyst. Spectrum for the graphene prepared on monocrystalline 

diamond substrate is shown for comparison as well 

Microscopic study of morphology, material quality, and electronic properties of graphene on the NCD film is 
presented in Figure 3. Figure 3a shows SEM image of the NCD surface morphology prior to the Ni deposition. 
Despite the small grain size of ~ 200 nm, the grains exhibit well developed crystal facets. Figure 3d shows 
SEM image of the surface morphology of the NCD film after the catalytic transformation and removal of residual 
Ni. The originally smooth facets of the diamond nanocrystals now exhibit grooves with a size of several tens 
of nm. This indicates an inhomogeneous etching due to the thermal reaction of Ni with carbon. 

Figure 3 also shows corresponding AFM surface morphology and KPFM map of surface potential across 5x5 

µm2 area on the NCD film before and after the transformation process. The difference in AFM images is well 
correlated with the features in SEM images. More rounded features after the graphene growth are thus related 
to dissolution of diamond by nickel rather than by graphene which is able to follow the surface morphology 
closely [6]. The values below the images show root mean square (rms) of surface roughness and KPFM 
potential. Lateral feature size is characterized by the Lx value of autocorrelation function. The values do not 
change significantly for the morphology. On the other hand, the rms value of surface potential increases almost 
3 times. 

(a) (b) 
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Figure 3 Characteristic SEM and AFM surface morphology and corresponding KPFM map of surface 
potential on nanocrystalline diamond thin film (a, b, c) prior to and (d, e, f) after the graphene growth process 

on 5x5 µm2 area. The values below the images show root mean square of surface roughness and KPFM 
potential. Lateral feature size is characterized by Lx value of autocorrelation function 

This effect can be elucidate by looking at the micro-Raman maps of 2D peak intensity and G/2D peak intensity 
ratio across the similar 5x5 µm2 area, which are shown in Figure 4. The maps contain some fluctuations yet 
they are generally uniform, not exhibiting correlation with surface morphology. In numbers the G/2D ratio (the 
best parameter for assessing graphene thickness) varies between 0.9-1.3. This means that graphene is 
composed of more than 3 layers and the thickness is relatively uniform. On the other hand, the KPFM is 
correlated with the surface morphology. The 3x increased rms of the surface potential measured on graphene 
thus most likely corresponds to local differences in graphene doping, charge carrier density, and/or structural 
defects. A sizable disorder in carrier density is observed even in the best single layer graphene samples either 
suspended [7] or placed on hexagonal boron nitride substrates [8]. In the case of NCD substrates, the 
differences can be caused by underlying NCD film morphology (roughness, facets, grain boundaries). Thus 
we can expect variations due to mechanical strain or grain boundaries in graphene [6]. 

Overall level of doping in graphene was evaluated by comparing the mean potential values. On the NCD film 
it was +32 mV initially and -110 mV after the graphene formation. KPFM measurements on reference Au 
substrate before and after the measurements on NCD and graphene samples exhibited variation of the mean 
potential within 10 mV. By using Au work function, the KPFM potentials can be thus reliably recalculated to 
work functions. The work function increased from initial 4.9 eV on NCD (a typical value) to 5.1 eV after the 
graphene growth process. The relatively high work function of graphene on NCD compared to suspended 
graphene (4.6 eV) indicates its significant p-doping. The value of 5.1 may make such graphene-on-diamond 
structures suitable for instance as replacement for transparent conducting oxide electrodes [9]. Such increased 
work function was achieved previously by intercalation of Ni grown graphene which resulted into high surface 
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potential inhomogeneity though (order of 100 mV) [9]. Thus diamond seems to provide better work function 
homogeneity (within 11 mV rms) and may avoid the intercalation process. 

 

Figure 4 Micro-Raman maps of (a) 2D peak intensity and (b) G/2D peak intensity ratio across the 5x5 µm2 
area with the scanning step of 200 nm along X and Y axes 

4. CONCLUSION 

We presented a successful graphene growth on nanocrystalline diamond films via transformation in a solid 
state reaction using Ni film as the catalyst. Raman spectra showed that the transformed surface is covered by 
about 3 graphitic layers for the employed process conditions. The G/2D ratio was better than for the reference 
monocrystalline diamond substrate. The graphene on nanocrystalline diamond was p-doped with a high work 
function of 5.1 eV, which was highly uniform (11 mV rms). The potential fluctuations can be attributed to several 
factors such as differences in local doping, charge carrier density or structural defects (such as grain 
boundaries) due to underlying nanocrystalline diamond substrate. Even though not all aspects of the growth 
mechanism as well as material properties are yet fully understood, our work shows that graphene on thin film 
diamond can be developed into promising platform for various novel devices. 
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Abstract  

The standard methods of transferring graphene onto semiconductor substrates apply acetone to solve the 
layer of polymethyl methacrylate (PMMA) on the surface of graphene layer at the end of ‘wet transfer process’. 
During this process, however, impurities on the order of nanometres get entrapped and have a subsequent 
negative effect on the practical utilization of graphene in the field of optoelectronics. To optimize the wet transfer 
of graphene using PMMA as a supporting polymer, several solvents were compared in terms of resulting 
contamination. The solvents subjected to the research included: acetone, chloroform, dimethyl succinate 
(DMG), and n-ethyl pyrrolidone (NEP). The lowest graphene contamination at the end of transfer process was 
achieved with NEP solvent, which was studied using atomic force microscopy. 

Keywords: Graphene, graphene transfer, solvents, PMMA, AFM 

1. INTRODUCTION 

Graphene was discovered in 2004 [1], and has unambiguously proven its distinct potential of utilization in many 
applications and in a variety of industries. Its unique mechanical properties have found their use in the research 
of resistant layers, coatings and composite materials [2]. In the field of optoelectronics, the research is focused 
on solar cells [3], organic photodiodes [4], infrared sensors [5] and elastic touchscreens [6]. Proper functioning 
of the aforesaid devices depends on the entire quality of graphene. It is primarily given by the selected process 
of graphene transfer onto the chosen substrate. The manner of transfer affects the extent of damage of the 
transferred layer as well as the contamination of the graphene surface. ‘Wet transfer’ is the most frequently 
applied transfer process in the literature [7], which uses polymethyl methacrylate (PMMA) as a mechanical 
support for the transfer of graphene, see Figure 1. 

 

Figure 1 Schematic illustration of wet transfer of graphene 

The mechanical support made of PMMA prevents from getting the layer damaged during the graphene transfer 
onto the target substrate. At the end of the ‘wet process’ this PMMA supporting layer is solved in acetone. 
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Unfortunately, acetone is not able to solve the supporting layer completely. The residues of unsolved PMMA 
tend subsequently toward forming a nanometric contamination on the graphene surface that negatively affects 
electrical properties of the layer transferred. To remove the aforesaid contamination, several approaches were 
proposed, including mechanical removal using atomic force microscopy (AFM) probe tip or thermal 
decomposition [8-9]. The method of reducing the contamination by means of AFM probe tip enables to remove 
such contamination only locally and is rather time-consuming. Thermal decomposition is able to remove PMMA 
residues from a large area, but its disadvantage consists in high energy and process performance. The high 
process temperature (over 300 °C) is another disadvantage that could damage thermally sensitive materials, 
which eliminates the application of this procedure in the development of organic semiconductors. When 
compared to the procedures as above, the use of solvents to reduce the graphene contamination is more 
advantageous in terms of time, process and energy, and can also be implemented at the room temperature. 
Within this study, four solvents, including acetone, chloroform, dimethyl succinate (DMG) and n-ethyl 
pyrrolidone (NEP), were used to reduce the unsolved PMMA layer. Total effect of a solvent on the residual 
contamination at the end of wet transfer was evaluated using AFM measurements and optical microscopy. 

2. EXPERIMENTAL 

2.1. Transfer of graphene on the target sample 

The graphene for our experiment was grown using chemical vapour decomposition (CVD) [10]. Copper foil 
with a size of 40x40 mm and a thickness of 25 µm was used as a catalyst for graphene growth and placed in 
the CVD reactor. In the course of graphene decomposition methane was used as a source of carbon. To 
achieve the decomposition of methane on the surface of the copper catalyst to individual atoms of hydrogen, 
the reactor was heated to 1 000 °C for a period of 30 minutes. With this time period elapsed, the reactor was 
gradually cooled down to the room temperature, which was accompanied by the formation of graphene. PMMA 
by Microchem with various molecular mass was then applied by spin coating onto the graphene prepared as 
described and placed on the copper foil. The first layer, as well as the other two layers of PMMA, was solved 
in anisole and had a molecular mass of 50K. The second and the third layers showed a molecular mass of 450 
K and 950 K, respectively. The application of PMMA layer structured like that and featuring low molecular mass 
ensures a low contamination of graphene with sufficient mechanical resistance that is necessary for transfer. 
For all layers, the same parameters of spin coating were used. Revolutions per minute were set to 4 000 and 
took 30 seconds. The layer was allowed to cure at 180 °C for a period of 90 seconds. Since graphene got 
released on both sides of the copper foil during CVD process, it was necessary to remove imperfect graphene 
layers from underneath the copper foil. If this layer is removed insufficiently, it will make the etching of copper 
difficult. To remove the layer, oxygen plasma with an output of 50W was used and exerted its effect on the 
sample for a period of one minute. For the further procedure of wet transfer, the size of CVD graphene was 
modified to 5x5 mm using a pair of scissors. Here, ammonium persulfate by Sigma Aldrich with a purity of 
99.99 % was used to solve copper. The samples coated with graphene with PMMA layer had a size of 10x10 
mm and were made by cutting the silicon substrate with 270 nm silicon oxide using wire electrical discharge 
machining (WEDM) method [11-14]. The sample was immersed in each of four solvents (acetone chloroform, 
DMG and NEP) for a period of one hour. With this time period elapsed, any solvent in excess was removed 
from the sample using a stream of gaseous nitrogen with a purity of 99.99 %. The solvents used within this 
work featured a semiconductor purity. 

2.2. Measurement of residual contamination of graphene 

At first, the graphene surface was examined with Axio optical microscope by ZEISS to detect the areas with a 
low concentration of surface contamination. The evaluation of residual contamination itself was made with an 
AFM microscope by Bruker in a semi-contact mode using a ScanAsyst-Air probe tip. The results obtained were 
further processed and analysed with Gwyddion program. 
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3. ACHIEVED RESULTS AND DISCUSSION 

The microscopic contamination of graphene measured after one hour of exposure to the solvent was evaluated 
using optical microscopy, i.e. by comparing images in bright- and dark-field modes, which enabled to identify 
the areas with low and high contamination based on the comparison, see Figure 2. 

 

Figure 2 Comparison of images of transferred graphene captured in: 
a) dark-field mode and b) bright-field mode 

The brighter the area on the dark-field mode image, the larger the surface contamination. Dark areas identify 
the spots with minimum PMMA contamination. The information obtained by this comparison was used in the 
next step, i.e. for measuring the residual surface contamination using AFM in marked areas (violet and yellow 
squares), see Figure 3. Here, root-mean-square (RMS) of the roughness was evaluated; in this case it has a 
greater informative value than the arithmetic mean deviation of the profile (Ra). RMS parameter is defined by 
the relation according to ISO 4287-2 [15]: 

��	 = ��
 ∑ ������  

where N means a number of measurements, and r is a profile height value. Figure 3a), c), d) indicate that the 
solving of PMMA in acetone, DMG and NEP caused cracks in graphene. These probably resulted from the 
handling with the graphene layer during wet transfer. These cracks could caused problem during RMS 
evaluation when sharp torn edges could be put into account as PMMA residue. 

The occurred white dots belong to areas with a high local contamination of graphene with nanometric PMMA 
residues. The lowest contamination value of only 1.7 nm was achieved with NEP, i.e. in the area marked with 
a yellow square as shown in Figure 3d). 

When acetone was used as a solvent, the RMS parameter values complied with works by Michal Her [16], 
Yung-Chang Lin [17] and Ji Won Suk [18]. RMS evaluated over the entire surface of individual AFM scans 
shown in Figure 3f) has revealed that the lowest contamination for RMS, i.e. only 7.3 nm, was achieved with 
NEP. The highest value, i.e. 12.4 nm, was found in case of DMG, because its use caused a great number of 
white dots in form of PMMA on the graphene surface.  

(1) 
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Figure 3 AFM measurements of graphene surface after one hour of exposure to the solvent with indicated 
areas of RMS measurement: a) acetone, b) chloroform, c) DMG, d) NEP, e) evaluated RMS for individual 

solvents 

4. CONCLUSION 

Having analysed the surfaces of samples prepared using the process of wet transfer of graphene onto silicon 
substrate with 270 nm SiO2, the following conclusions were made: 

• using light microscopy, areas with both lower and higher PMMA contamination were detected, 
• on the examined surface of samples, AFM measurements were made, based on which the RMS was 

determined, 
• in some areas, PMMA was not removed completely, which has resulted in the occurrence of spots with 

a high RMS value.  

The evaluated RMS parameter values indicate that the lowest local as well as total levels of PMMA 
contamination were achieved with NEP solvent. Based on a local analysis, RMS value of only 1.7 nm and total 
value of 7.3 nm were evaluated. In addition, it is to conclude that similar RMS values were achieved with 
chloroform, but no cracks occurred in the graphene layer. 
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Abstract  

The behaviour of added to Al-Mg alloy multi-walled carbon nanotubes (CNT) during fusion arc welding was 
studied. CNTs were added into gap between two Al-Mg alloy sheets which were welded with tungsten inert 
gas arc welding process (TIG). Welded specimen was fractured using 3-points bending test. Longitudinal 
section of the welded joint fracture was investigated with scanning electron microscopy and X-ray 
photoelectron spectroscopy. Evidences of CNT survival, poor CNT wetting by Al-Mg liquid alloy and 
degradation during arc welding process were found. Displacement of CNTs trough liquid metal and CNTs 
degradation products were studied. Study has shown CNTs emerge process during welding. Magnesium 
carbonate, aluminium carbide and carbonyl group were found as main degradation products. It was found that 
composition of degradation products in different parts of weld metal is different. That difference may be caused 
by inhomogeneity of temperature field and oxygen access to liquid weld metal.  

Keywords: Carbon nanotubes, aluminium matrix composites, arc welding 

1. INTRODUCTION  

Properties of materials depend not only on chemical composition but also on lattice structure and allotropic 
modification and there are many materials which have different properties depending on crystal lattice structure 
or allotropic modification [1, 2]. Carbon has several modifications which can be used in development of 
reinforced materials. For example, carbon nanotubes (CNT) are used to reinforce aluminium matrix [3]. Such 
metal-matrix composites can give strength improvement up to two times and more [4, 5]. Joining technology 
of such material is of practical interest. There are a number of publications on usage of friction stir processing 
for CNT-aluminium composite joining and introduction of CNTs into metal matrix [6 - 8]. Fattahi et al. presented 
arc welding rods made of aluminium with addition of CNT or graphene nanosheets and found weld metal 
mechanical properties improvement [9, 10].  

Behaviour of CNTs during fusion welding of commercially used aluminium alloys is not studied yet. Purpose 
of this work is to study CNTs survivability, chemical stability in molten pool during arc welding and distribution 
of CNTs in solidified Al-Mg alloyed metal. 

2. EXPERIMENTAL APROACH 

2.1. Materials 

For investigation purposes commercially available multi-walled carbon nanotubes and aluminium alloy 5083 
(Table 1) were used. 

Table 1 Chemical composition of 5083 aluminium alloy 

Elements  Si Fe Cu Mn Mg Zn Ti Cr Al 

Present, % 0.4 0.4 0.1 0.4-1.0 4.0-4.9 0.25 0.15 0.05-0.25 Balance 
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2.2. Methodology 

Due to problems with CNTs detection special designed specimen was developed (Figure 1). To decrease 
radius of CNTs detection, CNTs were put onto one of the plates ledge in two regions. To avoid CNTs blowing 
off by shielding gas plates were set in butt joint position and tack welded on the edges. Joining procedure was 
chosen to avoid active processes as much as possible during fusion. Welding was done with tungsten inert 
gas process without filler material with use of commercially available equipment. Table 2 presents welding 
parameters. Welded specimen (Figure 2) was fractured by 3 points banding see Figure 3. 

 

Figure 1 Schematic representation of special designed specimen 

Table 2 Welding parameters  

Parameter Value 

Current, (A) 80 (Alternative Current) 

Voltage, (V) 18-20 

Welding speed, (mm/s) 2.5 

Shielding gas rate, (l/min) 12 (100% Argon) 

  

Figure 2 Welded specimen top view (arrows 
pointing on CNTs placement) 

 

 

 

Figure 3 Schematic representation of 3 point 
bending setup 

CNTs distribution and phase composition along the fractured surface was studied by scanning electron 
microscopy (SEM) on a Tescan Mira 3 microscope and X-ray photoelectron spectroscopy (XPS) on Thermo 
Scientific K-alpha spectrometer. 

3. RESULTS AND DISCUSSION 

Using SEM CNTs were found on the fractured surface near the top side of the specimen (Figure 4, 5). At least 
not all of the added CNTs degraded during welding and part of them was displaced from ledge to upper surface. 
Also poor wetting of CNTs with liquid Al-Mg-alloy was observed. 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

61 

XPS analysis was done in four points of fractured surface (Figure 5). Atomic concentrations of aluminium, 
carbon and oxygen varies through metal depth (Figure 6). It can be seen that carbon content sharply increase 
near the top surface of the weld (points 1 and 2). It can be explained by the difference in density between 
CNTs and liquid aluminuim. During welding CNTs emerge in liquid aluminum due to CNTs density  
(≈ 1.8 g cm- 3) much lower that aluminum density (2.7 g cm-3). Agglomeration of CNTs in weld metal leads to 
inhomogeneity of local mechanical properties of welded joint. Accumulation of CNTs near the top surface of 
weld and their poor interfacial bonding with matrix may considerably reduce mechanical properties in this 
place.  

 

Figure 4 SEM image of fractured surface upper part  

 

 

 

Figure 5 SEM and XPS analysis positions  
 

Figure 6 Atomic concentrations of aluminium, carbon 
and oxygen in four analysed points  

Existence of CNTs detected in upper part of weld by SEM doesn’t mean absence of CNT degradation. XPS 
results (Figure 7) show new formed bindings of carbon comparing to pure CNT XPS spectra [11]. With usage 
of the Thermo Scientific K-alpha spectrometer data base CNT degradation products were defined as Me-CO3, 
C=O, Me-C [11]. Differences in products of CNTs degradation trough weld depth mainly are caused by 
inhomogeneity of temperature field during arc welding and probably by access of oxygen.  

Aluminium carbides formations were observed in several papers with binding energy near 282 eV and Me-C 
is aluminium carbide Al4C3 (Figure 7) [3]. Absence of carbides in point 1 and their formation in depth points 2, 
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3 can be explained by oxygen access and decreasing of temperature from point 1 to 3 (Figure 5, 7). Carbides 
concentration increases from top to bottom of weld metal (Figure 7). 

 
Point 1 

 
Point 2 

 
Point 3 

Figure 7 Carbon XPS spectra for three analysed points  

According to Thermo Scientific K-alpha 
spectrometer manufacturer data magnesium 
carbonate (MgCO3) binding energy is 1305 eV 
[11]. XPS spectra of three investigated points 
at this energy level have pikes (Figure 8). It 
means that part of CNTs turns to magnesium 
carbonate. Similarly with carbides magnesium 
carbonate formation depends on temperature 
and differs through weld depth (Figure 7, 8).  

One of the main factors affecting chemical 
degradation of CNTs during welding is a dwell 
time of CNTs in molten pool. Reduction of 
dwell time by the increasing welding speed or 
by decreasing of heat input may lead to 
reduction of chemical degradation of CNTs.      

Point 1 

Point 2 

Point 3 

Figure 8 XPS spectra of three points at near binding 
energy of 1305 eV  
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4. CONCLUSIONS 

CNTs are partially degraded during arc welding. Survived CNTs emerges to surface of molten weld metal 
during welding. In solidified weld metal CNTs maximum concentration is located in upper part of weld. Results 
of SEM indicate poor CNT wetting by liquid Al-Mg-alloy. Agglomeration of CNTs in weld metal leads to 
inhomogeneity of local mechanical properties of welded joint.  

Carbides, carbonates and carbonyl group are main products of CNTs degradation. The use of Al-Mg matrix 
for arc welding leads to formation of MgCO3 and Al4C3 in weld metal. Location of these products varies with 
temperature field and oxygen access during welding. Carbides and carbonates concentration increases from 
top to the bottom of weld metal. The main factor affecting chemical degradation of CNTs during welding is a 
dwell time of CNTs in molten pool. Reduction of dwell time by the increasing welding speed or by decreasing 
of heat input may lead to reduction of chemical degradation of CNTs.      
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Abstract  

Nanocrystal solids with long range order is a new class of artificial materials, which physical properties are 
depend on the features of individual nanocrystals as well as their mutual interaction. In this work we investigate 
the energy band structure in a two-dimensional ordered array of semiconductor nanocrystals with degenerate 
valence band and finite value of spin-orbit splitting. The Coulomb interaction between nanocrystals splits 
energy of quantizied states of individual nanocrystals into excitonic energy bands. By changing the geometry 
of lattice and material parameters of individual nanocrystal, one can control the electromagnetic properties of 
these artificial materials.  

Keywords: Quantum dots, supercrystals, energy transfer  

1. INTRODUCTION  

Unlike atomic and molecular crystals whose lattice geometry and composition are immutable and determined 
by nature, nanocrystal solids, also known as quantum dot supercrystals allows to design their ”crystalline” 
structure [1-3]. These artificial materials represent a new type of condensed matter systems with properties 
depend both on the individual features of building blocks and on many-body effects of their mutual interactions. 
To understand the properties of such systems is required to development of new theoretical approaches that 
would successfully combine methods of solid state physics as well as physics of mesoscopic systems. 

In our previous work [4] we calculated energy spectra of excitonic bands in two-dimensional NC solids with 
different types of Bravais lattices. However, the simple model we used to describe an exciton structure in NCs 
does not take into account their materials parameters in calculations of Coulomb interactions. This paper aims 
to fill this gap. For this purpose we consider the interaction between NCs with degenerate valence band 
structure and finite value of spin-orbit splitting. We obtained the analytical expressions for matrix elements of 
Coulomb interaction between elementary interactions in semiconductor NCs. Using these expressions we 
calculate the excitonic energy bands corresponding to the simple two-dimensional lattices. 

2. NONRADIATIVE EXCITON TRANSFER 

Let us discuss the spherically symmetric NCs made of direct band gap, AIIBVI or AIIIBIV semiconductors with 
cubic lattice structure. We assume that the radius of considered NCs is much smaller than the exciton Bohr 
radius in bulk material. That allows us to use strong confinement approximation and consider electron-hole 
mutual interaction perturbatively. 

The confined states of electron are described by the following set of quantum numbers:� = ��� , �� , �� , ���, 
where index �� labels different states with the same symmetry in order of increasing energy, �� is an electron 
orbital angular momentum, and �� its projection, �� = ±1/2 denotes spin projection. Each state are 
degenerate with respect to the spin projection as well as the projection of orbital angular momentum. The 
electron wave function in the envelope function approximation can be written as 

Ψ#$%& = ��'�'$�&(�')'$*, +&|	, ��-,          (1) 
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where |	, ��- is the Bloch wave function at the bottom of s-type conduction band, ��'�'$�& and (�')'$*, +& are 

radial and angular parts of the electron envelope function, respectively. 

As opposed to electron states, the set of quantum numbers for confined hole states is . = ��/, 0, 0�, 1�, where 
�/ labels the different states with the same symmetry in order of increasing energy, 0 = 1/2, 3/2, … is an 
eigenvalue of total angular momentum, and 0� its projection, 1 = ±1 is parity of the state, since the holes 
Hamiltonian preserves the states symmetry with respect to inversion of coordinates. The total angular 
momentum 0 is the sum of valence band Bloch function angular momentum 4 and orbital angular momentum 
of the envelop function 5: 0 =  5 +  4. Each of these states are degenerate with respect to the projection of 
total angular momentum 0�. In the envelope function approximation the wave functions of hole states represent 
as the linear combination of the form 

Ψ7$%& = ∑ ��89:�$�& ∑ ;9,<=>:=;:,:=
<<=::=�>:9,: (9,<=>:=$*, +&|4, 4�-,      (2) 

where |4, 4�- is the valence band Bloch function at the top of p-type valence band, ;9,<=>:=;:,:=
<<=  is the Clebsch-

Gordan coefficient. The radial parts ��89:�$�& with the different pairs $5, 4& correspond to the branches of the 

bulk valence band: $4 =  3/2, 5 =  0 + 1/2& for light-holes, $4 =  3/2, 5 =  0 − 31/2& for heavy-holes, and 
$4 =  1/2, 5 =  0 + 1/2& for split-off holes, respectively. 

The interaction between neutral NCs which are located in different sites of NC solid lattice describes by the 
screened Coulomb potential, 

ABC = �D
E|%BCF%B>%C| ,           (3) 

where B and C are the position vectors of NCs, G is the elementary charge, %BC is the vector directed from the 
center of one NC to another, %B and %C are the radius-vectors of electrons in corresponding NCs, H is the 
effective permittivity, which in general is a function I$HB,  HC, HJ &of high-frequencies permittivity’s of NCs HB 
and  HC, and environment HJ [5]. This interaction results in excitation transfer from one NC to another. In the 
initial state there is an electron in the conduction band state � in NC located at B and in the valence band state 
. in NC located at C. In the final state there is an electron in conduction band state �′ in C and in valence 
band state .′ in B, respectively. The appropriate matrix element has the following form 

�BC = �D
E ∬ M%BM%C NOP∗ $%B&NRP∗ $%C&NR$%B&NO$%C&

|%BC+%B−%C| ,         (4) 

We assume that NCs are sufficiently separated and there is no overlap between their wave functions. Thus, 
we do not include the exchange interaction term in Eq. (4). 

In order to separate the variables relating to the different NCs in Eq. (4), we use the following Fourier integral 
representation: 

�
|%BCF%B>%C| = �

�SD T �U
VD GWU$%BCF%B>%C&          (5) 

then 

�BC = �
�SD

�D
E T �U

VD  ℱ#7Y$B&$U&ℱ#Y7$C&∗$U&GWU%BC  ,        (6) 

where 

ℱ#7$Z&$U& = T M%Z Ψ#$%Z&Ψ7$%Z&GWU%Z.         (7) 

The envelope function approximation allows us to separate the integration of Bloch and envelope functions 
in Eq. (7), then we obtain 

ℱ#7$Z&$U& = [ ∑ \U ∙ ^::=�=
$Z& _9,:,:= 9̀::=

$Z& $U&         (8) 
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where ^::=�=
$Z& = a44bc%Zc	�bd is the bulk interband matrix element of the radius-vector, and 

9̀::=
$Z& $U& = T M%Z GWU%Z  e#$%Z&e7$%Z&,         (9) 

e#$%Z& and e7$%Z& are the envelope functions of electron and states, respectively. Since the confinement 

potential of considering NCs has the spherical symmetry it is convenient to use the representation of plane 
waves by the spherical harmonics. After evaluating the angular part Eq. (9) depends only on absolute value of 
q and has the following form 

9̀::=
$Z& $i& = ;9,<=>:=;:,:=

<<= � �9F�
��'F� ∑ Ωk4k$Z&$i&lk�m         (10) 

where  

Ωk = $[&k$2n + 1&;�'m;km9m ;�')';km9,<=>:=           (11) 

and 

4k$Z&$i& = T M�opqm ��'�'$�o&��89:�$�o&rk$i�o&,        (12) 

�o is the nanocrystal radius, rk$s& is the spherical Bessel function. The Clebsch-Gordan coefficients in Eq. 

(11) determine the selection rules for multipole interband transtions due to the energy transfer: |�� − n| ≤ 5 ≤
�� + n, 5 + �� + n = even number and �� = 0� − 4�. Therefore, a nonzero contribution to Eq. (8) provides by 
terms with 4� = 0� − ��. 

Returning to the Eq. (6) carry out the integration over angular variables, choosing z axis whose direction 

coincides with vector %BC. Eventually we obtain the following expression: 

�BC = �D
E%BC{ ∑ |\^:Y:Y=�=

$B& ∙ ^::=�Y=
$C& _}99P,::P$�& − 3\~BC ∙ ^::=�Y=

$C& _\~BC ∙ ^:Y:Y=�=
$B& _}99P,::P$�& �99P,::P    (13) 

}99P,::P$�& = \�
�_�>� �

S T Mss�r�$s&l
m 9̀Y:Y:Y=

$B& $s/%BC& 9̀::=
$C&∗$s/%BC&,      (14) 

where ~BC is the unit vector co-directional with %BC. At first sight expression (13) is similar to well-known 

matrix element of dipole-dipole interactions in atomic and molecular systems [6], except coefficients }99P,::P$�&
that 

include contribution of high-multipole interactions as well as nanocrystals material parameters.  

In the dipole-dipole approximation (5Y = ��  and 5 = �′�) the matrix element (13) is given by 

�BC = �D
E%BC{ ∑ �9Y:Y$B& �9:$C&∗ |\^:Y:Y=�=

$B& ∙ ^::=�Y=
$C& _ − 3\~BC ∙ ^::=�Y=

$C& _\~BC ∙ ^:Y:Y=�=
$B& _�99P,::P ,   (15) 

where 

�9:$Z& = ;9,<=>:=;:,:=
<<= T M�o�o�pqm ��'�'$�o&��89:�$�o&,        (16) 

In contrast to calculations in two-band approximation [7], Eq. (15) allowed transitions between states with 
different quantum numbers �� and �/, and also contains envelope functions overlap integrals (16). It should 
be noted that in this case the effective permittivity ε is given by [5, 7] 

H = $E��F�E�&D
�E�             (17) 

where H�  is the NCs high-frequency permittivity. In our further calculations we assume that NCs are 

embedded in a wide-gap dielectric matrix, so that we use the infinite walls approximation for quantum 
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confinement potential. Thus, the exact forms of the radial part functions and eigenenergy equation for carriers 
in NCs are chosen in accordance with Ekimov, et al. [8].  

3. ENGINEERING EXCITONIC BANDS 

To demonstrate the possibility of formation excitonic bands let us assume that NC solids forming simple two-
dimensional rectangular lattice. The position of each NC may be denoted by vector B =  ��Z + ���, where Z 
and � are the lattice translation vectors, �� and �� are integers. In this work in accordance with Heitler-London 
approximation we consider only lowest-energy excited states in NCs, and do not take into account the impact 
of high-energy excited states on exciton energy spectrum, therefore the interaction between NCs excitations 
could be described by dipole-dipole mechanism (15). This assumption is valid since the dephasing rate of such 
states is minimal, contributing to the formation of exciton coherent states in NC solids. If the excited state is f-
fold degenerate it corresponds to f or less excitonic energy bands in supercrystal. In organic solids such partial 
or total degeneracy removal is called the Bethe splitting [9]. This effect caused to intermolecular interaction 
and translation symmetry of the crystal, which is lower than in a single molecule. 

In the Heitler-London approximation the energy spectrum of excitons can be found through the diagonalization 
of the resonant interaction matrix L, which elements are given by [9] 

ℒ��$�& = ∑ �BC��exp�[�$B − C&�B�C            (18) 

where � and � denote the degenerate energy states with different sets of quantum numbers, � is the exciton 

wave vector, B and C are lattice translation vectors, and the matrix element �BC�� is given by Eq. (13) in the 
general case. It should be note here that for calculation of matrix elements we need to express the electron’s 
radius-vector %′$sY, �Y, b′&of each NC in the system associated with NC solid lattice through the radius vector 
%$s, �, b& of the same electron in the crystallographic system. Such coordinate transformations can be 
performed by using rotation matrix ℛ whose elements can be defined in different ways, for example, through 
the Euler angles. However, if crystallographic axes of all NCs are oriented identically, the energies of exitonic 
bands do not depend on the elements of rotation matrix ℛ [4]. As a rule the lowest-energy exciton state in 
colloidal semiconductor NCs is 1	� − 1	�/� which is eight-fold degenerate excluding electron-hole interactions. 

The energy of excitonic bands has the following form 
��$�& = ��� + �ℰ�$�&            (19) 

where 

� = �D
Eo{ � �

���� c�m,�/�c�
            (20) 

is the coefficient measured in energy units and depending only on material parameters of NCs, and ℰ�$�& is 

the �th eigenvalue of the resonance interaction matrix (18), which depends only on geometry of supercrystal 
lattice,   is the Kane matrix element, and �¡ is the NCs band gap. 

Since the bulk interband matrix elements ^::=�Y=
$¢&

 for the transitions |3/2,3/2〉 → |	, −1/2〉 and |3/2, −3/2〉 →
|	, 1/2〉 are zeroes, the resonance interaction matrix reduces to 6 × 6 matrix. Furthermore, the operator of NCs 
interaction (3) does not include the components that affect on electrons and holes spins, thus, the matrix 
elements (13) for the states with equal absolute values of exciton full angular momentum projections are 
indistinguishable. Therefore, there are only three excitoncis bands correspond to the unique nonzero 
eigenvalues of hermitian matrix (18). Since the value of interaction matrix element (13) decreases with 
increasing distance as the |�BC|>�, we can retain in (18) only terms correspond to the interaction with the 
nearest neighbors. Finally, the expressions of excitonic bands energy for the rectangular two-dimensional 
lattice are given by 
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ℰ�$�& =  8
3 ¦cos$n�ª& + 1

« cos¬nª®¯ 
ℰ�$�& =  8

3 ¦cos$n�ª& − 2
« cos¬nª®¯ 

ℰ�$�& =  − °
� |2cos$n�ª& − �

± cos¬nª®�         (21) 

where « = ²/ª. 

4. CONCLUSION 

We theoretically investigate the Coulomb interaction between NCs with degenerate valence band and obtained 
the analytical expressions for matrix elements of energy transfer between them. We demonstrate that 
arrangement of semiconductor NCs in two-dimensional lattices results in formation of three excitonic energy 
bands, which properties are depend on material parameters of individual NCs and geometry of lattices. This 
possibility of tuning the properties of such artificial materials makes them interesting to using as building blocks 
in new devices for optoelectronics and photonics. 
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Abstract 

Ghassoul [rasul], stevensite-rich clay from Morocco, was used as a component of electrically conducting 
polypyrrole/ghassoul and polyaniline/ghassoul nanocomposites with polymer:clay ratio 1:1. The 
nanocomposites in powder form were obtained by polymerization of pyrrole and anilinium sulfate, respectively, 
in aqueous suspension of ghassoul. Ammonium peroxydisulfate was used as an oxidizing agent for the 
preparation of polyaniline/ghassoul nanocomposite. In case of polypyrrole/ghassoul nanocomposites, two 
oxidizing agents, ammonium peroxydisulfate and ferric chloride, were tested and compared. Nanocomposites 
were characterized using X-ray powder diffraction, thermogravimetry, Raman spectroscopy, scanning electron 
microscopy, and conductivity measurements. Conductivity of nanocomposites in powder form was compared 
with conductivity of pressed tablets. Tablets pressed from nanocomposite containing polypyrrole synthesized 
using ferric chloride exhibit significant electrical anisotropy: conductivity in direction parallel to the tablet’s plane 
is ~580× higher than conductivity in direction perpendicular to the tablet’s plane. Possible application of tablets 
as load sensors was tested. 

Keywords: Polyaniline, polypyrrole, ghassoul, nanocomposite, conductivity  

1. INTRODUCTION 

Ellectrically conducting polymers are characterized by π-conjugated structure allowing the conduction of 
electrical current. Two main representatives - polyaniline (PANI) and polypyrrole (PPy) - attract the attention 
of scientists for many years and various applications including anti-corrosive coatings, sensors, etc. were 
developed [1, 2]. Further improvement of electrical properties can be achieved by preparation of 
nanocomposites combining conducting polymers and layered materials [3, 4]. Natural clay minerals are very 
suitable for this purpose [5-7].  

Ghassoul [rasul] (GHA), clay rich in layered silicate stevensite (smectite group), is mined in the only known 
deposit in the world, Jbel Ghassoul mountain in Fès-Boulemane region in Morocco. GHA is studied for a 
relatively short time (about twenty years) by Moroccan, French, and Spanish materials scientist. It was found 
to be excellent adsorbent for various organic and metal cations [8, 9] as well as promising precursor for 
cordierite ceramics [10]. However, almost no attention was paid to GHA as a component of nanocomposites 
and Nanotechnology Centre in VŠB-TU Ostrava is the first Czech scientific institute where GHA-based 
functional nanocomposites are prepared and studied.  

Present work is focused on preparation and characterization of PPy/GHA and PANI/GHA nanocomposites 
prepared by polymerization of pyrrole and anilinium sulfate, respectively, in aqueous suspension of GHA. For 
the preparation of PPy/GHA, two oxidizing agents, (NH4)2S2O8 and FeCl3, were tested and compared. 
Nanocomposites were characterized using X-ray powder diffraction, thermogravimetry, Raman spectroscopy, 
scanning electron microscopy, and conductivity measurements. 
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2. MATERIALS AND METHODS 

2.1. Preparation of the samples 

All chemicals were used as received from Lach-Ner, Czech Republic. Pure GHA purchased at a local market 
in Casablanca, Morocco, was dried, milled, and sieved. Size fraction < 40 µm was used. PANI/GHA and 
PPy_A/GHA samples were prepared from anilinium sulfate and pyrrole, respectively, using (NH4)2S2O8 as 
oxidizing agent. Amount of GHA added to the reaction mixture was chosen so that the polymer:GHA ratio was 
1:1. For PPy_Fe/GHA sample, FeCl3 was used as oxidizing agent. After 6 h stirring of reaction mixtures the 
obtained solids were collected on filters, rinsed with distilled water (followed by HCl in case of PANI/GHA), and 
dried at 40 °C for 24 h. Tablets prepared from the powder samples (m = 3 g) were pressed at room temperature 
without any binder at Zwick 1494 hand press. Applied pressure was 28 MPa. 

2.2. Characterization methods 

X-ray powder diffraction (XRPD) patterns of all samples pressed in a rotational holder were recorded in 
reflection mode under CoKα irradiation (λ = 1.7889 Ǻ) using the Bruker D8 Advance diffractometer equipped 
with a fast position sensitive detector VǺNTEC 1. Phase composition of the samples was evaluated using the 
ICDD PDF 2 Release 2014 database. STA 409 EP, Netzsch, was used for thermogravimetry (TG) analysis. 
Samples were heated up to 1100 °C (10 °C∙min-1) in dry air with a flow rate 100 cm3∙min-1. Morphology and 
composition of the samples were studied by scanning electron microscope (SEM) PhilipsXL30 equipped with 
EDAX analyser. Images were obtained using secondary electron detector.  Raman microspectroscopy was 
performed using Raman microscope XploRATM, Horiba Jobin Yvon, equipped with 532 nm excitation laser 
source, with 50× objective and using 1200 g/mm grating. Electrical measurements of powders and pressed 
tablets were performed using devices illustrated schematically in Figure 1. Conductivities of tablets were 

measured in two directions: the in-plane direction (σ=) and the direction perpendicular to tablet’s plane (σ⊥), 
i.e., the direction of pressure applied during preparation of tablets. Volume of measured powder samples was 
~ 60 mm3 (height of column ~ 5 mm). All measurements were repeated four times and average conductivity 
values with standard deviations are provided. 

 

Figure 1 (a) Directions in which the electrical conductivity of tablets was measured. Devices for conductivity 
measurements of (b) tablets and (c) powders: 1 - sample, 2 - Cu-electrodes, 3 - insulating base, 4 - weight 
providing constant load, 5 - measuring card PCI-6221, 6 - PC + software, 7 - DC voltage source HY3003D 

3. RESULTS AND DISCUSSION 

Pure GHA and nanocomposites in powder form were characterized using XRPD (Figure 2). GHA contains 
many phases from which the layered silicate stevensite (Mg3Si4O10(OH)2), sepiolite (Mg4Si6O15(OH)2), quartz 
(SiO2), and celestine (SrSO4) are dominant. Clinoenstatite (Mg2Si2O6) and dolomite (CaMg(CO3)2) as 
additional phases were found. XRPD patterns of composites exhibit changes in comparison with pure GHA. 
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Significant shift of basal reflection (d001 = 13.97 Å → 17.56 Å) in the case of PPy_Fe/GHA suggests 
intercalation of PPy. Disappearance of basal reflection in PPy_A/GHA and PANI/GHA spectra is a 
consequence of presence of sulfates in the preparation mixture causing disordering of the layers. 

 

Figure 2 XRPD patterns of pure GHA and prepared composites. C - clinoenstatite, Cel - celestine, D - 
dolomite, Q - quartz, Se - sepiolite, St - stevensite 

TG analysis (Table 1) showed higher amount of adsorbed water on the surface of nanocomposites (∆m1) and 

negligible difference between GHA and nanocomposites in amount of interlayer water (∆m2). Loss of organic 

matter (∆m3) gives an information about polymer content in composites. Dehydroxylation of clays occurs in the 

range 750-950 °C (∆m4) and weight loss above 950 °C (∆m5) can be attributed to the decomposition of 
carbonates.  

Table 1 Weight losses of GHA and composites revealed by TG analysis 

Sample ∆m1 (%) 

(30-110°C) 

∆m2 (%) 

(110-250°C) 

∆m3 (%) 

(250-750°C) 

∆m4 (%) 

(750-950°C) 

∆m5 (%) 

(950-1100°C) 

GHA 1.9 3.4 - 2.0 2.8 

PPy_A/GHA 5.8 3.1 52.4 - - 

PPy_Fe/GHA 3.8 3.1 48.6 - - 

PANI/GHA 4.0 3.3 40.4 - - 

Due to the fluorescence of pure GHA [11], Raman spectra are shown only for the nanocomposites (Figure 3). 
For PPy-containing samples, the band ~1590 cm-1 (C=C backbone stretching) arises from polaron and 
bipolaron structures [12]. Broad band 1320-1390 cm-1 is associated with ring stretching vibrations. C-H and N-
H in-plane deformation quinoid polaron vibration is located at 1058 cm-1 [12, 13]. While for the PPy_A/GHA 
sample bands at 977 cm-1 (ring deformation - polaron) and 936 cm-1 (ring deformation - bipolaron) [13] have 
the same intensity, in case of PPy_Fe/GHA the band at 936 cm-1 is more intensive than band at 977 cm-1. The 
band at 1254 cm-1 (quinoid bipolaron structure) [14,15] is also more intensive in PPy_Fe/GHA spectrum. 

Spectrum of PANI/GHA (sample contains all main characteristic PANI bands (Figure 3). The most intesive 
band at 1600 cm-1 is associated with C=C vibrations in quinone, while bands at 1529 cm-1 and 1630 cm-1 arise  
from vibrations of benzene rings. Other observed bands: 1581 (C=C in quinone), 1420 cm-1 (C-C stretching in 
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quinone and protonated oxazine-like units), 1270 cm-1 (C-N vibrations of various benzenoid and quinoid forms, 
benzene ring deformations), 1186 cm-1 (C-H bending), and 828, 532, 426 cm-1 (out-of-plane and deformation 
vibrations of various substituted aromatic rings) [16]. Low intensity of protonation band (C-N+· vibration, related 
to conductivity [16]) at 1345 cm-1 suggests low conductivity of PANI/GHA sample. 

 

Figure 3 Raman spectra of prepared composites  

Morphology of GHA and nanocomposites was studied using SEM analysis (Figure 4). Comparison of SEM 
images showed full coverage of GHA by PANI. In case of PPy_A/GHA and PPy_Fe/GHA samples, uncovered 
areas can be found. While PANI creates dense layer composed of large grains (~ 5 µm), PPy layers in both 
PPy_A/GHA and PPy_Fe/GHA nanocomposites are more fluffy and composed from smaller grains. Protruding 
PPy creates links between particles in PPy-contaning nanocomposites which can be seen especially in SEM 
image of PPy_A/GHA sample. EDS analyses (Figure 4) are in good agreement with XRPD (Mg-rich silicates) 
and presence of polymers in nanocomposites was confirmed by appearance of carbon and nitrogen.  

 

Figure 4 SEM images of GHA and nanocomposites with corresponding results of EDS analysis 
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Electrical conductivities of samples are summarized in Table 2. Measurements of powders and tablets (see 
measuring devices in Figure 1) led to the same trend of conductivity. The difference in σ values comes from 
different experimental conditions (amount of sample, surface area of electrode, etc.). High σ values of 
PPy_Fe/GHA are in good agreement with more intensive Raman bands related to bipolarons (Figure 3) and 

correspond well with the successful intercalation process (Figure 2). High anisotropy factor (σ= / σ⊥ = 584) 
observed in case of tablet pressed from PPy_Fe/GHA (Table 2) can be explained by pressure-induced 
preferred orientation of platy particles lying parallel to the tablet’s plane. Such oriented particles serve as an 
insulator and reduce the conductivity in the direction perpendicular to the tablet’s plane, similarly to previously 
studied PANI/montmorillonite intercalates [6]. Analogous effect occurs also in case of PPy_A/GHA and 
PANI/GHA but not so significantly (anisotropy factors are in order of tens). Lower anisotropy can be attributed 
to disordering of layered structure and disappearance of basal reflections in case of these two samples 
(Figure 2). 

Table 2 Electrical conductivities of samples measured in the form of powder and pressed tablets 

Sample Powder Pressed tablet 

σ⊥ (S/m) σ⊥ ∙103 (S/m) σ= (S/m) σ= / σ⊥ 

PPy_Fe/GHA 33.472 ± 2.341 2.45 ± 0.51 1.430 ± 0.163 584 

PPy_A/GHA 0.921 ± 0.104 1.61 ± 0.79 0.125 ± 0.027 78 

PANI/GHA 0.742 ± 0.151 0.19 ± 0.11 0.010 ± 0.004 54 

Samples in the form of tablets were tested for a potential use as a load sensors. Current responses to 
increasing and decreasing pressure are shown in Figure 5. PPy_A/GHA and PPy_Fe/GHA samples exhibit 
unequal response to identical pressure during loading and unloading part of the experiment. More stable 
responses were found for PANI/GHA sample, which is, therefore, promising candidate for further testing.  

 

Figure 5 Current responses to external pressure applied on tablets pressed from prepared nanocomposites  

4. CONCLUSION 

It was demonstrated that stevensite-rich clay GHA can be used for the preparation of conductive polymer-
based nanocomposites. However, poor conductivity and anisotropy of PPy_A/GHA and PANI/GHA samples 
together with disappearance of basal reflection suggest unsuitability of the ammonium peroxydisulfate as an 
oxidizing agent. In order to obtain high conductivity, pyrrole oxidized by ferric chloride is much more suitable 
as proven by conductivity measurements performed on PPy_Fe/GHA sample. Use of ferric chloride led also 
to the succesful intercalation and also high anisotropy in conductivity was observed for PPy_Fe/GHA sample. 
On the other hand, the current response to external pressure is quite stable only for the low conductive 
PANI/GHA sample, as revealed during experiment testing the possible use of tablets pressed from the 
nanocomposites as load sensors. More conductive PPy_A/GHA and PPy_Fe/GHA nanocomposites do not 
seem to be suitable for this purpose. 
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Abstract  

The improvement of hydrogen storage properties of ball-milled Mg-Al-Ti-Zr-C composite was studied in this 
paper. It has been previously shown, that the addition of Ti, Zr, Al and C improves storage properties of Mg. 
This beneficial effect of additives upon hydrogen storage properties can be explained by catalysis by the 
nanoparticles rich in Ti, Zr or Al located on the surface of Mg grains. They provide effective pathways for the 
hydrogen diffusion into the MgH2. The morphological and microstructural characteristics were investigated by 
scanning electron microscope Tescan Lyra 3 and by X-ray diffraction. The hydrogen sorption was measured 
by Sieverts method using Setaram PCT-Pro device.  

Studied experimental composite absorbed 4.2 wt.% H2 at 573 K and 3 wt.% H2 at 523K within 10 min. The 
hydrogen storage capacity of the composite was about 4.6% wt.% H2 and 4.2% wt.% H2 at 573K and 523K, 
respectively.  

Keywords: Hydrides, hydrogen storage, catalysis, hydrogen, Mg-alloys 

1. INTRODUCTION  

Hydrogen is very perspective fuel for vehicles which can bring economical and environmental benefits. 
However, a main obstacle that impedes expected future hydrogen economy is the lack of safe, efficient and 
economical on-board hydrogen storage. Magnesium is considered as a promising candidate for hydrogen 
storage due to its high theoretical hydrogen storage capacity (7.6 wt%), high volumetric capacity (110 g L−1), 
highest known energy density of all reversible hydrides (9 MJ kg−1 Mg), good reversibility, earth abundance 
and low cost [1]. But the kinetics of hydrogen absorption/desorption (A/D) is very poor. 

In the past decade, the rapid development of nano-engineering brought the new hope for these metal 
(complex) hydrides as the new generation of solid-state hydrogen storage materials. Research on 
nanostrctured hydrogen storage materials has clearly demonstrated that reduced size, low dimensionality and 
low coordination can significantly lead to very different properties from the bulk counterparts, which were 
summarized in recent review articles [4], [5], [2], [3], [6] and [7]. Tremendous efforts have been devoted to 
address these issues by taking advantage of nano-size and catalytic effects, including the use of chemical 
modification via catalysts/additives doping, Mg crystals nanostructuring and nanoconfinement in porous 
scaffolds.In recent times, the size and catalytic effects was the one of most frequent ways for improvement of 
hydrogen storage properties. The origin of these effects can have mainly two reasons when particles sizes are 
at nanoscale: (i) an increase of surface energy when the particles get very small; and (ii) lower atom 
coordination and unsatisfied bonds appear.  

The nanolayered Mg-Ti based materials show greatly improved sorption properties. The strong catalytic effect 
of nanolayers of Ti/Pd or Al was found in new nanolayer material Ti/Mg/Ti/Pd and Mg-AlTi. [8, 9, 10]The 
multilayered Mg-AlTi material (34 nm Mg and 2nm AlTi) showed good hydrogen A/D cycles stability with 
remarkable kinetics [10]. The addition of TiC nanoparticle led to a pronounced improvement in the 
de/hydrogenation kinetics of MgH2 in MgH2-10 wt.% TiC. The improved hydrogen storage properties were 
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ascribed to the TiC particles embedded in the MgH2, which provided the pathways for the hydrogen diffusion 
into this composite [11]. But for good catalytic effect of catalysts and hydrogen storage properties of these 
materials is crucial issue how to suppress the oxidation [16]. However, catalyst based on Ti is also useful in 
other promising hydrogen storage materials. For example, homogenously dispersed TiC nanoparticles act as 
a surface catalyst on the Li-alanate and also improves hydrogen sorption properties [12].  

Other very effective catalyst added to Mg-based materials is carbon, including graphite, activated carbon, 
carbon black, fullerene and single-walled carbon nanotubes (SWCNT) [13]. In paper [14], hydrogen desorption 
kinetics of hydrided Mg-Ni-In-C ball-milled alloys was investigated. It was observed that carbon improves the 
hydrogen desorption kinetics significantly. Its beneficial effect was found to be optimum close to the carbon 

concentration of about cC ≅ 5 wt.%. With this composition, stored hydrogen can be desorbed readily at 
temperatures down to about 485 K, immediately after hydrogen charging. This can substantially shorten the 
hydrogen charging/discharging cycle of storage tanks using Mg-Ni-based alloys as hydrogen storage medium. 
For higher carbon concentrations, unwanted phases precipitated those result in deceleration of hydrogen 
desorption and lower hydrogen storage capacity.  

In this paper, sorption properties in experimental ball-milled composite of Mg which contents Ti, Zr, Al and C 
as catalysts were studied. 

2. EXPERIMENTAL  

The experimental composite Mg-11Al-10Ti0.5ZrC (wt.%) was ball-milled from pure components (splinters of 
3N8 Mg, 3N6 Ti, 5N Zr, 5N Al and spectroscopic pure C powder) using the ball-mill Fritsch-Pulverisette6 under 
hydrogen atmosphere in two steps. The first of all, the components Ti-1Zr-1C (wt.%) were milled (400 rpm, 30 
min milling / 15 min cooling - repeated 24 times). After that, components Mg-10Al - 10(Ti-1Zr-1C powder) 
(wt.%) were milled together (400 rpm, 20 min milling / 40 min cooling - repeated 24 times). The coarse parts 
of final powder were separated by use the 450 µm sieve. This powder Mg-11Al-10Ti-0.5Zr-C (wt.%) was 
compacted at room temperature into pellets with diameter 20 mm × 2 mm in height.  

The observation of structure and chemical analyses was done in SEM Tescan LYRA 3 XMU FEG/SEMxFIB 
equipped with X-Max80 EDS detector for X-ray microanalysis.  

Hydrogen sorption characteristics were measured using the Sieverts-type gas sorption analyser PCT-Pro 
Setaram Instrumentation. This equipment enables safe and fully-automated repeated measurements in both 
absorption and desorption regimes. The measurements of kinetic curves were done at temperatures 573 and 
523 K with a starting pressure of 3 MPa (for absorption) and 0.1 Pa (for desorption). The instantaneous 
hydrogen pressure p in the sample chamber was always sufficiently above the equilibrium pressure peq(T) of 
the respective hydrides and below the peq(T) during absorption and desorption, respectively. The purity of both 
the hydrogen and helium (calibration gas) was 6N. The hydrogen was dosed using calibrated volumes 
corrected to dead volumes at each individual test temperature.  

X-ray powder diffraction (XRD) was performed using CuKα1,2 radiation. HighScore Plus software HighScore 
Plus software and JCPDS PDF-4 was used for qualitative analysis and Rietveld refinements using external 
LaB6 standard and structural models based on the ICSD database for quantitative analysis.  

3. RESULTS AND DISCUSSION 

The Mg powder of composite contained very fine bright submicron and nanometer particles (Figure 1). The 
particles content mainly Ti and Al and some of them also higher content of Mg, Zr seems to be spread quite 
homogenously or it correlates with nanoparticles (Figure 2).    
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The main phases of this ball-milled and hydrogenated composite are shown in XRD spectra (Figure 3). Ball-
milled material consists about seven phases, but after hydrogenation it consists about five phases only. The 
main phase for hydrogen storage is MgH2, and Ti or Al type particles can be considered as catalysts. The 
peaks of small phases containing Zr (Figure 2) are not significant in these spectra, because they are 
superimposed by peaks of others phases. This material does not content MgO and oxidation was very low. 
We can expect that the preparation of this material under hydrogen atmosphere is sufficient for avoiding of 
oxidation.  

 

Figure 3 XRD spectra of experimental material, a) ball-milled b) hydrogenated at 523K 

The measurements of kinetics curves were done after two A/D cycles at 623K/2 hours. This initial step is 
important for reach stable structure of composite. The kinetic curves of composite and material Mg+10TiZrC 
[16] are shown in Figure 4 and 5. There is significant difference in kinetics of sorption at experimental 
temperatures, but the maximum hydrogen capacity of composite is quite similar.  

In comparison to similar powder materials published in literature [16, 17], the sorption properties of 
experimental composite were enhanced. The experimental composite show better kinetics and higher 
hydrogen capacity (4.6 wt.% H2) at temperature 573K than material Mg+10TiZrC (4.7 wt.% H2) [16] and 
nanomaterial Mg-10Ti (3.63 wt.% H2) [17] at temperature 623K.  

 

 

 

Figure 1 The Mg grains of powder placed on graphite 
foil, hydrogenated state 

Figure 2 The EDS map of Mg grains (Figure 1), 
Mg (red), Al (purple), Ti (orange), Zr (green)  
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It seems to be very crucial, that both of these materials contain MgO in contrast to experimental composite. It 
was shown in our previous work [16] that oxidation significantly decreased hydrogen sorption properties of Mg-
Ti materials. However, the studied composite contained oxide phase Al2OC only after ball-milling but this phase 
and also AlTi3C decompose during initial cycles of hydrogen sorption. The hydrogenated composite contain 
only Al phase. It seems that addition of aluminum and carbon into this type of materials together with ball 
milling of splinters under hydrogen atmosphere very effectively suppresses the oxidation.  

The addition of zirconium, aluminum and carbon into the Mg-Ti composite significantly improve hydrogen 
sorption properties. Aluminum and carbon seems to be very strong antioxidant components in this composite. 
We can expect that the surfaces of Mg and other catalysts are oxide free in this study composite. It is means, 
that diffusion of H into Mg and catalyst effect is not limited by oxidation. This is probably one of main reason 
why this composite has better sorption properties than composites published in papers [16, 17].  

4. CONCLUSION 

1) In the present work, the composite Mg-11Al-10Ti0.5ZrC (wt.%) was studied. The addition of Al, Ti, Zr 
and C significantly improve hydrogen sorption properties compared with sorption properties of Mg-Ti 
composites published in literature. The hydrogen storage capacity was 4.6% wt.% H2 and 4.2% wt.% 
H2 at 573K and 523K.  

2) Addition of aluminum, carbon in the Ti composite and ball-milling under hydrogen atmosphere improves 
oxidation resistance of the composite. The low level of oxidation protects before: 

• Reduction of diffusion rate of hydrogen into Mg particles. It keeps the free-surfaces of Mg grains 
“clean”. 

• Decreasing the catalytic effect of Ti and Zr particles. Particle act as “pathways” for hydrogen 
into composite. 
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Figure 4 Hydrogen absorption curves  
of experimental composite and Mg+10TiZrC [16] 

Figure 5 Hydrogen desorption curves of experimental 
composite and Mg+10TiZrC [16]  
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Abstract 

The rising concern towards environmental issues and sustainability increasing interest about polymer 
composites based on renewable and biodegradable resources. The composites, usually referred to as ‘‘green’’, 
can find several biomedical and industrial applications. In case of green nanocomposites has filler phase at 
least one dimension in the nanometer range. The cellulose nanocrystals (CNC) with impressive mechanical 
properties, annual renewability, abundance, low density and biodegradability make them ideal candidates for 
the processing of polymer nanocomposites. However, the main barrier in the processing of the 
nanocomposites based on CNC is their inhomogeneous dispersion and distribution in the non-polar polymer 
matrix. The strong tendency of CNC to agglomerate, form interconnected networks and additional hydrogen 
bonds between nanoparticles is in the paper addressed by use of novel hydrophobic lignin coated CNC (L-
CNC). In this paper effect of 1, 2 and 3 wt. % loading of L-CNC content on to the properties of the green 
nanocomposites based on poly (lactic acid) (PLA) matrix was investigated. Nanocomposites prepared by twin 
screw extrusion and injection moulding were characterized by means of scanning electron microscopy (SEM), 
differential scanning calorimetry (DSC), thermogravimetric analysis (TGA) and mechanical testing. 

Keywords: Cellulose nanocrystals, lignin coating, polylactic acid, green nanocomposites 

1. INTRODUCTION 

The polymer composites market share continuously growing. However, based on two different components, 
recycling and reusing of such composites is quite difficult [1]. During last few decades European regulations 
pushes towards more sustainable, cost efficient and environmentally friendlier materials and applications [2]. 
Green composites based on sustainable, biodegradable and renewable resources are of great interest as 
replacement of petroleum-based polymers and synthetic fillers [3]. This shift will be challenging for automotive 
industry and will occur only when cost effective and competitive production to conventional injection molded 
thermoplastics will be achieved [2]. The task in other typical applicative fields like secondary and tertiary 
structures, panels, packaging and cases that do not require excellent mechanical properties can be made 
easier [1]. Poly (lactic acid) (PLA) as a biobased, biodegradable and biocompatible thermoplastic with high 
strength (50-70 MPa) and modulus (3 GPa) still faces important industrial problems such as a slow 
crystallization, inherent brittleness and low impact resistance to compete with synthetic commodity polymers 
[3]. Fillers in case of green composites mostly consist of plant fibers that are reinforced by helically arranged 
semi-crystalline microfibrils of cellulose. Each microfibril is a string of cellulose crystallites, linked along the 
chain axis by amorphous domains [4]. These crystallites are called cellulose nanocrystals (CNC) and are 
essential reinforcing element that nature synthesizes to strengthen all the supporting structures of trees, plants 
and algae’s. The CNC are longitudinally released by selective hydrolysis of amorphous domains with typical 
dimensions ranging from 3-5 nm in width and 50-500 nm in length [5]. Due to almost perfect crystal structure 
can elastic modulus of individual CNC reach 143 GPa [6]. Coupled with unique characteristics like low density 
(~ 1.6 g/cm3), high tensile strength (~ 7.5 GPa), low thermal expansion coefficient (~ 1 ppm/K), thermal stability 
up to ~ 300 °C and high aspect ratio (10-100) [5] could serve as new plant based reinforcing element for future 
generation of "green" nanocomposites [7]. However, there is main barrier that is needed to be overcome to 
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avoid inhomogeneous dispersion and distribution of CNC within a non-polar polymeric matrix. The 
omnipresence of interacting surface hydroxyl groups causing strong tendency of CNC for self-association 
during nanocomposite processing. Poor dispersion and distribution than limit the potential of mechanical 
reinforcement and nucleation density capabilities [8]. In this paper is this problem addressed by use of CNC 
modified with hydrophobic lignin coating (L-CNC) developed by American Process Inc. (API) (USA). The API´s 
low cost hydrophobic coating method is based on precipitation of dissolved lignin from biomass during 
pretreatment step onto the CNC surface and through the process is physically adsorbed  
on a surface and then spray dried [5]. 

2. EXPERIMENTAL 

Poly(lactic acid) (PLA) grade Ingeo™ 3251D was 
purchased from Nature Works LLC (USA). Spray dried 
powdered lignin coated cellulose nanocrystals (L-
CNC) under trade mark BioPlus-LTM Crystals was 
purchased from American Process Inc. (USA). Before 
the processing was PLA dried in Maguire Low 
Pressure Dryer (LPD 100) under the following 
conditions: temperature 80°C, time 180 min., vacuum 
0.8 bar. Nanocomposite pellets and control PLA 
samples were prepared by twin screw extruder 
(ZAMAK EHP-2x130di) followed by water bath and pelletizer. Temperature profile of extrusion line was set 
from 140 °C up to 180 °C. L-CNC was dosed directly into the melting chamber of extruder in the recommended 
front position by external device, working on the gravimetric principle. The reason for dosing in the front parts 
of the extruder is to prevent excessive shear stress of L-CNC during melt compounding and thus their damage 
or thermal degradation. Pelletized compounds passed through a water bath and thus were before injection 
molding dried at Maguire Low Pressure Dryer (LPD 100) under following conditions: temperature 80°C, time 
180 min., vacuum 0.8 bar. Testing specimens were injection molded according to ISO 527 on injection molding 
machine (ARBURG 270S 400-100) with increasing temperature profile (165 °C up to 190 °C) of the melting 
chamber. Resulted green nanocomposites and control samples are depicted in Table 1. The scanning electron 
microscope (SEM) examination of L-CNC has been conducted on Carl Zeiss ULTRA Plus (Figure 3). One 
droplet of distill water diluted and ultrasonicated L-CNC powder was placed on carbon tape stage and let dry 
in a laboratory oven overnight. The dried sample was then gold sputtered with a coating thickness in the order 
of 1nm. Study of crystallization was conducted by differential scanning calorimetry (DSC) Mettler Toledo DSC 
1/700 calorimeter according to ISO 11357. The samples amount 10±1 mg were sealed in an aluminum pan 
and heated to 200 °C to remove previous thermal history and then cooled again. The second heating-cooling 
cycle analysis run at 10 °C min-1 heating/cooling ramp in a nitrogen atmosphere (flow rate 50 ml·min-1) to 
determine thermal transitions: glass transition (Tg), cold crystallization (Tcc1 and Tcc2) and melting (Tm) 

temperatures and enthalpies (∆Hcc1, ∆Hcc2, ∆Hm). The crystalline fraction χC (%) of PLA and PLA/L-CNC 
nanocomposite samples was calculated based on the enthalpy value of a 100 % crystalline PLA from the 
following equation [9]: 

 
          (1) 

  

where ∆Hf is enthalpy of fusion and ∆Hcc is enthalpy of cold crystallization, both determined by DSC. ∆H0
f is 

melting enthalpy of totally crystallized PLA sample ∆H0
f = 93 J·g-1) [4] and Wm is PLA matrix weight fraction in 

the green nanocomposite sample. Thermal degradation behavior was studied by means of thermal gravimetric 
analysis (TGA) on a TGA Q500 (TA Instruments, USA). Samples were heated from room temperature to 

Table 1 PLA control and green nanocomposite 
                  samples  

sample code 
composition (wt.%) 

PLA L-CNC 

PLA 100 - 

PLA/1-L-CNC 99 1 

PLA/2-L-CNC 98 2 

PLA/3-L-CNC 97 3 

0
(%) 100

f cc

C

f m

H H

H W
χ

∆ − ∆
= ×

∆ ⋅
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500 °C at a heating ramp 10 °C·min-1 in N2 atmosphere. The mechanical properties were measured according 
to international standards (ISO 527, ISO 179-1/1eU, ISO 178). Testing machines for measuring mechanical 
properties were used as fallow: Tensile - TIRAtest 2300, Impact - CEAST Resil 5.5 and Flexural - Hounsfield 
H10KT. 

3. RESULTS AND DISCUSSION 

Differential scanning calorimetry was used to investigate the effect of L-CNC content on the glass transition, 
non-isothermal crystallization and melting phenomena of PLA/L-CNC nanocomposites. Resulted DSC 
thermograms during second heating are shown in Figure 1 and thermal properties are summarized in Table 2. 
During heating of the injected parts from PLA and PLA/L-CNC nanocomposites was observed the glass 
transition temperature Tg, the primary peak cold crystallization temperature Tcc1 and further the secondary 

peak cold crystallization Tcc2. ∆Hcc is exothermic enthalpy that is absorbed by crystals growth during heating. 
Such cold crystallization of material is related to rapid cooling of the melt in the mould cavity during the injection 
molding. It negatively influenced not only the structure change and material properties but also shape and 
dimensional instabilities of injected parts. With increasing content (1, 2 and 3 wt. %) of L-CNC, increased 
nucleation density and higher crystallization rates of PLA has been enhanced. At the virgin PLA during cooling 
rate 10 °C·min-1 was not observed sharply defined phase transformation associated to melt crystallization 

(∆Hc) of polymer, in contrast to PLA/L-CNC nanocomposites. It was proved that addition of L-CNC to PLA 

matrix increases the melt crystallization enthalpy (∆Hc) and decreases the cold crystallization enthalpy ∆Hcc1 

and ∆Hcc2 as can be seen in Table 2. The degree of crystallinity (χC) of virgin PLA and green nanocomposites 
increased from 5.6 % (virgin PLA) to 8.5 % (PLA/1-L-CNC), 10.3 % (PLA/2-L-CNC) and 10.7 % (PLA/3-L-

CNC). This corresponds to decrease of specific heat capacity (∆Cp) in area of glass transitions, related to 
increase of L-CNC content. 

 

Figure 1 DSC heating (left) and cooling (right) thermograms of PLA and PLA/L-CNC nanocomposites 

Table 2 Thermal properties from DSC analysis of PLA and PLA/L-CNC nanocomposites 

  ΔCp [J·g-1·K-1] Tm [°C] ΔHf [J·g-1] ΔHcc1 [J·g-1] Δ Hcc2 [J·g-1] ΔHC [J·g-1] χC (%) 

PLA 0.49 170.1 37.9 31.8 0.9 0.3 5.6 

PLA/1-L-CNC 0.47 170.6 38.9 29.0 2.1 0.8 8.5 

PLA/2-L-CNC 0.45 169.8 41.0 28.7 3.0 1.6 10.3 

PLA/3-L-CNC 0.43 169.8 39.7 26.9 3.1 1.9 10.7 
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Thermogravimetric analysis in N2 atmosphere was carried out at a heating rate of 10 °C·min-1. Resulted 
thermal degradation behaviors of PLA and PLA/L-CNC nanocomposites are shown in Figure 2 and 
characteristic temperatures of thermal degradation are summarized in Table 3. Figure 3 shows 
thermogravimetric (left) and weight loss rates (right). Degradation of control α-Cellulose sample started  
at 303 °C that is related to the first 5 wt. % weight loss of material and reached maximum weight loss rate  
at 361 °C. Thermal degradation of L-CNC begins at 287 °C and reached maximum weight loss rate at 356 °C. 
This could be related to lignin molecular structure that is composed mostly of aromatic rings having various 
branching, these chemical bonds lead to a wide degradation temperatures. Resulted PLA/L-CNC 
nanocomposites with low L-CNC content exhibit no significant improvement in thermal parameters compared 
to virgin PLA. 

 
Figure 2 Thermogravimetric traces (left) and weight loss rates (right) of PLA, α-Cellulose, L-CNC  

and PLA/L-CNC nanocomposites 

Table 3 Thermodegradation temperatures and maximum degradation rates of PLA, α-Cellulose, L-CNC  
              and PLA/L-CNC nanocomposites 

 
α-Cellulose L-CNC PLA PLA/1-L-CNC PLA/2-L-CNC PLA/3-L-CNC 

T5% [°C] 303 287 326 327 327 322 

Tpeak [°C] 361 356 368 364 366 364 

αmax [%/°C] 1.85 1.71 2.61 2.76 2.59 2.53 

The mechanical properties are summarized in Table 4. Tensile modulus was continuously increased upon 
increasing L-CNC loading. However, the highest obtained value resulted in only 5 % improvement at highest 
L-CNC loading (PLA/3-L-CNC). Tensile strength compared to virgin PLA did not show any improvements and 
decreased with increasing L-CNC content. Both of these problems could be related to insufficient mechanical 
energy addition to separate the spray-dried L-CNC bundles (Figure 3) due to dosing in front position of 
extruder. The PLA/L-CNC samples are actually composed of both micro L-CNC bundles and individual L-
CNCs. Slight improvement in tensile modulus could be related to increased degree of crystallinity (see 
Table 2.). The elongation at break of PLA/L-CNC samples as expected decreases with increasing L-CNC 
content. L-CNC caused local stress concentrations and failure at reduced strain. The impact strength of PLA/L-
CNC samples was improved compared to virgin PLA. The addition of only 1 wt.% of L-CNC resulted in 
increased impact strength by 25%. However, with increasing content of L-CNC impact strength started to 
decrease. The insufficient distribution and dispersion of L-CNC in PLA matrix limit potential of mechanical 
reinforcement. 
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.    

Figure 3 SEM image of spray-dried L-CNC bundle (left), magnified bundle surface (middle) and individual 
agglomerated L-CNCs forming bundle surface (left) 

Table 4 Mechanical properties of PLA and PLA/L-CNC nanocomposites 

Mech. properties Standart Unit PLA PLA/1-L-CNC PLA/2-L-CNC PLA/3-L-CNC 

Tensile Modulus of Elasticity  ISO 527/ 
1B/1 MPa 3882 ± 44 3940 ± 68 4003 ± 79 4071 ± 87 

(1 mm/min) 

Yield Strength (Ultimate Strength)  ISO 527/ 
1B/50 MPa 71.5 ± 0.5 68.9 ± 0.8 67.2 ± 1.7 65.9 ± 2.2 

(50 mm/min) 

Nominal Strain at Fracture  ISO 527/ 
1B/50 % 4.9 ± 0.5 4.7 ± 1.5 4.0 ± 2.1 3.3 ± 2.7 

(50 mm/min) 

Charpy Impact Energy ISO 179-
1/1eA kJ/m2 16.6 ± 0.4 20.7 ± 1.2 18.3 ± 1.7 17.1 ± 2.2 

(+23°C) 

4. CONCLUSION 

Lignin coated cellulose nanocrystals were incorporated in poly (lactic acid) biopolymer matrix to investigate 
influence of surface modification on green nanocomposite properties. The resulted L-CNC/PLA 
nanocomposites prepared by twin screw extrusion and injection moulding were characterized by means of 
scanning electron microscopy (SEM), differential scanning calorimetry (DSC), thermogravimetric analysis 
(TGA) and mechanical testing the effect of L-CNC content on nucleation density and higher crystallization rate 
of PLA has been observed by DSC. The addition of L-CNC into PLA increased melt crystallization enthalpy 
and decreased the cold crystallization enthalpy. The degree of crystallinity (χc) increased from 5.6 % (virgin 
PLA) to 8.5 % (PLA/1-L-CNC), 10.3 % (PLA/2-L-CNC) and 10.7 % (PLA/3-L-CNC). Thermal degradation 
behaviors indicated good thermal stability during processing of PLA/L-CNC nanocomposites. However, the 
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first 5 wt.% loss of material observed for L-CNC samples started earlier compared to control  
α-Cellulose samples. This could be related to lignin coating molecular structure that is composed mostly of 
aromatic rings having various branching, these chemical bonds lead to wide range of degradation 
temperatures (100 - 800 °C) [11]. Tensile modulus was slightly increased with increasing L-CNC content, while 
tensile strength decreased with incorporation of L-CNC. The elongation at break of PLA/L-CNC samples as 
expected decreases with increasing L-CNC content. The impact strength of PLA/L-CNC samples was 
improved compared to virgin PLA. The addition of only 1 wt.% of L-CNC resulted in increased impact strength 
by 25%. However, with further increasing content of L-CNC impact strength started to decrease. The low 
distribution and dispersion of L-CNC in PLA matrix limit potential of mechanical reinforcement. These problems 
could be related to insufficient mechanical energy addition to separate the spray-dried  
L-CNC bundles due to dosing in front position of extruder. 
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Abstract 

Carbon-based nanolayers have been attracting much attention due to their excellent low-friction properties, 
their high hardness and their good wear resistance. In this work we present the results of material research 
aimed at reducing the friction of the functional surfaces of titanium implants, and thus extending their lifetime 
to reoperation. Nitrogen ion beam assisted deposition of a carbon-based nanolayer was applied to modify the 
surface properties (i.e. sliding and wear) of Ti6Al4V biomedical titanium alloy. Ion bombardment caused 
structural changes, which led to an increase in surface hardness by a factor of 1.86 in comparison with a 
surface modified by a carbon nanolayer without nitrogen ion bombardment. An analysis of the chemical 
composition showed that the modified surface is composed of a carbon-based nanolayer, a mixed interface, 
and a nitrogen-enriched sublayer. Raman spectroscopy showed the DLC character of the carbon-based 
nanolayer with sp2 rich bonds. A TiN compound was detected by X-ray diffraction in the modified surface area. 
A very low friction coefficient below 0.1 was maintained for a normal load of 2N. The sliding behavior of the 
head (Ti6Al4V) and the shell (PEEK) tested on a joint wear simulator showed that surface modification of the 
head of the implant under optimized deposition conditions provides protection for the functional surfaces, 
leading to a reduction in wear and a substantial increase in lifetime. 

Keywords: Nanolayer, friction, nanohardness 

1. INTRODUCTION 

This paper deals with characterizing and tribological testing of a carbon-based nanolayer on the Ti6Al4V alloy. 
This alloy is widely used in biomedical engineering (e.g. for joint replacements and for dental implants) because 
of its high tensile strength, its good biocompatibility and its low elastic modulus [1]. However, the surface 
properties (e.g. the tribological properties and the surface hardness) are not fully satisfactory for use in this 
field, and they need to be modified [2]. The risks of allergic reactions to titanium and its alloys, have come 
under discussion [3]. Carbon-based nanolayers have been attracting much attention due to their excellent low-
friction properties, their high hardness and their good wear resistance. Many methods are used for depositing 
carbon-based layers [4, 5]. Ion bombardment during deposition modifies the structure and the properties of 
carbon-based nanostructures and affects their adhesion [6, 7]. It is known that the properties of carbon-based 
nanolayers depend on the type of bonding between the atoms and on the chemical composition, which is 
influenced by the deposition conditions [8]. In this work, we present improved tribological behaviour of the 
Ti6Al4V alloy modified by ion beam assisted deposition of a carbon-based nanolayer. The friction coefficient 
was measured using a pin-on-disc tribometer. The sliding behavior of the modified head (Ti6Al4V) against the 
shell (PEEK) was tested on a joint wear simulator. We also investigated the surface morphology by atomic 
force microscopy (AFM), hardness by naniondentation, C-C bonds by Raman spectroscopy, phase 
composition by X-ray diffraction (XRD), and the chemical composition by auger electron spectroscopy (AES). 
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2. EXPERIMENTAL PART 

The substrates were made of Ti6Al4V titanium alloy in the form of a cylinder 20 mm in diameter and 8 mm in 
height. The roughness of polished samples was Ra = 0.02 µm. The substrates were ultrasonically cleaned in 
isopropyl alcohol before the deposition process. The deposition of carbon-based nanolayers proceeded by 
electron beam evaporation of a carbon target with simultaneous nitrogen ion bombardment (ion beam assisted 
deposition - IBAD). The thickness of the nanolayer was measured by a quartz thickness monitor located in the 
apparatus, and was approximately 20 nm (IBAD 20 nm modification) and 40 nm (IBAD 40 nm modification). 
The nanolayers were irradiated with nitrogen ions with energy of 90 keV and fluence of 1·1017 cm-2 for structure 
modification. Both electron beam evaporation and nitrogen ion bombardment were carried out in the apparatus, 
which was presented schematically in our previous work [8]. 

The chemical composition was measured by means of auger electron spectroscopy (AES) in a PHI SAM 545 
spectrometer. For excitation, an electron beam of 3 keV and 1 µA, with a diameter of 40 µm, was used. The 
samples were sputtered by two symmetrically inclined Ar ion beams of 1 keV. The sputtering rate was 
estimated to be about 2.0 nm/min on an Ni/Cr multilayer of known thickness. This estimated sputtering rate is 
valid for metals. For carbon, the sputtering rate is estimated to be 0.7 nm/min. A lower sputtering rate is also 
expected for other lighter elements. 

The phase composition was investigated by the X-ray diffraction method (XRD). Cobalt radiation with 
wavelength 0.1789 nm and geometry with the parallel beam with an incident angle of 0.5° was used. The 
Raman spectra were measured using a Renishaw RM 1000 Raman microscope with Ar laser excitation at 
514.5 nm. Anatomic force microscopy (AFM) in tapping mode was used to characterize the surface 
topography. 

The surface hardness was investigated by nanoindentation. The partial unload function was used for 
measurements of the depth profile of the surface hardness. The maximum indentation load was 5000 ´N. 
12 indents were performed in a 3×4 matrix. The coefficient of friction was investigated on a pin-on-disc 
tribometer with a 100Cr6 steel ball 6 mm in diameter. The normal load was 2 N, the radius of rotation was 4 
mm, and the velocity was 6 cm⋅s-1. The sliding behavior of the modified head (Ti6Al4V) 10 mm in diameter and 
the shell (PEEK) was tested on a joint wear simulator (Figure 1). 

 

Figure 1 Joint wear simulator 

3. RESULTS AND DISCUSSION 

Figure 2 shows the typical concentration profiles of the elements in the modified area of the IBAD 20 sample. 
The thickness of the carbon-based nanolayer corresponds to the nominal deposited thickness of the carbon-
based nanolayer (20 nm; 28 min of sputtering). Increased concentration of oxygen is observed at the interface 
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between the carbon-based nanolayer and the Ti-6Al-4V substrate. This may be due to surface contamination 
by the atmosphere. The assistance of nitrogen ion bombardment causes nitrogen to penetrate into the carbon-
based nanolayer and mainly into the Ti6Al4V substrate. The TiN phase was formed during ion bombardment 
in the modified surface region, where the nitrogen concentration is at its maximum. 

 

Figure 2 AES concentration profiles of elements in the modified Ti6Al4V alloy 

The phase composition was investigated by means of X-ray diffraction (XRD). The alpha structural phase of 
the Ti6Al4V alloy was observed. No beta structural phase was identified in the diffraction spectrum. Non-
stoichiometric TiN phase and graphite were observed in the surface area. Chemical composition analysis and 
phase analysis proved that a thin carbon-based nanolayer, a mixed interface and a nitrogen-enriched sublayer 
with a titanium nitride phase are formed in the modified surface area. 

The Raman spectra in Figure 3 show one main peak located at ∼1500 cm−1, with a shoulder at a lower 
frequency. The shoulder becomes visible in the spectra of the carbon-based nanolayer deposited with ion 
assistance. Ion bombardment during the deposition process increased the intensity of the low-frequency peak. 
The Raman spectra in Figure 3 have a DLC (diamond-like carbon) character; i.e. they are composed of a D 
peak (disordered graphitic carbon - at ∼1350 cm-1) and a G peak (graphitic carbon - at ∼1550 cm-1) [8]. The 
spectra show that the carbon-based nanolayer has a DLC character with sp2 rich bonds. The correlation with 
the hardness results shows that the surface hardness increases due to structural changes induced by ion 
bombardment. 

 

Figure 3 Raman spectra of amorphous carbon nanolayer bombardment with nitrogen ions (a-C:N) and 
without ion bombardment (a-C) 
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The depth profiles of the indentation hardness are presented in Figure 4. The minimum indentation depth at 
which we are able to obtain the mechanical properties are limited by the sharpness of the tip and by the 
roughness of the sample surface. The indentation hardness values (HIT) are calibrated from a contact depth 
of hc ~ 8 nm. The maximum indentation hardness values HIT ~ 13 GPa were measured on the IBAD 40 nm 
sample at contact depths of hc ~ 13 nm. The sample coated with carbon nanolayer (40 nm) without ion 
assistance (C 40 nm sample) had maximum indentation hardness values of HIT ~ 7 GPa at a contact depth of 
hc ~ 8 nm. The two measured surface modifications (IBAD 40 nm and IBAD 20 nm) exhibit comparable 
hardness. The depth profile of the indentation hardness on the IBAD 20 nm sample indicates deeper hardening 
due to a thinner carbon-based nanolayer and a greater range of N ions. The maximum indentation hardness 
of the reference sample is HIT ~ 5.5 GPa. The HIT of the modified samples has a sharply decreasing trend with 
increasing hc, whereas the depth profile of the HIT of the reference sample has a constant trend.  

 
Figure 4 Depth profiles of the indentation hardness 

The surface topography of the samples was characterized by atomic force microscopy. The surface 
topography of the modified samples and of the unmodified substrate was almost the same. The root mean 
square (RMS) roughness of all modified samples ranges between 2.56 nm and 8.07 nm. 

 

Figure 5 Coefficient of friction versus the number of cycles for modified samples and for the Ti6Al4V 
reference sample 
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Figure 5 shows the evolution of the coefficient of friction for the modified samples and for the substrate as a 
function of the number of cycles. The coefficient of friction of the modified samples decreased to approximately 
0.1. The two surface modifications (IBAD 40 nm and IBAD 20 nm) have comparable coefficient of friction 
values. A thicker nanolayer increased the duration of the lubrication effect. Carbon-based nanolayers show a 
much lower coefficient of friction than for the uncoated Ti6Al4V alloy (about 0.6 - see Figure 5). 

The proposed IBAD 40 nm surface modification was tested on a model of a finger joint replacement (the head 
- surface modified Ti6Al4V, and the shell - PEEK) on a joint wear simulator (Figure 1) with normal loads of 
100 N. The course of the contact pressure between the head and the shell was simulated by FEM analysis in 
the Abaqus program. The load corresponds to the normal load at tribological test with a coefficient of friction 
of 0.1. The maximum contact pressure was 4 MPa at the deepest point (see Figure 6). Because of the complex 
convex-shaped head of the joint and the concave shape of the shell, the sliding tests were only qualitatively 
evaluated. The unmodified Ti6Al4V head showed drastic wear both of the head and of the shell after 10,000 
cycles (Figure 7) in comparison with the modified head. The first local wear fault of the IBAD 40 nm 
modification was observed after 240,000 cycles (Figure 8). A global wear fault occurred after 510,000 cycles. 

  

Figure 6 Contact pressure distribution simulated by FEM analysis in the Abaqus program 

 

Figure 7 Unmodified Ti6Al4V head and the shell after 10 000 cycles 
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Figure 8 First local wear fault of the BAD 40 nm modification 

4. CONCLUSION 

Nitrogen ion beam assisted deposition of a carbon-based nanolayer was applied to modify the surface 
properties of the Ti6Al4V biomedical titanium alloy. The modified surface consisted of a carbon-based 
nanolayer, a mixed interface, and a nitrogen-enriched sublayer. Ion bombardment caused structural changes, 
which led to an increase in surface hardness and a decrease in the friction coefficient. The proposed surface 
modification of the Ti6Al4V joint head under optimized conditions provides protection for functional surfaces, 
with a resulting reduction in wear and a significant increase in lifetime. 
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Abstract  

Bulk graphitic carbon nitride (g-C3N4) was prepared by heating of melamine at 600 oC for 2 hours. 
Thermogravimetric analysis showed that this temperature is optimal for the preparation of bulk g-C3N4 without 
unnecessary loss of the material. The characterization was performed by X-ray diffraction (XRD) and scanning 
(SEM) and transmission electron microscopy (TEM). Specific surface area (SSA) of bulk g-C3N4 was about 23 
m2g-1. In order to increase the SSA bulk g-C3N4 was exfoliated into nanosheets by heating at 500 oC for 4 
hours and by ultrasonication in an aqueous dispersion for 1 hour. The SSA increased at 157 m2g-1 by the 
heating and at 54 m2g-1 by ultrasonication. XRD revealed the layered structure of bulk g-C3N4 as well as of 
both exfoliated g-C3N4 samples. 

Keywords: Graphitic carbon nitride, exfoliation, nanosheets 

1. INTRODUCTION 

Graphitic carbon nitride has been considered as a promising material which has being intensively studied 
during the last decade [1]. This semiconductor material has diamond-like mechanical properties and is 
thermally, chemically and photochemically stable due to its tri-s-triazine (C6N7)-based building blocks and 
strong covalent bonds between carbon and nitrogen atoms. The important property of g-C3N4 is its band gap 
about 2.7 eV which enables absorption of visible light. Therefore, various applications in photocatalysis [2] and 
fabrication of solar cells [3] have been investigated. 

Beside PVD and CVD synthetic procedures [1] g-C3N4 can be prepared from simple precursors by low cost 
methods based on the thermal condensation of nitrogen-rich precursors, such as cyanamide [4], 
dicyandiamide [5], melamine [6], cyanuric acid [7] and so forth. 

Graphitic C3N4 has a layered structure which is potential for formation of graphene-like nanosheets with the 
thickness of about 2 nm. These nanosheets possess important electronic, thermal, mechanical, optical, 
catalytic and photocatalytic properties [8-10]. Exfoliation of bulk g-C3N4 particles into nanosheets can be done 
by thermal oxidation, chemical and ultrasonic treatment and by other methods [10]. The aim of this work was 
to prepare bulk g-C3N4 and to study its exfoliation by heating in air and ultrasonication in an aqueous 
dispersion. 

2. EXPERIMENTAL 

2.1. Material and chemicals 

Melamine of analytical reagent grade was purchased from Sigma Aldrich (USA). Water deionised by reverse 
osmosis (Aqua Osmotic, Czech Republic) was used for the preparation of all solutions. 
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2.2. Exfoliation procedures 

Thermal exfoliation was performed by heating at 500 oC in air for 4 hours. The temperature was elevated from 
room temperature to 500 oC with the heating rate of 20 oC min-1. Ultrasonic exfoliation was performed in an 
ultrasonic bath for 1 hour. A resulting dispersion was centrifuged at the speed of 3600 min-1 for 20 minutes. 
Supernatant was filtered through a membrane filter (pores of 0.60 µm). Sediment was dispersed in water, new 
bulk g-C3N4 was added and the procedure was repeated. A filer cake was dried at 110 oC for 2 hours, powdered 
in a grinding mortar and stored in a reagent flask. 

2.2. Thermogravimetric analysis 

Thermogravimetric (TG) analysis was performed on a thermal analyzer SETSYS-1750 (SETARAM 
Instrumentation, France) in an alumina crucible and in the inert atmosphere of argon, the heating rate was of 
10 °C.min-1. Measurements were performed in the temperature range of 20-900 °C. 

2.3. X-Ray diffraction 

The X-ray powder diffraction study was performed using a powder diffractometer INEL CPC 12 (INEL, France) 
equipped with a curved position-sensitive detector PSD 120 MB/11 (reflection mode, Ge-monochromatized, 
CuKα1 radiation λ = 0.1542 nm). Diffraction patterns were recorded in ambient atmosphere under constant 
conditions (2000 s, 35 kV, 20 mA). The crystallite size L was calculated according to the Scherrer´s equation 
for broadening B(2θ) (in radians) at half maximum intensity (FWHM) of a diffraction peak as 

K λ
B (2θ )=

L cosθ
           (1) 

where λ is the wavelength of the X-rays, θ is the Bragg angle and K is a constant to be equal to 0.94 for cube 
or 0.89 for spherical crystallites. In this study K was rounded to 0.9. 

2.4. Specific surface area 

Specific surface area of the nanocomposites was measured with an instrument Sorptomatic 1990 (Thermo 
Electron Corporation, USA) using nitrogen as adsorbing gas and calculated by the Advance Data Processing 
software according to the BET isotherm at the temperature of 77.3 K and at a ratio p/p0 up to 0.3, i.e. up to the 
beginning of capillary condensation. 

2.5. SEM and TEM analysis 

Scanning electron microscopy was performed using a microscope Quanta FEWG 450 equipped with detectors 
EDS Apollo X (EDAX), ETD and BSE and with a camera EBSD HIKARI (EDAX). Before the SEM analysis the 
samples were sputtered (Polaron Range SC 7640) by gold in the argon atmosphere. 

A transmission electron microscope JEOL 2100 with LaB6 electron gun was used. Accelerating voltage of 
200kV was applied. Images were taken by camera Tengra (EMSIS). For the TEM analysis the samples were 
prepared by dispersed in ethanol and then sonicated for 5 minutes. One drop of this solution was placed on 
copper grid with holey carbon film and dried at room temperature. 

3. RESULTS AND DISCUSSION 

3.1. Preparation and TG analysis 

Bulk g-C3N4 was prepared by heating of melamine. The heating temperature was chosen based on the TG 
analysis. As obvious in Figure 1 the first and highest decrease of mass (about 70 %) was observed in the 
range of 280-400 oC when sublimation as well as condensation of melamine forming melam and consequently 
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melem occurred. Melem exists in the temperature range of 400-500 oC and at the higher temperatures up to 
600 oC it forms melon. At the temperatures about 600 oC melon further polymerizes to g-C3N4 which become 
unstable at above 650 oC forming some volatile decomposition products [11]. The mass changes are well 
visible at the TG curve in Figure 1. The g-C3N4 preparation temperature of 600 C was chosen in order to reach 
sufficient polymerization of melamine and not to lose g-C3N4 by its thermal decomposition. 

 

Figure 1 TG curve of heating of melamine 

3.2. Characterization of bulk g-C3N4 

Bulk g-C3N4 prepared by annealing at 600 oC of melamine was characterized by XRD (Figure 2). The XRD 
patter (down) shows two distinct peaks at 2θ = 12.8o and 27.5o, which can be attributed to the hexagonal phase 
of g-C3N4 (JCPDS 87-1526). The strongest peak at 2θ = 27.5o is related to interlayer stacking of the (002) g-
C3N4 planes. The peak at 2θ = 12.8o is attributed to the (100) planes corresponding to in-plane ordering of the 
nitrogen-linked heptazine units [12]. The recorded intensity of the (100) peak was low similarly like in works of 
other authors [13]. 

The interlayer distance of the (002) planes was calculated according to the Bragg´s equation at d002 = 0.36 nm 
and the distance between the (100) planes was calculated at d001 = 0.69 nm. The theoretically calculated 
distances d002 and d001 published in literature would be 0.34 nm and 0.73 nm, respectively. The average bulk 
g-C3N4 crystallite size was calculated according to Eq (1) from FWHM of the (002) diffraction peaks at  
L = 8.7 nm. 

Morphology of bulk g-C3N4 was examined by SEM and TEM (Figure 3). The SEM image shows large blocks 
which consist of 2D g-C3N4 nanosheets. In the TEM image, such nanosheets delaminated in ethanol during a 
sample preparation for the TEM analysis are visible.  

The specific surface area of bulk g-C3N4 was determined by the BET method at 23 m2g-1. For some applications 
like catalysis or photocatalysis this magnitude is too low. The exfoliation of bulk g-C3N4 into 2D nanosheets 
can increase the SSA till up to 306 m2 g-1 as referred by Niu et al. [8]. Therefore, the next research was focused 
on the exfoliation of bulk g-C3N4. 
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Figure 2 XRD patterns of bulk and exfoliated g-C3N4 

Figure 3 Electron microscopy analysis of bulk g-C3N4: SEM image (left) and TEM image 

3.3. Exfoliation of bulk g-C3N4 

Bulk g-C3N4 was exfoliated by heating at 500 oC for 4 hours and by ultrasonication og its aqueous dispersion. 
Figure 4 shows the UV-VIS spectra of the nanosheets dispersion after ultrasonication. The most significant 
absorption band around 316 nm indicates the presence of g-C3N4 nanosheets composed from 1,3,5-triazine 
aromatic structures absorbing UV irradiation (n→π* transition). Time of ultrasonication was estimated from a 
plot of absorbances at 316 nm against time of the ultrasonic treatment (Figure 4). After 1 hour a majority of 
bulk g-C3N4 was exfoliated into nanosheets, therefore, 1 hour was used for the exfoliation procedure (see 
Experimental).  
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The nanosheets were filtered out and the unexfoliated portion was dispersed in water and treated by ultrasound 
again. This procedure was repeated several times. The separated nanosheets were filtered, dried and 
powdered. 

 

Figure 4 Ultrasonic exfoliation of bulk g-C3N4 in aqueous dispersion. Left - UV-VIS spectra of g-C3N4 
aqueous dispersions at various times of ultrasonication, right - the time dependence of absorbance  

at 316 nm. 

The both exfoliated samples were characterized by XRD (Figure 2). Similarly like in case of bulk g-C3N4 the 
diffraction peaks corresponding to the (001) and (002) planes were observed at nearly the same 2θ angles: 
12.8o and 27.8o for the sample exfoliated by heating and 12.8o a 27.6o for that exfoliated by ultrasonication. 
The (002) peaks were used for the calculation of the crystallite sizes: L = 8.7 nm and 7.5 nm for the exfoliation 
by heating at 500 oC and ultrasonification, respectively. It indicates that the exfoliation in liquid dispersions let 
to formation of smaller crystallites which reassembled during the filtration and drying.  

The SSA of the exfoliated samples was measured as well. The sample exfoliated by heating at 500 oC exhibited 
the value of 157 m2 g-1 while the SSA of g-C3N4 exfoliated by ultrasound was 54 m2 g-1. These facts indicate 
that the heating at high temperatures was more effective for preparation of g-C3N4 nanosheets unless the 
average crystallite size was substantially changed. 

4. CONCLUSION 

Bulk g-C3N4 was prepared by annealing of melamine at 600 oC for 2 hours and was characterized by XRD, 
SEM and TEM. The average size of g-C3N4 crystallites was estimated according to the the Scherrer´s equation 
at 8.7 nm. The SSA of 23 m2g-1 was determined by the BET method. In order to increase the SSA the exfoliation 
of bulk g-C3N4 was further investigated. 

The exfoliation was performed by heating at 500 oC for 4 hours and by ultrasonication in the aqueous 
dispersion for 1 hour. The process of ultrasonication was monitored by the measurement of absorbances at 
316 nm of delaminated g-C3N4 nanosheets in dependence on time. The resulting dispersions were filtered, 
dried and the solid sample was examined by XRD. The self-assembling of the nanosheets into organized 
layered structures was observed. The average sizes of exfoliated g-C3N4 crystallites were estimated at 8.7 nm 
and 7.5 nm for heating 500 oC and ultrasonication, respectively. Their SSA was determined at 157 m2g-1 and 
54 m2g-1, respectively. The heating was found to be the more effective exfoliation procedure than 
ultrasonication. 
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In the future research ultrasonification in the presence of nanoparticles and/or other compounds preventing 
the self-assembling effect will be investigated to obtain heterostructures suitable for photocatalysis.  
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Abstract  

The graphitic carbon nitride (g-C3N4) samples were prepared by the three different methods: (i) heating of 
melamine at 600 ºC (bulk g-C3N4), (ii) exfoliation of bulk g-C3N4 by heating at 500 ºC (Ex500) and (iii) exfoliation 
of bulk g-C3N4 by ultrasonication in an aqueous dispersion (ExUltra). The exfoliation was performed to obtain 
g-C3N4 nanosheets or other nanostructures. The samples characterization was performed by UV-Vis diffuse 
reflectance (DRS UV-Vis), photoluminescence (PL) spectroscopy and photoelectrochemical (PEC) 
measurement. The smallest transition energies Et was evaluated for bulk g-C3N4 (Et = 2.84 eV). The exfoliation 
by heating and ultrasonication caused both increase of transition energies Et at 3.07 eV and blue-shift and 
intensity increase of PL emission bands. The exfoliation by heating at 500 ºC increased photocurrent in 
comparison with the bulk g-C3N4 and ultrasonicated samples. This indicates the beneficial effect of the 
exfoliation by heating for various photocatalytic applications due to the higher mobility and separation efficiency 
of photo-induced carriers.   

Keywords: Graphitic carbon nitride, optical properties, photoelectrochemical properties 

1. INTRODUCTION 

Lately, the graphitic carbon nitride has drawn scientific interest due to its promising role as a visible-light-
response photocatalyst (2.7 eV bandgap) for many photocatalytic reactions [1-3]. The energy position of 
conduction (CB) and valence band (VB) is at −1.1 and 1.6 eV vs normal hydrogen electrode (NHE), 
respectively [3]. Graphitic carbon nitride, a typical metal-free photocatalyst is thermally and chemically stable. 
Besides, it is very stable under light irradiation in solutions with pH of 0-14 due to the strong covalent bonds 
between carbon and nitride atoms [4, 5].  

Unlike the metal-containing photocatalysts that need expensive metal salts for their preparation, g-C3N4 
photocatalyst can be facilely prepared by thermally polycondensing of the cheap N-rich precursors, such as 
dicyanamide, cyanamide, melamine, and urea [3, 6, 7].  

These superior properties imply that the metal-free g-C3N4 would be an ideal candidate for the design of 
efficient visible-light-driven photocatalyst such as water splitting, CO2 photoreduction, organic contaminants 
purification, catalytic organic synthesis, and fuel cells [1-3, 6-9]. There have been several excellent reviews on 
g-C3N4 preparation and applications in the last 5 years, and readers can refer to these review articles  
[2, 3, 8, 10] However, pure g-C3N4 is far from successful use as an effective photocatalyst due to its lower UV 
response than pure TiO2, and its separation efficiency of photoinduced electron-hole pairs still need to be 
improved [5, 11, 12].  

The aim of this work was investigation of optical and photoelectrochemical properties of bulk g-C3N4 and g-
C3N4 nanosheets or other nanostructures prepared by exfoliation of bulk g-C3N4 by heating in air and 
ultrasonication of bulk g-C3N4 in the aqueous dispersion. 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

99 

2. EXPERIMENTAL 

2.1. Preparation of graphitic carbon nitride g-C3N4 

For the study of optical and electrochemical properties three type of graphitic carbon nitride were prepared. 
The first sample of bulk g-C3N4 was prepared through the direct calcination of melamine at 600 ºC for 2 hours. 
The second sample (Ex500) was prepared by thermal exfoliation of bulk g-C3N4 by heating at 500 oC for 4 
hours. The last sample (ExUltra) was prepared by ultrasonic exfoliation of bulk g-C3N4 in ultrasonic bath for 1 
hour and sequentially filtrated and dried at 100 ºC [13].  

2.2. UV-Vis diffuse reflectance 

UV-Vis diffuse reflectance spectra were recorded with a Shimadzu UV-2600 (IRS-2600Plus) 
spectrophotometer at room temperature in the range from 220 nm to 1400 nm. The reflectance was re-
calculated to the absorption using the Schuster-Kubelka-Munk equation as follows 

,            (1) 

where R∞ is the diffuse reflectance from a semi-infinite layer. The obtained DRS spectra were transformed to 
the dependencies of (F(R∞)·hν)2 on hν in order to obtain transmission energies.  

2.3. Photoluminiscence 

Photoluminescence spectra were measured by a spectrometer FLS920 (Edinburgh Instrument Ltd, UK). The 
spectrometer was equipped with a 450 W Xenon lamp (Xe900). The excitation wavelength was 280 nm. The 
width of excitation and emission slits was 3 nm. 

2.4. Photoelectrochemical measurement 

Photoelectrochemical experiments (pulsed photocurrent spectroscopy) were performed using a photoelectric 
spectrometer equipped with the 150 W Xe lamp and coupled with the SP-300 potentiostat. Photocurrent 
responses were recorded using a classical three electrode setup. The platinum and Ag/AgCl electrodes were 
used as the auxiliary and reference electrodes, respectively. The working electrode was prepared as follows: 
TiO2 powder was deposited onto indium-tin oxide (ITO) coated by polyethylene terephthalate foil. The 
electrolyte solution was 0.1 M KNO3. The photocurrent action spectra of the photoelectrode were recorded 
using pulsed illumination (within the range of 250 - 500 nm with the step of 50 nm) at potentiostatic conditions 
for different value of applied potentials (from - 0.1 to 0.5 V, step 0.25 V). 

3. RESULTS AND DISCUSSION 

3.1. UV-Vis diffuse reflectance of prepared materials 

For the characterization of prepared materials UV-Vis DRS spectra were recorded in the range from 220 nm 
to 1400 nm and were evaluated according equation (1). The obtained DRS spectra were transformed to the 
dependencies of (F(R∞)·hν)2 on hν in order to obtain transmission energies (Figure 1). The magnitudes of 
transition energy were evaluated at 2.84 eV, 3.07 eV and 3.07 eV for the bulk g-C3N4, Ex500 and ExUltra, 
respectively. The smallest transition energy of bulk g-C3N4 (Et = 2.84 eV) indicates that the exfoliation of bulk 
g-C3N4 caused the shift of absorption edges by 0.23 eV as a result of the formation of g-C3N4 nanosheets [14]. 
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Figure 1 UV-Vis diffuse reflectance spectra of prepared g-C3N4 samples 

3.2. Photoluminescence analysis of prepared materials 

Photoluminescence spectra were recorded in order to characterize the g-C3N4 samples as well. Figure 2 
shows emission bands of the bulk g-C3N4, Ex500 and ExUltra. The smaller blue-shift of emission bands from 
480 nm for bulk g-C3N4 to 474 nm for ExUltra and to 463 nm for Ex500 with modification procedure was 
observed. This result is in agreement with the increasing magnitudes of transition energies. Interrupted parts 
of the spectra were not measured due to the 2nd order reflection effect of excitation irradiation. The increase 
of PL intensity of the exfoliated samples was likely caused by cracking of large g-C3N4 planes into smaller 
nanosheets [14].  

 
Figure 2 Photoluminescence spectra of prepared g-C3N4 samples 

3.3. Photoelectrochemical measurement of prepared materials 

Photoelectrochemical properties of all prepared g-C3N4 samples were examined in order to complete 
information about their properties. Photocurrent responses were recorded as functions of applied potential and 
photon energy.  

The effectiveness of the photogenerated electron-hole formation in the g-C3N4 samples were measured from 
the photocurrent response under irradiation at the applied potential of 0.5 V vs. Ag/AgCl. Figure 3 
demonstrates the typical real time photocurrent response of the g-C3N4 samples when the source of the light 
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was switched on and off. In semiconductor materials, when irradiation supplies energy is higher than the band 
gap of a material, the energy excites the electrons from the valence band to the conduction band, leaving a 
hole in the valence band. This electron-hole pair is responsible for the photocurrent. When the light was turned 
on, the photocurrent was rapidly increased, and the photocurrent then turned to a steady state after a few 
seconds. When the light was turned off, the photocurrent decreased [15]. The photocurrent for the Ex500 
sample was higher than for the bulk g-C3N4 and ExUltra ones when light was on (Figure 3). Therefore, the 
mobility and separation efficiency of the photo-induced carriers were efficaciously improved after heating at 
500 ºC of bulk g-C3N4.  

 
Figure 3 Photocurrent responses spectra of prepared g-C3N4 samples 

To have a full overview of the photocurrent generation as a function of applied potential and irradiation 
wavelength a set of photocurrent action spectra was recorded at constant potentials. In this way three-
dimensional pictures (phase diagrams or maps) were obtained (Figure 4). The photocurrent values were read 
as a difference between the steady-state current measured upon irradiation and the current in the dark just 
before opening the shutter. Photocurrent values used for the map construction were not corrected for changes 
in incident light intensities with irradiation wavelength [16, 17]. 

(a) 
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(b) 

(c) 

Figure 4 Photocurrents generated at bulk g-C3N4 (a), ExUltra (b) and Ex500 (c) as a function of electrode 
potential and incident light wavelength 

4. CONCLUSION 

The g-C3N4 samples were prepared by three different methods (i) heating of melamine at 600 ºC to prepare 
bulk g-C3N4, and by exfoliation of bulk g-C3N4 into nanosheets by (ii) heating at 500 ºC (Ex500) and (iii) 
ultrasonication in the aqueous dispersion (ExUltra). Their characterization was performed by the UV-Vis diffuse 
reflectance, photoluminescence spectroscopy and the photoelectrochemical measurements. The smallest 
transition energy was evaluated for bulk g-C3N4 (Et = 2.84 eV). The exfoliation by heating and ultrasonication 
caused both increasing of transition energies at 3.07 eV and blue-shift and intensity increase of PL emission 
bands. The g-C3N4 exfoliated at 500 ºC provided the highest photocurrent in comparison with bulk g-C3N4 and 
ExUltra. This indicates the beneficial effect of the exfoliation by heating for possible photocatalytic applications 
due to the high mobility and separation efficiency of the photo-induced carriers. The detail analysis of optical 
and electron properties as well as the relationship between them is very attractive and will be studied in the 
future. It is supposed to bring new important knowledge that will be used in optimizing the performance of 
photochemical systems and in the description of key properties related to many photocatalytic reactions. 
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Abstract 

This study is aimed on the controllable reduction of the graphene oxide (GO) sheets during surface initiated 
atom transfer radical polymerization (SI-ATRP). GO sheets were successfully synthesized using Hummers 
method and properly characterized by Fourier transform infrared spectroscopy (FTIR). SI-ATRP approach was 
used to simultaneously modify the GO surface by poly(butyl acrylate) (PBA) brushes and its chemical reduction 
in the single-step synthesis. The presence of the polymer brushes on the GO sheets was investigated by gel 
permeation chromatography, nuclear magnetic resonance and FTIR. Simultaneous GO reduction during 
polymerization was confirmed using Raman spectroscopy and finally by conductivity measurement. 
Compatibility of the GO and GO-PBA sheets was investigated via contact angle measurements of sessile drop 
between GO substrates and poly(dimethyl siloxane). From the potential applicability point of view, the 
modification of graphene-based hybrids by polymers is highly important especially when the compatibility as 
well as conductivity of GO-PBA sheets with surroundings plays a crucial role i.e. the light-stimulated sensors 
based on silicon or other elastomers. 

Keywords: Graphene oxide, SI-ATRP, reduction, hybrids, polymer brushes 

1. INTRODUCTION 

Graphene was recently recognized as a very promising material, due its simple preparation, relatively low 
fabrication cost and unique physical properties (excellent thermal and electrical conductivities) [1, 2]. 
Unfortunately, graphene is considerably inert to its surrounding environment [3]. From its potential applicability 
point of view, the presence of graphene in various surroundings such as hydrogels [4], thermoplastics [5] or 
elastomers [6] lead to the interesting utilizations mainly in smart systems [7, 8]. In order to be effectively applied 
at such systems whose responding on external stimulus such as, electric [9] or magnetic field [10], light [11] 
or pH [12] the graphene need to be homogenously dispersed in volume. Therefore, the main approach how to 
reach the graphene homogenously dispersed in the system also reported by other authors [13] containing two 
steps. Firstly, the graphite is oxidized by Hummer's or Brody's method resulting into the graphene oxide (GO) 
with very low conductivity and various oxygen containing groups such as hydroxy, epoxy, carbonyl or carboxyl 
[14, 15]. Due to the considerable functionalization, the post-modification of GO is possible and thus tailorable 
compatibility with various surroundings is obtained. After successful homogenous implementation of the GO 
particles to the surroundings, the second step of reduction takes place using various approaches i.e. chemical 
(using primary and secondary amines [16] or hydrazine [17]), physical (elevated temperature [18] or gamma 

irradiation [19]). Such treated GO considerably recovers its delocalized π structure and its position within the 
surrounding sustains the same but the conductivity was increased in several orders of magnitude and thus 
suitable for its potential applications. Recently our group recognized that GO particles can be reduced within 
the single-step reaction during the SI-ATRP of polystyrene, due to the presence of tertiary amine PMDETA 
concurrently acting in two processes, promoting controlled radical polymerization and simultaneous reduction 
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of GO particles [20]. Moreover it was also proved that such concept is also working for other monomeric 
systems such as poly(glycidyl methacrylate) [21] and its application as smart system in electrorheology. 

This study is focused on the verification of such approach based on SI-ATRP and another monomer poly(butyl 
acrylate) (PBA) is still valid and how the monomer nature influences the final product from the polymerization 
rate as well as GO reduction point of view. The PBA polymer chains were analyzed using nuclear magnetic 
resonance (NMR) and gel permeation chromatography (GPC). Successful modification was proved by FTIR, 
and energy dispersive spectroscopy (EDS). Reduction of the graphene oxide particles was investigated with 
the help of conductivity measurement and Raman spectroscopy, and finally the compatibility of GO and GO-
PBA particles with silicone oil and silicone elastomer was elucidated. 

2. EXPERIMENTAL 

2.1. Materials 

Graphite (powder, < 20 μm, synthetic) was used as a precursor for GO sheets. Sulfuric acid (H2SO4, reagent 
grade, 95-98 %), sodium nitrate (NaNO3, ACS reagent, ≥99%), potassium permanganate (KMnO4, 97%) and 
hydrogen peroxide (H2O2, ACS reagent, 29.0-32.0 wt.% H2O2 basis) were employed as chemical reagents to 
set the proper exfoliation conditions to form GO sheets. α-bromoisobutyryl bromide (BiBB, 98%) served as an 
initiator linked onto GO surface. Initiator bonding was performed in the presence of proton scavenger, 
triethyleneamine (TEA, ≥99%). Methyl methacrylate (MMA, 99%), ethyl α-bromoisobutyrate (EBiB, 98%), 
N,N,N´,N´´,N´´-pentamethyldiethylenetriamine (PMDETA, ≥99%), copper bromide (CuBr, ≥99%) and anisole 
(99%) were used as a monomer, initiator, ligand, catalyst and solvent, respectively. Diethyl ether (ACS reagent, 
anhydrous, ≥99%) was used as a drying agent. All chemicals were purchased from Sigma Aldrich (USA) and 
were used without further purification (except for n-BA). n-BA was purified by passing through a neutral alumina 
column to remove MEHQ inhibitor prior to its use. Tetrahydrofurane (THF, p.a.), acetone (p.a.), ethanol 
(absolute anhydrous, p.a.), toluene (p.a.), and hydrochloric acid (HCl, 35%, p.a.) were obtained from Penta 
Labs (Czech Republic). Deionized water (DW) was used during all experimental processes and washing 
routines. Poly(dimethyl siloxane) (PDMS) Sylgard 184 (Dow corning, USA) was used as received. 

2.2. Preparation of GO sheets 

Graphene oxide (GO) was fabricated from graphite powder by a modified Hummers method [22]. The raw 
graphite (5 g) was vigorously stirred with H2SO4 (100 mL) and the mixture was cooled down to ~5°C using an 
ice/water bath. Subsequently, NaNO3 (2.5 g) and KMnO4 (15 g) were gradually added. The mixture was 
additionally stirred for 6 h, then, the amount of 300 mL of DW was added dropwise, while the temperature was 
maintained under 40 °C. Finally, concentrated H2O2 in the amount of 40 mL was added, and the solution turned 
its colour into brilliant brown, which indicated complete oxidization of graphite. The product was separated in 
a high-speed centrifuge (Sorvall LYNX 4000, Thermo Scientific, USA) operating at 10 000 rpm for 20 minutes 
at 25 °C. The cleaning routine was based on the dispersion of the GO in 0.1 M HCl, and their re-separation in 
a centrifugal field. The procedure was repeated with DW several times until pH has reached a value of 7. Then, 
the particles were lyophilized in order to remove the residual amount of water after purification and the brown 
powder was obtained 

2.3. Initiator bonding 

The presence of reactive groups on the GO surface was preferably used to be linked with BiBB molecules. In 
a simple procedure, the GO (2 g), dried THF 60 mL) and TEA (12 mL) were mixed under argon atmosphere 
at a temperature of ~5°C ensured by an ice/water bath, while BiBB (7 mL) was drop-wise added. The product 
was washed with THF, acetone and water several times and then filtered with the help of PTFE filter (pore size 

of 0.44µm). The excess of water from treated particles was removed by filtration with diethyl ether (3x60ml). 
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2.4. Grafting of GO with PBA chains 

The GO sheets with bonded initiator (0.5 g) were transferred into a Schlenk flask equipped with a gas 
inlet/outlet and a septum. The system was evacuated and backfilled with argon several times. The argon-
purged chemicals, namely MMA (13.90 mL, 130.5 mmol), EBiB (0.192 mL, 1.305 mmol), PMDETA (1.090 mL, 
5.220 mmol), and anisole (15 mL) were gradually added. The presence of oxygen was minimized by degassing 
the system followed by several freeze-pump-thaw cycles. At a frozen state, the CuBr catalyst (187.2 mg, 
1.305 mmol) was added as quickly as possible under gentle argon flow. The molar ratio of reactants 
[HEMATMS]:[EBiB]:[CuBr]:[PMDETA] was [100]:[1]:[1]:[4], while anisole served as a solvent in the amount of 
50 vol.%. Finally, the flask was immersed into a silicone oil bath pre-heated to 60 °C, which initiated the 
polymerization process. During the reaction, the viscosity of the mixture was observed to gradually increase. 
The reaction was stopped by exposition of the mixture to air and cooling down to laboratory temperature. The 
product was purified by filtration using DMF (3x100mL) and finally with diethyl ether (3x 50 mL). Final product 
was then dried in desiccator upon ambient laboratory conditions. 

2.5. Characterization 

1H nuclear magnetic resonance (NMR) spectra were recorded at 25 °C using an instrument (400 MHz VNMRS 
Varian, Japan) with deuterated chloroform (CDCl3) as a solvent. The molar mass and polydispersity (Đ) of 
PMMA chains were investigated using gel permeation chromatography (GPC) on the GPC instrument (PL-
GPC220, Agilent, Japan) equipped with GPC columns (Waters 515 pump, two PPS SDV 5 μm columns 
(diameter of 8 mm, length of 300 mm, 500 Å + 105 Å)) and a Waters 410 differential refractive index detector 
tempered to 30 °C. The samples for NMR spectroscopy and GPC analysis were prepared by their dilution with 
CDCl3 and THF, respectively, followed by the purification process, in which they were passed through a neutral 
alumina column. The energy dispersive spectrometry (EDS) was performed on a Tescan (VEGA II, Czech 
Republic). Fourier transform infrared (FTIR) spectra (64 scans, resolution of 4 cm-1) were recorded on a 
Nicolet 6700 (Nicolet, USA) within a wavenumber range of 3600-600 cm-1, while the ATR technique with a 
Germanium crystal was employed. The spectra were recorded at room temperature. The Raman spectra 
(3 scans, resolution of 2 cm-1) were collected on a Nicolet DXR (Nicolet, USA) using an excitation wavelength 
of 532 nm. The integration time was 30 s, while the laser power on the surface was set to 1 mW. The powders 
were compressed to the form of pellets (diameter of 13 mm, thickness of 1 mm) on a laboratory hydraulic press 
(Trystom Olomouc, H-62, Czech Republic). The pellets were used for electrical conductivity measurements as 
well as for contact angle (CA) determination. The former investigation was performed by two-point method at 
laboratory temperature with the help of electrometer (Keithley 6517B, USA). The latter one was evaluated from 
the static sessile drop method carried out on a Surface Energy Evaluation system equipped with a CCD camera 
(Advex Instruments, Czech Republic). A droplet (5 μL) of PDMS was carefully dripped onto surface and the 
CA value was recorded. The presented CA results are the average values from 10 independent 
measurements.  

3. RESULTS AND DISCUSSION 

3.1. SI-ATRP of PBA from GO sheets 

The prepared GO sheets were grafted with PBA polymer chains using SI-ATRP approach. The resulting PBA 
was analyzed from the reaction mixture by GPC. It was found that polymer has relatively low molecular weight, 
due to the presence of the GO sheets, and PMDETA as an acting ligand of the ATRP reaction also reduces 
the GO sheets. The Mn of the PBA brushes was 1980 g mol-1 and polydispersity index (PDI) was 1.10. The 
monomer conversion in this case was 21% calculated from 1H NMR which well-correlates with the GPC results. 
The successful grafting process was confirmed by FTIR investigations. In the Figure 1a the presence of the 
hydroxyl groups at 3380 cm-1, carbonyl groups broad at 1726 cm-1 and epoxy groups from 900 to 700 cm-1. 
The presence of the butyl acrylate polymer brushes can be clearly seen as a sharp peak at 1726 cm-1 as a 
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carbonyl band from acrylate. The ester absorption region was found at 1283 and 1147 cm-1 and butyl vibrations 
at 1464 cm-1. All these finding confirmed successful implementation of the PBA brushes on the surface of the 
GO particles. 

 
Figure 1 FTIR spectra of the neat GO (a) and GO-PBA (b) particles 

3.2. Reduction of the GO particles during SI-ATRP 

In order to confirm the reduction of the GO sheets during the SI-ATRP process, Raman spectroscopy was 
used as a useful tool for comparison between the broad D and G peaks corresponding to the sp2 and sp3 
hybridized forms of carbon atoms in the GO sheets. In the Figure 2 can be seen comparison between neat 
GO sheets and GO-PBA, when the significant change between the peak intensities was obtained after SI-
ATRP process. Further it can be seen that 2D structure of GO created during oxidation sustains nearly the 
same also after modification with PBA brushes, but the significant reduction of the GO sheets was achieved, 
when the ratios between ID/IG for neat GO and ID/IG for GO-PBA was changed from 0.90 to 1.10, respectively. 
From the conductivity point of view, the investigations provided similar results as obtained from Raman 
spectroscopy and confirm the reduction of the GO after modification. In this case neat GO has conductivity 
1x10-8 s cm-1 and GO-PBA 4.9x10-7 S cm-1. Therefore, it can be stated that within the SI-ATRP process, the 
reduction of the GO and simultaneous grafting of PBA polymer brushes is possible. 

 
Figure 2 Raman spectra of the neat GO (a) and GO-PBA (b) particles 
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3.3. Compatibility of the GO sheets and GO-PBA with PDMS 

Compatibility of the GO particles with the surrounding when they will be dispersed is a crucial role for their 
potential applications as light sensors or actuators [23-25]. Since, elastomeric matrices are usually used as 
surroundings, in our case the compatibility between the neat GO and GO-PBA with PDMS was investigated. 
As can be seen in the Figure 3, the contact angle between the neat GO and PDMS is 49.9°± 3.2, while the 

presence of relatively long aliphatic butyl chain decreases the contact angle to 28.7°± 2.7 indicating improved 
interactions between the surface of the GO-PBA with methyl moieties from PDMS in comparison the neat GO, 
where only hydroxyl, carbonyl, carboxyl and epoxy groups are present. 

 

Figure 3 Images from CCD camera of the PDMS droplets on the GO (a) and GO-PBA (b) particles surface 

4. CONCLUSION 

This study was aimed on the synthesis of GO-PBA hybrids using SI-ATRP technique, allowing the 
simultaneous modification of GO surface with PBA polymer chains and tailorable chemical reduction in several 
orders of magnitude. The successful modification of GO was proved using FTIR spectroscopy, while the 
reduction of GO was confirmed via conductivity and Raman spectroscopy investigations. In order to prove the 
potential applicability of such systems the compatibility with PDMS was elucidated and it was found that GO 
particles with PBA polymer chains provide enhanced compatibility with investigated surroundings while the 
conductivity was increased in one order of magnitude. 
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Abstract  

In this study we present calculation of molecular mechanic and electronic transport properties of epitaxially 
grown graphene on step-shaped SiC substrate. We simulated two types of structural arrangements. The first 
structure, simulated mainly for purposes of comparisson, is planar SiC with graphene bilayer. The second 
structure is step-shaped SiC with graphene monolayer. We analyzed effects of hydrogenization of the SiC 
surface and conducted a series of calculations adressing shape of the resulting graphene layers. Finally, we 
calculated transmission spectrum and I/V curve of resulting structures. 

Keywords: First principle simulation, SiC, graphene 

1. INTRODUCTION 

The main goal of this study is to predict the structural and electronic properties of graphene nanoribbon-like 
structure formed on the step-shaped SiC by means of suilable quantum simulation methods. Because of the 
unique electronic properties, the freestanding graphene nanoribbons are intensively investigated in the last 
few years. The potential application extends to gas sensors, field effect transistors, spintronics, plasmonics 
and more. Until recently, there was no possibility to inexpensively produce such structures. By exploiting the 
different crystallographic planes of SiC, a promising method, which may be used to produce freestanding 
graphene, was enabled. Graphene is a monolayer material with single-atom thickness composed of 
hexagonally oriented carbon atoms. It has many interesting properties, depending on its morphology and 
atomic structure [1]. When infinite graphene crystal becomes finite, surface and boundaries appear, forming 
atoms at the edges without the third neighbour carbon atom. If the size is of the order of nanometers, graphitic 
nanostructure exhibits different properties from those which were observed in an infinite layer. Among these 
graphitic nanostructures are nanoribbons and nanoclusters. Graphene nanoribbons have borders which can 
exhibit edge states and different electronic, chemical and magnetic properties depending on the size and type 
of the border. The most studied chiral edge configurations, 0° (armchair) and 30° (zigzag), leads to armchair 
and zigzag nanoribbons (A-GNRs, Z-GNRs). Z-GNRs exhibit edge states, which are not presented in the 
armchair case. These edge states are presented as a flat band around the Fermi energy level, but extended 
along the ribbon’s edge. It leads to a metallic nanoribbon if the width is large enough (e.g. > 10 nm). Such flat 
band leads to a high density of states located at the edges, indicating that they are very reactive sites. 
Furthermore, Z-GNRs exhibit magnetic properties that are relevant (e.g.) for spintronics [2]. 

The main problem of graphene nanotubes and nanoribbons are difficulties in the control of the position, radius, 
chirality and length. It is more desirable to prepare the graphene directly on an insulating substrate then pattern 
the graphene in areas where it is required via process flow similar to one used for silicon-on-insulator devices. 
A graphene grown on insulator allows integration of large scale circuits, not just individual devices. A process 
of generating graphene on insulator, or more specifically multilayer epitaxial graphene (MEG) on SiC 
(MEG/SiC), has been developed by the high temperature sublimation of silicon from SiC [3]. Growing thick 
graphite samples on SiC has been a well-known process for many years until the thickness was decreased to 
a few layers, and a full characterization of the high quality graphene sample carried out. The growth of epitaxial 
graphene on SiC is based on thermal decomposition of the SiC substrate. E-beam heating as well as resistive 
heating is used, but no difference seems to arise from the different heating methods. In order to avoid 
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contamination the heating is usually performed in ultra-high vacuum (UHV) environment or sometimes with Ar 
gas. From the molar densities one can calculate that approximately three bilayers of SiC are necessary to set 
free enough carbon atoms for the formation of one graphene layer. The growth of the graphene can take place 
on the (001) (silicon-terminated) or (0001) (carbon terminated) faces of 4H-SiC and 6H-SiC wafers. The main 
difference lies in the sample thickness that one can achieve. In the case of the silicon face, the growth is slow 
and terminates after relatively short time at high temperatures leading to the rise of very thin samples, down 
to a monolayer. On the contrary, in the case of the carbon face, the growth does not self-terminate leading to 
the rise of the relatively thick samples (approximately 5 up to 100 layers) with larger orientation and turbostatic 
disorder [4]. 

2. THE GRAPHENE/SIC INTERFACE MODEL 

Because of the relation between graphene and SiC lattice constants, there is a large number of possible 
orientations of graphene. One structure of particular relevance is the (6√3 x 6√3)R30 structure. Note the high 
symmetry points of the graphene lattice relative to the SiC. There are points where either the carbon atom in 
the graphene layer sits directly above an atom in the SiC layer below, or a SiC atom lies directly below the 
center of a graphene hexagon. We can define a quasi-unit-cell that is defined by these high symmetry points. 
For the appropriate (6√3 x 6√3)R30 structure the quasi-cell would be a (6 x 6) SiC unit cell [5]. The primary 
cell of this structure is long and it takes long time to proceed one calculation. So this cell is usually artificially 
decreased. As a result we get simple model of graphene sitting above a relaxed bulk bilayer. Models like these 
cannot accurately describe the interface layer, but can predict a number of important results. Firstly, the relaxed 
distance between the last substrate atom and the first graphene layer is larger on the Si-face (about 2.0 Å) 
than on the C-face. Secondly, the evolution of the band structure with the number of graphene layers can be 
predicted. The first graphene layer, which is more tightly bounded to the substrate, has a significant distortion 
of the π-bonds that gives the growth to a gap in the band structure. This first graphene layer shows no evidence 
of a graphitic electronic nature. The second graphene layer has the linear dispersion at the k-point 
characteristic of an isolated graphene sheet. Thus, in these calculations, the first graphene layer on both 
substrates acts as a ‘buffer’ layer electrically isolating the second graphene layer from the substrate. The third 
graphene layer shows splitting of the hole and electron states at the k-point stacked graphene bilayer. It is 
important to realize that, as the graphene forms, the surface of the sample will recede when Si atoms are 
leaving. The carbon content in a single graphene monolayer is very close to three SiC bilayers (36.5 
atoms/nm2). The latter constitutes 0.75 nm of the height in its SiC form, whereas the graphene monolayers are 
spaced by about 0.34 nm from each other and have similar spacing to the SiC (for the C-face) or the 6√3 layer 
(for the Si-face). Thus, for each additional monolayer of graphene, the top surface must recede by about 0.4 
nm. So, if graphene thickness is different across the sample, thickness of substrate is different as well. Also, 
graphene thickness is measured in number of graphene layers, which is discrete number. Assume sample 
with 1, 2, 3 and 4 monolayers graphene thickness on it. The morphology of the surface of such sample 
changes: now is covered by step edges. With the flat regions of the surface, steps form irregularly-shaped μm-
sized regions, which are separated from neighbouring terraces by step bunches. 

If we compare the Si-face and C-face graphene morphologies for a fixed film thickness, we can find that they 
are very different. But if we compare them at fixed temperatures, the differences become understandable, at 
approx. 1320°C. The films thickness on the C-face is much greater than for the Si-face (16 vs. 2 ML), but both 
films display the characteristic ridges associated with strain relaxation. Both surfaces display comparable 
amount of step bunching. The reason for choosing the thicker film on the C-face is that the (0001) surface and 
the (0001)/graphene interface have higher energies (are more unstable), respectively, than the (0001) surface 
and (0001)/graphene interface. Additionally, more defects in the C-face films such as the discontinuities and 
rotational domain boundaries can lead to easier Si diffusion through the graphene, which will also provoke 
thicker growth. 
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When graphene is based on the Si-face in 1 atm of argon, the tendency to grow in a layer-by-layer manner 
becomes even more pronounced. In that case, it is quite easy to produce a single monolayer extending over 
order of 10 or 100 of μm on the surface. As indicated above, the electronic properties of EG on SiC are layer 
dependent. An important fact is that the buffer layer has an energy gap at EF, so transport experiments and 
valence spectroscopies measure the effect of the graphene layers. The experimental E(k) is linear, with a 
characteristic band velocity consistent with the band structure of an ideal monolayer. Close examination of the 
spectrum reveals a small shift of the energy bands above the Dirac (charge neutrality) point ED relative to the 
bands below ED. It was ascribed to many-body interactions or to the creation of a small band gap. The 
parabolic energy bands of layer 2 graphene are apparent, as is the lower energy split-off band. These 
observations are predicted for bilayer graphene. The small energy gap centered around -350 meV is the result 
of the interface electric field; it can be driven to zero by balancing the interface field with an electric field 
contributed by surface adsorbates. Carrier density is also a layer dependent quantity in EG. The charge 
neutrality point shifts with respect to the Fermi level (zero tunnel bias) for successive EG layers on SiC(0001) 
[6]. 

The morphology of epitaxial graphene on SiC is highly influenced by the underlying SiC structure. Steps on 
substrate can lead to the problem with proper graphene growing without junk effects, but for few-nm steps the 
graphene lattice is continuous. It is well known fact, that SiC{0001} surfaces exhibit step bunching. Steps which 
are perpendicular to the directions <1100> are strongly favored on (0001). It is perhaps expected that epitaxial 
graphene growth should proceed first on nanofacets. High temperature annealing causes vertically etched 
steps (on the order of 10 nm deep) to produce (1-10) facets with a normal that has an angle of 23° with respect 
to the {0001} direction. Cross sectional, high resolution transmission electron microscopy of the graphene on 
steps on SiC has shown that the graphene terminates perpendicular to the silicon carbide surface both on the 
bottom of the step or on the steps themselves. Moreover, these atomic resolution studies further show that the 
graphene edges are along the zigzag direction, indication that the graphene sidewall ribbons are zigzag 
ribbons. This is very important when the edge structure determines the electronic properties of the ribbons. In 
particular, zigzag ribbons are always metallic. In [7] are introduced experimental results of produced graphene 
structures by using standard lithography methods of producing an etch mask on the surface. Then, the masked 
surface was subjected to a plasma etch to etch the desired pattern to a predetermined depth into the surface. 
Then at temperature of about 1550°C, in about 10 minutes, the monolayer of graphene has been grown over 
the step. It presents an important step towards the realization of high mobility quasi 1D graphene structures 
that do not suffer from the strong localization effects observed in conventionally patterned graphene structures. 
In [8] the possibility of graphene production is also shown and resistivity of graphene was measured. According 
to experimental data, graphene with length about 1.6 μm and width about 39 nm has resistivity 26.1 kΩ. 
Hydrogen can saturate the silicon dangling bonds without a real decoupling of the interface. In these conditions 
the charge transfer to the graphene layer is reduced and, as a consequence, the carrier concentration 
decreases and the carrier mobility increases by about a factor of 2 to 5. The treatment is robust against 
nanofabrication and thermal cycling, from room temperature down to cryogenic temperature [7]. 

3. STRUCTURE AND SIMULATION METHOD 

We used the Atomistix ToolKit (ATK) simulation software with Virtual NanoLab (VNL) user environment by 
QuantumWise [9-11]. In this work we consider two different structures: graphene on step shape SiC substrate 
and graphene on planar substrate with additional interface graphene layer. All primitive cells were taken from 
VNL database. We used moissanite (SiC) as a substrate because of its hexagonal crystal system. Because of 
stochastic behavior of the graphene on SiC, the covalent bonds between layers have no period and after 
optimization it becomes even worse. The problem is that at the end we will have very long structure with 
thousands of atoms. To avoid such problem we need to create the device directly from initial bulk and then do 
all optimization and passivate structure by hydrogen. The distance between the first layer of graphene and SiC 
substrate is approx. equal to 1.43 Å, this value is given differently in different papers, so the main criteria was 
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the maximum distance on which we could get covalent bonds between layers. The distance between the first 
and the second graphene layer is equal to 2.7 Å on this distance. 

The next structure we are focused on is graphene on step shape SiC. The main problem here is to save proper 
structure of SiC and graphene. Because of the different lattice constant, it is very difficult to make sure that 
structure is periodic in all directions. We have to reduce a number of atoms as much as possible to minimize 
the time of calculations. So graphene was a little bit stretched. Then the structure was also passivated by 
hydrogen and optimized by minimization of Brenner potential. In the case with planar structure the minimum 
max force component was reached is 1.0899 eV/Å, for step structure it is 3.3424×10-4 eV/Å. 

In order to minimize the time of calculation, we used Extended Hückel method in both cases. We use 
Cerda.Carbon[graphite] basis with vacuum level -7.36577 eV, Cerda.Hydrogen [C2H4] basis with vacuum 
level -6.2568 eV and Cerda.Silicon [GW SiC] basis with vacuum level -6.14175 eV, following the QuantumWise 
manual recommendation. We used k-point sampling: nA = 10, nB = 3 and nC = 100 for flat structure and nA = 
4, nB = 4 and nC = 100 for step structure. We picked these values empirically trying to find compromise 
between accuracy and computational time. We used FFT2D as a poisson equation solver, which uses periodic 
boundary conditions in front, back, bottom, top and Dirichlet in left and right. We also need to make sure that 
periodic condition in top and bottom direction does not affect our structure by extending the cell borders 
respectively. We calculated transmission spectrum and I/V curve. 

4. NUMERICAL RESULTS 

The example of results of the molecular mechanic simulation are on the Figure 1. 
   

a)    b)    c) 

Figure 1 The result of molecular mechanic simulation of a) bilayer graphene on hydrogenated planar SiC 
substrate, b, c) step shaped non-hydrogenated non planar SiC substrate (front and side view) 

The obtained transmission spectra for the planar and non-planar hydrogenated structures are in the Figure 2. 
As we can see in the Figure 3, the coefficient of I/V curve of step-shaped structure is approx. 0.075 S, which 
is almost twice less than for the flat structure. From the calculated results it can be deduced that SiC is 
conductive on energies higher than 1 eV. The Figure 4 describes the base state of electron wave function in 
the step-shaped non-hydrogenated SiC/graphene interface. 
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a)       b) 

Figure 2 Transmission spectra for structure with hydrogenated a) planar SiC/bilayer graphene interface, b) 
step-shaped SiC/graphene interface 

 

 

Figure 3 Comparisson of the I/V curves of structure with planar 
hydrogenated SiC/bilayer graphene interface (blue) and 
structure with hydrogenated step-shaped SiC/graphene 

interface (black) 

Figure 4 Base state electron wave 
function in the structure with step-

shaped SiC/graphene interface 

5. CONCLUSION 

Our results were compared with the experimental data. The transmission property was selected to evaluate 
the accuracy. We can look more precisely at resistivity of the graphene nanoribbon. Our calculation shows that 
the coefficient of I/V curve of step-shaped structure is approx. 0.075 S, which is almost twice less than for the 
flat structure. Experimental data from the article [11] gives us a value of 26 kΩ for the graphene sample of 
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length 1.6 μm and width 39 nm. If we take into account that our step structure model is 1000 times shorter and 
20 times narrower, our value of resistance (13Ω) has the same order but is still a bit smaller than the 
experimental one. The reason is that the collision of electrons with phonons are not taken into account as well 
as the temperature of environment and other unideal conditions which we can meet in the real case. These 
data can be used for continuous investigation of graphene on SiC properties. 
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Abstract 

Recently, graphene oxide (GO) has gained significant attention in many applications, such as touch displays, 
electronic devices or electrorheological fluids. However, neat GO is hydrophilic, which limits its efficiency in 
hydrophobic media, e.g. polymer matrices, oil carriers. Therefore, the utilization of GO-coated core-shell 
structures was proven to be advantageous. In this study, GO sheets were prepared by chemical exfoliation of 
graphite using modified Hummers method. The specific ATRP initiator, bromoisobutyryl bromide, was 
covalently immobilized onto as-prepared GO through oxygen-functional hydrophilic groups. Initiator-treated 
GO sheets were further grafted with poly(methyl methacrylate) (PMMA) via surface-initiated ATRP technique. 
The monomer conversion, molar mass and polydispersity of PMMA chains were investigated using nuclear 
magnetic resonance and gel permeation chromatography, respectively. The successful grafting process was 
confirmed by Fourier transform infrared spectroscopy. Raman spectroscopy and electric conductivity 
measurements revealed significant chemical reduction of GO during surface-initiated ATRP. Synthesized 
GO/PMMA structures exhibited considerably enhanced wettability in hydrophobic media, which was proved 
via contact angle measurements. Therefore, the synthesized GO/PMMA hybrids may found utilization in many 
aforementioned practical applications providing well-dispersed composite systems. 

Keywords: Graphene, surface modification, atom transfer radical polymerization, poly(methyl methacrylate)  

1. INTRODUCTION 

Graphene was recently recognized as a very promising material due to its simple preparation, relatively low 
fabrication cost and unique physical properties (excellent thermal and electrical conductivities) [1, 2]. 
Unfortunately, graphene is considerably inert to its surrounding environment [3]. From its potential applicability 
point of view, the presence of graphene in various surroundings such as hydrogels [4], thermoplastics [5] or 
elastomers [6] leads to the interesting utilizations mainly in smart systems [7]. The graphene need to be 
homogenously dispersed in volume, in order to be effectively applied in such systems which respond to an 
external stimulus such as electric [8] or magnetic field [9], light [10] or pH change [11]. The main approach 
describing the procedure how to achieve the homogeneous dispersion of graphene in a system is reported by 
other authors [12], and it contains two steps. Firstly, the graphite is oxidized by Hummer's or Brody's method 
resulting into the graphene oxide (GO) that is characterized by very low conductivity and the presence of 
various oxygen-containing groups such as hydroxy, epoxy, carbonyl or carboxyl [13, 14]. Due to its 
considerable functionalization the post-modification of GO is possible and thus tailorable compatibility with 
various surroundings is possible. After successful homogenous implementation of the GO particles to the 
surroundings, the second step of reduction takes place using various approaches i.e. chemical (using primary 
and secondary amines [15] or hydrazine [16]), physical (elevated temperature [17] or gamma irradiation [4]). 
As-treated GO considerably recovers its delocalized pi structure and its position within the surrounding 
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sustains the same but the conductivity increases in several orders of magnitude, which are suitable 
assumptions for the potential applications. 

Recently our group have found more efficient approach, in which the GO surface can be modified and reduced 
within a single-step reaction. The original system was based on the surface-initiated atom transfer 
polymerization (ATRP) of polystyrene in the presence of tertiary amine, which resulted in a controlled radical 
polymerization and simultaneous reduction of GO particles at the same time [18]. This study is focused on 
verification, whether this approach is applicable also for another polymer, specifically 
poly(methyl methacrylate) (PMMA). Thus, the subject of this study was to fabricate modified GO with enhanced 
wettability to hydrophobic dimethyl siloxane and electrical conductivity, which are important properties from 
the application point of view.  

2. EXPERIMENTAL 

2.1. Materials 

Graphite (powder, < 20 μm, synthetic) was used as a precursor for GO sheets. Sulfuric acid (H2SO4, reagent 
grade, 95-98 %), sodium nitrate (NaNO3, ACS reagent, ≥99%), potassium permanganate (KMnO4, 97%) and 
hydrogen peroxide (H2O2, ACS reagent, 29.0-32.0 wt.% H2O2 basis) were employed as chemical reagents to 
set the proper exfoliation conditions to form GO sheets. α-bromoisobutyryl bromide (BiBB, 98%) served as an 
initiator linked onto GO surface. Initiator bonding was performed in the presence of proton scavenger, 
triethyleneamine (TEA, ≥99%). Methyl methacrylate (MMA, 99%), ethyl α-bromoisobutyrate (EBiB, 98%), 
N,N,N´,N´´,N´´-pentamethyldiethylenetriamine (PMDETA, ≥99%), copper bromide (CuBr, ≥99%) and anisole 
(99%) were used as a monomer, initiator, ligand, catalyst and solvent, respectively. Diethyl ether (ACS reagent, 
anhydrous, ≥99%) was used as a drying agent. All chemicals were purchased from Sigma Aldrich (USA) and 
were used without further purification (except for MMA). MMA was purified by passing through a neutral 
alumina column to remove MEHQ inhibitor prior its use. Tetrahydrofurane (THF, p.a.), acetone (p.a.), ethanol 
(absolute anhydrous, p.a.), toluene (p.a.), and hydrochloric acid (HCl, 35%, p.a.) were obtained from Penta 
Labs (Czech Republic). Deionized water (DW) was used during all experimental processes and washing 
routines. 

2.2. Preparation of GO sheets 

Graphene oxide (GO) was fabricated from graphite powder by a modified Hummers method [7]. The raw 
graphite (5 g) was vigorously stirred with H2SO4 (100 mL) and the mixture was cooled down to ~5°C using an 
ice/water bath. Subsequently, NaNO3 (2.5 g) and KMnO4 (15 g) were gradually added. The mixture was 
additionally stirred for 6 h, then, the amount of 300 mL of DW was added dropwise, while the temperature was 
kept below 40 °C. Finally, concentrated H2O2 in the amount of 40 mL was added, and the solution turned its 
color into brilliant brown, which indicated complete oxidization of graphite. The product was separated in a 
high-speed centrifuge (Sorvall LYNX 4000, Thermo Scientific, USA) operating at 10 000 rpm for 20 minutes at 
25 °C. The cleaning routine was based on dispersion of the GO in 0.1 M HCl, and the re-separation in a 
centrifugal field. The procedure was repeated with DW several times until pH has reached a value of 7. Then, 
the particles were lyophilized in order to remove the residual water after the purification process. Finally, the 
brown powder was obtained. 

2.3. Initiator bonding 

The presence of reactive groups on the GO surface was preferably used to be linked with BiBB molecules. In 
a simple procedure, the GO (2 g), dried THF (60 mL) and TEA (12 mL) were mixed under argon atmosphere 
at a temperature of ~5°C ensured by an ice/water bath, while BiBB (7 mL) was drop-wise added. The product 
was washed with THF, acetone and water several times and then filtered with the help of PTFE filter (pore size 
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of 0.44 μm). The excess of water from as-treated particles was removed by filtration with diethyl ether 
(3x50 mL). 

2.4. Grafting of GO with PMMA chains 

The GO sheets with bonded initiator (0.5 g) were transferred into a Schlenk flask equipped with a gas 
inlet/outlet and a septum. The system was evacuated and backfilled with argon several times. The argon-
purged chemicals, namely MMA (13.90 mL, 130.5 mmol), EBiB (0.192 mL, 1.305 mmol), PMDETA (1.090 mL, 
5.220 mmol), and anisole (15 mL) were gradually added. The presence of oxygen was minimized by degasing 
the system followed by several freeze-pump-thaw cycles. At a frozen state, the CuBr catalyst (187.2 mg, 
1.305 mmol) was added as quickly as possible under gentle argon flow. The molar ratio of reactants 
[HEMATMS]:[EBiB]:[CuBr]:[PMDETA] was [100]:[1]:[1]:[4], while anisole served as a solvent in the amount of 
50 vol.%. Finally, the flask was immersed into a silicone oil bath pre-heated to 60 °C, which initiated the 
polymerization process. The reaction was stopped by exposing the mixture to air and cooling down to 
laboratory temperature. The product was purified using DMF (3x100 mL), and finally with diethyl ether 
(3x50 mL). The final product was then dried in a desiccator under ambient conditions. 

2.5. Characterization 

1H nuclear magnetic resonance (NMR) spectra were recorded at 25 °C using an instrument (400 MHz VNMRS 
Varian, Japan) with deuterated chloroform (CDCl3) as a solvent. The molar mass and polydispersity (Đ) of 
PMMA chains were investigated using gel permeation chromatography (GPC) on the GPC instrument (PL-
GPC220, Agilent, Japan) equipped with GPC columns (Waters 515 pump, two PPS SDV 5 μm columns 
(diameter of 8 mm, length of 300 mm, 500 Å + 105 Å)) and a Waters 410 differential refractive index detector 
tempered to 30 °C. The samples for NMR spectroscopy and GPC analysis were prepared by their dilution with 
CDCl3 and THF, respectively, followed by the purification process, in which they were passed through a neutral 
alumina column. Fourier transform infrared (FTIR) spectra (64 scans, resolution of 4 cm-1) were recorded on 
a Nicolet 6700 (Nicolet, USA) within a wavenumber range of 4000-600 cm-1, while the ATR technique with a 
Germanium crystal were employed. The spectra were recorded at room temperature. The Raman spectra 
(3 scans, resolution of 2 cm-1) were collected on a Nicolet DXR (Nicolet, USA) using an excitation wavelength 
of 532 nm. The integration time was 30 s, while the laser power on the surface was set to 1 mW. The powders 
were compressed to the form of pellets (diameter of 13 mm, thickness of 1 mm) on a laboratory hydraulic press 
(Trystom Olomouc, H-62, Czech Republic). The pellets were used for electrical conductivity measurements as 
well as for contact angle (CA) determination. The former investigation was performed by two-point method at 
laboratory temperature with the help of electrometer (Keithley 6517B, USA). The latter one was evaluated from 
the static sessile drop method carried out on a Surface Energy Evaluation system equipped with a CCD camera 
(Advex Instruments, Czech Republic). A droplet (5 μL) of silicone elastomer was carefully dripped onto surface 
and the CA value was recorded. The presented CA results are the average values from 10 independent 
measurements. 

3. RESULTS AND DISCUSSION 

Regarding the possible applications of GO/PMMA structures in composites, the length of polymer brushes on 
the GO surface tremendously affects the properties of the composites as this feature can alter interactions 
with the matrices. Therefore, the attention was paid to analyses of properties of grafted PMMA on molecular 
level. The weight-, and number-average molecular weights, and Đ of PMMA were determined by GPC analysis 
(Figure 1) taking into account the assumption, that PMMA chains grew similarly from free and bond 
initiators [19]. The values of aforementioned quantities were 6070 and 8170 g·mol-1, while Đ equaled 1.35 
implying the uniformity of grafted chains. The polymerization was stopped after 2 h at 82 % conversion. 
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Figure 1 GPC chromatogram of PMMA chains showing the unimodal peak that confirms their low 

polydispersity 

In order to prove the presence of PMMA brushes on GO surface in GO/PMMA composite, the FTIR spectra 
were examined as shown in Figure 2. In the spectrum of modified material (Figure 2b), the obvious peaks 
occurring around 3383 and 2924 cm-1 were attributed to CH stretching vibrations. A sharp peak at  
1732 cm-1 was a sign of CO double bond stretching, while raised absorption level at 1464 cm-1 represented 
the CH3 and CH2 deformation vibrations. The presence of peaks at 1283 and 1147 cm-1, and finally 823 cm-1 
reflected COC single bond deformation vibration. In conclusion, the FTIR analysis revealed characteristic 
behavior of PMMA chains, thus the synthesis of GO/PMMA was considered to be successful. 

 

Figure 2 FTIR spectra of neat GO sheets (a), and their PMMA-grafted analogues (b) with denoted 
characteristic wavenumbers 

The reduction of GO due to modification with polymer was examined by Raman spectroscopy. Figure 3a 
displays the typical characteristics of a carbon material with distinguished two major peaks occurring around 
~1340 cm-1 and ~1590 cm-1. The former peak is called the D-band and it is attributed to the vibrations of 
disordered graphene sheets, while the latter peak is called the G-band which is associated with the sp2 
vibrations of an ideal graphene sheet [20]. Comparing the spectra (Figure 3), shifted Raman D and G bands 
were attributed to a reduction of GO/PMMA structures due to reaction conditions (especially presence of 
PMDETA). The ratio of peak intensities, ID/IG, in the neat GO and GO/PMMA increased from 0.90 to 1.06 
clearly showing enhanced reduction. The 2D peaks in both spectrograms indicated still disordered (decoupled) 
multilayer graphene even after surface-initiated ATRP. The reduction was further evaluated by the electrical 
conductivity measurements. 
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Figure 3 Raman spectra of neat GO (a) and GO/PMMA structures (b) with denoted characteristic bands  

The average value of electrical conductivity was found to be (1.00±0.20)x10-8 S/cm for bulk GO, which is a 
similar value with that reported by Zhang et al. [7]. The conductivity of bulk GO/PMMA was calculated to be 
(6.30±1.26)x10-8 S/cm. The higher conductivity (by a factor of 6.30) of the latter particles was explained as a 
consequence of GO reduction as well as the presence of PMMA chains grafted onto GO substrate, as these 
grafts potentially increased the distances among the GO sheets.  

Figure 4 shows the side-views of dimethyl siloxane droplets onto the pellets consisted of investigated 
materials. As can be seen, the average value of contact angle in the case of neat GO was around ~49.9°, and 
~38.7° when GO/PMMA structures were used. The observation clearly proved the improved wettability and 
hence dispersibility of modified material in hydrophobic media. Therefore, it can be asserted that common 
drawback of neat GO was successfully eliminated, and synthesized GO/PMMA structures can be readily used 
in practice to fabricate well-dispersed composite systems. 

 

Figure 4 Sessile droplets of dimethyl siloxane onto neat GO (a) and GO/PMMA (b) pellets with denoted 
shape lines (red) 

4. CONCLUSION 

In this study, a successful grafting process of GO sheets with PMMA brushes via surface-initiated ATRP is 
presented. The designed procedure allowed controllable modification of GO sheets with polymer, while a 
significant reduction of GO was achieved at the same time. The presence of PMMA grafts was proved using 
FTIR spectroscopy. The Raman spectroscopy and conductivity measurements confirmed significant chemical 
reduction of the investigated material. Contact angle measurements revealed considerably enhanced 
wettability of GO/PMMA in hydrophobic media, which implies better dispersibility in such systems. The 
prepared structures are promising candidates to be used in actuators, haptic devices or electrorheological 
fluids. 
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Abstract  

In this work possibility of the synthesis of two-dimensional graphene nanosheets in gas phase was studied. 
We used microwave plasma torch discharge (2.45 GHz, 210 W) operating at atmospheric pressure conditions 
to synthesize carbon nanosheets with rectangular shape and typical size of hundreds of nanometres. The 
torch discharge was ignited in argon flowing through the central channel of the nozzle. Liquid ethanol, whose 
vapours were led to the discharge by carrier gas - argon, was selected as a precursor. The mixture of ethanol 
vapour, argon and oxygen or hydrogen was introduced to the discharge through outer channel of the nozzle. 
Decomposition of ethanol vapours, at specific deposition conditions, led to the synthesis of graphene 
nanosheets. The synthesized material was collected on the silicon substrate placed in the sample holder 
situated few centimetres above the discharge. The influence of different amount of oxygen or hydrogen in the 
gas mixture on the properties of synthesised graphene nanosheets was investigated. Such prepared samples 
were analysed by scanning electron microscopy, Raman spectroscopy and energy-dispersive X-ray 
spectroscopy (EDX). The discharge was examined using optical emission spectroscopy. 

Keywords: Graphene, nanosheets, microwave plasma, torch discharge 

1. INTRODUCTION 

Recently, there has been increased interest in using plasma techniques for creating graphene-based materials 
like carbon nanotubes (CNT), nanofibres, graphene, nanoribbons or nanoflakes. The production of graphene-
based materials requires specific conditions such as sufficiently high energy of atomic and molecular species 
supplied to the growth zone and balanced influx of carbon particles. One of the most used techniques to 
provide suitable conditions for graphene synthesis is chemical vapour deposition (CVD). Numerous 
achievements were made since 2008, when a growth of large area single- to few-layer graphene at ambient 
pressure on metallic substrate was demonstrated for the first time [1]. Large-area synthesis of graphene layers 
was successful on various metallic substrates, using different precursor mixtures and subsequently the 
graphene films were transferred to various non-metallic substrates. Such prepared stretchable graphene films 
exhibit outstanding optical, electrical and mechanical properties which enable numerous applications [2, 3]. 
However, this technique requires a very high temperature ranging from 1000°C to 1300°C and transfer of 
deposited films onto non-metallic substrates. 

Alternatively, plasma-enhanced chemical vapour deposition (PECVD) has been developed to synthesize 
graphene on a relatively large scale. The unique chemically active plasma environment provides suitable 
conditions for creating high yields of clean and highly ordered graphene sheets with well controlled structural 
qualities. Many applications exploit the ability of plasmas to break down complex molecules considering that 
plasma systems provide simultaneously high temperatures and a highly reactive environment. 

First attempts to investigate synthesis of graphene-based materials in the presence of plasma sources were 
carried out in low pressure plasma environments. A technique using microwave (MW) PECVD for the synthesis 
of vertically aligned, high quality, crystalline, freestanding few-layer graphene (FLG), just 4 to 6 atomic layers 
thick and up to several micrometres wide. Various substrates were used and a mixture of CH4/H2 was used as 
a precursor in the synthesis of FLG for various growth times ranging from 1 to 3000 s [4]. A radio-frequency 
expanding plasma beam in combination with magnetron sputtering for catalyst deposition was used for 
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graphene film growth. A detailed study of plasma-chemical processes in an Ar/H2/C2H2 plasma environment 
was carried out and connected with the synthesis of carbon nanowalls of different quality [5]. A DC high current 
divergent anode-channel plasma torch can also be used for the growth of graphene-like materials by 
decomposition of propane-butane and methane in a thermal plasma jet [6]. 

Alternative approaches, which deal with atmospheric-pressure plasma environments, were also studied, using 
different plasma sources and precursors. Free-standing ultrahigh-quality graphene has been created without 
the use of substrates for the first time through gas-phase microwave synthesis in a single step method. An 
aerosols consisting of argon gas and liquid ethanol droplets were delivered directly into argon plasma 
generated using an atmospheric-pressure microwave plasma torch [7]. Also, different hydrocarbon precursors 
were used with the same method and synthesis of graphene was reported using dimethyl ether (DME) as a 
precursor. Based on these findings, ethanol and DME could have the ideal ratio of C, H and O atoms for 
graphene synthesis [8]. A synthesis of few layer graphene with small amount of defects was reported using 
microwave atmospheric pressure plasma driven by surface waves. To synthesize graphene sheets, 
evaporated ethanol molecules carried through argon plasma together with specific deposition conditions had 
to be achieved [9]. 

In this work, we have studied synthesis of graphene nanosheets using argon microwave plasma torch 
discharge at atmospheric pressure conditions and the influence of hydrogen or oxygen admixtures on the 
structure of prepared graphene material.  

2. EXPERIMENTAL  

The experimental equipment consisted of a microwave (MW) generator, working at a frequency of 2.45 GHz, 
2 kW maximum power, with a standard rectangular waveguide, transmitting the MW power through a coaxial 
line to a hollow nozzle electrode. Ferrite circulator protected the generator from the reflected power by re-
routing it to the water load. Matching of the plasma load to the line impedance was achieved by a 3-stub tuner. 
The gases are supplied to the discharge chamber through the nozzle which has two gas channels. The inner 
channel, in the nozzle axis, is used for introduction of working gas - argon and subsequent ignition of plasma. 
The outer channel is used for introduction of carrying gas with precursor vapours into the plasma environment. 
Reactor chamber consists of a quartz tube, 8cm in diameter, which is 15 cm long. Both ends are fixed to 
stainless steel caps by elastic silicon bands. A schematic view of the experimental set-up with a detailed view 
of the nozzle configuration is shown in Figure 1. More details about the experimental set-up, discharge 
characteristics and deposition of other carbon nanostructures can be found in previous publications [10, 11].  

 
Figure 1 Experimental setup for synthesis of graphene flakes by decomposition of ethanol precursor in 

microwave plasma torch discharge with a detailed view of the nozzle [12] 
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Samples were characterized by Raman spectroscopy. Raman spectroscopy was carried out using HORIBA 
LabRAM HR Evolution system with 532 nm laser, using 100 x objective and 25 % ND filter in the range from 
1000 to 3200 cm-1. Samples were imaged with Tescan scanning electron microscope (SEM) MIRA3 with 
Schottky field emission electron gun equipped with secondary electron (SE) and back-scattered electron (BSE) 
detectors as well as Oxford Instruments EDX analyser. 

3. RESULTS AND DISCUSSION 

3.1. Synthesis of graphene nanosheets by decomposition of ethanol vapours 

The deposited material properties changed with the variation of deposition conditions. During the experiments, 
following experimental parameters were changed: the microwave power P, the flow of working gas - argon - 
through inner channel Arc and the flow of carrying argon with ethanol vapours Arb. As a result, we were able 
to adjust the deposition process to such an extent, that the produced flakes consisted of 2 graphene layers 
(GV1). Table 1 sums up deposition conditions of experiments discussed in this article. Figure 2 shows Raman 
spectra of the experiment GV1 and a SEM image of GV2. The SEM image shows, that the deposited material 
consists of layered structures, approximately 500 nm in diameter. Raman spectroscopy, as a versatile tool for 
graphene material analysis suggests, that prepared graphene flakes consist of 2 to 4 graphene layers [13]. 

Table 1 Experiments discussed in the article 

Sample 
Arc 

[sccm] 

Arb 

[sccm] 

H2 

[sccm] 

O2 

[sccm] 

I2D/IG FWHM 2D [cm-1] 

GV1 500 700 - - 1.80 56.8 

GV2 420 400 - - 1.39 60.8 

GV3 500 700 - - 0.91 66.9 

GV4 500 700 - 10 1.13 64.5 

GV5 500 700 - 50 1.13 64.5 

GV6 500 700 10 - 0.40 66.0 

GV7 500 700 25 - 0.33 69.6 

GV8 500 700 100 - - - 

 

Figure 2 (A) SEM image of prepared graphene flakes (GV2); (B) Raman spectroscopy of GV1 
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3.2. Precursor consisting of ethanol vapours with gas admixtures 

Another six experiments were carried out and the influence of gas admixtures was investigated. The difference 
between these six experiments was only in the amount of hydrogen or oxygen introduced into plasma 
environment during the deposition process. Figure 3a compares Raman spectroscopy of material prepared 
during the experiments GV3, GV4 and GV5. In the range of 0 sccm to 50 sccm of oxygen admixture, we did 
not observe a significant change in shape of Raman spectra. Different situation occurred when molecular 
hydrogen was introduced to plasma discharge. Figure 3b shows Raman spectra of three experiments, where 
different amount of hydrogen in the range of 10 sccm to 100 sccm was admixed with ethanol vapours carried 
by argon. It is clear, that the quality of graphene gradually decreases with increasing amount of molecular 
hydrogen. To compare with previous work dealing with graphene synthesis in MW plasma [14], a positive 
influence of smaller amount (1 sccm) of hydrogen on the material quality was reported. On the other hand, 
presence of aditional hydrogen resulted in formation of hydrocarbon species and decreased amount of 
graphene material. 

 

Figure 3 Raman spectroscopy of prepared graphene material in presence of:  
(A) oxygen admixture or any admixture; (B) hydrogen admixture  

4. CONCLUSION 

We successfully synthesised graphene flakes in microwave plasma torch at atmospheric pressure conditions. 
Prepared structures consist of 2 to 4 layers of graphene and the flake size is approximately 500 nm in diameter. 
With increasing amount of hydrogen (from 10 sccm to 100 sccm) admixed with the precursor vapours we 
observed a decreasing quality of prepared graphene material. On the other hand, Raman spectroscopy 
showed that oxygen, in the range of 10 sccm to 50 sccm has no significant impact on the quality of prepared 
material. Due to the layered structure and high surface area of prepared material, applications in the field of 
sensors are of increased interest for our future research.  
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Abstract  

The interest in ZnO (zinc oxide) nanoparticles is increasing due to low cost of their processing as well as the 
ability of fabricating ZnO nanostructures with controllable morphology such as size, shape and orientation. Our 
choice of method of the preparation of the nanostructured thin ZnO layers is the hydrothermal growth of ZnO 
nanorods on glass substrates coated by the nucleation layer deposited by the reactive magnetron sputtering. 
We have developed and optimized conditions of the thin layer growth with controllable dimensions of nanorods 
followed by the ultrasound peeling. The colloid of ZnO nanorods was characterized by measuring the size of 
particles using the dynamic light scattering (DLS) and the scanning electron microscopy (SEM). We found that 
the dynamic light scattering (DLS) can’t be directly used for size evaluation of ZnO nanorods due to  their non-
sperical shape. We recommend using scanning electron microscopy (SEM) to determine morfology, length 
and diameter of ZnO nanorods. 

Keywords: ZnO, method hydrothermal growth, thin layer, nanorods 

1. INTRODUCTION 

Zinc oxide (ZnO) is a versatile functional and the most studied material within metal oxides due to its broad 
applications. It is a semiconductoring material with wide band gap (3.37 eV [1]) and high exciton binding energy 
(60 meV [2]) at room temperature. Due to its unique optical properties [3-8], in last decade it was studied in 
many practical and potential applications e.g. UV lasers and photodetectors [8], optoelectronics (for the 
construction of new hybrid light emitting diodes) [9, 10], solar cells [11], thin film transistors [12], gas sensing 
[13] or as catalyst chemical processes [14]. ZnO thanks to such properties as nontoxic environmentally with 
high chemical stability can be used in medical field [15] as cell labeling [16], biological imaging and labeling 
[17, 18] and as antibacterial substance or as antifouling agent, eventually. Zinc oxide is used as an additive in 
the food industry and for cosmetics too. 

It is the material with versatility in providing nanostructures such as nanowires, nanorods, nanotubes 
nanoribbons, nanobelts and nanocables. Several methods for the synthesis of nanostructured zinc oxide have 
been explored, but some of them are highly energy intensive (in temperature or pressure), or they use 
sophisticated processes to obtain the materials by means of a vapor-liquid-solid mechanisms. 

One of the most promising approarchs for mass-production nanorods of zinc oxide are methods based on 
chemical synthesis, namely two techniques, the vapor phase thermal decomposition method (TDM) [19, 20] 
and the solution phase hydrothermal method (HTM) [21, 22]. 

The growth of ZnO nanorods by hydrothermal process is based on the thermal decomposition of the 
hexamethylenetetramine (HMTA), acting molecules of water as weak base and produce OH− ions.This is 
crucial step the whole process. Zinc nitrate hexahydrate salt provides Zn2+ ions for building up ZnO nanorods. 
We processed the HTM method at mild conditions (temperature 90°C and time of growth 3 h). The time, 
temperature, concentrations of reactanta and pH are parameters, which we can turn in morphology, size and 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

128 

shape of the nanorods. The hydrothermal synthesis is environmentally friendly procedure due to the fact that 
it takes place at lower temperatures and pressures closely to the living conditions on Earth. The next advantage 
this method is low energy consuming because the treatment steps after process are not necessary. 
Hydrothermal processes can be combined with electrochemical, mechanical and microwave techniques. 
Hydrothermal synthesis is a soft solution processing (SSP) [23] which allows in situ fabrication of shaped, 
sized, oriented ceramic materials without firing, sintering or melting steps. The methodology HTM allows to 
prepare powders, fibers, single crystals, monolithic bodies, coatings on metals, polymers and ceramics. 

Our goal is production of colloid of zinc oxide nanorods from alligned thin layers with a uniform distribution of 
diameters and lengths by hydrothermal growth method [24]. This method is simple, cost effective and rapid for 
fabricating ZnO nanorods. 

2. EXPERIMENTAL 

All reagents were obtained from commercial suppliers and used without further purification. Zinc nitrate 
hexahydrate (Zn(NO3)2.6H2O) and hexamethylenetetramine (HMTA) (C6H12N4) were purchased from Sigma-
Aldrich. Isopropyl alcohol and acentone were obtained from PENTA company. Deionized water was purified 
with a Milli Q plus system (Millipore) to high resistivity >18,2 MΩ.cm (25°C). 

2.1. Preparation of substrates with seeding layers by DC magnetron spputering 

The growth of ZnO seeding (nucleating) layers was performed on soda-lime glass standard microscopy 
substrates (26 mm × 76 mm). The glass substrates were cleaned by sonication in acetone for 5 min and 
subsequently in isopropyl alcohol for 5 min. After being rinsed with deionized water. Finally, the substrates 
were dried by nitrogen flow. The seeding layer was prepared by magnetron sputtering o fhe Al doped ZnO 
target (ZnO:Al) by energetic Ar+ ionts. The deposition chamber was evacuated prior the growth by 
turbomolecular pump down to the residial pressure 1 mPa. The sputtering was performed by argon (purity 
99,999%) at the pressure 1 Pa and the flow rate 2.0 sccm. The ZnO seeding layer was deposited as a thin 
layer on standard microscopic glass substrates size 1 by 3 inches (25.4 by 76.2 mm) heated by copper stage 
at 300°C. DC sputtering was performed with the voltage 500V and direct current of 0.14 A for 10 min. 

2.2. Hydrothermal growth of ZnO nanorods 

The ZnO nanorods were grown on patterned ZnO:Al substrates. ZnO nanorods were prepared in bath 
containing equimolar (2.5 mmol) solutions of zinc nitrate hexahydrate and hexamethylenetetramine both were 
dissolved in 100 mL deionized water. The solutions were blended at room temperature and stirring was 
continued for 30 min ar 350 rpm. Reaction mixture was poured in reaction - growth chamber. Then the 
substrates with ZnO seed layers were immersed in the growth solution. The reaction mixture was heated at 
90°C for 3 h. At the end of growth period, the substrates were removed from the solution and rinsed with 
deionized water to remove the residuals from the surface nanorods. Finally, the substrates were dried by 
nitrogen flow at room temperature.  

2.3. Ultrasound peeling ZnO nanorods from substrates 

The substrate with grown nanorods ZnO was dipped in 2 mL deionized water. The vessel with nanorods on 
substrate in water was placed in a sonication bath. The preparation of colloid of ZnO nanorods in deionized 
water were carried out at four different amplitude (intensity) setting power of sonication (from 30% to 100%) at 
working frequency 37 kHz. 
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2.4. Characterization of the size and morphology of nanorods 

Dynamic light scattering (DLS) was applied as a standart method for the evaluation of the particle size 
distribution of colloids. DLS measurements were performed with a Zetasizer Nano ZS (Malvern Instruments 
Ltd., GB) with detector in position 173° on Backscatter detection. Each sample of suspension ZnO 
nanoparticles was sonicated for 5 minutes before measurements. Size measurements were performed at 25°C 
and using clear disposable folded capillary cell (DTS1070). 

Scanning Electron Microscopy (SEM) (MAIA3, TESCAN) was used for morphology characterization and size 
analysis of ZnO nanorods spread on conductive substrates. The images were taken at 5 to 10 keV using 
InLens detector. The top view images give an information about the density and distribution of ZnO nanorods, 
since the cross section view shows the height of ZnO nanorods. The colloids after sonication peeling were 
deposited for SEM on gold mirrors by spin coating method (at 2 000 rpm for 1 min). Prior the deposition the 
gold mirrors were treated by oxygen plasma (100 W/1 min) to increase the hydrophilicity of gold surface. 

3. RESULTS AND DISCUSSION 

The ZnO nanorods were prepared by hydrothermal growth on seeding layer. The nucleating layer was set up 
by magnetron sputtering of the ZnO target doped with aluminium. The quality of the seeding layer was 
controled by measuring the electrical resistivity. The thickness of nucleaction layer was calculated from 
interference fringes measurement by reflectance interferometry. Values thicknesses of individual nucleation 
layers were determinated to be about 150 nm. These values were confirmed by SEM, see Figure 1a. 

The hydrothermal growth was based on thermal decomposition hexamethylenetetramine (HMTA) in presence 
of zinc nitrate in water [24]. We used optimized synthetic process (reaction time, temperature and composite 
of growth solution) for preparation nanorods with specified morphology and demanded length and diameter. 
Our approach was economic also because we have used several substrates simultaneously for growth 
nanorods. After reaction the surface morfology of nanorods grown on substrates were investigated by SEM. 
Figure 1b shows a typical hexagonal structure of nanorods with the diameter about 100 nm. The SEM image 
cross section view in Figure 1a shows that the leght of ZnO nanorods is about 600 nm in contrast to longer 
ZnO nanorods grown randomly on glass substrates in flower-like structures as shown in Figure 1c. 

Figure 1 SEM image of ZnO nanorods cross section view (A) shows the height of ZnO nanorods, top view 
image the distribution of ZnO nanorods (B) shown in A and the SEM image flower-like  

ZnO nanostructures (C) 

The sonication peeling was used to transform aligned nanorods from the substrate to the colloid. We tried 
sonication power from 30% to 100% at frequency 37 kHz for 10 min. The peeling process was monitoring by 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

130 

measuring the size of nanorods in the colloid by dynamic light scattering (DLS). Zetasizer using DLS method 
gave diffusion coefficient as for spherical objects. This fact affected the value of size nanorods (z-average). 
The colloid obtained at the highest power of sonication was used to prepare sample for SEM imaging that 
correctly reflects the non-spherical shape of nanorods. Therefore, the value of the size distribution of the 
nanorods obtained by SEM is therfore much more accurate. 

   

Figure 2 A top view SEM image nanorods on substrate after 10 min sonication (A) the histogram of the 
distribution ZnO nanorods shown (B) and the SEM image of separated ZnO nanorods (C) 

Figure 2a shows SEM image of alligned ZnO nanorods after 10 min sonication at 37 kHz and 100 % power. 
The majority fraction of separated nanorods have similar morphology, length and shape. The histogram in 
Figure 2b shows the length distribution centered around 400−600 nm. The colloid obtained at the same 
conditions was used for separating single nanorods by spin coating technique on gold mirror, see Figure 2c. 
As it is shown here, the length of the single nanorod fully coresponds to the length of the nanorods shown in 
cross section veiw SEM (Figure 1a). 

4. CONCLUSION 

We have optimized the simple, cost effective and rapid method for fabricating ZnO nanorods suitable for 
economical mass production of zinc oxide nanorods. Our approach is based on hydrothermal growth of 
nanorods on seeding layer prepared on standard microscopic glass substrates by DC magnetron sputtering 
of the Al doped ZnO target. The method uses thermal degradation hexamethylenetetramine (HMTA) as source 
OH- ions which reacted with Zn2+ ions from zinc nitrate hexahydrate. Amongst the different methods of 
synthesis of ZnO nanostructures, the hydrothermal method is attractive for its simplicity and environment 
friendly conditions. The seeding layer controls morfology (shape, diameter and lenght) the growth ZnO 
nanorods. We compared this method at equivalent conditions without using seeding layer. The seeding layer 
leads to the nanorods alignment, whereas the lack of the seeding layer leads to the random growth of the 
flower-like ZnO nanostructures. We transfered the ZnO nanorods from the seeding layer to colloid in deionized 
water by sonication. The colloid prepared at the most effective sonication (frequency 37 kHz with 100 % 
amplitude of power) was applied for size measurement of ZnO nanorods. We found that the dynamic light 
scattering (DLS) can’t be directly used for size evaluation of ZnO nanorods due to their non-sperical shape. 
We recommend using scanning electron microscopy (SEM) to determine morfology, length and diameter of 
ZnO nanorods. 
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Abstract   

We reveal the mechanism of Ge nanoparticles (NPs) formation on the surface of the hydrogenated amorphous 
silicon (a-Si:H) deposited by Plasma Enhanced Chemical Vapor Deposition (PECVD) on ITO and a on boron 
doped nanocrystalline diamond (BDD). The coating of Ge NPs on a-Si:H was performed by molecular beam 
epitaxy (MBE) at temperatures up to 450 °C. The Ge NPs were characterized by Raman spectroscopy, 
scanning electron microscopy (SEM) and high resolution transmission electron microscopy (HRTEM). The 
nanocrystalline Ge particles are conglomerates of nanocrystals of size 10-15 nm and quantum dots (QDs) with 
size below 2 nm embedded in amorphous Ge phase. After coating with Ge NPs the a-Si:H thin films show 
better adhesion on BDD substrates then on ITO substrates. 

Keywords: Ge nanoparticles, a-Si:H, PECVD, MBE 

1. INTRODUCTION 

We Thin film semiconductor structures based of hydrogenated amorphous silicon (a-Si:H) are widely used for 
low cost and large area fabrication of optoelectronic devices, such as solar cells, light emitting diodes, sensors, 
etc. [1]. On the other hand, nanocrystals and quantum dots are nanometer-scale semiconductor structures 
that represent one of the most intensively developing areas of modern semiconductor physics. In the last few 
years, the efforts have been aimed to increase the efficiency of optoelectronic devices by embedding various 
nanoparticles (NPs) into the un-doped intrinsic layer [2−4]. The semiconducting properties of Ge nanoparticles, 
especially convenient band gap, are reasons for the increase of absorption coefficient in the photon energy 
starting from 0.7 eV. Various forms of Si and Ge NPs are studied for other optoelectronic uses. It was shown 
that improved optical properties of Si and Ge NPs smaller than 5 nm are due to a combination of two effects: 
the stimulation of electron and hole radiative recombination rate due to increased overlap of electron and hole 
wave functions confined in the quantum dots (QDs) as well as the reduction of recombination rate via non-
radiative defects. The later can be achieved using different types of QD passivation [5]. Our interest in this 
work is focused specially on the self-formation of Ge nanocrystals on a-Si:H surface. Therefore we combine 
the Plasma Enhanced Chemical Vapor Deposition (PECVD) and Molecular Beam Epitaxy (MBE) to prepare 
hydrogenated amorphous silicon (a-Si:H) thin films coated NPs.        

2. EXPERIMENTAL 

The boron-doped nano-crystaline diamond (BDD) films were deposited on fused silica substrates by 
Microwave Plasma Enhanced Chemical Vapor Deposition technique. Prior to deposition substrates were 
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seeded by spin-coating method using a colloidal dispersion of size 4-6 nm detonation diamond particles 
(NanoAmando, Japan). The diamond layers were grown in a diluted CH4 (0.5 %) in H2 plasma with addition of 
trimethylboron as boron precursor gas with a B/C ratio of 1000 ppm. The thickness of obtained BDD films was 
in the range of 150−170 nm. The deposition temperature was monitored during growth by a Williamson Pro92 
dual-wavelength pyrometer [6]. 

The a-Si:H films were grown using the PECVD method from a monosilane (SiH4) diluted in hydrogen (final 
mixture 8 % of SiH4) at a temperature of 220 °C on glass substrates covered indium tin oxide (ITO) thin film 
and in second case we used Titanium grid covered by BDD as a conductive substrate. The pressure in 
chamber was kept at 70 Pa and density of RF power was about 0.01 W/cm2 at 13.56 MHz for excitation of 
glow discharge. The film thickness was controlled by the deposition time and is about 300 nm. The Ge layers 
were deposited ex−situ in Novosibirsk using molecular beam epitaxy (MBE) on a-Si:H heated resistively by 
electric current passing through ITO or BDD layer. The MBE deposition technique was performed under Ultra 
High Vacuum (UHV) conditions, which allows the preparation of Ge NPs in non-hydrogenated form. 

The analysis of phase and elemental composition of deposited Ge-Si hetero-structures was carried out by In-
Via Renishaw Raman microspectrometer equipped by 442 nm HeCd laser (with intensity of < 1 mW on the 
sample to prevent local sample heating), more details can be found in Ref. [7]. 

The surface morphology was observed using Scanning Electron Microscopy (SEM) MAIA3-TESCAN. Detailed 
morphological analysis including imaging, electron diffraction and elemental analysis was carried out on a 
high-resolution transmission electron microscope (HRTEM) JEOL JEM 3010 operated at 300 kV (LaB6 
cathode, point resolution 1.7 Å) and equipped with an EDS detector Oxford Instruments INCA Energy. Images 
were recorded on a Gatan CCD camera with resolution 1024 × 1024 pixels using the Digital Micrograph 
software package. The electron diffraction patterns was processed using the ProcessDiffraction V_7,3,2Q 
software developed by J. Lábár [8−10] and JCPDS PDF-2 database, International Cetre for Diffraction Data, 
release 54, 2004. 

3. RESULTS AND DISCUSSION 

Figure 1 The SEM image of the smooth thin film a-Si:H/ITO coated by Ge NPs at 300, 350, 400 and 450 °C 
(from left to right) 

The SEM image of the smooth a-Si:H surface coated by Ge NPs at temperatures 300, 350, 400 and 450 °C is 
shown in Figure 1. The Ge NPs diameter is in the order of few tens of nm for all deposition temperatures. At 
deposition temperature of 350 °C and higher we observe higher density of Ge NPs compared to lower 

deposition temperature.  
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Figure 2 The Raman spectra of Ge NPs on a-Si:H/ITO layers 

Figure 2 Raman spectra of Ge NPs prepared by the PECVD and MBE technique 

Figure 2 shows the Raman spectra of Ge NPs on a-Si:H/ITO layers. Signal was detected for 60 s, no back-
ground subtraction or other treatments ware applied. Broad band around 480 cm-1, detected for all samples in 
this series, is associated with amorphous silicon. The same signal was detected for all control samples, i.e. a-
Si:H with no Ge content, see for example the orange spectra for a-Si:H film annealed at 300 °C. No 
nanocrystalline silicon content was detected even for silicon films annealed at temperature of 450 °C [11].  
Broad amorphous germanium band situated at 270 cm-1 and weak nanocrystalline side band at 300 cm-1 was 
found for sample prepared at the lowest annealing temperature of 300 °C (black spectrum) [12]. At higher 
temperatures Raman spectroscopy proves germanium nanocrystalline nature of all films, without measurable 
amorphous germanium content. It means that temperature of 350 °C is sufficient to create fully nanocrystalline 
germanium particles. Thus, the optimum temperature is 350 °C, because higher temperature leads to evolution 
of hydrogen followed by the degradation of a-Si:H [13].  

HRTEM bright field images show dark spots with size in the order of several tens of nm on light background, 
see Figure 3. The Energy Dispersive Spectroscopy (EDS) analysis reveals the presence of Ge only in dark 
spots, not in light background. Dark field images of Ge NP deposited at 350 °C reveal crystal particles of size 
10-15 nm and nanoparticles with size below 2 nm homogeneously spread in amorphous matrix, see Figure 4. 
Comparison of bright and dark field images confirms that both of these particles are Ge particles present in 
particles which are imaged as dark spots on Figure 3. The electron diffraction confirms the amorphous 
character of Ge NPs deposited at 300°C whereas the electron diffraction patterns of Ge NPs deposited at 
350°C and higher temperature shows clear diffraction spots arranged in diffraction circles that corresponds to 
cubic Ge, see Figure 4. Thus, the Ge particles deposited at 350°C or higher observed in SEM and the bright 
field HRTEM are conglomerates of nanocrystals of size 10-15 nm and very small nanocrystals with size below 
2 nm embedded in Ge amorphous phase 
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Figure 3 The HRTEM bright field morphology of Ge NPs on a-Si:H layer/ITO deposited by MBE at 300, 350, 
400 and 450 °C (from the left to right) 

Figure 4 The HRTEM dark field morphology of Ge NPs on a-Si:H layer/ITO deposited by MBE at 350 °C 
(from the left to right aperture 11, 12, 13) and the electron diffraction pattern (right image) 

During the Ge NPs growth the substrate was heated resistively by electric current. This process leads to 
peeling off the a-Si:H layers deposited on ITO whereas the a-Si:H layers deposited on semiconducting boron-
doped nano-crystalline diamond showed better adhesion, see Figure 5. The SEM image shows BDD 
nanocrystals with grain size of c.a. 150 nm as well as the presence of the Ge NPs aggregates of tens of nm 
size. 

 
Figure 5 The SEM image of the thin film BDD (left) coated by a-Si:H (middle) and Ge NPs (right) 

4. CONCLUSION 

The technological processes PECVD and MBE have been successfully used for the deposition Ge NPs on the 
a-Si:H thin films. Morphology of the deposited Ge-NPs was observed by SEM, TEM and Raman spectroscopy. 
We found that optimum deposition temperature to form nanocrystalline Ge particles on the surface of a-Si:H 
thin film is 350 °C. The Ge NPs are conglomerates of nanocrystals of size 10-15 nm and quantum dots (QDs) 

    

    

200 nm 
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with size below 2 nm embedded in amorphous Ge phase. The a-Si:H thin films coated by Ge NPs shows better 
adhesion on BDD/glass substrates than on ITO coated glass. 
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Abstract 

The Density Functional study on Hydrogen Adsorption on Silicon Carbide Nanosheet has been investigated. 
All calculations have been performed with density functional theory (DFT) , within the plane-wave 
pseudopotential approach as implemented in the Quantum ESPRESSO Simulation Package. The Perdew-
Burke-Erenzerhof (PBE) formulation of the generalized gradient approximation (GGA) was employed to 
describe the exchange and correlation energies. we've tried different positions for hydrogen adsorption after 
simulating our honeycomb nanosheet of SiC. Four different positions of adsorptions are considered in the 
survey and it is finally shown that the most stable state happens when hydrogen atoms are adsorbed on silicon 
and carbon atoms at the two opposite sides of silicon carbide nanosheet. This adsorption have made some 
changes in the atoms positions so that the nano sheet didn't remain flat any more. The results have shown 
that this structure was the most stable one among those four. Silicon carbide is a semiconductor with a wide 
band gap about 2.5851 eV. After the hydrogen adsorption, the hydrogenated silicon carbide nano sheet have 
has a band gap about 3.9499 eV, which is much more than the band gap in the pure structure.  

Keywords: DFT, silicon carbide, nano sheet, hydrogen adsorption 

1. INTRODUCTION 

Hydrogen has been identified as one of the future energy carrier due to several inherent advantages including 
high energy density, light weight, no CO2 emission, and abundant nature [1-5]. For the last three decades the 
efforts has been taken to find out suitable hydrogen storage materials with high hydrogen storage capacity and 
good hydrogen adsorption behavior. Among the various solid state options available, carbon nanostructures 
have been studied extensively due to its light weight, diversity in structures, large surface area and interesting 
hydrogen adsorption properties. Apart from the carbon nanostructure, another very promising hydrogen 
storage alternative is Si/SiC nanostructure [6-8]. Si being in the same group with the carbon it shows properties 
quite similar to that of C. Again, as the polarizability of Si is more than C, so it is expected that, due to stronger 
van der Waal’s interaction, SiC/Si nanostructures can bind hydrogen more strongly compared to the pure 
carbon nanostructures. Mpourmpakis et al, 2006 [9] have proposed that pure SiC nanotube can improve the 
binding energy with hydrogen molecule by 20% compared to pure carbon nanotube.  

Unlike the polymorphs of carbon, SiC is a polar material. In spite of the fact that both constituents of SiC are 
Group IV elements, charge is transferred from Si to C due to higher electronegativity of C relative to Si atom. 
Silicon carbide is a binary compound of carbon and silicon as widely used in electronic devices. 

2. RESULTS AND DISCUSSION 

The density functional theory (DFT) [10, 11] calculations were carried out using the Quantum Espresso 
Package. The Perdew-Burke-Erenzerhof (PBE) [12, 13] formulation of the generalized gradient approximation 
(GGA) was employed to describe the exchange and correlation energies. For the SiC graphene-like sheet 
calculation the sheet has been modeled by alternatively arranged 16 C and 16 Si atoms. We employed the 
two dimensional periodic boundary condition in the layered plane with a vacuum region (15A°) between sheets 
to ensure there was no interaction between SiC sheets. In order to establish the accuracy of the present 
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method we have performed few test calculations of SiC nano sheet using several sets of k-points according to 
the Monkhorst-Pack scheme [14] so as to ensure the convergence of the total energy. Finally the k-points were 
taken as 7×7×1. We've also found the optimized values of e-cut as 80 Ry. This optimization was made for the 
unit cell of the SiC nano sheet (consists of two atoms; one Si and one C) which can be generalized to the main 
structure. In Figure 1 we have shown the optimized structure of the SiC nano sheet from top view and side 
view. 

a)    b)  

Figure 1 (a) Top view and (b) side view model of pure SiC sheet. Blue and yellow balls represent Si and C 
atoms, respectively 

In the optimized geometry, all the Si-C bonds are found to be identical. The minimum of total energy occurred 
when Si and C atoms are placed in the same plane forming a honeycomb structure. The calculated Si-C bond 
length of the sheet is about 1.7788 Å and the Si-C-Si angle is 120° which are in a good agreement with previous 
calculations and experimental reports [15,16]. The magnitude of the Bravais lattice vectors of the hexagonal 
lattice is found to be a1=a2=3.080 Å. 

 

Figure 2 The charge density distribution on the SiC nano sheet. Figure shows higher charge on the C atom 
and lower charge on the SiC atom 
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From the charge density distribution of the SiC sheet (Figure 2), it is seen that a considerable amount of 
electronic charge is transferred from Si to C site. The presence of these point charges on the SiC sheet 
influence the hydrogen adsorption properties. 

In order to study the electronic properties of the structure, the results of the band structure diagram is important, 
because we can derive the conductive properties of the structure out of it. The Band Structure of the silicon 
carbide nanosheet is shown in Figure 3. The results show that the considered structures band gap is about 
2.5821 eV which indicates that it is a semiconductor with approximately large band gap. This result is very 
close to the reported band gap [17]. 

 

Figure 3 Band structure of the pure silicon carbide nano sheet 

After establishing the pure structure of SiC nano sheet, we attempt to investigate electronic properties of the 
nano sheet under hydrogen adsorption. Four different positions for hydrogen adsorption are considered: (1) 
adsorption of hydrogen atoms on silicon atoms, (2) adsorption of hydrogen atoms on carbon atoms, (3) 
adsorption of hydrogen atoms on silicon and carbon atoms at the two opposite sides of SiC sheet (4) adsorption 
of hydrogen atoms on silicon and carbon atoms at the same side of SiC sheet. It is vital to say that the first 
and second states were not convergented so we assumed they were not stable states. As a result, we 
continued our work on the last two states. State (3) have had a total energy about -346.12 Ry, on the other 
hand, state (4) have had a total energy about -344.16 Ry. Therefore we picked state (3) as the most stable 
state for hydrogen adsorption; adsorption of hydrogen atoms on silicon and carbon atoms at the two opposite 
sides of SiC sheet. The Figures of these two states are shown below. It should be remarked that the relaxed 
structures are exactly shown in Figure 4. 

After establishing the hydrogenated structure, we have studied the electronic properties of the silicon carbide 
nano sheet under hydrogen adsorption. For this purpose, we again refer to the band structure diagram. This 
diagram is so important, because we can derive the conductive properties of the structure out of it. The Band 
Structure of the silicon carbide nanosheet under hydrogen adsorption is shown in Figure 5. The results show 
that the considered structure's band gap is about 3.9499 eV which is much more than the pure silicon carbide 
nano sheet.  
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Figure 4 (a) Top view and (b) side view model of hydrogenated SiC nano sheet in state (4). (c) Top view and 
(d) side view model of hydrogenated SiC nano sheet in state (3) (Big blue and yellow balls represent Si and 

C atoms, respectively; little blue balls represent hydrogen atoms) 

 

Figure 5 Band structure of the hydrogenated silicon carbide nano sheet 

3. CONCLUSION 

In this survey we’ve studied electronic properties of silicon carbide nanosheet under hydrogen adsorption 
based on the Density Functional Theory (DFT) and using Quantum Espresso simulation software. The results 
of these calculations have shown that the SiC nanosheet is a semiconductor with a band gap about 2.5821 eV. 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

142 

This material has high strength and is widely used in electronic devices. We've also tried different positions on 
the SiC nano sheet for hydrogen adsorption. After testing several positions, it was concluded that the most 
stable state happens when hydrogen atoms are adsorbed on silicon and carbon atoms at the two opposite 
sides of silicon carbide hexagonal nano sheet. Finally, we calculated the band gap of the hydrogenated SiC 
nanosheet, which is about 3.9499 eV. 

REFERENCES 

[1] ALPER J., Water splitting goes Au naturel. Science, 2003, 299: 1686e7. 

[2] CORTRIGHT RD, DAVDA RR, DUMESIC JA., Hydrogen from catalytic reforming of biomass-derived 
hydrocarbons in liquid water. Nature, 2002, 418:964e7 

[3] JAIN IP, JAIN P, JAIN A., Novel hydrogen storage materials: a review of light weight complex hydride. Int J 
Hydrogen Energy, 2010, 503:303e39. 

[4] JAIN IP., Hydrogen the fuel for 21st century. Int J Hydrogen Energy, 2009, 34:7368e78 

[5] WINTER C-J., Hydrogen energy e abundant, efficient, clean: a debate over the energy-system-of-change. Int J 
Hydrogen Energy, 2009, 34:S1e52 

[6] LITHOXOOS GP, SAMIOS J, CARISSAN Y. Investigation of silicon model nanotubes as potential candidate 
nanomaterials for efficient hydrogen storage: a combined Ab Initio/Grand canonical Monte Carlo simulation study. 
J Phys Chem C, 2008, 112:16725e8. 

[7] LAN J, CHENG D, CAO D, WANG W. Silicon nanotube as a promising candidate for hydrogen storage: from the 
first principle calculations to grand canonical Monte Carlo simulations. J Phys Chem C, 2008, 112:5598e604 

[8] ISHIHARA T, NAKASU M, YASUDA I, MATSUMOTO H.  Preparation of Si-carbon nanotube composite by 
decomposition of tetramethylsilane (TMS) and its hydrogen storage property. Sci Technol Adv Mater, 2006, 
7:667e71. 

[9] MPOURMPAKIS G, FROUDAKIS GE, LITHOXOOS GP, SAMIOS J., SiC nanotubes: a novel material for 
hydrogen storage. J Nano Lett, 2006, 6:1581e3 

[10] HOHENBERG P, KOHN W. Inhomogeneous electron gas. Phys Rev 1964, 136:B864e71. 

[11] KOHN W, SHAM LJ. Self-consistent equations including exchange and correlation effects. Phys Rev 1965, 
140:A1133e8. 

[12] PERDEW JP, BURKE K, ERNZERHOF M. Generalized gradient approximation made simple. Phys Rev Lett 
1996, pp. 3865-8. 

[13] J. P. PERDEW, K. BURKE and Y. WANG, Generalized gradient approximation for the exchange correlation hole 
of a many-electron system, Phys. Rev. B 1996, Vo.  54, No. 23, pp. 16533-16539  

[14] HENDRIK J. MONKHORST and JAMES D. PACK. Special points for Brillonin-zone integrations. PHYSICAL 
REVIE B 1976, VO. 13, No. 12, pp. 5188-5192. 

[15] X. LIN, S. LIN, Y. XU, A. A. HAKRO, T. HASAN, B. ZHANG, B. YU, J. LUO, E. LI, H. CHEN, J. MATER.  Ab initio 
study of electronic and optical behavior of two dimensional silicon carbide†, Chem. C. 2013, 1 -2131 

[16] S. S. LIN, Light-Emitting Two-Dimensional Ultrathin Silicon Carbide, J. Phys. Chem. C. 2012, 116 -3951. 

[17] E. BEKAROGLU, M. TOPSAKAL, S. CAHANGIROV, and S. CIRACI,  First-principles study of defects and 
adatoms in silicon carbide honeycomb structures , PHYSICAL REVIEW B, 2010, 81 -075433.  



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

143 

OPTICAL PROPERTIES OF CHROMONE-CLASS ISOMERS IN SOLUTION AND POLYMER 

FILMS STUDIED BY CONFOCAL MICROSCOPE 

ZAKHAROV Viktor1, VENIAMINOV Andrey1, AYT Anton2, BARACHEVSKY Valery2,  
FOMICHEVA Yana1, GAGARSKIY Sergey1, KIYKO Vadim1,3, SERGEEV Andrey1 

 1ITMO University, Saint-Petersburg, Russian Federation 
 viktor-zah@yandex.ru 

2 Photochemistry Center of RAS, Moscow, Russian Federation 
3 Prokhorov General Physics Institute of RAS, Moscow, Russian Federation 

Abstract 

Light-sensitive polymer materials with embedded chromone dyes are promising candidates for multi-layer 
fluorescent disks for archival storage of information. The recording is based on two-photon-induced 
phototransformation and the signal readout is due to single-photon-induced luminescence. The stability of 
fluorescent chromone compounds upon readout irradiation was studied and local quantum yields of 
luminescence were measured using the LSM710 confocal laser scanning microscope (Carl Zeiss) in order to 
estimate the material efficiency. 

Keywords: Chromone dye, fluorescent disk, archive memory, confocal microscopy 

1. INTRODUCTION 

Unlike CD, DVD and Blu-Ray optical disks, fluorescent memory does not use reflective layers that cause 
interference and transmittance losses, therefore truly multilayer structures (over 100 information layers) can 
be built [1-7]. Nonlinear multiphoton recording mechanism provides far better localization than ordinary single-
photon recording; light is absorbed only in tiny focal volumes or intersection areas of two or several beams [3-
5] where information voxels are recorded, while the whole volume remains almost transparent with respect to 
single-photon absorption. One of possible designs of multilayer fluorescent disks was suggested in [8].  

Photosensitive chromone compounds have been developed for permanent information recording [9-11], in 
particular for archive memory based on multilayer fluorescent disks, along with photochromic diarylethenes 
[12-16] primarily intended for rewritable recording. 

Chromone-based photosensitive polymer films are promising media for WORM-type (write once read many) 
archive memory. Under ultraviolet irradiation those compounds can be irreversibly transformed from initial 
nonfluorescent form (A) into photoluminescent product (C) through the intermediate state B. The chemical 
formula and absorption and luminescence spectra are shown in Figure 1.  

The fluorescence excitation spectrum (3) is shifted with respect to the absorption spectrum (2) of the initial 
form of chromone molecules, thus making nondestructive readout possible.  

The present work is focused on investigation of spectral and luminescent properties of the chromone 
compound important for data storage systems. Luminescence quantum yield and stability of the compound 
under irradiation at fluorescence excitation wavelength are measured and the number of readout cycles is 
estimated. 
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Figure 1 Chromone compound LHC-480, its absorption spectra for initial form (1), fluorescent form (2)  
and luminescence spectrum (3) 

2. EXPERIMENT AND DISCUSSION 

From a number of different chromone derivatives we choose LHC-480 as a promising compound for 
information recording applications [9, 10]. The films were made by casting and spin-coating from toluene 
solutions of Chromone:PMMA (5:100 by mass) onto a glass substrate.  

A series of Chromone:Toluene solution absorption spectra was measured during phototransformation of the 
compound into the fluorescent form and during photobleaching of the compound in 200-800 nm spectral range 
using Shimadzu UV 3600 spectrophotometer with integrating sphere. 

The experiment consisted of several stages. At the first stage the solution of chromone compound in its initial 
form was irradiated with 300-313 nm UV light of a mercury lamp with a filters set to induce the 
phototransformation, and the absorption spectra were of solution was measured after the corresponding 
exposure time. The dynamics of absorption spectrum is shown in Figure 2a. As can be seen from the figure, 
the absorption near 300 nm decreased, while the absorption in range of 400-500 nm, attributed to transformed 
compounds, increased. Irradiation continued until saturation, when no significant changes in absorption 
spectrum were observed. 

   
a)       b) 

Figure 2 Series of absorption spectra at different stages of phototransformation under UV irradiation (a)  
and during photobleaching of fluorescent compound (b) 
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At the second stage, the solution was irradiated with 436 nm light, and the changes in absorption spectrum 
were observed (Figure 2b). At this stage, the absorption near 300 nm increased and the absorption in range 
of 400-500 nm decreased. As at the 1st stage, process continued until saturation of absorption. Even after the 
saturation, luminescence of solution was present. 

The attempts to irradiate solution again with UV-light with wavelength near 300 nm resulted in no changes, 
which means irreversibility of the phototransformations. The fact that luminescence was still present at the 
point when bleaching process was saturated may indicate the presence of several fluorescent isomers of 
chromone compound, only some of which are prone to bleaching, but this question needs additional 
investigation. 

Further investigation of photobleaching dynamics of chromone compound in fluorescent form under irradiation 
at luminescence excitation wavelength was made for Chromone:PMMA films. 

Single- and multiphoton recording of fluorescent centers in those films was made in rectangular grid pattern 
(Figure 3). 

  

Figure 3 Rectangular grid pattern of multiphoton-recorded fluorescent marks in Chromone:PMMA sample 

Single-photon recording was made with 3rd harmonic of Nd:YAG laser (355 nm). Multiphoton recording was 
made with second harmonic of Nd:YAG laser (532 nm, pulse duration 2-10 ns [10]) and its 1st and 2nd Stokes 
components (563 and 599 nm, respectively, pulse duration 2-3 ns). 

Registration of fluorescent marks was provided by Zeiss LSM710 laser scanning microscope based on Axio 
Imager Z1 upright stand. It allowed measurement of luminescence intensity and spectra with excitation at 405, 
458 and 488 nm and measurement of sample absorption at excitation wavelengths. 

Multiple scanning of the selected region of the sample at fluorescence excitation wavelength resulted in 
photobleaching and noticeable reduction of fluorescence intensity both for recorded marks and for the 
background (noise) (Figure 4a). The dependencies of fluorescence intensity on exposure for different 
excitation wavelengths and signal to noise (background) ratio on exposure for excitation at 488 nm are shown 
in Figure 4b.  
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                   a) b) 

Figure 4 Images of bleached area (notice darker squares around the bright marked in the center) in 
Chromone: PMMA sample and corresponding dependencies of luminescence signal and 

signal/noise(background) ratio on exposure values 

The decay of fluorescence signal can be approximated with three-exponential function: 

}$�& = ·�Gs1 \− �
�¸_ + ·�Gs1 \− �

�D_ + ·�Gs1 \− �
�{_          (1) 

The parameters for different excitation wavelength are listed in Table 1. Energy density necessary for reducing 
fluorescent signal by the factor of 2 is 0.25 kJ/cm2 at excitation wavelength 488 nm. 

Table 1 Parameters of three-exponential approximation function for fluorescence decay 

 
Excitation wavelength 

488 nm 458 nm 405 nm 

A1 0.26 0.15 0.30 

E1 76.4 15.44 17.9 

A2 0.45 0.45 0.41 

E2 351.1 72.4 92.5 

A3 0.29 0.40 0.29 

E3 2220 617 1028.7 

To estimate the quantum yield of luminescence for a single mark we applied the comparative method and the 
confocal laser microscope, which allows for measurement of local luminescence spectra and transmission 
coefficient at excitation wavelength. The value of the luminescence quantum yield serves a measure for the 
efficiency of the recorded marks that helps optimize the recording. 
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Quantum yields of luminescence for products of single- and multiphoton recording at Chromone:PMMA films 
were found to be 11% and 0.5%, respectively. Such a difference may be due to different mechanisms of 
recording whereby the dye goes into various forms. This situation requires further study and optimization of 
laser pulse parameters to increase luminescence quantum yield for multiphoton recording. 

3. CONCLUSION 

Photostability of fluorescent chromone compound in PMMA films was studied. The energy density necessary 
to halve luminescence intensity from recorded mark is about hundreds of J/cm2 and depends on the excitation 
wavelength. The background noise was reduced slower than the signal, so that, and estimated value of energy 
density necessary to reduce signal/noise ratio by factor of 2 is about thousands of J/cm2. For comparison, 
minimum energy density necessary for a single registration of a fluorescent mark is about 2 J/cm2. Taking into 
account that the signal from a recorded mark should be at least two times higher than the background noise, 
the estimated number of reading cycles exceeds 104, which is sufficient for prototypes of archive data recording 
systems. 

The difference between luminescence quantum yields for different recording marks was found. Additional 
investigation is required of isomerization paths for single- and multiphoton-induced phototransformations and 
difference in properties of those isomers. 
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Abstract  

AlN is a very perspective substrate material for AIIIN semiconductor growth. The AlN growth was performed in 
horizontal RF heated MOVPE reactor using trimethylaluminium (TMAl) and ammonia. The influence of V/III 
ratio and carrier gas composition on the structure and morphology of the layers were investigated. A significant 
effect of V/III ratio on layer structure and morphology was observed. High V/III ratio led to deterioration of 
surface morphology due to the pre-reaction of precursors in the gas phase. A positive effect of high nitrogen 
concentration in the carrier gas on the surface morphology was observed. Finally the influence of substrate 
treatment by high temperature annealing in ammonia atmosphere (nitridation) as well as deposition of low 
temperature buffer layer on the properties of deposited layers were investigated. The results show crucial 
importance of substrate nitridation on the layer structural and morphological properties. Also the low 
temperature buffer layer of AlN significantly improves the quality of the layer. 

Keywords: AIII Nitrides, Aluminum nitride, MOVPE, Thin films 

1. INTRODUCTION 

AIII nitrides have attracted great attention due to its unique properties in the last decades. AIII nitrides like GaN 
and its ternary alloys are used in modern opto-electronic and microelectronic devices [1]. Substrates with large 
lattice mismatch are broadly used for the growth of AIIIN heterostructures applied in these devices [2]. Most 
commonly used substrates like sapphire exhibit 16% lattice mismatch and also lower thermal conductivity 
compared to aluminum nitride [3,4]. Another broadly used substrate, 6H-SiC, has lower lattice mismatch and 
higher thermal conductivity compared to sapphire [5]. However, extremely high cost of semi-insulating 
substrates represent a significant disadvantage for broad commercial application. The heat management in 
high power devices is one of the crucial topics [6]. Compared to most broadly used substrates like sapphire 
and silicon carbide, aluminium nitride exhibits higher thermal conductivity and a substantially lower lattice 
mismatch [7]. Currently available AlN substrates are usually produced using PVD methods. Such substrates 
are notably more expensive compared to standard substrates and these materials are also available only in a 
limited size.  

In this work we investigated the influence of basic deposition parameters on the structure and morphology of 
the AlN layers. The AlN/c-plane sapphire pseudosubstrates can be applied for the deposition of AIIIN nitride 
heterostructures for electronic and opto-electronic applications. The deposition was performed using metal-
organic vapor phase epitaxy (MOVPE) technology in horizontal inductively heated reactor. The basic growth 
parameters like precursor ratio (V/III ratio) and carrier gas composition was investigated. The deposition was 
performed at high temperatures (1100 - 1150 °C) in order to increase the surface diffusion and improve 
morphology of the layer. The optimization of deposition parameters led to high quality epitaxial layers suitable 
for application in electronic devices. In addition the influence of substrate pretreatment and low temperature 
AlN buffer layer on the properties of AlN layer were investigated in detail. 
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2. EXPERIMETAL 

2.1. Procedures 

The deposition of AlN layers was performed in horizontal inductively heated quartz reactor. The separated 
inlets for AIII precursor (trimethylaluminium) and nitrogen precursor (ammonia) were used. The c-plane 
sapphire substrates (0001) with the 0.2° misorientation were used for deposition of AlN layers. 
Trimethylaluminum (TMAl) was used as an Al precursor and ammonia was used as a nitrogen source. 
Hydrogen was used as a carrier gas for TMAl. Before the deposition the sapphire substrates were annealed 
in the deposition reactor in hydrogen atmosphere at 1050 °C and 50 mbar pressure for 10 minutes. 
Subsequently the sapphire substrates were annealed in ammonia atmosphere at 1100 °C and 50 mbar 
pressure for 3 minutes. This step is called substrate nitridation, since monolayer of AlN is formed on the 
sapphire substrate. The deposition of AlN layers was preformed using the total gas flow of 3500 ml/min and 
the deposition pressure of 100 mbar. The hydrogen carrier gas flow through TMAl bubbler was 15 mL/min at 
the pressure of 1000 mbar and temperature of 17 °C which corresponds to the molar mass flow of TMAl 13.1 

µmol/min. The deposition temperature was in the range of 1100 - 1150 °C. The concentration of nitrogen was 
varied in the range up to 40 % by changing the composition of ammonia carrier gas from 100% hydrogen up 
to 100% nitrogen. In the next series the V/III ratio was varied by changing the ammonia flow and keeping all 
other deposition parameters constant (total flow 3500 mL/min; pressure 100 mbar; temperature 1100 °C; 
hydrogen carrier gas). Finally the influence of high temperature nitridation step on the layer properties as well 
as introduction of low temperature AlN layer deposited at 700 °C for 5 minutes were investigated.  

2.2. Characterization 

An inVia Raman microscope (Renishaw, England) was used for Raman spectroscopy measurements in 
backscattering geometry with a CCD detector. Nd-YAG laser (532 nm, 50 mW), with 50x VIS-NIR objective, 
was used as a radiation source. Instrument calibration was achieved using a silicon reference which gave a 
peak position at 520 cm-1 and a resolution of less than 1 cm-1. To ensure a sufficiently strong signal and to 
avoid radiation damage of the samples, the laser power used for these measurements ranged from 0.05 to 5 
mW. Characterization by Atomic Force Microscopy (AFM) was performed on NT-MDT Ntegra Spectra (NT-
MDT) in tapping mode. The layer thickness was measured by optical reflectance spectroscopy. X-ray 
diffraction was performed with Bruker D8 Discoverer diffractometer. 

3. RESULTS AND DISCUSSION 

Several parameters strongly influence the growth of AlN layers. One of the crucial parameters is the molar 
mass ratio of trimethylaluminum and ammonia. This value was varied in the rage of 543 to 1630 showing 
strong influence on the layer properties like dislocation density represented by full width at half maximum of 
(0002) reflection rocking curve. The sample notation involves the actual V/III value used for the deposition. 
The depositions were performed at 1100 °C and total pressure of 100 mbar. The V/III ratio variation was 
performed by keeping constant flow of trimethylaluminum and varying ammonia flow at a constant total flow of 
3500 mL/min in all experiments. For the V/III ratio of 931 the influence of reduction of total precursor flow on 
the investigated parameters was also investigated by reducing the flow of ammonia and trimethylaluminum on 
half in comparison with the other experiments. At high V/III ratio the pre-reaction in gas phase took place and 
the formed nanoparticles can significantly influence the morphology of the layers. This was clearly visible on 

the layer roughness represented by RMS value for 3x3 µm scan obtained by atomic force microscopy. The 
surface morphology is shown in Figure 1. The dependence of surface roughness on V/III ratio is shown in 
Figure 2a. The results show a strong impact of precursor ratio in the gas phase on the layer roughness with 
optimal values below 1200. The reduction of reactant flow also did not have significant impact on the layer 
morphology in comparison with other experiments performed at low V/III ratio. The dislocation density was 
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determined by measuring FWHM of (0002) rocking curve. In this direction the measurement is sensitive 
towards screw and mixed type of dislocations. A significant narrowing of FWHM was observed with the 
reduction of V/III ratio showing optimal value around 800 - 1200. The experiment performed with reduced 
precursor flow revealed a substantial reduction of dislocation density with the layer thickness reduction. The 
results are summarized in Figure 2b. The growth rate was strongly dependent on the V/III ratio showing almost 
linear increase of growth rate with V/III ratio. However, compared to other nitrides like GaN the growth rate 
was relatively low ranging from 300 to 500 nm/hour. The decrease of precursor flow by 50% led to the growth 
rate reduction by about only 35%. The dependence of growth rate on the V/III ratio is shown in Figure 2c. 

 

Figure 1 The surface morphology of the AlN layers growth with different  
V/III ratio 

 

Figure 2 The dependence of surface roughness (A), FWHM of (0002) rocking curve (B)  
and growth rate on the V/III ratio 

The layers were further characterized by Raman spectroscopy. 
Due to the relatively low thickness of the layers, a strong signal 
from the supporting sapphire substrate was observed. The 
bands observed at 379 cm 1, 418 cm-1, 431 cm-1, 450 cm-1, 578 
cm-1 and 751 cm-1 originate from sapphire substrate. In the AlN 
up to 6 Raman active phonon modes can be observed, however 
for the excitation perpendicular to the c-plane direction only few 
of them are clearly visible (E2(low); E2(high) and A1(LO)). Due to 
the low thickness only a weak band of E2(high) phonon mode at 
656.3 cm-1 can be seen on the AlN layers. On the sample 
deposited with V/III ratio of 543 (Sample AlN-543) an extremely 
weak E1(TO) phonon mode at 670.4 cm-1 can be also found. 
Raman spectra are shown in Figure 3. 

Furthermore the influence of nitrogen concentration in the carrier 
gas on the layer properties was investigated. The presence of 
nitrogen in the carrier gas can considerably influence the layer 

Figure 3 The Raman spectra of AlN 
layers prepared using various V/III 

ratios 
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growth due to its different heat conductivity and also diffusion process of the precursor to the substrate surface. 
The experiments were performed using the V/III ratio 1086 and the deposition pressure 100 mbar. The 
deposition was performed at 1150 °C keeping the total flow at 3500 mL/min. The concentration of nitrogen in 
the hydride line was varied from 0 to 100% corresponding to the variation of nitrogen concentration in gas 
phase from 0 up to 40 %. In comparison with the layer deposited at 1100 °C a sizable suppression of the 
growth rate was observed. The surface roughness investigated by AFM shows only minimal differences in the 
surface morphology of the layers deposited with different nitrogen concentration in the gas phase. The 
corresponding AFM images are shown in Figure 4. The surface roughness represented by the RMS value for 

3x3 µm scan were in the range of 0.5 to 2 nm for all experiments without any evidence of systematic 
dependence of surface roughness on the concentration of nitrogen in the gas phase. Also in comparison with 
samples deposited at 1100 °C no significant difference was observed. The dependence of roughness on the 
concentration of nitrogen in the gas phase is shown in Figure 5a. The structure quality of the layer represented 
by FWHM of (0002) rocking curve was notably improved using higher deposition temperature. This result 
shows high influence of deposition temperature on the structural quality of the layer. On the other hand, the 
concentration of nitrogen in carrier gas did not have any significantly impact on the structural characteristic like 
screw and mix-type dislocation density and the values were in the range of 400 - 500 arcsec. The dependence 
of FWHM of (0002) rocking curve on the concentration of nitrogen in the gas phase is shown in Figure 5b. 
The increased nitrogen concentration in the gas phase mostly influences the growth rate. Compared to 
previous set of experiment, the increase of deposition temperature led to a substantial reduction of growth 
rate. Also the introduction of nitrogen in the gas phase led to further reduction of growth rate from about 
280 nm/hour in pure hydrogen down to about only 170 nm/hour for 40% nitrogen. The results are shown in 
Figure 5c. 

 

Figure 4 The surface morphology of AlN layers deposited using different concentration of nitrogen  
in carrier gas  

 

Figure 5 The dependence of surface roughness (A), FWHM of (0002) rocking curve (B) and growth rate on 
concentration of nitrogen in gas phase 

Finally the influence of inserting a nitridation step in the growth process and the deposition of low temperature 
AlN interlayer on the obtained AlN layers properties were investigated. These experiments were performed 
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using V/III ratio of 1086 and deposition temperature of 1100 °C and hydrogen as a carrier gas. The results 
show a crucial effect of nitridation step in the growth process on the quality and morphology of the obtained 
layers. Noticeable differences can be seen on the layer morphology of the obtained by AFM (Figure 6). The 
absence of surface monolayer on sapphire led to an induction of 3D growth and a significant increase of layer 
roughness. Also the application of low temperature AlN layer led to highly rough surface. The surface 
roughness increased from 3.4 nm for the layer deposited with nitridation step to 13.0 nm for the layer without 
including it. Similarly the application of low temperature AlN buffer layer increased the surface roughness to 

15.0 nm (10x10 µm scan).  

 

Figure 6 The surface morphology of the layer deposited with nitridation buffer layer (A) and without (B) and 
with application of low temperature AlN buffer layer (C) 

The impact of nitridation step on the layer structure was further investigated using X-ray diffraction. The 
significant differences of the FWHM of the rocking curve for (0002) reflection were observed. The introduction 
of substrate nitridation step to the AlN growth process led to the reduction of FWHM from 2800 arcsec on 1519 
arcsec showing an important improvement of layer structural quality and reduction of dislocation density. This 
was further deduced by application of low temperature AlN buffer layer, which led to further reduction of FWHM 
value to 921 arcsec. However this improvement was accompanied by a considerable increase of layer 
roughness. The growth rate was influenced by the application of nitridation step only slightly increasing from 
438 nm/hour to 446 nm/hour for the layer growth with and without nitridation step. On the other hand, the 
application of low temperature AlN buffer layer significantly improved the growth rate which reaches 703 
nm/hour.  

4. CONCLUSION 

In our contribution we showed a significant influence of growth parameters on the structural and morphological 
properties of AlN epitaxial layers prepared on sapphire substrates. The deposition by MOVPE using 
trimethylaluminium and ammonia as Al and N precursors was performed at temperatures in the range of 1100-
1150 °C and pressure of 100 mbar. The V/III ratio (molar ratio of ammonia and aluminum in gas phase) has a 
strong impact on the layer morphology, structural properties as well as growth rate. High V/III ratio led to an 
increase of growth rate, however also to higher surface roughness and dislocation density (represented by 
FWHM of (0002) rocking curve). The influence of deposition temperature was also significant, especially on 
the structural properties of the layers. The increase of deposition temperature by 50 °C considerably reduced 
the FWHM of rocking curve of (0002) reflection. The influence of carrier gas composition with up to 40 % of 
nitrogen has a significantly lower effect on the surface morphology and structural properties. The increase of 
nitrogen concentration in the hydrogen carrier gas led to an increase of growth rate. Further experiments 
showed crucial importance of substrate annealing in ammonia (nitridation step) on the structure as well as on 
the surface roughness of AlN layers. The application of low temperature AlN buffer layer significantly 
suppressed the FWHM of rocking curve of (0002) reflection, but it simultaneously resulted in an increase of 
surface roughness.  
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ITMO University, St.-Petersburg, Russian Federation 

Abstract 

Two-dimensional colloidal nanocrystals have recently revealed a great potential as optical gain media due to 
their remarkable optical properties. Various optoelectronic devices designed for CdSe nanoplatelets have been 
already introduced, such as hybrid light emitting diode and vertical cavity laser. So far these devices cover 
only visible spectra because they use NPLs with thicknesses of 5 monolayers or more, which optical properties 
are well known. We believe that ultrathin NPLs consisting of only 4 ML will show optical properties more than 
favorable for their use as optical gain media, providing endless opportunities for creating pure-colored light 
emitters for UV wavelengths. Here we have synthesized NPLs of both 5 ML and 4 ML thicknesses, studied 
and compared their optical properties meaning to prove that possibility. 

Keywords: Nanoplatelets, CdSe, synthesis 

1. INTRODUCTION 

Semiconductor nanocrystals (NCs) have been highly attractive materials for research and device applications 
for decades now. Today much prominence is given to so called nanoplatelets (NPLs), two dimensional colloidal 
NCs. First acquired in 2006 in the form of nanoribbons [1] they demonstrate electronic structure similar to that 
of quantum wells [2]. So that optical properties of NPls depend chiefly on their thickness, which can be 
controlled with high precision thanks to modern colloidal synthesis methods [3]. At the same time NPLs have 
a great advantage over the quantum wells, being free-standing structures, with no dependence on a substrate.  

This form is perfect for creating various nanoplatelet-based heterostructures that can inherit NPLs’ unique 
characteristics and vastly improve them. These heterostructures include highly perspective core/shell NPLs, 
noticed to enhance quantum yield up to 80% [4]. Studies, conducted in this field demonstrate the synthesis of 
CdSe NPLs with epitaxially grown CdS and CdZnS shell of controlled thickness [5, 6] and later reports 
regarding core/crown NPLs, where CdSe serves as an exciton funnel that collects the excitons and transfers 
them to the CdSe core [7].  

Their outstanding optical properties favorably distinguish NPLs from other colloidal semiconductor 
nanocrystals by high anisotropy of electron-phonon interaction [8], narrow photoluminescence maxima and 
near absence of the Stokes shift [9, 10]. These NCs are very promising for developing various optoelectronic 
devices since their two-dimensional geometry is directly compatible with established device designs and 
processary approaches. It was revealed that high-energy carriers in NPLs relax to the band edge with speeds 
highly exceeding their recombination velocity. That happens to be the exact quality required for stimulated 
emission and lasing [11]. Moreover, NPLs show optical gain unreachably high for any other NCs tested for this 
application. That’s why in most recent time it was already possible to develop LEDs [12] including hybrid 
organic-inorganic ones [13] and semiconductor lasers [14, 15] that uses CdSe NPLs and heterostructures 
based on them as an active emitting layer.  

While the nanoplatelets-based light emitters are undoubtedly a high demand, they can’t cover all the possible 
applications due to the lack of spectral diversity. At the same time it was observed, that with reducing the 
platelet thickness, it’s maxima tend to move to shorter wavelengths approaching UV range, with emitting 
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velocity and oscillator strength increasing on the contrary [10]. But methods for obtaining ultrathin NPLs with 
the thickness of only 4 ML as well as their optical properties are yet poorly studied, especially there seem to 
be no sufficient information about charge carriers relaxation kinetics. 

We suggest that developing a stable and repeatable synthesis procedure of ultrathin NPLs and researching 
their optical characteristics would allow to broaden the line of pure-colored semiconductor light emitters and 
enrich them with devices operating in UV range. Such devices would be extremely useful for medical lasers, 
as well as for integrating them in optical fibers, microfabricated waveguides and lab-on-chip systems [14].  

2. MATERIALS & METHODS 

2.1. Chemicals 

Selenium powder (Alfa Aesar, 99.99%), Oleylamine (Acros, 80-90%), Oleic acid (Fisher, 70%), Stearic acid 
(Fisher, >97%), Cadmium acetate dihydrate (Sigma-Aldrich, >98%), 1-Octadacene (Sigma-Aldrich, >95%), 
Hexane (Sigma-Aldrich, >97%), Isopropanol and Methanol (Vekton, puriss). All chemicals were used as 
received without further purification, except oleylamine which was centrifuged before use. 

2.2. Nanoplatelets Synthesis 

5 ML thick NPLs were obtained according to the published procedure [6] double the amount. 106.6 mg of 
Cd(AC)2×2H2O, 8 mg of elementary Se, 28.4 mg of stearic acid and 10 ml of octadecene were mixed in three-
neck flask, heated under argon flow to the temperature of 170°С and reacted for 15 min. 

Preparation of 4 ML thick NPLs required several changes applied to the method. This time 106.6 mg of 
Cd(AC)2×2H2O, 28.4 mg of stearic acid, 125 µl of oleylamine and 9 ml of ODE were mixed in three-neck flask. 
Separately we prepared 0.1 mmol solution Se-ODE. After Se was completely dissolved, 1 ml of this solution 
was added to the flask and further reaction carried the same way. 

When reaction was stopped, CdSe nanocrystals were precipitated by isopropanol. Precipitate was then 
centrifuged and washed twice with methanol to get rid of organic compounds and unreacted precursors, and 
afterwards dissolved in chloroform. Oleic acid was added to stabilize colloidal nanoparticles. 

2.3. Electron Microscope Imaging 

For conventional TEM observations, the samples were prepared by drop-casting concentrated NPLs solutions 
onto carbon-coated 200 mesh copper grids, and the measurements were performed with a scanning electron 
microscope Merlin (Zeiss) at 30 kV accelerating voltage.  

2.4. Absorbance and PL spectroscopy 

We studied electronic energy structure of by means of absorbance (Abs) and photoluminescence (PL) 
spectroscopy. All measurements were performed at room temperature. Abs measurements were carried out 
with a UV-Probe 3600 (Shimadzu) specrophotometer and PL spectra with optical transitions in the visible were 
acquired using a Cary Eclipse (Varian) spectrofluorimeter.  

2.5. Time-resolved photoluminescence spectroscopy 

Fluorescence decay analysis was carried out with a MicroTime 100 (PicoQuant) fluorescent microscope, that 
adopts the principle of time-correlated single photon counting.  
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3. RESULTS AND DISCUSSION 

Figure 1a and 1c shows TEM images of our nanocrystals that prove in both cases we have indeed acquired 
square NPLs with lateral size of approximately 20 nm. Hence suggested synthesis procedure allows to obtain 
NPLs of desired thickness that are monodisperse by their lateral sizes. Some of NPLs in the images are 
standing on their edge and self-assembly of NPLs in distinguishing stack structures can be observed. 

As shown in Figure 1b, 5 ML thick NPLs have their Abs and PL maxima at the edge of visible area with 
fundamental exciton transition at 460 nm. Ultrathin NPLs meanwhile have optical transitions already in UV 
range, and more specifically at 398 nm, as can be seen from Figure 1d. PL analysis shows that nanoplatelets 
posses extremely narrow photoluminescence maximum with full width at half maximum ~10 nm indicating that 
NPLs in the sample are of high quality and uniformity. Stokes shift is measured to be only 6 and 8 nm for 4 ML 
and 5 ML thick NPLs respectively, its near absence reveals that only a small portion of absorbed energy is lost 
to non-radiative processes.  

 
Figure 1 TEM images, PL and Abs spectra of 5 ML (a, b) and 4 ML thick NPLs (c, d) 

Fluorescent decay curves are shown in Figure 2. Graphs marked a and c correspond to PL decay at the main 
maximum and those marked b and d features decay in the area of defect PL, that can be seen at Figure 2b 
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and 2d to the right of the main maximum. Two-dimensional PL maps are also shown as little square images 
near the graphs. Each color stands for fluorescent lifetimes value in this area.  

Decay curves of 5 ML thick NPLs demonstrate very short fluorescent lifetimes (approximately 3 ns on substrate 
and 10 ns in solution). For ultrathin NPLs we registered lifetimes as short as less than 1 ns on substrate and 
nearly 3 ns in solution. This makes 4 ML thick NPLs the fastest of so far known colloidal fluorescent emitters. 
Thus optical properties of ultrathin CdSe NPLs confirm that they have a giant oscillator strength, which makes 
them very attractive for developing pure-colored short-wavelength light emitting devices.  

 
Figure 2 PL decay curves at the main maximum and in the area of defect PL of 5 ML thick NPLs (а, b) 

and of 4 ML thick NPLs (c, d) 

We have performed additional comparison of PL decay kinetics in NPLs with that in quantum dots (QDs). For 
this study we used our 5 ML thick NPLs and CdSe QDs with the same absorption band and similar quantum 
yield, as shown in Figure 3a. It’s well seen from Figure 3b that PL decay happens much faster in NPLs than 
in spherical nanocrystals.  

Lifetimes values measured for all nanocrystals are shown in Figure 3 in forms of 3d table and 3c scatter plot. 
Decay kinetics analysis of CdSe nanocrystal samples revealed that PL decay time depends on nanocrystal 
shape and size: PL decay times are shorter for NPLs rather than for spherical nanocrystals and PL decay 
times tend to reduce together with NPL thickness. This uncovers for us endless opportunities for developing 
active elements for light emitters with precisely defined PL decay kinetics parameters, only by varying shape 
and size of nanocrystals.  
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Figure 3 Fluorescent lifetimes of NPLs and QDs: a) absorption spectra of 5 ML thick NPLs and QDs, b) 
PL decay curves of 5 ML thick NPLs and QDs: c) decay time dependence on the size and shape of NCs 

and d) table of measured numerical values for all NCs 

4. CONCLUSION 

Present work contains our study on optical properties of two-dimensional CdSe nanocrystals. We have 
developed a reproducible synthesis procedure for obtaining ultrathin NPLs with the thickness of only 4 MLs 
and obtained them as well as 5 ML thick ones.  

We have studied absorbance and photoluminescence characteristics of these NPLs and detected narrow PL 
maxima and almost absent Stokes shift. Fluorescence decay times were measured for NPLs in solution and 
on substrate. Additional comparison of the results with such of quantum dots was performed with QDs with the 
same absorption band and similar quantum yield. It was revealed that PL decay happens much faster in NPLs 
than spherical nanocryslals. Lifetimes, registered for ultrathin NPLs are very short and scales in several 
nanoseconds. 

Extremely narrow PL maxima indicates high quality and uniformity of NPLs in the sample and insignificant 
Stokes shift proves that only a small portion of absorbed energy is lost to non-radiative processes. These 
properties combined with fast fluorescent lifetimes verifies the prediction of a giant oscillator strength within 
the NPLs. That’s why they seem so perspective for their use in optoelectronic devices. 

Results regarding ultrathin nanoplatelets show that reducing platelet thickness allows us to reach UV spectral 
region while preserving optical properties typical of NPLs. We conclude that ultrathin NPLs posses all the 
necessary qualities to be used in short-wavelength light emitters. 
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Abstract 

ZnO is an attractive wide band gap semiconductor with large exciton binding energy, high refractive index, 
high biocompatibility and diversety of nanostructure shapes which makes it suitable for many applications in 
the optoelectronic devices, optical sensors, and biosensors. We study the effect of hydrogen plasma treatment 
of the nominally undoped ZnO thin film deposited by DC reactive magnetron sputtering of Zn target in the gas 
mixture of argon and oxygen plasma. The SEM images show that the crystal size increases with film thickness. 
We confirm, that the electrical conductivity significantly increases after hydrogen plasma treatment by 4 orders 
of magnitude. Moreover, the increase of the infrared optical absorption, related to free carrier concentration, 
was detected below the optical absorption edge by the photothermal deflection spectroscopy.  

Keywords: ZnO, reactive magnetron sputtering, hydrogen plasma treatment 

1. INTRODUCTION 

ZnO is an attractive II-VI semiconductor material with a wide direct band gap about 3.3 eV, large exciton 
binding energy (60 meV), high refractive index, high biocompatibility, and diversety of nanostructure shapes 
which could lead to great applications in the optoelectronic devices, optical sensors, and biosensors [1-3]. 
Some of the possible optoelectronic devices applications of ZnO films are for visible and ultraviolet light 
emitters, for emission displays and UV light emitting diodes [3]. ZnO is naturally an n-type semiconductor 
because of the self-compensation from defects, such as the oxygen vacancy and the zinc interstitial [1]. Doping 
changes the electrical properties of ZnO films. For example, the conductivity of ZnO films have been improved 
using aluminum (Al) doping of the ZnO film. The Al doping generates a free electrons and results in increasing 
the electrical conductivity [4, 5]. Hydrogen doping in ZnO is also a likely source of the n-type conductivity. 
Hydrogen has many states in a ZnO such as located at the bond-centered or the antibonding, trapped at an 

oxygen vacancy or zinc vacancy, and occurs in the ZnO interstitial hydrogen molecule (H2) [6]. 

Many techniques have been used for the fabrication of ZnO thin fIlm, such as molecular beam epitaxy, pulsed 
laser deposition, chemical vapor deposition, magnetron sputtering [7-10]. AC magnetron sputering of the 
insulating (undoped) ZnO target and the DC reactive magnetron sputtering of metalic Zn target in the gas 
mixture of argon and oxygen are both techniques for deposition of intrinsic ZnO films. By variation of gas 
composition and substrate temperature we can influence the structures and optical properties of the deposited 
ZnO films [11-13]. In this article, we describe the DC reactive magnetron sputtering of metalic Zn target in the 
gas mixture of argon and oxygen and we show the effect of the post-deposition hydrogen treatment on the 
electrical resistivity and optical absorption.  

2. EXPERIMENTAL 

2.1. Reactive magnetron sputtering and plasma treatment 

ZnO films were deposited on fused silica substrates (10 × 10 mm2) by direct current (DC) reactive magnetron 
sputtering of metallic zinc target. Before placing into the deposition chamber, the substrates were sequentially 
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cleaned in ultrasonic baths of acetone and alcohol for 5 min, and rinsed in de-ionized water. Finally, they were 
blown dry with nitrogen and introduced into the chamber. The distance from the substrate to the target was 
75 mm. The sputtering chamber was evacuated to the base pressure of 1 mPa at a constant substrate 
temperature of 400°C. High purity argon (99.999 %) and oxygen (99.95 %) gases were introduced to a 
pressure of 1 Pa through the mass flow controller at flow rate of 2.0 and 0.5 sccm. The zinc target was first 
sputtered for 10 min to remove the target surface oxide layer followed by deposition performed with a direct 
current of 0.1 A for 10 and for 60 min.  

The post-deposition hydrogenation was performed in capacitively coupled plasma (CCP) reactor operating at 
room temperature at radio frequency (RF) of 13.56 MHz. Prior the hydrogen plasma treatment, the chamber 
was evacuated to a base pressure of 1 mPa and then filled with hydrogen to a working pressure of 70 Pa. The 
ion energy was controlled by the applied RF power. During plasma treatment, the density of RF power was 
kept about 0.01 W/cm2 for 10 min. 

2.2. Reflectance interferometry 

The thickness of thin films was estimated by optical reflectance interferometry in wavelength range of 400 ÷ 
1000 nm using metallographic optical microscope MTM409 equipped by 10 W halogen lamp as a light source 
and the BTC112E fiber coupled TE cooled 16 Bit CCD spectrometer. The reflectance was measured as a ratio 
of the signal reflected from the sample and the signal reflected from silver mirror. The thickness was fitted from 
the reflection spectra using the tabulated values of the index of refraction of ZnO and the commercial software 
FilmWizard. 

2.3. Electrical resistivity  

The Agilent 34410a digital multimeter and the 4-point method was employed to measure the electrical 
resistance of the ZnO films using and the van der Pauw contact configuration based on four 150 nm thick Al 
electrodes evaporated in each corner of the sample. The consecutive measurements were performed with the 
voltage source applied to two adjacent electrodes and the current being measured at the opposite side 
electrodes [14].  

2.4. Photothermal deflection spectroscopy 

The Photothermal Deflection Spectroscopy (PDS) measures directly the optical absorption of thin films in 

wavelength range of 250 ÷ 1600 nm with high sensitivity of four orders of magnitude. The heat absorbed in the 
sample generates the periodical thermal waves in the medium surrounding the sample causing the periodical 
deflection of the laser beam parallel to the sample surface. The optical absorptance is detected by the position 
detector monitoring the laser beam deflection. The optical absorption of thin film is evaluated as the ratio of 
the amplitudes of the deflection of the laser beam at the investigated sample and at the black sample. 

2.5. Scanning electron microscopy 

Scanning Electron Microscopy (SEM) (MAIA, TESCAN) was used for imaging the ZnO films. The images were 
taken at accelerating voltage of 10 keV using In-lens detector. The grain sizes were estimated from the images 
using ATLAS software. 
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3. RESULTS AND DISCUSSION 

 

Figure 1 SEM micrographs of as-grown (a, c) and H-plasma treated ZnO films (b, d) with thicknesses 
of 100 nm (a,b) and 600 nm (c, d)  

Figure 1 shows SEM images with the morphologies of the as-grown films as well as these that were after 
treated in hydrogen plasma. The measured area was 1 µm2. It is obvious that the thinner film (a, b) consists of 
smaller grains that the thicker one (c, d). The SEM micrographs indicates the smoothing effect of hydrogen 
plasma, however the significant plasma etching was not confirmed by the statistical analysis. The grain sizes 
of the ZnO films are presented in Table 1.  

Table 1 Grain sizes of the various ZnO film 

Sample Grain sizes (nm) 

 Min. value Max. value Mean value Std. deviation 

As-grown (100 nm) 35 123 73 25 

H-plasma (100 nm) 33 121 75 24 

As-grown (600 nm) 114 411 195 81 

H-plasma (600 nm) 36 292 141 66 
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The 4-point method in the van der Pauw contact configuration was employed to measure the electrical 
resistance of thin films. From the electrical resistance and thickness values we calculated the electrical 
resistivity of the ZnO films. The electrical resitivity is higher in thiner films indicating the free carriers mobility 
deterioratio by surface scattering. In both cases we have found that the electrical resistivity decreases by about 
4 orders of magnitude after 10min of hydrogen plasma treatment compared to as-grown ZnO films.  

Table 2 Resistivity of ZnO thin film with different thicknesses before and after H-plasma 

 As-grown (100 nm) H-plasma (100 nm) As-grown (600 nm) H-plasma (600 nm) 

Resistivity ρ (Ωcm) 122    2.45 x 10-2   55.7  7.07 x 10-3  

The optical absorption spectra of ZnO films are shown in Figure 2. The interference fringes are clearly 
distinguishable in thicker sample spectra. Both spectra reveal the direct optical absorption edge in the near 
infrared region at about 3.3 eV which is typical for ZnO. After hydrogen plasma treatment the optical absorption 
in the near infreared region below the photon energy 1.5 eV significantly increases, whereas the change of the 
optical absorption edge is negligible. This indicates the increase of the free carrier absorption. We reject the 
theory that the hydrogen increases electrical conductivity by reducing metallic Zn, because in such a case the 
increase of the optical absorption would be independent of the photon energy. These conclusions must be 
further confirmed by the Hall effect measurements. We should also notice, that the relative increase of the free 
carrier concentration is higher in thinner film, indicating that the hydrogen may not fully penetrate the thicker 
film.  
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Figure 2 Absorption spectra of as-grown (black) and hydrogen plasma treated (red) ZnO films with thickness 

of 100 (left) and 600 nm (right) 

4. CONCLUSION  

We deposited nominally undoped, highly resistive polycrystalline ZnO thin films using DC reactive magnetron 
sputtering of Zn target in the gas mixture of argon and oxygen plasma. The SEM images show that the crystal 
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size increases with the film thickness. We have studied the effect of hydrogen plasma treatment on the intrinsic 
ZnO thin films and we confirmed by 4-point resistivity measurements that the electrical conductivity increases 
by 4 orders of magnitude after hydrogen plasma treatment. Moreover, the increase of the infrared optical 
absorption, related to free carrier concentration, was detected by the photothermal deflection spectroscopy 
below the optical absorption edge. Therefore, we can conclude that the increase of the electrical conductivity 
is related to the increase of the free carrier concentration indicating the post-deposition hydrogen plasma 
doping. Our results must be further confirmed by the Hall effect measurements.   
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Abstract 

Doped zinc oxide colloids can exhibit photoluminescence. In printing industry, it is essential to prepare  
a feasible printing composition to gain a printable form of zinc oxide nanoparticles, which have good adhesion 
to the printing substrate. The study is focused on comparison of selected polymers (sodium carboxymethyl 
cellulose, polyvinylpyrrolidone, and 2-hydroxyethyl cellulose) used as binding agents and its influence on the 
colour and intensity of ZnO photoluminescence. Furthermore, optimal ratio of the binder: ZnO was studied. 
The spectral characteristics of zinc oxide layers in (or without) polymeric binders were analysed with UV-Vis 
spectrophotometry and fluorescence spectrophotometry. The homogeneity of deposited layers was 
characterised by image analysis using using ImageJ software. 

Keywords: Zinc oxide, binders, photoluminescence, layers, spectra 

1. INTRODUCTION 

Zinc oxide (ZnO) is a n-type, wide band gap semiconductor which crystalizes in hexagonal wurtzite structure 
[1, 2]. ZnO is a promising material for development of solar cells, luminescent materials, light emitting devices, 
gas sensors, transparent electrodes, wave-guides, surface acoustic wave, and acoustic-acoustic devices 
[2, 3]. Research papers describe described various approaches for synthesising ZnO nanoparticles [4-9]. The 
fluorescence spectra of ZnO can be tailored by doping and depends on the particle size as well [10].  

Copper doping of ZnO  can evoke interesting optical, electrical, and ferromagnetic properties [2]. When doping 
ZnO with Cu atoms, the Zn2+ ions are substituted with Cu2+ ions in the ZnO host structure. Cu doping is 
therefore modifying the photoluminescence by creation of localized impurity levels [11, 12]. Furthermore, 
copper increases the intensity of deep trap emission of bulk ZnO and also the intensity of band gap emission 
of bulk ZnO. 

In this study zinc acetate dihydrate was the starting compound for synthesis of Cu-doped ZnO. 
Monoethanolamine (MEA) accompanied with other solvents can be used to dissolve zinc acetate dehydrate 
[1, 13-16]. Alongside this, MEA is also used as stabilizer/capping agent which ensure highly oriented ZnO [13, 
14]. The colloid used in this paper is in MEA solvent only. Higher boiling point of MEA requires addition of 
binding agents for obtaining dry films after deposition. For this reason, the porous structure of uncoated paper 
is well suited for fabrication of fluorescent films.  

Indeed, we present application of fluorescent layers, where for ink composition, three types of binders, namely 
sodium carboxymethyl cellulose (CMC), polyvinylpyrrolidone (PVP), and 2-hydroxyethyl cellulose (2HEC) were 
used. Active fluorescent material, zinc oxide colloids doped with copper were added into the binder solutions 
and printed onto a Standard IGT Paper by screen printing technique. 

2. EXPERIMENTAL 

Materials and conditions. Laboratory-made zinc oxide doped with Cu (ZnO:Cu, 0.5 % of Cu) in 
monoethanolamine was synthesized from zinc acetate dihydrate ((CH3COO)2Zn.2H2O, 99.0 %), copper 
acetate tetrahydrate ((CH3COO)2Cu.4H2O, 98.0 %), and monoethanolamine (NH2CH2CH2OH, 99.0 %). 
Polymers used as binding agents were sodium carboxymethyl cellulose (Mw ~ 250,000), 2-hydroxyethyl 
cellulose (Mw ~ 250,000), polyvinylpyrrolidon (K 90, Mw ~ 350,000), all purchased from Sigma-Aldrich. 
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Compounds were used as received without further purification. Paper used for printing was Standard IGT 
Paper which does not contain any fluorescent additives. Temperature in the laboratory during synthesis and 
printing was maintained between 20-25 °C and the relative humidity under 40 %. 

Preparation of binder solutions. All polymers were supplied in powder form. The recommended 
concentration of binding solutions is around 10 mg/mL. All samples use distilled water as solvent. The zinc 
oxide is in form of solution which exploits MEA as solvent which hinders the possibility of creation of solid 
layers of ZnO. To ensure drying of the deposited layers, higher concentrations (50 mg/mL) of polymeric 
solutions were prepared. Thus, addition of smaller volume of binding solution was required which should not 
decrease the fluorescence of the sample in high extents due to decrease of ZnO concentration. 

All powders were prepared in the same concentration. A weighed sample was inserted into required volume, 
the sample was then shook on a shaking device for 5 minutes. After first shaking, the sample was put into 
microwave oven for 5 second intervals repeatedly for 5 times or more (depending on the will to dissolve). 
Finally, the sample was put on a shaking device for 30 minutes to obtain a clear solution. 

Introduction of ZnO into binder solutions. The ZnO colloid was introduced into the polymeric binders in 
1 : 1 volume ratio and stirred vigorously for one day. The stirring had to be done at room temperature, because 
heating of the sample caused precipitation and inhibition of fluorescence.  

Printing process. Printing of the prepared solutions was performed by screen printing (semi-automatic, 
Grafotechna, SP-B3) with a polyester mesh with mesh count 100 threads/cm. The gap between screen and 
substrate was 5 mm. Using smaller gaps, the substrate sticks on the screen due to high tack of the solution. 
The process of printing was performed by 2 passes of the squeegee without flooding before printing. For 
stronger emission, 5 layers were deposited onto the substrate. Layers were dried after each 2-pass print on a 
hot plate at 45 °C. 

Measurements and conditions used. UV-Vis spectrometry was performed on Specord 210 (Analytic Jena). 
Emission spectra (excitation at 365 nm, unless provided otherwise) were measured with 1 nm resolution and 
constant photomultiplier voltage using Luminescence Spectrometer (Aminco Bowman Series 2). Thickness of 
layers was performed with mechanical thickness gauge (Schröder, Germany, accuracy 1 µm). ImageJ 
software (1.46r, Wayne Rasband, National Institutes of Health, USA) was used to determine the homogeneity 
of the deposited layers with plot profile function and surface roughness calculation plugin (by Gary Chinga and 
Bob Dougherty). 

3. RESULTS AND DISCUSSION 

From ZnO:Cu colloid, ink compositions were prepared (Figure 1). During introduction, the solution turned white 
and after stirring a clear ink composition was obtained. The colour of the ink compositions has slightly changed 
which was able to observe visually. The appropriate ratio between the binder solution and ZnO:Cu in MEA 
depends on two factors: preservation of highest intensity of fluorescence and the ability of the deposited film 
to dry. The volume : volume ratio of 1 : 1 was sufficient for dry film formation on the substrate.  

The colloid and the binder solutions with ZnO:Cu content were analysed with UV-Vis spectrometry which 
shows the differences in absorbance spectra of the solutions as shown in Figure 2 together with comparison 
of change in spectral distribution of fluorescence.  Sample without polymeric binders shows one peak in the 
fluorescence spectra with a less pronounced shoulder on the right side. The peak with a shoulder is obvious 
for all samples with binders. Ink composition with PVP has the shoulder situated on the right side of the peak. 
On the other hand, ZnO:Cu in CMC and 2HEC binders show an inverse peak/shoulder distribution compared 
to that with PVP.  In case of CMC and 2HEC ink compositions, the position of the peak in PVP ink composition 
acts as a shoulder, and at the position of its shoulder a peak is evident. This could have an effect on the colour 
difference between the samples which could be registered already in visible light. The intensity of fluorescence 
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in all three samples is very close to each other. This applies also to the printed samples shown in Figure 3 but 
with a more obvious difference in case of 2HEC.  

 

Figure 1 Photographs of a) ZnO:Cu colloid and its ink compositions with binders b) CMC, c) PVP,  
and d) 2HEC 

 

Figure 2 a) UV-Vis spectra and b) fluorescence spectra of starting colloid ZnO:Cu and its ink compositions 
with polymeric binders 

First issue in printing of ZnO layers with binders was to find a proper method for depositing a solid layer without 
any bubbles caught in the layer. For this reason, the screen printing mesh must be positioned with a larger 
gap from the substrate. We have found that a 5 mm gap is sufficient. A flood stroke before printing was not 
used because the ink composition supposedly due its high cohesion formed a strong layer causing sticking of 
the substrate onto the mesh or formation of a foamy layer on the substrate. When using only one printing 
stroke, the layer contains air bubbles, which cannot escape from the layer. Therefore, two printing strokes 
were used. The first stroke was slow to force the highly viscous ink composition through the mesh and the 
second stroke was quick, used to improve the quality of the deposited layer. This 2-pass method was 
necessary to obtain a homogenous layer on the substrate. 

After depositing a layer, the substrate was heated to 45 °C on a preheated plate. To maintain the same 
conditions for all deposited layers, the samples were dried after each deposition. Higher temperatures above 
45 °C cause change of colour of the layers to brown tints, making the layers non-fluorescing or changing the 
fluorescence. The last deposited layer required longer period of drying, therefore all samples were dried 
overnight on the preheated plate. The final thicknesses of the printed layers are shown in Table 1. Standard 
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deviation of the paper thickness can be responsible for the differences of the layer thicknesses. Thickness of 
samples with CMC and PVP binders have similar thicknesses, the thickness of sample with 2HEC binder is 
lower by 2 µm which could contribute to the lower intensity of fluorescence.  

Table 1 Thickness of substrate and thickness of 5 layers deposited on the substrate after drying 

 Paper ZnO:Cu (CMC) ZnO:Cu (PVP) ZnO:Cu (2HEC) 

Thickness (µm) 142.4 ± 0.8 17.2 ± 0.8 17.4 ± 1.0 15 ± 0.8 

The photographs of fluorescent films under UV-light lamp (365 nm) are shown in Figure 3. For estimation of 
the homogeneity a profile plot was used where the whole printed pattern is averaged. Surface roughness 
characterisation of the samples is shown in Table 2. Highest homogeneity and intensity of fluorescence can 
be observed in the case of CMC as binder. PVP causes an inhomogeneous film due to formation of clusters 
on the paper substrate. This effect was evident already during print, when the printed pattern could not be 
printed as a solid homogenous layer. 
 

 

Figure 3 Printed samples of ZnO:Cu in a) CMC, b) PVP, and c) 2HEC binder with averaged profile plots of 
the samples as representation of the homogeneity of deposited films 

Furthermore, on the edges of the printed layers, it can be seen that except the case of CMC binder, the edges 
are blurred which could mean that the solvent (water or MEA) penetrated into the structure of the paper and 
causes the bleeding effect. The sharpest edges of the print can be observed when CMC was used, then PVP, 
and the blurriest edges were found when 2HEC was used.  

Table 2 Surface roughness evaluation of solid surfaces of samples in Figure 3. Rq: Root mean square  
deviation, Ra: Arithmetical mean deviation, Rku: Kurtosis of the assessed profile, Rsk: Skewness of 
the assessed profile, Rv: Lowest valley (given by the min measurements), Rp: Highest peak (given 
by the max measurements), Rt: The total height of the profile. 

Sample Rq (a.u.) Ra (a.u.) Rsk (a.u.) Rku (a.u.) 
Highest 

Peak (a.u.) 

Lowest 
Valley 
(a.u.) 

Total 
height 
(a.u.) 

ZnO:Cu (CMC) 77.3 77.4 1.0 1.0 112.3 48.7 161.0 

ZnO:Cu (PVP) 77.9 77.7 1.0 1.0 118.7 51.7 170.3 

ZnO:Cu (2HEC) 65.2 64.9 1.0 1.0 112.3 39.0 151.3 

According to the surface roughness estimation by ImageJ software, the least rough surface belongs to the 
layer using 2HEC as binder. This is not in compliance with the profile plot measurement. The reason for this 
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difference could be the lower intensity of fluorescence which could be caused by lower thickness of the film as 
mentioned above.  

 

 

Figure 4 Fluorescence spectra of ZnO:Cu in a) CMC, b) PVP, and c) 2HEC polymeric binders after 
deposition on Standard IGT paper 

The fluorescence of the layers is gaining in intensity differently with each binder. CMC and PVP seem to reach 
a similar intensity of fluorescence. In case of CMC, gain in intensity of the last deposited layer is much higher 
than in other cases. Cause of this behaviour will be studied in future research. PVP has a more uniform growth 
in intensity. In case of 2HEC, it is obvious that the increase of fluorescence after three layers is only in small 
extent. Thus, more layers are not necessary, because they do not contribute to increase the intensity of 
fluorescence. These spectra in comparison with those of solutions show similar distributions of intensities. In 
all cases, the peak is situated at 438 nm. In case of PVP, in the ink composition and up to the second layer, 
the peak is situated at approx. 414 nm and then changes into a shoulder and the peak at 438 nm becomes 
dominant.  

4. CONCLUSION 

We have successfully created printable ink compositions of ZnO:Cu in MEA with three binders, namely sodium 
carboxymethyl cellulose, polyvinylpyrrolidone, and 2-hydroxyethyl cellulose which were deposited onto 
Standard IGT paper by screen printing. The best homogeneity of the deposited layers was obtained with CMC, 
with the overall highest intensity of fluorescence. 2HEC also shows good homogeneity and low roughness of 
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layers estimated by image analysis. The roughness with CMC and PVP is similar, but the PVP shows poor 
homogeneity which is caused by formation of clusters in the printed layers.  
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Abstract 

Analysis of the nanoscale phases which appear on the surface Fe-6Si samples were carried out after the 
various treatments - grinding and etching, annealing, and water jet abrasion. The basic information on 
structure, chemical and phase composition was obtained by X-Ray Powder Diffraction (XRD), Scanning 
Electron Microscopy with EDX, Glow Discharge Optical Emission Spectrometry (GDOES), Mössbauer 
Spectroscopy and X-ray Photoelectron Spectrometry (XPS). The results show high stability of the surface 
phase composition after the mechanical and heat treatments. Results obtained from the surface analysis in 
micrometer depth (XRD, EDX, GDOES) do not show any changes after the different treatments. Iron oxides 
were detected in XPS and conversion electron Mössbauer spectra (CEMS) which analyze the surface 
composition in a nanometer scale. In addition to, fine changes in atomic ordering on the surface can be 
observed after mechanical and heat treatments in the CEMS spectra. 

Keywords: Fe-Si alloy, surface modification, nanostructure 

1. INTRODUCTION  

Silicon steel is widely used in electrical industry as soft magnetic materials in several applications like core 
transformers, engines, motors, etc. The increasing content of Si improves magnetic properties, but on the other 
hand is also reason of poor workability of these materials [1]. Consequently, many different methods of 
preparation have been developed e.g., a special thermochemical routing [2], hot dipping process followed by 
diffusion annealing [3], chemical vapor deposition [4] or mechanical alloying [5, 6].  

Our samples were prepared as conventional preparing method (polishing, etching, annealing) so unorthodox 
method by pulsating water jet, where materials is disturb by individual drops of water with high kinetic energy 
[7, 8]. The aim of this work was to investigate changes in surfaces of the samples of Fe-Si alloy (6 wt% of Si) 
after different treatments.  

2. EXPERIMENTAL DETAILS  

2.1. Materials  

The samples 10 x 10 x 3 mm2 and 30 x 30 x 3 mm2 were cut from sheet of hot-rolled Fe-Si alloy [9] using spark 
erosion. Surface of all samples were ground on SiC paper to 2500 grid and polish by colloidal silica. Sample 
No. 1 was etched in 2% Nital. Sample No. 2 was annealed at vacuum (10-3 Pa) at 700°C for 70 hours. The 
surface of the sample No. 3 was prepared by high-speed water jet with the water jet type Hammelmann flat 
(nozzle diameter 2 mm and spraying angle 10°), the pulse rate 20.4 kHz, and working pressure 40 MPa. The 
stand off distance was 55 mm, traverse speed 2 mm/s, and with 10 transitions.  
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2.2. Methods   

The surfaces of the samples were investigated by optical microscope (Neophot 32 by Carl Zeiss Jena) and 
scanning electron microscope Tescan LYRA 3 XMU FEG/SEMxFIB equipped with X-Max80 EDS detector for 
X-ray microanalysis and EBSD detector Nordlys by Oxford Instruments with Aztec control system. 

The X-ray powder patterns were collected on X’Pert diffractometer and CoKα radiation with qualitative analysis 
by HighScore® software and the JCPDS PDF-4 database. For a quantitative analysis HighScore plus® with 
Rietveld structural models based on the ICSD database was applied.   

Depth profiling analysis were done by method Glow discharge optical emission spectrometry (GDOES) using 
GD-Profiler 2 instrument with the Quantum™ XP software (Horiba Jobin Yvon, France) operating in radio 
frequency at 13.56MHz.  

57Fe Mössbauer spectroscopy was carried out in scattering geometry with detection of 14.4 keV gamma 
radiation (MS) and conversion electrons (CEMS). The spectra were measured at room temperature and 
calibrated against α-Fe. The computer processing of the spectra was done using CONFIT program package 
[10].  

X-ray Photoelectron Spectroscopy (XPS) measurements were performed using monochromatic and non-
monochromatic X-ray sources Al K-alpha. CasaXPS software was used for spectra processing and evaluation. 
Peak components fitting was performed using symmetric Gaussian (70%)-Lorentzian(30%) peaks and Shirley 
background.  

3. RESULTS AND DISCUSION  

Chemical composition primary material was determined as 93.8 wt% Fe and 6.1 wt % Si by SEM/EDX 
observation. Small amounts of Al, Mn, and S were detected by GDOES and EDX analyses. They affected 
surface of the sample No. 2 annealed in vacuum. These impurities originated from the production of the original 
material sheet. Their detection was mentioned already in [9]. 

XRD analysis of the sample No. 2 show only α-Fe phase and small amount MnS, α-Fe only was observed in 
the samples No.1 and 3.  

  

Figure 1 Depth profiles made by GDOES for sample No.1 (left) and No. 2 (right) 
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An increasing in the contents of Mn, Al, and S in the surface layer of the sample No. 2 were also noted during 
GDOES profile analysis (Figure 1). The detailed EDX analysis confirms presence of Al and Mn in sample 
No. 2. The concentrations of the elements differ at different places but the places with the same structure have 
also very similar chemical composition.  

Sample No. 2 and 3 were investigated by X-ray Photoelectron Spectroscopy (XPS). Sample No. 2 was 
degassed at 333°C for 10 min before analysis. This sample was inspecting with photoelectron microscope and 
two points on the sample were selected for measurements - labeled as “centre” and “clean grain”. The surface 
of the sample No. 3 was cleaned by Ar+ at room temperature.  

The comparison of the spectra for two different places on the sample No. 2 is shown in Figure 2. The peaks 
of iron, oxygen, carbon, aluminium, silicon, manganese, nitrogen, sulfur and boron were detected there. 

According to the peak position of ionic states of Fe shows to the presence of species Fe0 and Fe3+. The peak 
Fe at position 707.5eV is connected with Fe metal states. The Fe 2p3/2 and Fe 2p1/2 photoelectron peaks are 
observed around 710.9 and 724.24eV, which correspond to peaks for Fe 3+ [12, 13]. 

The O1s peak is move to higher binding energy (533 eV) that shows to presence metal oxide that was identified 
as Fe2O3, SiO2, B2O3 and Al2O3 according to position Si2p, B1s and Al2p peaks [14]. 

The Mn2p spectrum can be probably evaluated as MnS spectra, but XPS results for MnS are mentions rarely 
in literature [15]. This explanation has been supported by position of S2p peak at 161.9eV, which can be 
interpreted as sulfide. 

The spectrum for the sample No. 3 has a lower quality in comparison with spectra for sample No. 2. Only peak 
for iron, oxygen, carbon and silicon were observed. The Fe 2p has maximum around 711.2eV and together 
with Fe3p correspond with Fe2O3. The Si2s peak has maximum around 153 eV and probably not correspond 
with oxide but could be identify as Fe2SiO4 (153 eV) by NIST database [14]. 

Basic information on surface phase composition (200nm in depth) was obtained from Mössbauer spectra taken 
by detection of conversion electrons (CEMS). Examples are shown in Figure 3. The thicker surface layer was 
investigated by Mössbauer spectra taken in scattering geometry with detection of 14.4 keV gamma rays 

 

 

Figure 2 XPS spectra for two different place of the surface layer sample No. 2 (left). SEM image with two 
different structures observed on sample No. 2 (right). 
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(MSBS) which scans a layer approximately 30 micrometer in depth. Comparison of the CEMS and MSBS 
spectra taken on the sample after the annealing at 700°C for 70 hrs in air is shown in Figure 4. Surface 
oxidation accompanied by formation of hematite with increasing its amount in the direction to free surface can 
be observed there. 

From the data yielded from the CEMS spectra (Table 1) we can analyze the changes in the surface layer after 
annealing or abrasion by water jet. Following components of the spectra were obtained by the fitting procedure: 
(i) sextets representing bcc phase of Fe-Si and (ii) doublets representing iron ions in SiO2 and fayalite 

The components are characterized by their intensities (in atomic fraction of Fe) and hyperfine parameters - 
isomer shift (IS), quadrupole splitting/shift (QS) and hyperfine induction Bhf [16]. The phase analysis show that 
very low amount of the Fe3+in SiO2 (represented by doublet with IS=0.39±0.02 mm/s) is present in the original 
and annealed sample surfaces. After abrasion by water jet its amount increases approximately two times and 
small amount (~0.01 a.f.) of fayalite appeared, which is represented by the doublet with IS=0.7±0.1 mm/s and  
QS=2.7±0.2 mm/s.  

Distribution of the sextet intensities and the mean hyperfine induction <Bhf > reflects amount and atomic 
ordering of Si atoms in the bcc α-FeSi phase. It shows fine changes due to treatments of the samples. In 
comparison with random solid solution model we can estimate that a fine decrease in Si content in the surfaces 
occurs due to the annealing at 700°C for 70 hrs in vacuum and after the abrasion by water jet.  

The ratio of the of the second to the first line intensities (areas) in sextets (R 2/1) refers to the mutual 
orientations of propagating gamma rays and orientations of magnetic moments [16]. The annealing at 700°C 
for 70 hrs in vacuum induced orientation of closing domains more parallel with surface. The abrasion by water 
jet causes a randomizing of orientation of magnetic moments at surface which can be caused by two factors - 
by the induced mechanical stresses and by the increase in the amount of oxide phases. 

  

Figure 3 CEMS spectra of the sample No. 1 with 
polished and etched surface (above) and the 

sample No.3 after abrasion by water jet 

Figure 4 Comparison of the CEMS and MSBS 
spectra of the sample No. 2 after the annealing at 

700°C for 70 hrs in air 
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Table 1 The results of the analyses of CEMS spectra (c = content fo the component in atomic fraction a.f.,  
             R2/1 = ration of the second to first line areas in sextets, IS = isomer shift relative to pure α-Fe, QS = 
             quadrupole splitting/shift, Bhf = hyperfine induction, <Bhf > = mean hyperfine induction) 

Spectrum c R 2/1 IS [mm/s] QS Bhf <Bhf > 

 Ssample No.1: polished and etched surface  

S 1 0.32 1.12 -0.007 0.01 33.09  

S 2 0.39 1.12 0.023 0.03 30.67  

S 3 0.20 1.12 0.061 0.00 27.76  

S 4 0.07 1.12 0.106 0.24 23.45  

∑ (S1;S4)   0.98                             30.38 

D 1 0.02  0.268 1.11           

 Sample No. 2: polished, etched, and annealed at 700°C for 70 hrs in vacuum (10-3 Pa) 

S 1 0.32 1.21 0.030 -0.01 33.21  

S 2 0.39 1.21 0.049 0.03 30.92  

S 3 0.20 1.21 0.108 0.02 27.80  

S 4 0.05 1.21 0.173 0.01 23.63  

∑ (S1;S4)    0.96                            30.63 

D 1 0.04  0.387 0.92   

Sample No. 3: polished, etched surface + abrasion by water jet 

S 1 0.31 0.74 0.024 -0.01 33.16  

S 2 0.38 0.74 0.059 0.01 30.62  

S 3 0.16 0.74 0.111 0.02 27.53  

S 4 0.04 0.74 0.165 -0.03 23.62  

∑ (S1;S4)   0.89                             30.62 

D 1 0.01  0.672 2.70           

D 2 0.10  0.380 0.77           

∑ (D1;D2)  0.11                                      

4. CONCLUSION 

The experimental results show differences in chemical, phase, and structure (atomic ordering) in the 
nanometer depth of the sample surfaces. After the grinding and etching a low amount of the Fe3+ in SiO2 was 
observed. After the annealing at 700°C for 70 hrs in vacuum presence of Mn, Al, and S based impurities (MnS, 
Al2O3) together with Fe2O3, SiO2 was detected. An important increase in the concentration of Fe3+ in SiO2 and 
small amount of fayalite was register on the surface treated by the water jet abrasion.   
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Abstract 

Titanium and its alloys attract much attention due to their low specific weight, good corrosion resistance, high 
toughness, high yield strength and efficient biocompatibility. However, these materials have poor wear 
resistance, high friction and low hardness. Therefore, the surface properties often need to be modified. In the 
present work, nitrogen ion implantation was used to modify the titanium surface. Nitrogen doped layer 
integrated into the surface of titanium were investigated by several methods aimed primarily at determination 
of chemical composition, surface microstructure, surface mechanical properties and coefficient of friction. The 
present study includes results of Secondary Ion Mass Spectrometry, X-ray diffraction and nanoindentation. 

Keywords: Nitrogen doping, Ion implantation, Titanium, Microstructure, Properties 

1. INTRODUCTION 

This paper deals with characterization, mechanical properties and sliding behavior of nitrogen doped titanium. 
Titanium and its alloys are widely used in aviation, in automotive and in biomedical applications  
[1-3]. However, a serious disadvantage of titanium materials is their poor performance in sliding and hardness. 
Nitrogen doping may be a useful technique for modifying the surface of titanium. Reactive nitrogen atoms 
introduced into a titanium matrix can produce metastable, amorphous and crystalline phases, solid solutions 
and crystal lattice defects in the surface area [4]. Conventional nitridation improves the hardness, the wear 
resistance and the corrosion resistance, but the material properties are significantly affected by the 
temperature, time and pressure. In addition, conventional nitridation is carried out at high temperature for a 
long period of time, which causes the microstructure of the bulk material to degenerate. Nitrogen ion 
implantation has several merits in comparison with conventional nitridation, e.g., (1) it is a low-temperature 
process, and (2) the process parameters can be precisely controlled. It has been reported that ion implantation 
of nitrogen into titanium materials led to reduced wear during a sliding test against UHMWPE [5]. High wear 
resistance was achieved by a combination of the high hardness of the implanted area and the low friction oxide 
on the surface. Budzynski [6] and others [7 - 9] have investigated the influence of nitrogen ion implantation at 
energies up to 200 keV and at fluences from 1•1016 cm-2 up to 1•1018 cm-2 on the surface properties of titanium 
alloy. They concluded that implanted nitrogen increased the hardness and the wear resistance at higher 
fluences, resulting in the formation of a surface layer composed of hard TiNx phases. Liu et al. [10] have 
showed that nitrogen ion implantation in Ti-6Al-4V stabilizes the a-Ti phase and forms compounds of varying 
composition and stoichiometry. Firouzi-Arani et al. [11] investigated the TiNx substoichiometric nitride formation 
in titanium during nitrogen implantation, as a function of the substrate temperature. The results showed the 
development of TiN with different compositions in the modified samples.  

In this work we present the improvement of tribo-mechanical properties of titanium modified by nitrogen ion 
implantation. The friction coefficient was measured by pin-on-disc tribometer. Hardness was investigated by 
naniondentation, phase composition by X-ray diffraction (XRD) and chemical composition by Secondary Ion 
Mass Spectrometry (SIMS). 

2. EXPERIMENTAL PART 

The substrates were made of commercially pure titanium in the form of a cylinder 14 mm in diameter and 3 
mm in height. The cylinders were ground on one side with a series of waterproof abrasive papers and polished 
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with diamond paste. The samples were ultrasonically cleaned in isopropyl alcohol before the implantation 
process. 

Nitrogen ion implantation was carried out at a room temperature. The ion beam had a normal incidence angle. 
The samples were implanted with nitrogen ions at fluences of 4·1017 and 6·1017 cm-2 and energy of 90 keV. 
The ion current density was about 1µA cm-2 and the work pressure was about 5·10-5 mbar. 

The chemical composition was measured by means of secondary ion mass spectrometry (SIMS).  
A quadrupole SIMS Atomik 3000 was used. O2 primary ion beam at energy of 12 keV and ion current of 500 
μA had 100 nm in diameter. 500 x 500 μm area was analyzed (Figure 1). 

Phase composition was investigated by means of Xray diffraction method (XRD). Cobalt radiation with 
wavelength 0.1789 nm and Geometry with the parallel beam with an incident angle of 0.5° were used. 

Surface hardness was investigated by nanoindentation. The partial unload function was used for the 
measurement of the depth profile of the surface hardness. Maximum indentation load was 5000 ́ N. 12 indents 
in a matrix 3×4 were performed. Coefficient of friction, was investigated on pin on disc tribometer with 100Cr6 
steel ball with diameter 6 mm. The normal load was 2 N, the radius of rotation was 4 mm, and the velocity was 
6 cm⋅s-1.  

3. RESULTS AND DISCUSSION 

Figure 1 shows the typical SIMS spectra of the nitrogen and carbon in the modified area of the titanium sample 
implanted with nitrogen ions wit fluence of 4·1017 cm-2. The thickness of the modified surface area corresponds 
to the maximum ion range (approximately 200 nm). Increased concentration of carbon at the surface is 
observed. This may be due to surface contamination by the atmosphere in vacuum chamber. The nitrogen ion 
implantation causes penetration of nitrogen into the titanium substrate. The TiN phase was formed during ion 
implantation in the enriched surface region, as show the results of XRD analysis. 

 

Figure 1 SIMS spectra for implanted titanium sample with fluence of 4·1017 cm-2 (left) and depth profile of 
the crater after the SIMS measurement (right) 

Phase composition was investigated by means of Xray diffraction (XRD). TiN phase was identified in the 
implanted surface area. Chemical composition analysis and phase analysis show that in the modified surface 
area is created thin nitrogen enriched nanolayer, with phase of titanium nitride. 

The dependence of indentation hardness on contact depth (hardness profile) obtained for samples implanted 
with nitrogen ions is represented in Figure 2. Maximum measured indentation hardness of modified samples 
was higher than 21 GPa. It was four times bigger value than that measured for unmodified substrate. The 
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hardness values at depths below 14 nm were excluded from graphs at the Figure 2. The results at this region 
are influenced by the error originating from standard calibration of tip area function on fused quartz [4]. 

 

Figure 2 Indentation Hardness HIT vs. Contact Depth obtained for implanted samples and reference sample. 
Ion energy: 90 keV; fluences of nitrogen atoms: A - 4x1017 cm-2, B - 6x1017 cm-2, REF - referential sample 

(without implantation) 

 

 

 

Figure 3 Coefficient of friction versus the number of cycles for implanted samples with fluences  
of 4·1017 cm-2 (A) and 6·1017 cm-2 (B) and for the unmodified substrate (C) 

Figure 3 shows the course of the coefficient of friction for the implanted samples and for unmodified substrate 
as a function of the number of cycles. The friction curves can be divided in two parts. The first part represents 
the low-friction regime, while the second part represents the increased friction regime. The friction coefficient 
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in the low-friction part is very low, having a value of about 0.1 (Figure 3a, b). After a certain number of cycles 
there was observed an increase of the coefficient of friction to value approximately 0.26 in all implanted 
samples. The part with increased friction explains damage of the surface nanolayer. The unmodified substrate 
has a coefficient of friction approximately 0.6. This means a two times greater decrease in the friction coefficient 
of modified samples in comparison with the unmodified substrate. 

4. CONCLUSION 

Nitrogen doped layer integrated into the surface of titanium was prepared by ion implantation. TiN compound 
was detected in the nitrogen enriched layer. Maximum measured indentation hardness of modified samples 
was higher than 21 GPa. The sliding tests showed a twofold reduction in the coefficient of friction of modified 
samples in comparison with the unmodified substrate. 
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Abstract  

AIII nitrides are crucial materials for current micro- and opto-electronic devices. We present a the simple and 
scalable synthesis of AIII nitrides including gallium nitride and indium nitride nanoparticles by rapid thermal 
decomposition of complex gallium fluoride precursors in ammonia atmosphere. The obtained nanoparticles 
exhibit disc like morphology and are obtained by precursor decomposition within several minutes at high 
temperatures. The obtained nanoparticles were characterized by SEM, XRD and Raman spectroscopy. The 
structural characterization shows the presence of defects like nitrogen vacancies within nitride nanoparticles. 
The magnetic measurements show a paramagnetic behaviour induced by defects. Nanocrystalline GaN was 
used for preparation of gallium nitride ceramics which was characterized in detail by X-ray diffraction, SEM 
and TEM microscopy as well as transport measurement.  

Keywords: AIII Nitrides, Nanoparticles, Ammonolysis, Gallium nitride 

1. INTRODUCTION 

The nitrides of AIII group are ones of the most important materials for the construction of modern optoelectronic 
and microelectronic devices1. The large variability of band-gap ranging from 0.7 eV for InN up to 6.2 eV for 
AlN and the possibility of solid solution synthesis gives an opportunity for construction of light emitting and 
detecting devices covering a broad range of wavelengths from NIR up to UV-Vis region2. These materials were 
in the forefront of material research due to their unique optical and electronic properties due to its broad 
application potential. AIII nitrides are crucial for modern optoelectronic devices like light emitting diodes, laser 
diodes and also high power transistors3. Due to their low sensitivity towards ionizing radiation and tunable 
band-gap these materials have a unique potential for application in solar cell. Also other application of AIII 
nitrides like photocatalytic water splitting were reported4. The AIII nitride based materials are typically prepared 
by chemical vapor deposition methods in the form of epitaxial layers using MOVPE and MBE methods5. These 
complex methods are crucial for preparation of epitaxial layers and its heterostructures for device construction. 
The synthesis of AIII nitride nanoparticles has been reported in literature using various approaches including 
hydrothermal synthesis, organometallic precursor decomposition and gas phase reactions of gallium with 
ammonia6-8. The synthesis of nitrides from ammonium hexafluorides of gallium and indium were historically 
used and described in literature, however, long term annealing produces large particles. The rapid thermal 
annealing in ammonia atmosphere allowed minimization of particle growth and produced a nanostructured 
material consisting of disc like shaped nanoparticles.  

In this work we report synthesis of GaN and InN nanoparticles by rapid thermal annealing and preparation of 
nanostructured GaN ceramics by SPS method from GaN nanoparticles. The synthesized materials and 
ceramics were characterized in detail by various microscopic methods including SEM and TEM. The structure 
and composition was characterized by X-ray diffraction and Raman spectroscopy. The detailed electrical and 
thermal transport analysis was performed for GaN ceramics.  
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2. EXPERIMETAL 

2.1. Materials 

Gallium oxide (99.999%) and indium oxide (99.999%) were obtained from Sigma-Aldrich, Czech Republic. 
Hydrofluoric acid (48%) and ammonium fluoride (99%) were delivered by Lach-ner, Czech Republic. Nitrogen 
(99.9999%), ammonia (99.9995%) and argon (99.999%) were obtained from SIAD, Czech Republic. 

2.2. Procedures 

The precursors for nanoparticle synthesis, ammonium hexafluorogallate and ammonium hexafluoroindate, 
was prepared from high purity gallium oxide and indium oxide, respectively. Firstly 10 g of oxide were dissolved 
in 50 % hydrofluoric acid (50 mL). Subsequently a three times higher amount of ammonium fluoride with 
respect to stoichiometry was added in the form of saturated aqueous solution. The resulting white suspension 
was heated in steam bath for two hours and subsequently the precursor was filtered out. The drying was 
performed in vacuum oven at 70 °C for 48 hours. The entire precursor synthesis was performed in Teflon 
labware. 

The GaN and InN nanoparticles were synthesized in a horizontal quartz reactor equipped with resistive heating 
furnace and magnetic manipulator with a sample holder. This configuration allowed us to establish an 
extremely high temperature gradient without disturbing the high purity atmosphere in the reactor. The 
thermocouple for the process temperature control was positioned in the middle of the quartz reactor, 
simultaneously monitoring the reaction temperature. The synthesis was performed in a dynamic nitrogen - 
ammonia atmosphere (equimolar ratio, total gas flow 600 sccm) in the temperature range from 500 °C to 
650  °C for InN and 500 °C to 800 °C for GaN. The precursor was inserted in the hot zone of the furnace for 
time intervals ranging from 150 s to 60 minutes. 

2.3. Characterization 

Morphology of nanoparticles was investigated using scanning electron microscopy (SEM) with a FEG electron 
source (Tescan Lyra dual beam microscope). Elemental composition determination and mapping were 
performed using an energy dispersive spectroscopy (EDS) analyzer (X-MaxN) with a 20 mm2 SDD detector 
(Oxford instruments) and AZtecEnergy software. To conduct the measurements, samples were placed on a 
carbon conductive tape. SEM and SEM-EDS measurements were carried out using a 10 kV electron beam. 
Transmission electron microscopy (TEM) was conducted on a Philips CM120 transmission electron 
microscope with a LaB6 cathode operating at 120 kV. The microscope is equipped with a CCD Camera 
Olympus SIS Veleta with 14 bit dynamical range and with an EDAX SSD detector Apollo XLTW for EDS 
analysis. An inVia Raman microscope (Renishaw, England) was used for Raman and photoluminescence 
spectroscopy in a backscattering geometry with an ultra-low noise CCD detector. A DPSS laser (532 nm, 50 
mW) and He-Cd laser (325 nm, 22 mW) with a 50x magnification VIS-NIR and 40x magnification UV optimized 
objective, respectively, were used for the measurements. The instrument was calibrated using a silicon 
reference which provided the typical peak position at 520 cm−1 and a resolution of less than 1 cm−1. To ensure 
a sufficiently strong signal and to avoid radiation damage of the samples, laser power output used for these 
measurements ranged from 0.1 to 10 mW. Thermal stability was analyzed by simultaneous thermal analysis 
(STA). DTA and TG curves were recorded simultaneously on a Linseis STA PT1600 apparatus at a heating 
rate of 10 °C.min-1 from ambient temperature to 1000 °C in dynamic argon and synthetic air atmospheres (50 
cm3.min-1). X-ray powder diffraction data were collected at room temperature with a Bruker D8 Discoverer 
powder diffractometer with parafocusing Bragg-Brentano geometry using a CuKα radiation (λ = 1.5418 Å, U = 
40 kV, I = 40 mA). The diffraction patters were acquired over the angular range 5-80° (2θ). 
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3. RESULTS AND DISCUSSION 

3.1. Gallium nitride nanoparticles 

The morphology of gallium nitride nanoparticles was observed by SEM which revealed a platelet character 
with a twinning of crystals. The results show extremely rapid formation of GaN at elevated temperatures. The 
nanoplatelets have a hexagonal profile with a thickness below 100 nm. The crystal morphology is strongly 
dependent on the synthesis temperature and for lower temperatures a skeletal habitus of nanoplatelets is often 
observed. On the other hand, well developed crystals of high purity are formed at 800 °C. The resulting purity 
is discussed in the following paragraphs. The morphology of GaN nanoparticles is shown in Figure 1. 

 

Figure 1 The morphology of GaN nanoparticles synthesized at 600 °C for 150 s (A), at 700 °C for 150 s (B) 
and at 800 °C for 150 s 

The X-ray diffraction was used to probe of the phase purity of the synthesized materials and a possible 
presence of unreacted precursors or reaction intermediates. The results show a successful synthesis of GaN 
by rapid thermal annealing of ammonium hexafluorogallate at 800 °C in 150 second. For the lower 
temperatures the presence of reaction intermediate, gallium fluoride, was observed. Especially the significant 
amount of GaF3 was observed at 600 °C. No significant differences in the nanoparticles structure and no 
indication of decomposition (e.g. To metallic Ga) were observed for longer annealing times at 800 °C. The 
results of X-ray diffraction are shown on Figure 2a. However, despite no significant differences observed by 
by X-ray diffraction the photoluminescence and Raman spectroscopy show a notable suppression of defect 
concentration. The GaN nanoplatelets synthesized at 800 °C for 150 s shows only very week luminescence 
around 380 nm in comparison with the sample synthesized for 20 minutes. This suggests a substantial 
improvement of the crystallininty and reduction of defect and dislocation concentration. The 
photoluminescence maxima correspond to the 3.26 eV which is significantly lower in comparison with epitaxial 
GaN layers (3.44 eV). This originates from the presence of impurities and defects which strongly influencing 
the band-gap structure due to the formation of shallow levels. This is also supported by a large broadening of 
the observed photoluminescence peak. The results of photoluminescence measurements are shown on 
Figure 2b. Raman spectroscopy is also highly sensitive towards the defects and impurities present in the 
structure. The Raman spectra are dominated by a vibration band at 555 cm-1 originating from E2(high) and 
E1(TO) phonon modes. The shift towards lower wavenumbers compared to single crystal materials originates 
from defects in the structure. In addition, vibration modes at 250 cm-1, 300 cm-1, 410 cm 1 and 706 cm-1 are 
observed. The vibration modes observed at 250 cm-1, 300 cm-1 and 410 cm-1 originate from the defects like 
nitrogen and gallium vacancies within GaN nanoplatelets. The vibration band at 706 cm-1 is formed by a 
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superposition of defects related vibration band with A1(LO) phonon mode of GaN. The Raman spectra of 
samples synthesized at 800 °C for 150 second and 20 minutes are compared on Figure 2c. The presence of 
vacancies was further proved by measurements of magnetization curves at room temperature and at 4.5 K. At 
room temperature only pure diamagnetic behavior is observed, however at helium temperatures is observed 
paramagnetic component with a magnetization of 15.5 emu.mol-1 was identified. The observed paramagnetic 
behaviour results from high concentration of defects like nitrogen vacancies whose presence was also proofed 
by Raman spectroscopy. The magnetization curves of GaN nanoparticles synthesized at 800 °C for 20 minutes 
are shown on Figure 2d. 

  

Figure 2 The X-ray diffraction pattern of GaN nanoparticles synthesized at various temperatures and 
synthesis time (A), micro-photoluminescence spectra of GaN nanoparticles synthesized at 800 °C (B) and its 

Raman spectra (C) and magnetization curves of GaN nanoparticles synthesized at 800 °C for 20 minutes 

3.2. Indium nitride nanoparticles 

Indium nitride nanoparticles exhibit platelet morphology with hexagonal shape similar to gallium nitride. 
However, as clearly seen from the SEM images shown in Figure 3, a more defected structure is observed. 
The individual platelet particles undergo agglomeration, especially for longer synthesis time. The skeletal 
growth of nanodiscs is observed due to the etching of InN by reaction byproduct, hydrofluoric acid. This is 
clearly visible for particles synthesized longer time periods.  
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Figure 3 The morphology of InN nanoparticles synthesized at 600 °C for 30 minutes (A) and 60 minutes (B) 

The morphology of InN nanoparticles was further investigated by transmission electron microscopy (see 
Figure 4). All observed nanoparticles exhibit wurtzite structure (P63/mmc symmetry) which was proved by 
selective area electron diffraction from individual nanoparticles. Visible dark lines inside the nanoparticles 
indicate the presence of dislocations whose presence was further documented by Raman spectroscopy. Also 
the surface etching observed by SEM microscopy on nanoparticles synthesized for 60 minutes is clearly visible 
(Figure 4c). The elemental purity was checked by EDS showing the presence of indium together with nitrogen 
as well as contaminating elements like oxygen and carbon originating from TEM grid.  

 

Figure 4 The TEM images of InN nanoparticles synthesized at 600 °C for 60 minutes (A) with corresponding 
diffraction image (B) and visible surface etching of nanoparticles (C). The InN nanoparticles synthesized for 

30 minutes (D) with corresponding SAED image (E) and agglomerate of individual nanoparticles (F) 
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The structural characterization shows a strong dependence of phase purity on the synthesis temperature. At 
temperatures exceeding 600 °C formation of metallic indium due to thermal decomposition is observed. On 
the other hand, a mixture of indium fluoride-oxide and indium oxide was identified for lower synthesis 
temperatures. The presence of oxygen which led to a formation of oxides originates from traces of humidity 
present in InN. The X-ray diffraction patterns are shown on Figure 5. The Raman spectroscopy shows 
significant differences in comparison with high quality epitaxial layers of InN. Apart from the phonon modes 
originating from wurtzite structure of InN (B1, A1(TO), E1(TO), E2(high) and A1(LO) an intensive phonon band 
around 310 cm-1 was observed which is associated with defects like nitrogen vacancies.  

 

Figure 5 The X-ray diffraction patterns of InN nanoparticles prepared at 500 °C (A), 550 °C (B)  
and 600 °C (C) 

4. CONCLUSION 

The rapid thermal annealing of complex indium and gallium fluoride can be effectively applied for the synthesis 
of GaN and InN based nanostructures. Due to the hexagonal structure of AIII nitrides these materials crystallize 
in the form of hexagonal nanoplates. The morphology is strongly influenced by synthesis conditions, in 
particular by temperature and time of the synthesis. The formation of GaN was observed within the periods of 
time below 5 minutes at 800 °C. The rapid synthesis led to the formation of defects like nitrogen and gallium 
vacancies, which were proved by Raman spectroscopy and magnetic measurements. The reduction of defects 
concentration can be achieved by extending the time of synthesis without any significant increase of particle 
size. The synthesis of InN nanoparticles by ammonolysis of complex fluoride precursor has a very narrow 
temperature region resulting in formation of pure indium nitride with optimal temperature about 600 °C. The 
synthesis at higher temperatures led to the decomposition of InN, while at lower temperatures incomplete 
decomposition of precursor was observed. A high concentration of defects and etching of nanoparticles surface 
was observed by SEM and TEM.  
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Abstract  

The investigation on the formation and morphology changes of magnetite nanoparticles is done in this work in 
order to estimate the origin of earlier observed phenomena resulting in the formation of 2D shaped 
nanoparticles of magnetite at certain conditions during one-step precipitation of magnetite nanoparticles from 
Mohr's salt solution with strong base (NaOH). The impact of temperature, mixing and amount of base added 
during the precipitation reaction is evaluated in this study. Moreover, the intermediate phases formed during 
the precipitation reaction are studied. For characterization of the prepared particles, SEM-EDS, XRD and 
PCCS analysis are performed on prepared particles. 

Keywords: Magnetite, structure tailoring, nano-sized flakes, mohric salt 

1. INTRODUCTION    

Thanks to the multiply use in various applications such as sensors development, memory devices, catalysis 
and electronics nano-sized iron oxide particles preparation is extensively studied. Among them, nanoparticles 
of Fe3O4 and γ-Fe2O3 has drawn a lot of attention due to their mesoscopic effect, small object effect, 
quantumsize effect and high surface, remarkable magnetic properties, low toxicity, and biocompatibility [1, 2].  

Various methods for preparation of these particles have been developed, including coprecipitation, 
microemulsion, laser pyrolysis and hydrothermal synthesis [3, 4]. The most common technique is 
coprecipitation where ferrous and ferric salts in water solutions have been reported to produce quite uniformed 
particles with ranging size between 10nm to 150 -200 nm [5, 6]. The coprecipitation is kinetically driven 
process, influenced by chemical reaction rate, therefore to monitor chemical reaction and control of produced 
iron oxides and size distribution together with their magnetic properties is of great interest. Easy one step 
processes for the preparation of these nanoparticles by precipitation of ferrous salts has been also developed 
[7, 8].  

In order to estimate the impact on the formation of 2-D shaped magnetite nanoparticles, the method of stirring 
either by mechanical stirrer or ultrasonification is studied as well as the amount of base added and pH of 
reaction mixture during precipitation together with temperature impact during the precipitation.  

2. SYNTHESIS PROCEDURE 

For synthesis of magnetic particles following chemicals were used in this study. Purchased from Sigma Aldrich: 
(NH4)2Fe(SO4)2·6H2O pure, NaOH p.a. Precipitation of nanoparticles was done according to method, 
developed in earlier work of Author of thesis. [9] Stock solution of Mohric salt was prepared with concentration 
of 0.030 mol·dm-3. The yellow to orange colored solution was stabilized adding droplets of sulfuric acid to reach 
pH ≤ 3 resulting in transparent colorless solution. Stock solutions of bases were prepared with concentration 
of 0.1 mol·dm-3.  
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Furthermore the apparatus consisting of water bath, three necked flask with thermometer, heater and bubble 
cooler has been used for measurements of pH upon increasing amount of base added and the temperature 
impact on the rate of precipitation and appearance of magnetic particles was evaluated while varying the 
temperature of precipitation reaction.  

2.1. Impact of temperature and stirring conditions 

In each synthesis, stock solution of Mohric salt and NaOH were tempered at different temperatures  
(50°C, 60°C, 70°C), after 20 minutes of tempering were added together into the apparatus and immediately 
vigorously stirred (800 rpm) for 30 seconds. After this procedure, resulting green solutions were either placed 
into the beaker and put into the temperated ultrasonification bath, or left vigorously stirred in the apparatus or 
left in the apparatus without any stirring for further 60 minutes. During this time, the change of colour indicated 
precipitation of nanoparticles of magnetite by turning colour from dark green to black. After that, the 
nanoparticles were separated by magnetic force and washed several times with deionized water and  
dry - heated at 50°C on heated plate for 120 minutes. XRD and SEM analysis was performed on the prepared 
samples.  

2.2. Impact of amount of base added 

Using the data earlier published in [7], the different amount of base was added to observe the change of the 
particles formed during the different pH during precipitation. The selected pH of precipitating solutions are 
presented in Table 1 and showed in Figure 1 adapted from [7].  

Table 1 Selected nanoparticles of magnetite with different pH  

Sample 1 2 3 

pH 8.9 10.1 12.0 

 

Figure 1 Measurement of pH during precipitation synthesis, emphesized are samples 1, 2 and 3 [7] 

Relative volume of hydroxide added Vr is used in the Figure 1 for constructing the titration curve. Three points 
are marked according to the samples 1, 2 and 3, where the magnetic particles were collected for the XRD 
analysis. Equation below depicts the relative volume evaluation. Va stands for volume of hydroxide added, Vt 
stands for total volume of added hydroxide in measurement.  

                                                                                                                                                   (1) 
t

a
r

V

V
V =
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3. RESULTS 

3.1. Impact of temperature  

In Figure 2, the particles morphology is shown by SEM analysis considering the different temperatures,  
A - 50°C, B - 60°C and C - 70°C. Moderate stirring (250 rpm) was applied to the prepared samples and the pH 
of reaction was set to be 10.1 by addition of base.  

 

Figure 2 Moderately stirred nanoparticles with different temperature of precipitation  
(A - 50°C, B - 60°C, C - 70°C)  

Mixture of 2D shaped particles of magnetite appeared at temperature 60°C, while with other temperatures, 
there was not reported any significant presence of 2D shaped particles.In order to estimate any difference in 
XRD diffraction pattern, the XRD was performed. In Figure 3, the results of XRD analysis over samples A, B 
and C is showed. 

Figure 3 XRD analysis of samples A, B, C 

Considering the results of XRD analysis, there was no reported difference between the particles quality. The 
only one phase (magnetite) was presented in samples.  

3.2. Impact of stirring  

To evaluate stiring conditions, the sample B was prepared at 60°C with different stirring conditions. 
Ultrasonification (US), vigorous stirring (VS) and non-stirred (NS) samples were prepared and analysed by 
SEM as shown in Figure 4.  
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Figure 4 Different stirring conditions applied during precipitation at 60°C  
(US - ultrasonified, VS - vigorous stirring, NS - non-stirred)  

During ultrasonification of the particles there are barrely any 2D shaped particles observed. Increasing number 
of these structures can be observed with vigorous stirring conditions and highest observed amount is 
presented in non-stirred sample of magnetite. For further analysis, the non-stirred samples with different pH 
were selected. 

3.3. Impact of amount of base added 

Figure 5 represents the analysis of samples from the Table 1 vigorously stirred and non-stirred.  

 

Figure 5 Analysis of vigorously stirred and non-stirred samples with various pH during precipitation 
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It can be observed,that during vigorous stirring the incidence of the 2D shaped structures is lower and at high 
pH values octahedral particles were formed, which is consistent with the work done by Lai, Z.,T. et all. [10]. 
Highest amount of 2D particles was observed for the pH 10.1, hence some particles were round shaped. 
Prepared non-stirred particles size was measured by photon cross correlation spectroscopy (PCCS) and were 
dispersed by the ultrasonification in the deionized water for 10 minutes prior to the measurement. Results are 
mentioned in the Table 2 and are expressed in x50 quantile. 

Table 2 Size of particles with increasing pH 

Sample  1 2 3 

x50 (nm) 695 981 351 

Comparing the results from the SEM and PCCS analysis, the aglomeration of particles probably happened in 
case of PCCS measurement, hence the results are consistent with SEM study. 

4. DISCUSSION 

The formation of magnetite nanoparticles is well explained in previous works [7,8,10] by previous formation of 
goethite Fe(OH)2, and reaction of hydroxylic groups from base with pre-hydroxylated goethite resulting in 
formation of magnetite Fe3O4. Adding the base in one step, with different temperatures and amount, different 
particles shape can be obtained. When reaching high pH around 12, pure magnetite in form o octahedral 
shaped crystals appears, whereas at lower pH (10.1) the 2D shaped particles of magnetite can be observed 
with increasing amount acording to the method of stiring of reacting solution.  

When ultrasonification field is applied to the precipitating solution, the prepared particles are quite uniformed 
round shaped and there is no incidence of the 2D shaped structures considering the conditions of highest 
incidence of 2D shaped structures. When precipitated solution is stirred vigorously, there is less amount of 2D 
shaped particles than in case, that moderate stirring or no stiring is applied to the precipitated solution. PCCS 
study of size is non-appropriate for the estimation of the single particle diameter, as probably agglomeration 
of particles happens. XRD analysis showed no difference in XRD pattern of prepared particles, showing the 
one-phase systems composed of magnetite Fe3O4. With higher temperature of the precipitated solution, the 
particle size is reduced as can be observed in Figure 2. Also, the size of particles is reduced with increasing 
pH of reaction expect the 2D structures appearance. 

5. CONCLUSION   

2D structured magnetite nanoparticles can be successfully prepared by the precipitation from the Mohr´s salt 
solution with NaOH solution. The incidence of these interesting particles is at given concentration dependent 
on the temperature of reaction, methods of stirring of these solutions and amount of added base. At high basic 
conditions with vigorous stirring the octahedral particles are observed while at lower pH = 10.1 the particles 
are forming 2D shaped structures similar to the shape of Goethite particles reported elsewhere. It can be 
assumed, that probably the 2D shaped structurs of magnetite can be attributed to the reaction of formation of 
magnetite by the hydroxylic groups reaction with the prehydroxylated goethite structures in shape of rods. It is 
well observed, that this growth happens in majority only at several fullfilled conditions, such as moderate pH 
for reaction (pH = 10.1), method of stirring (no stirring after intensive mixing of solutions) and temperature of 
reacting solution (60°C). It is well observed, that tunning of particles shape can be accomplished by variation 
of forementioned conditions in studied system. 
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Abstract 

Here we present a simple analytical model describing electroabsorption of semiconductor nanocuboids in a 
wide range of electric field strengths. Using the developed model, we study all the basic electroabsorption 
effects, including the Stark effect, the Franz-Keldysh effect, and the field-induced broadening of the spectral 
lines in the nanocrystals spectra. Results of our study can prompt the development of new nanocrystal-based 
lasers, energy harvesting devices, and electrooptical sensing methods for measuring strong near-fields of 
plasmonic nanostructures. 

Keywords: Electroabsorption, Stark effect, Franz-Keldysh effect 

1. INTRODUCTION 

Electric field based control over the absorption properties of semiconductor nanocrystals is attractive for 
applications due to its dynamic nature and the fact that it does not require altering the structure and changing 
the positions of the nanocrystals [1, 2]. The scope of electric field applications in the nanocrystal-based devices 
is narrowed by the lack of a simple physical model that can be used to predict the absorption of nanocrystals 
in the presence of electric fields stronger than 100 kV/cm. 

In this Paper, we develop such a model for cubical nanocrystals and use it to study electroabsorption in the 
electric fields of various intensities. We predict that in the strong fields, the absorption spectra of nanocrystals 
become inverted - the initially allowed transitions vanish from the spectra, while the forbidden transitions 
appear as the pronounced absorption peaks. We also show that nanocrystals absorption spectra are 
significantly broadened in the moderate electric fields due to the overlapping of the transitions of the both 
types. Our predictions can be applied in the devices that depend on the absorption of nanocrystals, which 
includes solar panels and lasers [3, 4].  

2. SEMICONDUCTOR NANOCUBOID 

2.1. Wave functions and energy spectrum 

In this Paper, we study nanocrystals in the shape of rectangular cuboids - nanocuboids - positioned in the 
homogeneous static electric field F. We assume that a nanocuboid with dimensions Lx×Ly×Lz has an 
impenetrable surface so that the motion of the charge carriers inside it obey Schrödinger equation 

         (1) 

where m* is the effective mass of an electron or a hole, V (r) is the potential created by the electric field inside 
the nanocrystal, and n = (nx,ny,nz) is the set of quantum number describing spatial confinement of charge 
carriers. Without loss of generality we assume that the electric field inside the nanocrystal is simply external 
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electric field F reduced by the factor of the nanocrystal’s static electric permittivity  so that the potential 

energy is given by 

           (2) 

With that assumption, we can factorize the wave function into the one-dimensional functions as 

 represent the confinement energy in the form  and 

obtain three simple equations instead of Eq. (1):  

         (3) 

where  In order to solve this equation, we use a substitute 

         (4) 

which gives us Airy equation 

           (5) 

Its solution is well known and given by 

         (6) 

The unknown coefficients are related to each other through the boundary conditions - as the wave functions 

must vanish on the nanocrystal surface,  and 

        (7) 

Using the normalization condition, we get 

    (8) 

Finally, energy spectrum can be derived from the equation 

     (9) 

whose solution gives one-dimensional energies . The resonant energy of an arbitrary interband transition 

is given by 

,           (10) 

with  being the bandgap energy. 

2.2. Electroabsorption spectra 

Excitation of the nanocrystal with the light of frequency  and intensity  results in the electron-hole 

generation rate 
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       (11) 

Here  is the free electron mass,  is the Kane energy (it is about 20 eV in the typical semiconductors), 

and the overlap integral is given by  where 

           (12) 

is the one-dimensional overlap integral of charge carriers’ wave function. The interband transition lineshape is 
approximated by the Lorenzian: 

         (13) 

where  is the linewidth and  The absorption spectrum described by Eq. (10) depends on both 

the direction and strength of the electric field. If the nanocrystals in the ensemble are oriented chaotically, then 
this spectrum should be averaged over all the possible directions of F, i.e. 

         (14) 

where  

3. RESULTS AND DISCUSSION 

Now we can analyze all the major electroabsorption features using the developed model. The dominant 
physical process that determines electroabsorption in semiconductor nanocrystals is the spatial separation of 
the charge carriers inside the nanocrystals. The static electric field entrains positively charged holes and 
negatively charged electrons in the opposite directions, which affects the way the charge carries interact with 
each other. In particular, it changes the value of the overlap integral of their wave functions, thus reducing or 
increasing the absorption rate upon the given transition in the spectrum, as is described by Eq. (11). This is 
known as the quantum-confined Franz-Keldysh effect [5, 6]. 

It is illustrative to consider a one-dimensional nanostructure first, e.g. quantum well, as all the three 
dimensional equation are derived from the one-dimensional ones. In Figure 1 we demonstrate the spatial 
separation of the electrons and holes in CdSe quantum well of the width L = 20 nm. It is clearly seen that in 
the weak fields the charge carriers (both in their ground states with n = 1) are located near the nanostructure 
center, and the overlap integral J is maximal. When the strength of electric field is increased, the carriers are 
moved to the sides of the well, so that the overlapping decreases to zero.  

Figure 1 Wave functions 
of the electron and hole in 

their ground states, 
confined in the infinite 

potential well of the size 
L = 20 nm. The well is 

assumed to be made from 
CdSe. Here, J is the one-

dimensional overlap 
integral of the electron’s 

and hole’s wave functions 
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As the result of the charge carrier separation, the probabilities of the dipole-allowed interband transitions 
between the states with the same quantum numbers are reducing with the field strength. On the contrary, the 
overlapping of the states with different quantum numbers, which is zero in the absence of external fields, 
becomes positive when the electric field is applied to the nanostructure, and the probabilities of the dipole-
forbidden transitions are increased.  

As is seen from Figure 2a, the overlap integrals and therefore probabilities of one-dimensional dipole-allowed 
transition 1→1, 2→2, and 3→3 are monotonously decreasing with the field strength up to 300 kV / cm. If the 
field is strengthened further, the probability of the fundamental transition is approaching zero, while 
probabilities of the secondary transitions starts growing again. It should be noted that in the typical 
electroabsorption nanocrystal-based devices, electric fields are much weaker than 300 kV / cm, and it can be 
assumed that the probabilities of all the dipole-allowed transitions are reducing with the field strength. 

 

Figure 2 One-dimensional overlap integrals of (a) dipole-allowed interband transitions 1→1, 2→2, and 3→3, 
and (b) dipole-forbidden interband transitions 1→2, 1→3, and 2→3 in the CdSe quantum well of the size 

L = 20 nm 

The overlap integrals of forbidden transitions 1→2, 1→3, and 2→3, shown in Figure 2b, are all zero when the 
electric field is absent and monotonously grows with the field strength up to 200 kV / cm. Further, the 
probabilities of the transitions occurring from the ground state, 1→2 and 1→3, are approaching zero, while the 
probability of transition 2→3 is varying with the field strength. So, in the strong electric field the inversion of 
selection rules is observed, as the dipole-allowed transitions become forbidden, while the initially forbidden 
transitions become allowed. 

Figures 3a-3d show the electroabsorption spectra of 20 × 20 × 20 nm3 CdSe quantum dots for the different 
field strengths, containing only the spectral lines of allowed transition 111→111 and forbidden transition 
111→112. In accordance with the above discussion, the absorption peak of the forbidden transition is absent 
in the weak fields and appears in the spectrum when the field becomes stronger, while the fundamental 
absorption peak vanishes. At that, both peaks are red-shifted due to the reduction of the confinement energies 
induced by the field strength, which is called quantum-confined Stark effect [7, 8] and described by Eqs. (9) 
and (10). 

In the moderate electric fields (F ~ 100 - 200 kV / cm), the two absorption peaks are of the similar intensity and 
overlap with each other, and the total spectrum is significantly broadened. This field-induced broadening of 
electroabsorption spectra [9, 10] can be used to increase the absorption range of the nanocrystals. 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

199 

 

Figure 3 Electroabsorption spectra of cubical 20 × 20 × 20 nm3 CdSe quantum dots in the electric field of the 
strength (a) 50 kV / cm, (b) 100 kV / cm, (c) 200 kV / cm, and (d) 500 kV / cm. The blue line shows the 

fundamental absorption peak, the green line corresponds to the first dipole-forbidden transition, and the 
purple line shows the total absorption spectrum in all the panels.  

4. CONCLUSION 

In this Paper, we developed an analytical model, which allows to calculate electroabsorption in semiconductor 
nanocuboids - cubical nanocrystals. Using the developed model, we explained the main electroabsorption 
effects and predicted that in the strong electric fields, the selection rules of the interband absorption become 
inverted, which totally changes the absorption spectrum. The application of the moderate-strength electric field 
can be used to broaden the spectrum and thus increase the range of absorption. These features of 
electroabsorption can find its application in the nanocrystal-based solar panels, lasers, and electrooptical 
sensors. 
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Abstract 

This paper describes the measurement of the electric wind phenomenon via using Global Imaging methods. 
Electric wind can be described as movement of the air generated by free ions metal object (in our case 
electrodes) which are powered by high voltage. This physical phenomena is a vital part of the AC 
electrospinning technology that was developed at Technical university of Liberec. We visualize and measure 
electric wind velocities around vicinity of the electrode. Measurements are done with our custom build setups. 
Both high voltage power source system and chamber are original pieces of equipment. We substitute 
nanofibrous sleeve, the product of the AC electrospinning with various electrically neutral monodispersed 
particles. The differences in particles are mainly conductivity and polarizability. Particles are accelerated 
by movement of the air and then lightened by laser and recorded on high speed camera. The outputs of our 
measurements are vector maps that clearly describe movements of the air around electrode. 

Keywords: AC nanofibers, Particle tracking velocimetry (PIV), ionic wind 

1. INTRODUCTION 

The Electric wind phenomenon (also known as ionic or coronal wind) that is currently researched by our group 
was previously described by Drews and Solovyov [1, 2]. They characterized it as a reflection of occurring 
electrical discharges on the electrode, which is powered by altering current (AC) power source. It is known that 
it is possible to use both DC (direct current) and AC power sources for generation of this phenomenon. The 
purpose of our research is to measure electric wind using laser based anemometry [3]. It is required to use 
dispersed particles with suitable diameter and electrical properties (conductivity, permittivity) as a seeding 
medium. Particles can be divided into two groups: polar, and non-polar. Emplacement of such chemical 
substances into HV electric field described by Eow [4] shows the different behavior of oil and water particles 
related to electrophoresis phenomenon. It is shown that DC electric field generated in small cell between two 
electrodes is affecting polar drop of water placed in the middle of the cell far more than non-polar surrounding 
made out of different oil types. Experiment shows ability to polarize a water drop which leads to movement 
towards electrodes or fragmentation of the drop. In the case of contact with one of the electrodes, the charge 
in the drop changes and movement is switched to the opposite direction. The article published by Guo [5] 
shows the similar experiment with cell and aqueous drop deformation. Both experiments use the same 
electrical intensity but they differ in the type (DC/AC) of the current making the second mentioned work closer 
to our own. The work done by Mhatre [6] also engages electrophoresis but it uses modified setup that is 
asymmetrical. One side is made of plate electrode that is grounded and the counter pin electrode is placed 
above with connection to AC HV source. The work shows that it is possible to cause the delay (lag) in the 
movement of the aqueous drop by the sinusoidal shape of the function of the field (AC) using certain 
frequencies. It is caused by the time required for polarization of H2O molecules in the drop. It is also shown 
that during the polarity change the movement of the drop decreases but when is the function increasing and 
closing to the amplitudes (both negative and positive); the droplet starts to accelerate towards the pin 
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electrode. All articles that are mentioned above describe connection between polar/non-polar fluids affected 
by high voltage electric fields. Such a topic is approached by our group in different manner. We are measuring 
ionic wind by method of laser based anemometry. This experimental setup enables us to track movement of 
dispersed particles with low polarity in the air and creating accurate visualization of ionic wind drafts in the 
vicinity of HV powered electrode. Our work aims for better understanding of this physical phenomenon that is 
the key factor in AC electrospinning technology [7]. 

2. EXPERIMENTAL SEEDING MEDIUM 

Here we used various chemical substances as a seeding medium (Table 1). We used the inoLab 720 
conductometer and Krüss BP 2100 surface tension meter to gain a complete understanding of the nature of 
selected liquids. Methyl Silicone was chosen as the best solution for the experiment according to its stability 
inside testing chamber, optical clearness, and its electrical properties.  

Table 1 Physical properties of liquids used as seeding medium 

In 25°C temp. Density [g/cm3] Conductivity [μS/cm] Surface tension [mN/m] Relative permittivity 

Ethylenglycol 1.11 0.9 52.8 37.0 

Glycerine 1.26 0.2 68.5 47.0 

H2O 1.00 4.6 75.7 80.1 

Glycerine + H2O [6:1] 1.22 3.0 72.0 60.0 

Methyl Silicone 0.97 0.1 38.5 2.9 

Olive Oil 0.92 0.2 40.2 3.1 

3. GLOBAL IMAGING METHODS 

The experimental study of droplet movement in strong electric field was based on the visualization technique 
- Global Imaging Methods. This method is based on illumination of an investigated area using defined laser 
sheet and detect the moving object using CCD camera. Here we were interested of electric field impact 
on particles, their movement, acceleration and surface charge that cause their self-repelling. 

Droplets of defined size were generated using pneumatic atomizer. The nozzle enables generation 
of monodisperse spray. The mean droplet diameter is 5 um. Selected medium was used as material for 
seeding spray. Once the spray was uniformly placed in the chamber we switch on the electric field and 
observed the orientation and acceleration of the droplets using PIV method. The laser sheet was brought to 
the chamber using optical arm and the camera was fixed to the traversing unit. We supposed high speed 
acceleration at the beginning of the process. The process is further continuous and the droplets are moving 
constantly. Here we used 12 Hz sampling frequency.  

The PIV system consisted of NewWave Gemini pulsed laser Nd: YAG energy of 120 mJ per pulse length of 
10ns, which operates at a wavelength of 532 nm. The images were captured with Neo CMOS chip 5.5 MPixel 
size of 6.5 microns camera. Laser and camera system is controlled from a computer and synchronized to 
external TimerBox. The statistics of 400 records was processed as vector and scalar maps. 

Initial tests were completed with validation measurement using different physically based method. We used 
hot-wire anemometry to confirm the results obtain by PIV. The investigated area of size (78 x 72) mm contained 
view close to charged floating point electrode. There was brought 30kV DC voltage to the electrode. 
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Olive Oil Methyl Silicone 

  
Glycerine + H2O [6:1] Ethylenglycol 

  

 

Figure 1 Vector maps of monodisperse droplet movement induced by electric field. Different particles are 
moving by different velocities. Mixture of Glycerine with water and Ethylenglycol are reacting more with HV 

field therefore generating higher speeds (red vectors) 

Figure 1 shows the movement of droplet induced by electric field. The vector maps are presented as a statistic 
result. The initial part of the process is very fast and the droplets are accelerated and unstable. Here we 
separated evolution part of the process and taken in account the stable and uniform part. The differences in 
acting electric field on the drop motion can be also seen in summary comparing chart in Figure 2a. There was 
taken a plot horizontal line in 58mm above the tip of the electrode. Figure 2b shows the velocity profile in 
vertical line in the axis of the electrode. There are changes in velocity profiles depending on chemical character 
of the droplets.  

a)  b)  

Figure 2 Profile plots of the moving droplets taken a) vertical line, b) horizontal line showing less electric 
interaction between Methyl Silicone and induced HV field 
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The polar liquids containing water as glycerin are accelerated due the oriented molecular charge and 
Coulombic force in-between. This effect fades if the liquid has non-polar character or is lack of water molecules. 
The weakest responds to the electric field force has methyl silicone. This chemical is used as transformer oil 
due its resistance to water, low permittivity and conductivity. Mentioned characteristics forms it’s inert to the 
electric field force. The methyl silicone drops are accelerated due secondary existence of ionic wind. This effect 
is seen in Figure 2 as a profile plot of droplet velocities. 

It is clear that Methyl Silicone a solution with best behavior is chemical compound with low Relative permittivity 
therefore it does not react improperly with our electrode setups (no unwanted movement towards the 
electrode). These particles are not interacting with electric fields and they are purely driven away from the 
electrode by collision with negative and positive ions. 

4. SIMULATION OF THE PROCES 

4.1. Software 

Program Comsol Multiphysics that was used for simulation of physical processes is statistically dynamical 
program solving problems on the basis of differential equations. Commonly it is used for creation of models 
and simulations in the areas of electro technology, machinery and chemistry. 

4.2. Numerical model  

The inner sketch program of Comsol software was used for prepared model. Enclosed rectangular space with 
dimensions of 3x10 mm was infused with oil drop with diameter of 0.5 mm (Figure 3). The data regarding air 
variables, dynamical viscosity and density of the drop was put in the calculations. Parameters similar to oil 
were inserted inside oval shape of the drop. 

 

Figure 3 Geometry with boundary conditions defined in Comsol Multiphysics 

The mesh with finite elements with triangular shapes was inserted to all parts of the geometry. The area around 
the drop was thickened for the purpose of higher quality mesh. The correctness of the mash was checked for 
easier and faster calculations. The final model included 10016 elements and 322 boundary elements 
(Figure 4). 

(a) (b)  

Figure 4 Tetragonal mesh (a) followed with detailed picture (b) of the vicinity of the drop  
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The permittivity of oil and air were defined with cross-reference to established input definition. For the purpose 
of solving this problem, the Maxwell equations of the electromagnetic field were introduced at the boundaries 
of the model. Boundary conditions were added to the model. One for the input of the electric potential (30 kV) 
was added to the top edge, other with zero potential to the bottom edge of the model. The movement of the 
oil drop was secured by adding other physical property for the flux. Left side of the defined space was enhanced 
by input boundary condition. Established parameters of the air were inserted on the boundaries of the model 
and input/output conditions were set (Figure 5)  

 

Figure 5 Boundary conditions for the input and output of electrical potential and flux ranging from zero 
voltage to 30 kV 

The oil drop moved in the area with established electric potential of 30 kV as shown by the results. Figure 6 
shows the recording of the drop movement in electric field. The drop is encircled by field lines and dragged out 
of the area from initial point of the simulation creating flux channel that can be observed in Figure 7. 

  

  

Figure 6 Movement and deformation of the drop in electric field powered by 30 kV. Red color representing 
high intensity of the field in the droplet 

   

Figure 7 Movement of the drop in the created flux [m/s]. The red parth of the right picture is representing 
stream with highest velocity of the supposed particle transport 
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4.3. Results of the simulation 

The geometry for purpose of determination of the movement of the oil drop was created in Comsol Multiphysics 
software. This movement was affected by electric potential and flux of the air. The geometry of the drop was 
created and placed inside rectangular space. Material constants comparable to our experiments were chosen 
and put inside the model. The boundary conditions that described input and output of the model were 
introduced to the model. Mesh used for model was enhanced and debugged for the purpose of the easier 
calculations. The results shown the movement of the oil drop surrounded by the air inside the space with 
established electric potential. 

5. CONCLUSION 

Here we used the Global Imaging method for the visualization of droplets in electrostatic field. The motivation 
of this research was to establish the effect of strong electric field on droplets generated from various chemical 
substances to observe and prove the character of their movement. There was assumption of strong effect on 
polar liquids, or liquids contenting water molecules, due prevailing Coulombic force between droplets. Here 
we targeted the liquid with low permittivity, conductivity, and of non-polar character that was expected to be 
none reacting with strong electric field. The set of experiment proved the Methyl Silicone as an inert liquid that 
is not following (acting) the streamlines of electric field, but is mostly affected by electric wind. These results 
will be further used for the visualization of ionic wind as we select the optimal liquid as a seeding medium for 
these experiments. 
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Abstract   

We have investigated the temperature and shell thickness effects on the extinction and photoluminescence 
(PL) optical properties in II-VI semiconductor core-shells of type I. To this purpose, we used Maxwell-Garnett 
(M-G) effective theory by defining appropriate dielectric functions for the constitutive materials of the core-

shells. We have obtained one sharp resonant peak which can be related to the 1Sh → 1Se optical transition, 
which is red-shifted with the increase of shell thickness. This peak is also red-shifted with increasing 
temperature due to core shrinking band gap described by Varshni´s law. For the PL spectra, we have 
considered radiative and non-radiative decay rates as the main processes that can lead to the carrier 
relaxation. The Stokes shift between the absorption- and PL- peaks is of the order of a few meV. Finally, our 
findings are similar to that reported in the literature in absorption and PL experimental spectra. 

Keywords: Semiconductor nanostructures, Maxwell-Garnett theory, optical properties 

1. INTRODUCTION   

In recent years, II-VI semiconductor core-shell type composite quantum dots (QDs) exhibit novel properties 
making them very attractive from both experimental and practical point of view. It has been shown that 
overcoating nanocrystallites improve the photoluminescence quantum yields by passivation of surface 
nonabsorbing recombination sites [1,2].  

Baranov et al. [3] and Dzhagan et al. [4] reported interesting features in the Raman, absorption and PL 
experimental spectra of II-VI semiconductor core-shell nanocrystals (NCs) due to the effects of shell thickness. 
Valerini et al. [5] reported the temperature dependence of the PL spectra and PL relaxation dynamics for 
CdSe/ZnS core-shell QDs. On the other hand, we have investigated the optical properties of isolated II-VI 
semiconductor core-shell in IR and VIS spectra [6], where we have reported the effects of core-shell size, 
embedding medium and phonon contribution in optical spectra. However, the effects of temperature and shell 
thickness are not considered. 

Therefore, the aim of this work is to investigate the absorbance along with the PL of II-VI semiconductor 
ensembles taking into account the effects of shell thickness and temperature in order to extend our previous 
work and to compare it to the experimental research. 

2. SYSTEM UNDER INVESTIGATION AND THEORETICAL MODEL 

The core-shells of type I (electrons and holes confined in the core) are characterized by a total radius Rs and 

a core of radius Rc with their respective core and shell frequency-dependent dielectric functions εe and εs. We 

assume that εc has two terms: the first one, obtained from the electric-dipole approximation, describes the QD 
polarization due to the ground-state exciton as described in references [7,8] and the second one, due to the 
bulk phonons contribution [9]. For the shell material, we use the bulk-like semiconductor dielectric, with its 
plasmons and phonons contributions as described in ref. [9], while the insulating medium has a non-frequency 

dependent dielectric function εe. On the other hand, the exciton energy is written as 
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( ) ( ) ( )CoulombEhEeEEE cgc +++= ,          (1) 

where Eg,c is the intrinsic core band energy, whose temperature dependence is described by Varshni´s law 
[10]. We calculated the electron and hole energies (E(e) and E(h)) using Effective Mass Approximation (EMA) 
in a finite barrier potential, while the Coulomb interaction (E(Coulomb)) is treated as a perturbative correction 
to the confinement energies [11]. 

Once the εc and εs are well established, the effective core-shell dielectric function εns can be expressed within 
the framework of the electrostatic dipole approximation such as [12] 

( )( ) ( ) ( )( )
( )( ) ( ) ( )( )

.
/222

2/2

2 3

3

esscscsces

sescscsces

ens

ens

RR

RR

εεεεεεεε
εεεεεεεε

εε
εε

−−+++

+−++−
=

+
−

      (2) 

Considering the core-shell NCs as polarizable point dipoles, the effective dielectric function of the composite 
medium is described using M-G effective approach; i.e., 
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By solving the above eq. for εeff, being f the volume fraction of the distribution, we find that 
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Then, the extinction coefficient is given by [13] 
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where ε’eff and ε’’eff are, respectively, the real and imaginary parts of εeff. 

Regarding to the PL spectra, we follow the model proposed by Valerini et al. [5], where we consider two 
approximations. First, the possible processes that can lead to carrier relaxation in core-shell ensembles will 
be radiative relaxation, thermal escape from the core-shells assisted by LO phonons and thermally activated 
carrier localization in surface states processes. We neglect Auger non-radiative relaxation, and Förster energy 
transfer. Second, the radiative decay will be independent of the core-shell size. Then, the rate equation for the 
carriers population n is given by 

( )
escactrad

nnn
tg

dt

dn

τττ
−−−=           (6) 

where g(t) is the generation term, 1/τrad is the radiative recombination rate, 1/τesc the thermal escape rate and 

1/τact the thermally activated process rate. Then, the integrated PL intensity at a temperature T is given by [5] 
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In the above eq, n0, the initial carrier population, is considered to be jp.σ0, where σ0 is the extinction cross 
section, which is equal to the extinction coefficient multiplied to the volume of the core-shell NC, and jp is the 
photon fluence fixed to a value of 3×1011 photons.cm-2 in this work. For our PL simulated spectra, we will take 
the same decay parameters values than those considered as the best fitted for the PL spectra in ref. [5]. 

3. RESULTS AND DISCUSSION 

We apply Maxwell-Garnett effective theory in typical II-VI semiconductor core-shell nanocrystals (NCs) such 
as CdSe/ZnS, where the effects of the temperature and shell thickness are investigated on the absorbance 
and PL simulated optical spectra. In order to compare our theoretical results with those obtained in the 
literature, we take similar shell thickness 2, 3 and 4 ML than those reported in refs. [3, 4]. As the NCs have  
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Figure 1 Extinction spectra for CdSe/ZnS/gelatine as a funtion of the temperature with shell thicknesses 

equal to 2 ML (a), 3 ML (b) and 4 ML (c) 

nanometric size, the extinction is mainly due to absorption processes, accordingly to the optical properties in 
low-dimensional systems [14]. Indeed, the extinction (extinction coefficient multiplied by the nanocrystal 
thickness) [6] and the integrated PL signal will be shown as a function of energy for temperatures ranging in 

the interval 50-300 K and with an excitation wavelength λexc = 380 nm. This value is greater than the exciton 
energy in these NCs. Values of the different constants for CdSe, ZnS and insulating media are reported in 
refs. [15,16]. Figure 1 shows the extinction spectra for CdSe/ZnS/gelatine core-shells as a function of the 
energy with f = 0.1, core radius Rc = 2 nm and shell thicknesses equal to 2, 3 and 4 ML, respectively in the 
interval of temperatures 50-300 K. For each shell thickness, we obtain a sharp resonant band located 
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approximately at 3 eV (2 ML), 2.8 eV (3 ML) and 2.6 eV (4 ML), respectively. We can attribute these peaks to 

the 1Sh→1Se optical transition in CdSe cores of radius 2 nm and different thicknesses. We found a blue-shift 
of this band if it is compared to refs. [3, 5]. This could be explained by means of the complex weighting terms 
in the MG formalism. The red-shift of the peaks due to shell thickness enlargement can be attributed to the 
partial tunneling of the carriers wave functions into the ZnS shell. A qualitative similar behavior of absorption 
spectra with increase of the shell thickness is reported in refs. [3, 4] for CdSe/ZnS core-shell NCs. As can be 
observed in Figure 1, for each investigated shell thickness, there is a red-shift of the core peak as the 
temperature increases from 50 K to 300 K, along with a decreasing of its peak intensity and an increasing of 
the Full Width at Half Maximum (HWHM) peak. This red-shift of the resonant peaks is consequence of the 
shrinking band gap, which is taken into account by means of Varshini´s law [10], being 
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Figure 2 PL spectra for CdSe/ZnS/gelatine as a function of the temperature with shell thickness equal  

to 2 ML (a), 3 ML (b) and 4 ML (c) 

the thermal expansion in the overall temperature range neglected, as this effect is very small compared to the 
former [5, 11]. The increasing of the FWHM peak is consequence of the excitonic peak broadening due to 
different charge carrier-phonon scattering processes. We obtain that the red-shift of the resonant peak is 
greater for increasing shell thickness than for increasing temperature in the range of 50-300 K. On the other 
hand, a similar temperature dependence of the intensity is obtained in a previous work [11] for the imaginary 
part of the dielectric function in CdSe/ZnS core-shell distributions. Besides, the decrease in intensity is greater 
for shell thickness increase than temperature increase. In the light of the above results, we can conclude that 
the confinement effect is greater than the temperature effect on the extinction spectra of II-VI NCs ensembles. 
We show in Figure 2 the PL integrated spectra for CdSe/ZnS/gelatine core-shell ensembles for volume fraction 
f = 0.1, core radius Rc = 2 nm and shell thicknesses equal to 2, 3 and 4 ML, respectively in the interval of 
temperatures 50-300 K. For each shell thickness, we obtain a sharp resonant band located approximately at 
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3 eV (2 ML), 2.8 eV (3 ML) and 2.6 eV (4 ML), respectively. Then, the Stokes shift between the extinction- and 
the PL- peaks is of the order of a few meV for the three shell thicknesse and for the temperature range 
investigated. This Stokes shift is a typical value in II-VI core-shell NCs [17]. A qualitative similar behavior of PL 
spectra with increasing of the shell thickness is reported in refs. [3,4] for CdSe/ZnS core-shell NCs. In order to 
look more closely at the evolution of the PL peaks as the temperature is varied, we show in Figure 3 their 
peaks position as a funtion of temperature. We obtain that the red-shift of the resonant band is greater for 
increasing shell thickness than for increasing temperature in all temperature range investigated. Besides, the 
energy peak temperature dependence shows slightly three different regions between 50-125 K, 125-225 K and 
225-300 K, which could be related to the three relaxation decay processes considered in this work; i.e., 
radiative relaxation, thermal escape assisted by LO phonons and thermally activated carrier localization in 
surface states processes. 

3,00

3,01

3,02

3,03

2,77

2,78

2,79

2,80

2,81

50 100 150 200 250 300

2,64

2,65

2,66

 

 

E
ne

rg
y 

(e
V

)

2 ML(a)

 

E
ne

rg
y 

(e
V

)

3 ML
(b)

 

E
ne

rg
y 

(e
V

)

Temperature (K)

4 ML
(c)

 
Figure 3 PL peak energy as a function of temperature for CdSe/ZnS/gelatine with shell thickness  

of 2 ML (a), 3 ML (b) and 4 ML (c) 

4. CONCLUSION 

Temperature and thickness effects on the simulated extinction and PL spectra of II-VI semiconductor core-
shells of type I have been investigated by means of M-G effective theory by defining appropriate dielectric 

functions for the constitutive materials of core-shells. A very sharp peak is related to the 1Sh→1Se optical 
transition in CdSe core. This peak is red-shifted for thicker shells, feature that can be ascribed to the partial 
tunneling of the carriers wave functions into the ZnS shell. When the temperature is increased, this peak is 
also red-shifted due to core shrinking band gap described by Varshni´s law. For the PL integrated spectra, we 
have considered three relaxation decay processes consisting of radiative relaxation, thermal escape assisted 
by LO phonons and thermally activated carrier localization in surface states processes. Finally, we can 
conclude that the confinement effect is greater than the temperature effect in optical spectra of II-VI NCs 
distributions. 
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Abstract 

Diamond-like carbon (DLC) layers based on amorphous carbon are used for wide range of applications, mostly 
for mechanical protection of various industrial components. As the properties of DLC layers are closely linked 
to their structure, we examined them at micro- and nanoscale by two independent microscopic techniques: 
Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) with a good agreement. We 
compared DLC layers grown on steel substrate and Si wafer and found similarly structured clusters with 
hundreds of nm in diameter and a certain difference in the density of nucleation centres for each substrate. 
The measurements of local mechanical properties by the AFM tip revealed that the Si wafer behaves as softer 
material compared to the growing DLC nanoclusters that also exhibit lower values in the map of the relative 
local friction coefficient. Finally, we observed changes in the Raman spectra of the DLC exposed to annealing 
at ambient conditions and found a gradual shift from the diamond phase to the graphite phase as a function of 
increasing temperature. At the highest temperature of 400°C we observed the formation of tungsten oxide from 
an additional element contained in the multi-layer stack. 

Keywords: DLC, PACVD, AFM, SEM, Raman 

1. INTRODUCTION 

DLC layers are frequently used for mechanical protection of various industrial components. Apart from high 
hardness and low friction coefficient, these layers exhibit also other interesting properties (optical, electrical, 
biological etc.) leading to much wider range of applications [1]. DLC layers actually represent a larger variety 
of structures based on amorphous carbon, with or without hydrogen and possibly with additional metallic or 
non-metallic components [2]. In this paper we solely focus on a selected type of DLC layer, i.e. hydrogenated 
amorphous carbon (a-C:H), which is currently used in certain automotive applications as a wear resistant layer. 
For the sake of its further optimisation, we studied its micro- and nanoscale structure and local mechanical 
properties and also its stability to elevated temperatures and compare our results with the published data. 

2. EXPERIMENTAL 

The DLC layers in this study were prepared by Plasma Assisted Chemical Vapour Deposition (PACVD) method 
in a commercial deposition system HTC-1500 by Hauzer Techno Coating. Additionally, PACVD was combined 
with magnetron sputtering, where graphite-tungsten alloy and pure chromium targets were used. Precursor 
gas was acetylene (C2H6) at the pressure of 10-1 Pa. The substrate temperature within the whole deposition 
process was kept below 200°C. For a proper adhesion of rather thick DLC layer (3.2 µm), a common multi-
layer structure (Cr adhesion layer and a-C:H:W stress buffer layer, for details see e.g. [3]) was applied. Silicon 
wafer and polished steel were used as substrates. 

The surface of the DLC layers was measured with the Scanning Electron Microscope (SEM) TESCAN MAIA 3 
equipped with Schottky emitter, using 5 kV acceleration voltage and ~5 mm working distance. 
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For further surface details, including the maps of local mechanical properties, two Atomic Force Microscopes 
(AFM) operated under ambient conditions were used. The maps of local friction were measured by Veeco 
(Bruker) Dimension 3100 AFM with NanoScope IV controller, operated in contact mode with the detection of 
lateral forces acting on soft ContDLC probes with 13 kHz resonant frequency and 0.2 N/m force constant. For 
the maps of adhesion force and energy dissipation we used Bruker Dimension Icon AFM in PeakForce QNM 
mode [4] with more rigid Multi75DLC probes with 75 kHz resonant frequency and 3 N/m force constant. Both 
probes by BudgetSensors had tips with 15 nm DLC coating combining higher wear resistance compared to 
uncoated Si probes with still relatively sharp tip (radius < 15 nm) for a good image resolution. 

The Raman spectra were measured in the back-scattering geometry using micro-spectroscopic Raman setup 
(InVia REFLEX by Renishaw) equipped with the blue excitation laser (442 nm / 100 mW). The inspected area 
(laser spot) had ~3 µm in diameter for the 50× objective with numerical aperture of 0.5. The spectra were fitted 
by Gaussian functions for both characteristic D and G peaks around 1360 and 1560 cm-1 respectively [5]. 

The annealing test of DLC layers deposited on steel substrates was performed in a high temperature oven 
under ambient conditions (no vacuum) at the specified temperature for a fixed duration of 4 hours. 

3. RESULTS 

Larger fields of view (e.g. hundreds of µm [6]) show the surface of DLC layers as very smooth and with no 
remarkable features. Therefore we focused to smaller fields of view (Figures 1-3), where a particular type of 
structure could be already observed and where a comparison between SEM and AFM images could be 
performed. The surface of the 3.2 µm thick DLC layers shows a continuous coverage with surface features in 
the shape of apparently smooth spherical caps (let us call them clusters) having straight boundaries among 
them. These boundaries are actually polylines defining the mutual contact areas among the clusters. The SEM 
topography images of the DLC layer deposited on steel substrate in Figure 1a and on Si wafer in Figure 1b 
look very much alike at the first sight. However, a closer look at the real dimensions, reveals certain difference 
in the normalized density of the nucleation centres on Si wafer (around 15-20 per 1x1 µm2) compared to the 
steel substrate (around 3-5 per 1x1 µm2). As a consequence, the DLC clusters grown on Si wafer are smaller 
(200 to 500 nm) compared to the clusters on the steel substrate (400 to 800 nm), which is also leads to a 
difference in the surface roughness by a factor up to 10 for these two particular substrates [6]. 

Further detailed measurements of the surface by SEM were carried out on the Si wafer substrate. Here we 
obtained a possibility to inspect the whole thickness variation (from the nucleation on the bare substrate 
towards the full layer thickness) within one sample. This feature was created in the vicinity of a clamp used to 
fix the sample during the deposition process. As we moved the sample along one axis in the SEM chamber, 
we crossed the thickness transition and therefore could obtain surface images for different film thicknesses. 
Three representative images for a smaller field of view of 2x2 µm2 are shown in Figures 1b-d. 

    

   

Figure 1 SEM images showing the surface structure of the DLC layer deposited on steel substrate (a) and 
on Si wafer at different growth stages: (b) final surface at the full thickness of 3.2 µm, (c) transition structure 

at the thickness of ~1 µm, (d) nucleation phase at ~30 nm 

2 µm 2 µm 2 µm 

(a) (b) (c) 

10 µm 

(d) 
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Figure 1b shows the surface at the full film thickness. The image in Figure 1c represents a thinner layer of 
~1 µm with smaller clusters of different shapes - partly joined and partly still isolated with visible separation 
gaps. The rightmost image in Figure 1d shows the very early stage of growth, where only isolated clusters in 
the shape of nanoballs are to be found. A more detailed analysis of the three sub-images of Figures 1b-d 
reveals that the number of clusters per normalized area (1x1 µm2) is clearly different for each thickness. 
Specifically, we identified ~25 clusters for the 3.2 µm thick layer, ~100 clusters for the ~1 µm thick layer and 
~200 clusters for the 30 nm thick layer, always for the same normalized area. 

We continued our study with the same sample (DLC layer with the thickness transition on Si wafer substrate) 
in the AFM microscope. The first image in Figure 2a represents the 3.2 µm thick layer and its surface 
topography for the same field of view 2x2 µm2 as in Figure 1b. This comparison shows a perfect agreement 
of results obtained by two independent microscopic techniques (SEM and AFM) based on different sensing 
principles. 

Figure 2 Structure of the DLC layer by AFM showing (a) topography at full thickness of 3.2 µm, (b) local 
height, (c) topography, (d) adhesion and (e) dissipation for the ~30 nm thickness 

The other four sub-images of Figure 2 show a smaller area (500 x 250 nm2) of the thinnest part of the DLC 
layer with 30 nm thickness observed already in Figure 1d. As we employed the novel PeakForce QNM 
measurement mode, we could obtain not only conventional images of local height (Figure 2b) and topography 
(Figure 2c), but also local mechanical properties like adhesion (Figure 2d) and energy dissipation (Figure 
2e). Both maps of local adhesion and dissipation indicate that the Si wafer behaves as softer material (brighter 
areas) compared to the DLC clusters (darker areas) during the contact with the probing tip. These maps of 
local mechanical properties provide an illustrative material contrast that helps to distinguish between the Si 
substrate and the DLC clusters more easily (which would be a bit more difficult when having just the topography 
images).   

Figure 3 Local height (a) and local friction map (b) with representative line profiles (c) by Lateral Force 
Microscopy showing lower friction (darker spots in (b)) of the DLC clusters in the nucleation phase at~30 nm 
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Further characterization of the mechanical properties at nanoscale were carried out by the common contact 
AFM mode, which allows the detection of the friction force from the torsion bending of the soft cantilever pulled 
over the inspected area. This torsion bending is proportional to the friction coefficient between the surface and 
the AFM tip. However, for rough surfaces additional contributions from topography may appear in the local 
friction images. In order to eliminate these artefacts, we performed 2 scans in opposite scan directions and 
processed the data into one image, shown in Figure 3b together with the corresponding local height image in 
Figure 3a, for the same spot as in Figures 2b-e. Illustrative line profiles over two small DLC clusters at 
positions of 80 and 120 nm in Figure 3c show smaller local friction values for the DLC clusters compared to 
the Si wafer. 

Some applications may require the utilization of thicker DLC layers (few µm), where the high values of internal 
stress may cause issues with the layer adhesion. This could be partly addressed by additional adhesive layers 
and/or by a suitable post-deposition annealing treatment [7, 8], where the allowed temperature range should 
be known. Therefore, we conducted the annealing experiment in air for the DLC layers prepared on steel 
substrates and for temperatures up to 400°C. As a feedback signal, we checked the Raman spectra (Figure 4), 
which are frequently reported in the literature too. 

 

Figure 4 Raman spectra of DLC layers on steel substrates as a function of the annealing temperature 

From the evaluated data we observed a certain shift both for the G peak position and for the I(D)/I(G) ratio as 
a function of the annealing temperature (Figure 5). At the highest annealing temperature of 400°C we 
observed the formation of 4 new additional sharp peaks in the range from ~300 to ~800 cm-1. 

 

Figure 5 Evaluated Raman spectra from Figure 4 showing G peak position and I(D)/I(G) ratio 
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4. DISCUSSION 

During the study of surface structures of DLC layers we found a very good agreement between the data from 
SEM and AFM microscopes for the field of view 2x2 µm2 (see Figure 1b vs Figure 2a), which confirms their 
trustworthiness. In both cases the typical measurements artefacts (charging of poorly conductive sample for 
SEM and blunt tip for AFM) were suppressed. The network of smooth clusters separated by polylines is a 
typical product of the 3D island growth mode, where the centres of the clusters would represent the nucleation 
spots at the layer/substrate interface. Similar growth mode was previously observed and described for a 
different material - µc-Si:H grains in a-Si:H matrix [9]. Detailed comparison of the apparent density of nucleation 
spots (derived from the surface images at different layer thicknesses in Figure 1) leads to a conclusion that 
besides the normal 3D island (Volmer-Weber) growth mode, the clusters also must have undergone a certain 
process of coalescence, which is in agreement with other studies [10] and the references therein. 

The material contrast observed in Figures 2d and 2e for the isolated DLC clusters is certainly welcome 
additional information for the interpretation of topographic data. Both values of local adhesion force and energy 
dissipation represent somehow bound information about the attractive interaction between tip and surface 
during the tip retraction. The appealing interpretation would consider the Si wafer being a softer material 
allowing the tip to penetrate deeper, therefore creating a larger contact area, which leads to a higher adhesion 
force measured afterwards. However, there is also other, less attractive, interpretation based on the effect of 
the capillary meniscus. DLC layers are known to be close to the hydrophobic / hydrophilic boundary [11, 12], 
while the Si wafer (with a layer of native oxide) is definitely more hydrophilic. Therefore a larger meniscus 
would be formed on the Si wafer, leading to higher attractive forces, which might be also the source of the 
contrast observed in the maps of adhesion force and energy dissipation. 

Luckily, the local friction data (Figure 3) provide a more straightforward interpretation, which is consistent with 
the tribological data published for the macroscale experiments. Friction coefficients up to 0.7 for Si in air [13], 
while only 0.1 - 0.2 for the DLC layers [3, 8, 12] were reported. Therefore we could also conclude that the 
macroscale (see literature) and nanoscale (see Figure 3c) tribological properties of Si and DLC are analogous. 

The trends of G-peak position and I(D)/I(G) ratio in Figure 5 are consistent with similar annealing experiments 
published earlier [7, 8, 14]. Although the data in Figure 5 may significantly correlate with the relative contents 
of the diamond or graphite phase in the DLC layer, this may not be a monotonous function [11] and so 
additional diagnostics methods are needed to verify this. A very clear trend of the DLC layer hardness shown 
in [8], together with similar set of Raman spectra, allows us to conclude that the transition from a hard layer 
(with pronounced diamond phase) to a softer layer (dominant graphite phase) occurred between the 
temperatures of 200 and 300°C. The change of slope of I(D)/I(G) ratio vs temperature (dotted lines in Figure 5) 
visualizes this transition. The additional sharp peaks at 272, 326, 714 and 809 cm-1 were identified as tungsten 
oxide (WOx) [15] formed during the annealing in air (O supply) and in the presence of the a-C:H:W sublayer 
(W supply). 

5. CONCLUSION 

We explored the structure of DLC layers from industrial applications, which were prepared for our study on 
steel and Si wafer substrates. We found indications of the 3D island growth mode. At the nanoscale, we 
detected different local mechanical properties (adhesion, local friction) between the DLC nanoclusters and Si 
substrate using special AFM measurement modes. Finally, we verified that our hydrogenated DLC layers are 
stable up to around 200 °C, which should be taken into account during the further layer optimization. 
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Abstract  

Wastewater treatment is one of the urgent need because of increasing water pollution. Polymeric nanofibrous 
composite membranes have been developed for the purpose of wastewater filtration due to small pore size 
and highly porous structure. In this work, various nanofibrous composite membranes were prepared, and flux 
performance was compared using a custom-built cross-flow unit. Membranes were prepared according to area 
weight of electrospun nanofiber mat, supporting layers and lamination methods. 

Keywords: Microfiltration, wastewater, nanofiber, polyamide 

1. INTRODUCTION 

The application of nanofibers for membrane technologies has become very attractive for their high flux and 
performance due to highly porous structure and small pore size. Polyvinylidene fluoride (PVDF) and 
polyamide 6 (PA6) nanofibers are mostly used in water filtration process. PVDF and PA6 are thermally and 
chemically stable, and membranes from PVDF and PA6 can be easily formed nanofibers. PVDF nanofibers 
tend to be more hydrophobic surface than PA6 nanofibers. Hydrophobicity is a function of surface and 
roughness which can be increased by increasing surface roughness. Hydrophobicity limits the functionality of 
membranes which feed solution is passing through. On the other hand, highly hydrophilic membranes tend to 
foul during the filtration process. 

Many researches have studied on improving the hydrophilicity or anti-fouling performance of PVDF and PA6 
membranes [1-5]. The most of the work focused on chemical treatment. Preparation of non-fouling porous 
membrane is one of the biggest challenges for membrane producers. Reducing the pore size might help to 
decrease the fouling but this time permeability of membrane decreases. One of the biggest disadvantages of 
using nanofibers is their poor mechanical properties.  

To the best of our knowledge, high tensile properties nanofiber composite membranes were prepared.  
Mechanical properties of the nanofibers were improved by a various lamination method. In this work, we have 
designed, fabricated, laminated and measured various nanofiber membranes for wastewater treatment and 
compared the permeability. 

2. EXPERIMENTAL 

Polyvinylidene fluoride (PVDF) with a trade name 761A was donated from Kynar, Arkema Slovakia; N, N-
dimethylformamide (DMF), 99.8 % acetic acid (AA) and 98 % formic acid (FA) were purchased from Penta 
s.r.o; polyamide 6 (PA6) was purchased from BASF-Ultramid B24 N 02. The supporting layers polyethylene 
terephthalate (PET) spun bond nonwoven membrane with 17 and 120 g/m2, and the 20 g/m2 
polyethylene/polypropylene (20/80) spun bond nonwoven bicomponent were used. 12 % wt. PVDF was 
dissolved in DMF, 8 % PA6 was dissolved in FA/AA (1/2) mixture. An NS 1S500U Nanospider unit was used 
for electrospinning. All of the process conditions were kept stable. The working mechanism of Nanospider unit 
was explained in previous work [6]. The samples were code as the name of sample and the area weight of 
supporting layer such as PVDF-17, PA6-120. The SEM images were analyzed using a scanning electron 
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microscope (SEM, Tescan Vega3 SB). The contact angle was measured at different places of the samples at 
room temperature using a Kruss Drop Shape Analyzer DS4. A custom-made cross-flow laboratory module 
equipped with a constant water flow velocity through the cell (70 L/min) and pressure (0.04 bar) were used to 
filtrate the wastewater. Wastewater was supplied from industry which produces pitch and tar oils. 

3. RESULTS AND DISCUSSION 

The area weight of prepared nanofibers for PVDF and PA6 is 0.88 g/m2 and 1.11 g/m2, respectively. The 
surface of the laminated nanofibers has been analyzed using SEM images as shown in Figure 1. 
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Figure 1 SEM images of the membranes, (A) PA6-17, (B) PA6-20, (C) PA6-120, (D) PVDF-17, (E) PVDF-20, 
(F) PVDF-120 

PVDF nanofibers have twice fiber diameter than PA6 nanofibers. The pore size of PA6 is lower than PVDF 
nanofibers. The anti-fouling effect of PA6 might be higher than PVDF nanofibers. The lamination results 
indicate that there is no damage on the fiber surface. The pore size and porosity has a significant influence on 
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the permeability of membranes. Another critical parameters those affect the permeabilities are the 
hydrophilicity and hydrophobicity. The contact angle of the membranes was analyzed and shown in Figure 2. 

 

Figure 2 Contact angle of laminated membranes 

Figure 2 revealed that each lamination method and supporting layer affected the hydrophilicity of membranes. 
All the membranes found in different hydrophobicity. Based on polymers, the lamination method, and the 
supporting layers, the permeability of the membranes was measured and compared using a cross-flow filtration 
unit. The results are shown in Figure 3. 

The results of Figure 3 showed the permeability of PA6 nanofibrous composite membranes is much higher to 
compare the PVDF nanofibrous composite membranes. The main reason is the hydrophobic structure of 
PVDF. PA6 is more polar and has an affinity to water absorption. The results indicate that nanofiber is not the 
only effective criteria on the flux and permeability but also the supporting membrane has importance. Although 
the PA6-17 has the lowest contact angle, PA6-120 has better permeability. The reason could be either due to 
lamination method and fouling of the pores. During the lamination, it is crucial not to block all the pores of 
nanofibers. The PA6-20, PVDF-20, and PVDF-120 showed stable permeability during 15 hours operation time. 
On the contrary of PA6-17, PVDF-17 has high permeability among the other PVDF membranes. The fouling 
mechanism for both PVDF and PA6 nanofibrous composite materials work in differently. 

 

Figure 3 The permeability results of the membranes (A) PA6 membranes, (B) PVDF membranes 
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Figure 4 The feed and permeate solution after microfiltration 

A qualitative measurement was done by observation of the feed and permeate solution. The difference 
between feed and permeate water is illustrated in Figure 4. Figure 4 shows that the nanofiber composite 
membrane caught solid black compounds. 

4. CONCLUSION 

The results indicate that nanofibers are an excellent candidate for the wastewater treatment. The permeability 
of the membranes mainly depends on the type of material, the lamination method, and the supporting layer. 
The results can be concluded that PA6 nanofibers have better performance than that PVDF one. Even tough 
using the same nanofiber layer, the influence of supporting layer on the permeability of the membrane is 
considerable. Using various supporting layer, the permeability of PA6 and PVDF nanofibrous composite 
membranes were increased over than 3 times. 
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MERCURY (II) ION EXTRACTION FROM AQUEOUS SOLUTIONS 
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WHITBY Raymond L.D. 

Nazarabayev University, Department of Chemical Engineering, Astana, Kazakhstan 

Abstract 

The formation of insoluble mercury amalgams from aqueous solution through the reaction with noble metals 
is a promising method for environmental clean-up. This work reports a promising avenue whereby mercury (II) 
ions are removed from aqueous solution using silver nanoparticles immobilized on the surface of modified 
silica. Commercially available fumed silica was treated with triethoxysilane in order to form silicon hydride 
groups on the surface. The modified silica was subsequently used in generation of silver nanoparticles on the 
surface of silica substrate. It was determined that the synthesized silver nanoparticles are of high purity and 
stably immobilized on the silica support; the concentration of silver nitrate solution and contact time between 
silicon hydride groups and silver ions linearly affect the size of generated metal nanoparticles. Silver 
nanoparticles on the silica support were tested in the process of mercury (II) ions removal.  

Keywords: Silver nanoparticles, silicon hydride groups, mercury removal, high purity, size controlled  
         nanoparticle synthesis 

1. INTRODUCTION 

Contamination of environmental water sources by heavy toxic metals is recognized as one of the major threats 
faced by mankind [1, 2]. Among heavy metals, mercury is one of the most harmful pollutants, which has been 
paid a great attention for many decades. It is a highly toxic metal, which can accumulate and amplify in 
biological species along the food chain [1, 2]. Mercury exposure causes serious kidney and brain deceases 
[2, 3]. Therefore, development of efficient and cheap clean-up technologies for mercury removal is of great 
importance. 

One of the rapidly developing mercury removal technologies is an adsorption which involves nanometer sized 
adsorbents and ion exchangers [3, 4, 5]. In comparison to bulk size particles, nanomaterials have extremely 
small particle size and large surface area with negligible mass transfer resistance which make separation 
process highly efficient [3, 4]. In the current study we propose using silver nanoparticles (Ag NPs) immobilized 
on silica substrate as an efficient and easily manufactured adsorbent material for mercury treatment. Silver 
has an ability to form an amalgam with mercury, which dissolves in the solid metal forming a solid solution. 
Therefore, the use of Ag NPs will allow immobilization of mercury on the surface of the silica substrate. 

The chemical reduction methods have been widely used to synthesize Ag NPs from silver salts [7]. The main 
concern in synthesis of the metal nanoparticles by chemical reduction is attributed to instability of the particles 
in aqueous solutions [7, 8]. Therefore, most of the existing chemical reduction approaches make use of 
stabilizers in order to extend the lifetime of Ag NPs in aqueous solutions [8]. However, this results in generation 
of ‘non-chemically pure’ nanoparticles due to formation of residual groups on the surface of the adsorbent 
which, consequently, deteriorates adsorptive properties of the material [9]. Herein, we generate high purity 
Ag NPs on the surface of silica substrate by reducing silver ions from its salt solution using silicon hydride 

groups (≡SiH). The corresponding reaction is given below in Equation (1): 

≡ 	[º + ·»F + 2º�¼ →≡ 	[¼º + ·»m + º�¼F + �
� º�                                           (1) 
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Consequently, the aim of the current work is to synthesize Ag NPs of high purity and test the generated 
nanoparticles of different sizes in the process of mercury (II) ions removal.  

2. EXPERIMENTAL SECTION 

2.1. Samples Preparation 

2.1.1. Synthesis of surface modified silica substrate  

First, the surface of fumed silica was modified via silanization reaction in which triethoxysilane (TES) reacted 
with fumed silica in acidic medium resulting in generation of ≡SiH groups on the silica surface. This was 
realized by refluxing 3 g of fumed silica with a mixture of 0.46 ml of TES and 60 mL of glacial acetic acid for 
2 hours. The final product was filtered and dried in a bench oven at 105°C for 12 hours to terminate formation 
of ≡SiH groups and evaporate acetic acid and ethanol. 

2.1.2. Silver nanoparticles generation 

At the next stage, Ag NPs were synthesized on the surface of modified silica by stirring the silica sample in 
AgNO3 solution. As one part of the work, the influence of silver salt concentration and contact time between 
Ag+ ions and ≡SiH groups on the size of generated nanoparticles were investigated. Three nanocomposites 
of Ag NPs with loadings of 0.05 mmol Ag/g SiO2, 0.1 mmol Ag/g SiO2 and 0.5 mmol Ag/g SiO2 were produced 
to evaluate influence of silver salt concentration. For the sake of simplicity samples were designated 
as SiH/Ag-x where x is the loading of silver on silica surface. The samples were synthesized from 2.5 ml, 5 ml 
and 25 ml of 10 mmol/l AgNO3 solution under rigorous stirring for 30 minutes. In order to investigate the effect 
of contact time, mixture of 5 ml of AgNO3  and 0.5 g of the hydride-modified silica was shaken for 5, 10, 15, 20 
and 25 minutes. All the obtained products were filtered and dried for 12 hours at 105°C. 

2.1.3. Mercury adsorption experiments 

Finally, mercury adsorption batch experiments were conducted with samples of SiH/Ag-0.05 and SiH/Ag-0.5 
to test the efficiency of the synthesized Ag NPs on removal of mercury ions from aqueous solutions. The 
samples were selected on the basis of the lowest and highest silver loading. The sorption experiments were 
also carried out with samples of modified and fumed silica and achieved results were compared with the 
performance of Ag NPs. For each experiment conducted, 0.1 g of sample was impregnated into mercury 
acetate, Hg(CH3COO)2, solution with pre-determined concentration. Mercury concentration in aqueous 
solutions was monitored in the interval from 5 to 120 minutes at room temperature and the concentration of 
the solutions was monitored by atomic adsorption spectrometer. 

2.2. Samples characterization and methods of analysis 

Samples were characterized using Thermo Nicolet FTIR spectrometer, Rigaku D/max 2200 Powder X-ray 
diffractometer (XRD) and Libra-120 Transmission Electron Microscope (TEM). Ag NPs on the silica support 
were tested in the process of mercury (II) ions removal. In order to verify the mercury uptake Zeeman furnace 
atomic-absorption spectrometer (RA-950, Lumex) was used. The amount of ≡SiH groups grafted onto the 
surface of silica sample was determined using back iodometric titration technique. 

3. RESULTS AND DISCUSSION 

3.1. Surface modification of fumed silica 

FTIR analysis showed that after the reaction of fumed silica (Figure 1a) with TES a sharp band appears in the 
spectra (Figure 1b) at 2260 cm-1 identifying formation of ≡SiH groups on the silica surface [12]. However, this 
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band totally disappears after the contact of modified silica with AgNO3 solution, which is a clear indication of 
the reduction of Ag+ ions from its salt solution and formation of Ag NPs on the modified silica substrate 
(Figure 1c). Additionally, it can be also highlighted that intensity of the stretching band, corresponding to the 
isolated silanol groups (3745 cm-1) on the initial silica (Figure 1a), have considerably decreased after the 
silanization reaction. Very small shoulder on the spectrum of modified silica indicates that the silanization of 
fumed silica has almost completely replaced silanol groups by silicon hydride groups. Other bands at 810, 
1122, 1628 and 1871 cm-1 are attributed to the internal IR standard of the fumed silica [11]. 

 

Figure 1 FTIR spectra for fumed (a), TES modified (b) and silver nanoparticles decorated (c) silica samples 

The back iodometric titration analysis showed that 0.75 mmol of ≡SiH functional groups were synthesized per 
gram of SiO2. The obtained value is in good agreement with previously reported results [10,11] and provides 
information on the possible amounts of silver that can be loaded onto the substrate. 

3.2. Silver Nanoparticles generation 

3.2.1. Effect of silver nitrate concentration 

XRD analysis was performed on the nanocomposite of silica decorated with Ag NPs and X-ray diffraction 
patterns of Ag NPs synthesized at different concentrations of AgNO3 are given in Figure 2. It was found that 
five peaks at 2Ɵ values of about 38.0°, 44.0°, 64.0°, 77.0° and 82.0° corresponding to (111), (200), (220), 
(311) and (222) planes of silver, respectively, indicate the presence of face-centered cubic (FCC) structured 
crystalline Ag NPs. Validity of the obtained values was confirmed with standard powder diffraction card of silver 
nanoparticles (JCPDS, file No. 04-0783) [13]. A large halo at 2Ɵ value of 21.51° on Figure 2 is due to the 
amorphous structure of silica support. As expected no impurities in crystalline structure have been detected 
which indicates the high purity of the synthesized Ag NPs. The Scherrer equation was used to calculate the 
average sizes of the Ag NPs. Calculations yield that the average size of the crystallites for samples Ag/SiO2-
0.05 (Figure 2a), Ag/SiO2-0.1 (Figure 2b)  Ag/SiO2-0.5 (Figure 2c) over highest reflection of 111 are 
approximately 15 nm, 20 nm and 25 nm respectively. 
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Figure 2 X-ray diffraction patterns for Ag NPs on silica substrate synthesized from different concentration of 
AgNO3: a) 0.05 mmol Ag/g SiO2, b) 0.1 mmol Ag/g SiO2, c) 0.5 mmol Ag/g SiO2 

3.2.2. Effect of reaction time 

TEM provided further insights into the influence of the reaction time on the size and morphology of silver 
nanoparticles. Figure 3 shows that all generated nanoparticles have near-spherical shape with varying sizes.  

 

Figure 3 TEM images of Ag NPs synthesized at different reaction times. The microscope revealed near 
spherical particles with sizes of a) 26 nm after 5min, b) 23 nm, 32 nm and 39 nm (from left to right) after 10 

min, c) 73 nm after 15 min, d) 157 nm (left) and 78 nm (right) after 20 min, e) 171 nm after 25 min 

 

Figure 4 Average size distribution of silver nanoparticles with respect to reaction time  

It can be observed that particles are not aggregated. The surface density of the ≡SiH groups is small and 
particles appear at the sites where ≡SiH groups have been present due to highly reducing properties of the 
latter component which also prevents the agglomeration of the Ag NPs. Finally, stability of formed Ag NPs in 
aqueous solution results in increased surface area which can be favorable for mercury adsorption. 
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Additionally, all the synthesized nanoparticles, captured by TEM imaging system, were measured using the 
microscope inbuilt software to determine the influence of time contact on the size of the generated Ag NPs. 
Measurement results were plotted against the reaction time as shown on Figure 4 and the percent variance 
of the linear trendline was calculated. It can be observed from the graph that the increase in the contact time 
leads to the increase in the size of the generated nanoparticles. In addition to that that the plot characterizing 
the size distribution of Ag NPs has almost linear character (R2=0.9602) with insignificant difference in particle 
sizes for samples obtained after 5 and 10 min of reaction. This effect can be explained by short reaction period, 
which was insufficient for establishment of equilibrium between silver ions and silicon hydride groups. 

3.3. Mercury adsorption experiments 

Finally, the batch experiments were conducted and the mercury uptake percentage was calculated for each 
sample as shown in Figure 5. 

 

Figure 5 Adsorption of mercury with time on different materials 

It was found that amount of Hg2+ ions removed from solutions increased with increase in the incubation time 
between mercury salt solution and potential adsorbents (Figure 5). The results also demonstrate that both 
fumed and modified silica had an ability to adsorb mercury ions from Hg(CH3COO)2 solution. However, the 
adsorption kinetics of mercury ions on the surface of fumed silica was found to be extremely slow and about 
25% of the mercury ions was removed by this sample. The adsorption kinetics was significantly improved by 
modifying the surface of fumed silica with TES. The surface modification resulted in the rapid mercury removal 
in the first 30 minutes when about 70% of Hg2+ ions were extracted from mercury acetate solution. However, 
this figure fluctuated significantly in the remaining period of time which can be explained by the mobility of 
mercury on the surface of modified silica. Although silicon hydride (≡SiH) groups, attached to the surface of 
TES modified silica, act as reducing agent towards the mercury ions, they cannot tightly “hold” mobile mercury, 
which tends to escape back into the solution.  

However, the batch experiments shows that fluctuations in the mercury removal do not occur with samples 
decorated with Ag NPs that act as “anchoring” agents forming stable insoluble silver-mercury amalgams. The 
use of Ag NPs also considerably improved mercury uptake rate. For the sample of SiH/Ag-0.05, approximately 
60% of mercury ions was extracted in just 5 minutes after commencing the experiment that could be significant 
enhancement in mercury adsorption processes. This figure further increased to 90% in the next hour, finally, 
reaching a point of 95% mercury removal at the end of the experiment (t=120 min). However, the mercury 
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uptake decreased by almost half when another sample, SiH/Ag-0.5, with higher silver loading was tested. The 
decreased removal efficiency of the second sample can be attributed to the increased size of the nanoparticles, 
which led to decrease in their surface energy and surface area and, therefore, adsorptive qualities. The results 
demonstrate that nanoparticles with smaller size are more favorable for the mercury uptake. 

4. CONCLUSION   

This study focused on removal of mercury (II) ions from aqueous solution using silver nanoparticles 
immobilized on the surface of modified silica substrate. It was shown that modification of fumed silica with 
triethoxysilane allowed to synthesize “chemically pure” silver nanoparticles whose size can also be controlled 
by increasing either concentration of silver nitrate solution or contact time between silicon hydride groups and 
silver ions. Synthesized silver nanoparticles were subsequently used in batch experiments where their 
effectiveness in removal of mercury ions was investigated. It was discovered that silver nanoparticles with 
lowest particle size had a tendency for fast and efficient mercury removal from the aqueous solution.  
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Abstract  

Many industries like textile, paper, printing, plastic, food and cosmetic are utilising dyestuff to give different 
colours to their goods. The waste of these industries contain a large amount of dyes which is normally 
discharged in the drain water without proper treatments. This paper presents the work for the synthesis of iron 
oxide nanoparticles and their application for the removal of acid red dye form water. The characterization of 
iron oxide nanoparticles was carried out with SEM, XRD and Vibrating sample magnetometer. The as 
synthesized iron oxide nanoparticles were used for the efficient removal of acid red dye from water. After the 
removal of dyes, maghemite nanoparticles can be separated from the water by magnetic separation. The 
results showed that iron oxide nanoparticles can successfully be employed for the wastewater treatment. 

Keywords: Iron oxide nanoparticles, adsorption, dye removal, textile wastewater 

1. INTRODUCTION 

Many industries like textile, paper, printing, plastic, food and cosmetic are utilising dyestuff to give different 
colours to their goods. The waste of these industries contain a large amount of dyes which is normally 
discharged in the drain water without proper treatments [1-4].The photosynthetic movement of the aquatic life 
may affected by dyes because of the decrease in light penetration [5-7]. Additionally, some dyes are toxic and 
carcinogenic for many aquatic species like fishes and other microbes. Moreover, these dyes are responsible 
for severe damage to humans in the dysfunction of the kidney, reproductive system, liver, brain and central 
nervous system [8]. Therefore different methods and technologies are demanded to eradicate dyes and their 
waste from wastewater streams. 

In recent years iron oxide nanoparticles are being studied extensively in the fields of clinical diagnosis, cancer 
treatment, drug delivery and removal of heavy metals and toxic materials from water. This paper presents the 
work for the synthesis of iron oxide nanoparticles and their application for the removal of acid red dye form 
water. The characterization of iron oxide nanoparticles was carried out with SEM, XRD and Vibrating sample 
magnetometer. The as synthesized iron oxide nanoparticles were used for the efficient removal of acid red 
dye from water. After adsorption of dyes, iron oxide nanoparticles can easily be separated from the water by 
magnetic separation. The used iron oxide nanoparticles can easily be recovered and reused many times. The 
results showed that iron oxide nanoparticles can successfully be employed for the wastewater treatment. 

2. EXPERIMENTAL 

2.1. Synthesis of iron oxide nanoparticles 

Firstly benzyl ether (15 ml) was heated to 130 °C in reflux apparatus. Then Iron pentacarbonyl (0.5 ml, 2.5 
mmol) was added. The temperature increased to reflux (300 °C) and maintained for 10 hours until a black 
solution was obtained. The resultant maghemite nanoparticles were precipitated with the addition of methanol 
and subsequently separated by centrifugation. 
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2.2. Removal of dye by maghemite nanoparticles 

Maghemite nanoparticles (20 mg) were added to aqueous solutions of Acid Red 27 (50 ml) with different initial 
concentrations. Then the solution were shaken at 250 rpm at 25 °C until the attainment of equilibrium. After 
adsorption of dye maghemite nanoparticles were separated by magnetic separation. The dye removal 
efficiency was calculated by using equation.  

��G �G�½.ª� % =  �¿ >�'
�¿  × 100             (1) 

Where co is the initial concentration of Acid Red 27 dye in the solution, and ce is the equilibrium concentration. 

3. RESULTS AND DISCUSSION 

3.1. Surface morphology 

The shape of synthesized nanoparticles is nearly spherical as observed by scanning electron microscope and 
is shown in Figure 1. The particles size of iron oxide nanoparticles is ~30 nm which also confirmed by XRD 
studies.  

 

Figure 1 SEM image of iron oxide nanoparticles 

3.2. XRD analysis 

XRD spectra of as prepared nanoparticles is presented in Figure 2 which proves the synthesis of pure 
maghemite nanoparticles. The crystallite size is found to be 30 nm calculated according to the Scherrer 
equation: 

� = ÂÃ
$Ä #Å�Æ&             (2) 
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Figure 2 XRD spectra of maghemite nanoparticles 

3.3. Magnetic properties 

The magnetic hysteresis loop of maghemite nanoparticles as measured with the help of vibrating sample 
magnetometer is shown in Figure 3. The magnetic saturation value of maghemite nanoparticles is found to be 
65 emu/g.  

 
Figure 3 Magnetic hysteresis loop of maghemite nanoparticles 

3.4. Removal of Dye  

In order to investigate the dye removal efficiency of prepared iron oxide nanoparticles, experiments were 
carried out at 25 °C and pH of 6. The initial concentrations of Acid Red 27 dye were 10 mg/L, 20 mg/L and 30 
mg/L. The dye removal percentage by as prepared iron oxide nanoparticles at different initial concentrations 
as a function of time is shown in Figure 4.  
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Figure 4 Dye removal at different initial concentrations under the effect of contact time 

It can be observed from the results that with the increase in the initial concentration of dye in solution, the 
adsorption also decreases. The adsorption of dye is very rapid and equilibrium adsorption was attained in 25 
minutes. This rapid adsorption may be due to small size and high surface area of maghemite nanoparticles. A 
much higher equilibrium adsorption time as compared to this work is reported by the other adsorbents for the 
adsorption of acid red dye as observed by Qiao et al. [9] who reported equilibrium time of 24 hours onto 
bentonite and equilibrium time of 21 days was reported onto chitosan [10]. 

4. CONCLUSIONS 

In this research work synthesis of iron oxide (maghemite) nanoparticles was carried out successfully. The as 
prepared nanoparticles were characterized by SEM, XRD and vibrating sample magnetometer. The removal 
of Acid Red 27 dye from water was measured by UV visible spectrophotometer. The prepared maghemite 
nanoparticles were used for the removal of Acid Red 27 dye from water. The adsorption rate was quite fast 
and equilibrium was attained in 25 minutes. The results showed that iron oxide nanoparticles can successfully 
be employed for the wastewater treatment. 
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Abstract   

The aim of this work was to study dissolution and solubility of humic acids in water. Systems were studied 
using solution calorimetry. Thermodynamics data of humic acids were determined in aqueous solutions in the 
temperature range from 298.15 K to 318.15 K. We compared two types of humic acids and influence of 
temperature. These HAs were isolated from two different organic origin - compost and South Moravian lignite. 
HAs was isolated from South-Moravian lignite from the mine Mír (locality Mikulčice, Czech Republic) and 
compost which was obtained from the composting plant in Náměšť n. Oslavou, Czech Republic. Isolation of 
HAs was performed according to the procedure recommended by the International Humic Substances Society 
(IHSS). 

Keywords: Humic acid, dissolution, enthalpy, solution calorimetry 

1. INTRODUCTION 

Enthalpy change for dissolution of solids (ΔsolH) is an important characteristic of solute-solvent interaction [1]. 
We can use solution calorimetry everywhere in the field of chemistry. It is non-invasive, non-destructive method 
which can be utilized, for example, for determining the enthalpy of dissolution, polymorphism, degree of 
crystallinity/amorphous content, characterization of interactions, to investigate the stability of supersaturated 
systems, to study the formation of liposomes with phospholipids, photoreactivity and sorption processes [2, 3]. 

The thermodynamic function, which characterizes the total energetic effect of the solute-solvent interactions, 
is the solvation enthalpy, ΔsolvH. This function is connected with the standard dissolution enthalpy of a solid 
solute, ΔsolH° by a simple relation (1), [1]: 

ΔsolvH =  ΔsolH° + H (crystal lattice)                                 (1) 

In this study, we used semi-adiabatic solution calorimeter. These methods involve typically crushing of a glass 
ampoule containing the sample in a solvent chamber and measuring the released heat while stirring the 
solution [4]. 

Humic substances are well known to be one of the most important soil constituents. They are the principal 
components of soil organic matter and have indispensable roles for soil and the environment in general. Due 
to their colloidal and polyfunctional character, these substances play important roles in the mobility and 
bioavailability of nutrients and contaminants in the environment and can be considered as natural nano-colloids 
[5]. They determine the pH buffering capacity and cation exchange capabilities in natural waters and soils [6, 
7]. Study of thermodynamics and dissolution results improves our knowledge about reactivity of humic 
substances and how these substances can behave in nature and aquatic systems. 
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2. MATERIALS AND METHOD 

2.1. Materials 

Humic acids were isolated from South-Moravian lignite from the mine Mír (locality Mikulčice, Czech Republic), 
compost was obtained from the composting plant in Náměšť n. Oslavou, Czech Republic. Isolation of HAs was 
performed according to the procedure recommended by the International Humic Substances Society (IHSS). 

2.2. Methods 

Solution calorimetry.  

The enthalpy of solution (ΔsolH) of humic acids was measured with the precision solution calorimeter of the 
TAM III Thermal Activity Monitor (TA Instruments Inc.). The measurement temperatures were 25 ± 0.0001 °C, 
30 ± 0.0001 °C and 35 ± 0.0001 °C. The volume of the vessel was 100 mL, and the stirrer speed was 500 rpm. 
Measurements with sample amounts of approximately 100 mg were performed. The calorimeter was calibrated 
with KCl (analytical grade, > 99.5%, Merck). The TAM Assistant software v0.9 and SolCal version 1.2 was 
used for the data analysis. 

3. RESULTS AND DISCUSSION 

In Figure 1 typical output from the measurement of solution calorimetry for dissolution of lignite HA at 35 °C is 
shown. Green circle indicates the effect of the breakage of the ampoule with the sample of humic acids. From 
these data we can calculate the value of enthalpy. As can be seen the slope of curve increases in this points 
which indicates that studied reactions are exothermic. Values of enthalpy are negative, which corresponds to 
exothermic origin of reactions.   

 
Figure 1 Result from solution calorimetry for dissolution of lignite HA at 35 °C 

Temp offset, mK

-400

-300

-200

-100

0

Time, min0

P
a
us

e

B
as

e
li

n
e

C
al

ib
ra

ti
on

 1
B

as
e
li

n
e

P
a
us

e
B

as
e
li

n
e

B
re

a
k

B
as

e
li

n
e

P
a
us

e

B
as

e
li

n
e

C
al

ib
ra

ti
on

 2
B

as
e
li

n
e

E
n
d



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

238 

 
Figure 2 Dependence of dissolution enthalpy on temperature (25 °C to 35 °C) 

The data for lignite HA and compost HA showed linear decrease of (the absolute value of) measured enthalpy 
with increasing temperature of dissolution in water, cf. Figure 2. As it is known, the solubility of humic acids 
increases with increasing temperature. This should predict and increasing enthalpy at higher temperatures. 
Considering the observed phenomena together with complexicity of humic acids it is hard to resolve which 
effects predominate in dissolution of humic acids and therefore are responsible for decrease enthalpy with 
temperature increase. Received data are shown in Table 1. 

Table 1 Dissolution enthalpy from solution calorimetry (TAM III, TA Instruments)    

Reaction ΔsolH [J/g] Reaction ΔsolH [J/g] 

Lignite HA + water (25 °C) -32.419 Compost HA + water (25 °C) -31.640 

Lignite HA + water (35 °C) -28.296 Compost HA + water (35 °C) -23.952 

Lignite HA + water (45 °C) -25.755 Compost HA + water (45 °C) -19.870 

4. CONCLUSION 

The heat of dissolution of lignite humic acid, compost humic acid in water was determined experimentally. The 
values of dissolution enthalpies in both cases indicate that the dissolution is exothermal processes. From 
results we can see dependence on the temperature. With increasing temperature the decrease of dissolution 
enthalpy can be observed. It means that endothermic part of solution is increasing during dissolution.   
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Abstract 

Migration of zero valent iron in the subsurface is a task solved in the long term from different points of view at 
many workplaces. Experimental equipment in these workplaces mostly enables only one-dimensional 
assignments (laboratory columns) to be studied in different orders with various levels of detection of migrant 
substances. The 2- and 3-dimension experimental equipment from the VEGAS research facility, University of 
Stuttgart with large scale dimensions of approximately 1m x 0.12m x 0.7m and 8m x 1m x 3m (L x W x H) 
enables the migration and interaction of nanoiron particles to be studied in a homogeneous artificially created 
aquifer under conditions approaching the real conditions of a contaminated site. The whole experiment is linked 
to the international research project NANOREM, which aims to show that the application of nanoparticles is a 
useful and in particular reliable method for remediation of contaminated soil and groundwater. 

Keywords: Nanoiron particles, injection of nanoparticles, transport and targeted deposition of nanoparticles  
                    in the subsurface, interaction of nanoiron particles with contaminants 

INTRODUCTION 

Nanoscale zero-valent iron (nZVI) is a progressive material for in-situ remediation of contaminated sites. 
Besides testing the reactivity of iron nanoparticles with a given kind of contaminant (e.g. Cr(VI), chlorinated 
ethenes, lindane, heavy metals) it is equally important to find out how far the nanoparticles are able to migrate 
to ensure contact with the contaminant in the subsurface. Artificially created DNAPL (Dense Nonaqueous 
Phase Liquid) contamination in 2-D and 3-D experimental equipment is treated by zero valent iron 
nanoparticles using the method of direct-push directly into the contamination source. The use of the direct-
push method is economical even in hard to reach areas. The application of reactive zero valent iron 
nanoparticles (nZVI), which are pushed as water slurry into the underground, has many advantageous. The 
nanoscale particles have easier access to the pore space and because of their large specific area react very 
well with the contaminant. Furthermore, nZVI are applicable to a wide range of pollutants (organic substances, 
heavy metals, pesticides etc.). [1] The whole large scale system enables the extensive monitoring and 
visualization of nZVI migration in the subsurface or monitoring of the interaction between the particles and the 
contaminant. The aim of these experiments is to compare the migration properties of different particles, to 
calculate the spread efficiency of the particles in the subsurface and in particular to quantify the whole remedial 
action. 

1. MATERIALS TESTED 

The nZVI particles NANOFER 25S (NF 25S) and NANOFER STAR (NF STAR) both produced by manufacturer 
NANO IRON s.r.o were used. The NF STAR particles are air-stable because their surface is stabilized by an 
inorganic oxide layer. The NF STAR suspension was prepared as 20% water slurry dispersed with a 
homogenizing and dispersing device. To recover the reactive surface of the iron particles it is necessary to 
prepare the suspension at least 2 days prior its application. The NF 25S suspension was prepared from 
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pyrophoric NF 25P particles in distilled water with a ratio of 1: 4 (20% water slurry) using an LD 05 laboratory 
dispersing unit (NANO IRON s.r.o.) in a nitrogen atmosphere immediately prior to application. To stabilise the 
suspension 3% of organic stabilizer (Axilat - Polyacrylic acid) was used. Both types of particles have an 
average particle size of 50 nm, an average surface area of 20-25 m2/g, a narrow particle size distribution of 
20-100 nm and a high content of iron in the range of 80-90 wt. % [3]. The used concentration of nZVI in 
suspensions was 10 g/L.  

Volatile chlorinated hydrocarbon tetrachlorethene (PCE) was chosen as the model contaminant. PCE is 
colourless volatile liquid, very stable and fire-resistant. It is used for dry cleaning of fabrics. PCE was coloured 
by the organic red colouring rhodamin for its better detection in the experimental system.  

2. LABORATORY TEST METHODOLOGIES 

2-D experiment (small flume) 

The aim of the experiment is to present in the best possible way a homogeneously filled two-dimensional 
cross-section of a confined aquifer (Figure 1). The box is made of stainless steel and safety glass, and the 
confined state is created by two fixed boundary conditions i.e. Constant Head #1, and Constant Head #2 (see 
in the circle in Figure 1). The box was filled with silica sand (DORSOLIT® Nr.8) and an impermeable layer 
(Geba weiß - fine-grained silica sand). Two containers located on the inlet side of the box served as 
deoxygenated water tanks. The contaminant and the iron nanoparticles (NF 25S) were subsequently applied 
to the porous medium through four injection ports at the rear of the box. Prior to injection of the iron the 
suspension had to first be prepared in a mixing container. Since iron nanoparticles rapidly clump together and 
have a tendency to form large impermeable agglomerates the suspension had to be dispersed before and 
during injection. 

The box was first assembled and filled with sand and then the first tracer test was performed to confirm that 
the system is homogeneously filled and there are no preferential flow paths in the system. Subsequently, the 
first (reference) migration experiment was performed without the presence of contaminant in order to observe 
the spread of nanoparticles through the medium without the presence of harmful substances. After the first 
migration experiment, the second tracer test was carried out in order to observe changes in the water flow 
after injection of the particles. After the experiment, the box was emptied layer by layer. The individual layers 
were documented, analyzed and the results were used to calculate the spread efficiency of the particles in the 
porous medium. The entire migration experiment was then repeated under the same conditions but this time 
with the presence of PCE. This experiment served to visualize the spread of the iron nanoparticles in the 
porous medium with the presence of PCE and thus to verify the direct-push method. 

 

Figure 1 2-D experiment workstation at the VEGAS research centre 
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3-D experiment (large scale flume-LSF) 

The experimental box is made of stainless steel and the safety glass. The equipment is 16 meters long,  
1 meter wide and 3 meters high (Figure 2). It is subdivided into two separate compartments, each 8 meters 
long. Remediation of a source zone of contamination by nZVI particles takes place in the first compartment of 
the experimental box (LSF 1). The whole system introduces the unconfined aquifer with a homogeneous soil 
structure. Sand with a medium grain size (hydraulic conductivity - K = 4*10-4) was used. The boundary 
conditions on the inflow site are defined by a constant flux and on the outflow site by a constant head. 
Degassed water flows into the system at a flowrate of 100 m3/d. The experimental box was filled layer by layer. 
Each layer was manually compacted using tampers. To prevent (or minimize) anisotropies, the tamper 
surfaces were spiked with nails and a rake was used to roughen the surface of each layer after compacting. A 
tracer test was performed prior to the start of the experiment to validate the permeability of the whole flume 
and to establish the initial conditions in the experiment. Values of pH, ORP, hydraulic conductivity, dissolved 
oxygen and flowrate on the inflow and outflow were measured online. Twelve sensors were installed in the 
flow domain for measurement of magnetic susceptibility for detection of the migration of nZVI particles, 3 micro 
pumps for water sampling during the injection of particles and 12 piezometers/pressure transducers for 
monitoring water level/pressure increase in the system during injection. Further parameters were measured 
including the concentration of chlorinated hydrocarbons (CHCs), hydrogen, dissolved iron and physical and 
chemical parameters through the installed 36 sampling points in the whole system. 

The application of contamination and injection of nanoparticles (NPs) was performed in the central part of the 
experimental box. The PCE source was injected at six locations (Figure 5, red colour). At each location, 333 
g of PCE was injected at 10 different depths with 10 cm intervals. After the PCE application it was necessary 
to wait approximately 1-2 months for the PCE concentration to stabilize in the porous media. After the 
stabilization of PCE the preparatory phases for the nZVI injection were started. The NPs were injected by 
direct-push with a 1” ID injection well with 4 small openings at the bottom which produce a high injection 
velocity around the openings. The stock suspension was bubbled through inert gas to avoid oxidation of the 
particles and was mixed to prevent particle sedimentation. The injection into the LSF1 was performed in two 
steps. The first pilot injection was performed in August 2014. Based on the preliminary lab batch and column 
tests 1 m3 of iron suspension was injected at ten depths. The concentrated stock suspension of NF 25S was 
diluted online at the required concentration using a dosing unit. The second injection went in June 2016. On 
the basis of the results from the 1st injection and additional cascading columns and reactivity tests was injected 
1m3 of NF STAR suspension modified with Carboxymethyl cellulose (CMC) at five depths. After the both nZVI 
injections the whole system was monitored. The migration of the NPs was detected and the remediation of 
PCE source was quantified.  

  

Figure 2 3-D large scale experiment in the VEGAS research facility 
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3. RESULTS 

2-D experiment (small flume) 

The experiments demonstrated that iron nanoparticles spread radially from the injection point (Figure 3). The 
transport distance of NF 25S was approximately 0.4 meters within 7 hours. For the NF 25S particles the more 
mobile disaggregated particle fractions were easily transported. After disassembling the experiment with the 
NF 25S particles it was apparent that the individual zones of nanoiron were connected in all of the layers and 
the greatest concentration of particles was very close to the injection points (Figure 4, right). The lighter parts 
of the zones in the flow direction were areas with a lower content of particles. Furthermore, this experiment 
confirmed that the iron nanoparticles also reached the areas of PCE contamination, whereby providing the 
necessary contact for the onset of the reaction of PCE with the iron nanoparticles. A limitation of this 
experiment proved to be the formation and accumulation of gases in the upper part of the box, which was the 
result of the reaction of the PCE with the nanoiron and anaerobic corrosion. During the tracer test the flow of 
water completely changed after injection of the nanoiron, with the area affected by the injection of nanoiron 
being bypassed (Figure 4, left).  

 

Figure 3 Visualization of the 2D-migration experiment using NF 25S with the presence of a contaminant 

 

 

 

 

Figure 4 left - Tracer test after nZVI injection; right - Disassembling of the experimental box layer by layer at 
the end of experiment 
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3-D experiment (large scale flume-LSF) 

The first pilot test verified the functionality of the whole system, tested the injection system and the installed 
monitoring and sampling equipment. The migration of NF 25S nanoparticles in larger equipment was very 
limited and significantly lower than expected according to the results of the preliminary 2-D migration 
experiment [2]. The installed sensors for the magnetic susceptibility measurements did not detect any NP 
transport in the system. The nearest magnetic susceptibility sensors (MSS) were located approximately 25 cm 
from the nZVI injection point. Soil profiles were sampled for the exact determination of nZVI concentrations in 
the subsurface. nZVI concentrations were determined in the soil profile in the closest sampling points, 
approximately 15 cm from the NP injection point. The highest nZVI concentrations were determined in the 
levels between 70 and 90 cm, between the third and fifth injection positions. The monitoring of the ability of 
the nZVI particles to migrate in the subsurface showed that the NPs were able to migrate less than 15 cm from 
the injection point in the system. Almost half of the whole applied contamination mass was flushed due to the 
injection of nZVI particles and the reductive dechlorination process only started in a negligible amount of the 
applied PCE. The reductive dechlorination process leads to the conversion of PCE to less toxic or non-toxic 
products. On the basis of these facts the additional research was under way in the form of laboratory batch 
and cascading column tests.  

Before the second injection was necessary to emplace the same amount of PCE into the system because the 
previous PCE source was flushed out during the first injection. Due to the first injection of NPs the soil pores 
was clogged. The hydraulic conductivity was too small in areas close to the injection point. The position of 
PCE source emplacement and second NPs injection was shifted 40 cm downstream (Figure 5 -left, violet 
colour). The new injection position was far enough from the first injection point and the nearest MSS were 
located 33 cm up/downstream. The position of the nearest sampling ports was 25 cm up/downstream. After 
the second NPs injection the nZVI particles were detected from six MSS. Five were detected inside of the 
source zone (33 cm up/downstream) and one was detected at 1.44 m downstream in the middle part. 
Temperature changes were detected from seven MSS. Four were detected inside of the source zone and 
three at 1.44 m downstream. After 2 months of the injection the particles were found at LSF glass front 
(Figure 6). The PCE decline at the downstream of the injection has been observed (Figure 5 - right). The 
PCE degradation is still going on.  

 

Figure 5 Left - Position of PCE emplacement and NP injection for 1st and 2nd injection; right - Change of the 
PCE concentration in sampling ports at the downstream after 2nd injection 
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Figure 6 Nanoparticles found at LSF glass front after 2 months of the 2nd injection 

4. CONCLUSIONS 

The 2D-experiment designed for the purpose of comparing the migration properties of different types of 
nanoparticles fulfils its task. The experiment can be repeated to determine how the individual particles behave 
in the given porous medium. By maintaining the same initial conditions of the experiment (the same porous 
medium, the concentration of particles in the suspension etc.) not only can the migration ability of the particles 
be compared but also the spread efficiency in the medium.  

The 3-D large scale experiment enables the study of migration of nZVI particles, its interaction with the 
contaminant and quantification of the whole remediation in a homogeneous artificially created aquifer under 
conditions close to those encountered at field sites. The first pilot test verified the whole experimental system 
and initial conditions. The transport of the NANOFER 25S particles from the injection point was insufficient. 
During the 2nd injection with use of other type of nZVI particles NANOFER STAR modified with CMC to enhance 
the migration properties in the porous media was achieved better transport of nZVI in the system. After two 
months the particles discovered at the LSF glass front. The LSF experiment was designed for a deeper 
understanding of a real remediation action and to show that the application of nanoparticles is a useful method 
for remediation of contaminated soil and groundwater.  
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Abstract 

The crawl space is a popular type of building foundations as in Europe as in Czech Republic. The bottom of 
building is the most predisposed space for biodeterioration and this space is often very difficult accessible for 
supplementary protection or for repairing. For that reason, there was studied the application of biocidal 
nanofiber textile on the material which is common used in this space - solid spruce wood. In the present paper 
there was evaluated the antifungal efficiency of polyvinyl alcohol nanofiber textiles doped by silver ions. The 
polyvinyl alcohol nanofiber textile doped by silver ions was fabricated by electrospinning on Nanospider LB 
500. The final theoretical concentration of silver ions was 1 % in nanofibers. The nanofiber textiles were applied 
by enveloping of timber specimens and the samples were placed on inoculated agar plate. There were used 
two different ways of stabilization of nanofiber textile (glutaraldehyde vapor or leaching and heat treatment to 
get water insolubility) and the procedures sequence for specimens preparing (packing of specimens before 
and after stabilization). The efficiency of applied nanofiber textiles was measured as a percentage fungi 
coverage. The best protection was showed by used the nanotextile which was stabilized by glutaraldehyde 
vapor and the packing of sample was made before the stabilization process. 

Keywords: Timber, nanofiber textile, silver ion, mold  

1. INTRODUCTION 

The current trend in the construction industry is produce eco-friendly building and it associated with timber 
using. The advantage of the wood is its natural base and its disadvantage is easy biodegradability. Wood is 
the source of nutrients and their shelter. The biodegradation process transfers this problem into the 
construction. So it is important to protect it against biodeteriogens. 

One possibility is protection of the materials surface by paints, coatings, sprays etc. These treatments create 
barrier or add substances against organisms. The current biocide agents have different compounds basis. 
They have diverse efficiency against different microorganism a Directive of the European Parliament and 
Council Directive 98 / 8 / EC concerning the placing of biocidal products on the market of biocidal products are 
divided into four categories and 23 types: 

• Disinfectants and general biocidal products preservatives 
• Preservatives 
• Pest control 
• Other biocidal products [1] 

The silver is one option to used as a biocidal agent for their human non-pathogenic properties. There have 
been published several studies focused on the topic and the effect of silver nanoparticles and ions was 
demonstrated. Silver has been practical used as a protection against bacteria and mold also used for example 
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in the textile industry, medicine [2, 3, 4, 5]. The aim of the research is to find a suitable surface treatment of 
building materials as a prevention before the occurrence of mold. As one of the options there is possibility to 
use of nanofiber textiles doped with silver nanoparticles. 

2. MATERIALS 

There was used very popular building material - timber, specifically solid spruce wood. Squared wooden 
samples had dimension 40 x 40 x 10 mm.  

There were also studied nanofiber textiles as a protection of wood against mold growth. Nanofiber textiles 
were prepared on device Nanospider LB 500 (Elmarco, Czech Republic) using electrospinning method [6]. 
The electrospinning solution consisted of 375 g Polyvinyl alcohol (PVA, Sloviol 16%), 4.4 g glyoxal and 3 g 
phosphoric acid as cross-linking agents, 117 g demineralized water and silver ions (included in silver nitrate 
AgNO3, P-lab, Czech Republic). Device set up was: 78 kV, 0.100 mA and the distance between the electrodes 
was 130 mm, 600 mm long cylinder rotated electrode. Productions of the nanofiber textiles were carry out at 
common laboratory conditions at the temperature of 23 °C and relative humidity about 25 %. The nanofibers 
themselves were spun on a polymeric support textile substrate named spund bond, it is polypropylene (PP) 
base fabric with the width 500 mm, weight per unit area was 18 g/m2 and an antistatic treatment was used.  

The nanofiber textile was prepared as three-layered membrane. The diameter of fiber was in range from 50 to 
200 nm. Silver ions accounted 1 percent from the final nanofiber textile weight. Silver ions were added into 
polymer solution because of their biocidal activity and human non-pathogenity There were use four different 
types preparation of samples. Nanofiber textiles had differed in a manner of stabilization and sequence of 
packing and stabilization.  

Molds used for presented study are common contaminants of building structure and indoor environment in 
Central Europe. There was specifically used a mixture of following molds Trichoderma, Penicillium, Alternaria, 
Paecilomyces received from Czech Collection of Microorganisms (CCM). 

3. METHODS 

The studied samples of wood were covered by nanofiber textile and put on glass rods. Two samples were 
covered before the process of stabilization and two remaining were covered after this process. There were 
used two different ways of stabilization. One of them was stabilization by heat (exposition 140 °C for 10 
minutes) and the second one was exposure to glutaraldehyde vapors (24 hours, RT). We prepared these 
samples the same way in five repetitions. Labeling of samples is shown in Table 1.  

At the beginning it was necessary to expose the wood to higher relative humidity to get samples with higher 
moisture content. The condition of exposition was around 100 % relative humidity for 1 day. 

Table 1 Labeling of samples 

Labeling of sample Description of samples 

A Stabilization by glutaraldehyde vapors exposition, covered before the process of stabilization 

B Stabilization by glutaraldehyde vapors exposition, covered after the process of stabilization 

C Stabilization by heat, covered before the process of stabilization 

D Stabilization by heat, covered after the process of stabilization 

K Control sample without any surface treatment 

The inoculum solution was prepared as physiological saline solution with added mold mentioned above. The 
plates (Czapeck Dox, OXOID LTD, England) were inoculated with 600 µl inoculum solution and it was pre-
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incubated for 3 days. The samples were placed on rods. The glass U-shape rods were used to separate 
wooden samples from agar surface and to eliminated nutrient transfer from the agar broth. We prepared this 
plate the same way in five repetitions. The incubation conditions were around 23 °C. The mold growth on 
samples was observed for 5 weeks. The observation consisted of mapping the growth of mold on the surface 
of the sample and eventually the zone around the sample without mold, named halo effect. The scale for the 
evaluation of growth is given in Table 2. 

Table 2 Evaluation of mold growth on the surface of wooden sample 

Scale Description of the relevant stage of mold growth 

1 Zone around the sample without mold greater than 10 mm 

2 Zone around the sample without mold less than 10 mm 

3 Surface of sample without any visible mold growth 

4 Weak mold growth on sides of sample 

5 Strong mold growth on sides of sample 

6 Weak mold growth on top surface of sample 

7 Strong mold growth on top surface of sample 

4. RESULTS 

Mold growth on the surface and around the wood samples was monitored and noted. In Table 3 there are 
shown results of the selected time intervals as an average value. 

The results did not show significant difference between kind of protection during the first four days. At seventh 
day they observed first variation in mold growth by kind of protection. Only sample A (Stabilization by 
glutaraldehyde vapors exposition, covered before the process of stabilization) was 100 % protected, there was 
visible mold growth on remaining samples at 4th day. The situation, which was at the end of experiment, 
showed that the best wood protection was packing samples by nanofiber textiles before stabilization by 
glutaraldehyde vapor.  

Similar results were achieved by packing samples before heat stabilization. The samples, which were packed 
into the previously stabilized nanofiber textile, had higher occurrence of mold on the surface than using 
stabilization of packed samples and better results were achieved in case using heat stabilization. The most 
massive and the fastest mold growth was observed, as expected, on the control sample without any treatment. 
An illustrative example of mold growth is shown in Figures 1 and 2. 

Table 3 Evaluation of mold growth on the surface and around the wood samples 

Labeling 
of 

sample 

Mold growth description in selected time interval (day of cultivation) 

1st 4th 7th 11th 13th 31st 

A 1 1 1 1 1 1 

B 1 2 4 6 6 7 

C 1 2 3 3 3 4 

D 1 2 4 4 5 6 

K 1 2 4 7 7 7 
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Figure 1 Plate with wooden samples at 7th day of experiment 

 
Figure 2 Plate with wooden samples at 11th day of experiment 

A 

D 

B 

K C 

 

 

C A  



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

250 

5. CONCLUSION 

Presented study was focused on fungicidal effect of four samples covered by nanofiber textiles doped by silver 
ions. The effect of silver ions in PVA based nanofiber textile against mold growth has been demonstrated in 
our previous studies [7, 8, 9]. Nanofiber textiles were used as a packet of samples from spruce wood. The best 
results were achieved in the case wooden samples which were packed into nanofiber textile before stabilization 
by glutaraldehyde vapors. It cannot be excluded that the vapors aldehyde had affected only nanofiber textiles. 
On the thus prepared samples the growth of mold was not observed for one month. 
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Abstract 

Nanofibrous layer performed as a membrane is capable of vibrating at low frequencies due to its small 
interfibrous spaces and planar arrangement brought into forced vibrations upon impact of sound waves of low 
frequency. The resonance of the nanofibrous elements allows acoustic energy to be converted into thermal 
energy. In this paper, a nanofibrous layer was produced by an electrospinning process from the water solution 
of polyvinyl alcohol (PVA). The PVA nanofibrous membranes of two different fiber diameters were made and 
the effect of membrane resonance has been studied. For a purpose of resonance and sound absorption 
properties of nanofibrous membrane, the two methods have been used. The optical method containing high-
speed digital camera has been used for resonant frequencies of nanofibrous membrane determination. Two-
microphone Impedance Measurement Tube Type 4206 was used to measure the sound absorption coefficient. 
Moreover, the nanofiber diameter of membrane has been evaluated. 

Keywords: Nanofibrous membrane, resonance frequency, closed tube, fiber diameter, PVA 

1. INTRODUCTION 

Due to the possibility of resonating on its own resonant frequency the nanofibrous membrane is able to absorb 
critical lower sound frequencies. These unique properties come from the nature of nanofibrous layers, i.e. 
small fibrous diameter (respectively high specific surface area) and high porosity. This makes it possible to 
reach higher viscous loss inside the material and consequently to dissipate the acoustic energy. Nanofibrous 
elements and optimal rigidity of the membrane itself then allow an acoustic system to vibrate more efficiently 

[1, 2]. Resonant nanofibrous membranes of insignificant thickness are prepared from different polymers 
solutions in the form of electrospun nanofibers via electrospinning method. 

The theoretical basis of sound absorption characteristics the paper deals with are studies performed by 
Sakagami et al. The study [3] focuses on a membrane-type sound absorber. The method used for predicting 
peak frequency and the peak value of the oblique-incident absorption coefficient of the membrane-type sound 
absorber is presented and satisfactorily explains the relationship between the absorption characteristics and 
the parameters. Resonant behavior of a micro perforated panel for various perforation ratios in comparison 
with a panel-/membrane-type absorber is presented in [4], considering back wall surface effect. In the papers 
[2,5] has been demonstrated that the nanofibrous layer has a resonant effect on sound absorption when the 
nanofibers are arranged with respect to the layer. The sound absorption peaks of longitudinally laid samples 
occur at frequencies lower than those of samples laid perpendicularly. 

The effectiveness of a fiber-based sound absorbance material involves several parameters such as porosity, 
tortuosity, fiber diameter, surface density and thickness [6]. Kalinová has demonstrated that the resonance 
frequency of PVA nanofibrous membranes decreases with increasing surface density and average diameter 
of the nanofibers [2]. Comparing the sound absorption coefficient of electrospun silica fibers of different 
diameter to glass wool, Akasaka et al. found significant improvement in sound absorption of electrospun fibers 
over glass wool [7]. Rabbi et al. sandwiched PAN and PUR nanofibrous membrane between two nonwoven 
layers of PET and wool. All materials with electrospun membrane(s) were found to significantly increase its 
absorbance [8]. Asmatulu et al. tested the sound absorption of electrospun PVC mat of different thickness and 
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with fiber diameters from a few hundred nanometers to a few microns. For fibers beyond 500 nm, the sound 
absorbance shift towards the lower frequency, but absorption peaks remain the same [1].  

Vibration phenomena can be investigated by the noninvasive optical methods. The employment of the high-
speed camera in the processes of vibration analysis has occurred over the past years in various application 
fields as well, including the analysis of human vocal fold vibrations, so-called videokymography [9]. Wang et al. 
combined the high-speed camera measurement with the finite element simulation method to determine 
the structural responses of materials on the full field vibration [10].  Ishizu et al. have studied the ossicular 
motion in the middle ear of pigs in response to acoustic stimulation using a high-speed camera [11]. 
In the study [12] sinusoidal fringe pattern on the measured drumhead is projected, dynamically deformed with 
the membrane vibration and grabbed by a high-speed camera. The paper [13] presents digital speckle 
correlation techniques, as an accurate analysis tool for 3D measurements of contours and displacements. 
Combination of laser method and high-speed camera is frequently used to obtain more detailed results. 
The paper [14] shows the experimental analysis of a semisolid and rectangular membrane by an out of plane 
interferometer setup that integrates a continuous wave with a fast camera. Nabavi describes the utilization of 
the particle image velocimetry technique to measure the velocity of the standing waves within an air-filled rigid-
walled square channel subjected to acoustic standing waves [15]. This approach is related to the experimental 
setup used in this paper, but herein the interaction of the acoustic waves with nanofibrous membranes is 
studied. The recent study [16] shows how except for the lowest frequencies (first resonance peak), the 
resonant behavior of the membrane is affected by the resonance of tube when the effect of mass per unit area 
on resonance frequencies of the membrane placed in an open and closed tube is investigated. In general, the 
vibration of solid objects can be studied by laser methods. But the laser vibrometry, a sophisticated method, 
is limited - the precision of the measurement can be affected by material parameters such as surface 
roughness [17]. Moreover, the measurement of thin membranes which are translucent for the laser beam as 
in the case of the nanofibrous one, is another limitation. In this case, the laser methods are not so 
advantageous and high-speed camera analysis appears to be the best applicable method. 

In accordance with the literature discussed above, the research is focusing on comparison between data 
obtained from the B&K impedance tube and high-speed digital camera analysis. The aim is to assess a relation 
between resonant behavior of PVA membrane of different fiber diameters and its sound absorption ability 
considering the effect of tube set-up. 

2. EXPERIMENTAL PART 

2.1. Materials 

The water solution of polyvinyl alcohol PVA (Mw = 80.000 - 100.000 g/mol) was used for preparation of 
the solution for the experiment. Glyoxal and phosphoric acid were added as crosslinking agents. The content 
of glyoxal to PVA was 6 wt% and the content of phosphoric acid to PVA was 3 wt%. The concentration 
of the prepared PVA solution was 12.75 wt% and 14 wt%. The solution containing PVA, distilled water, glyoxal, 
and phosphoric acid was vigorously stirred at room temperature. 

2.2. Production of nanofibrous membrane 

For production of PVA nanofibrous membranes, roller electrospinning method (nanospider machine) was used 
[18]. In this method, there is a roller which is connected to high voltage supplier and top of the roller, where is 
a grounded counterelectrode. Taylor cones are then created on the roller surface, oriented toward the 
counterelectrode. Optimum process parameters such as roller speed, distance between the electrodes, 
voltage etc. were applied during the spinning process. The distance between the surface of the roll and the 
collector was 12 cm. Voltage of 50 kV, relative humidity of 34 %, and temperature of 19 °C were applied during 
the course of electrospinning. The final layer is crosslinked by hot air at the temperature of 140 °C for 5 min. 
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The average diameters of the produced nanofibrous membranes were changed using different speeds of 
support materials (Table 1-2). 

Table 1 Parameters of the produced PVA nanofibrous membranes 

PVA Solution Concentration [%] Average Nanofiber Diameter [nm] Area Density of the Membrane [g⋅m -2] 

12.75 210±113 5 

14 300±118 5 

Table 2 Average fiber diameter characteristics of the produced PVA nanofibrous membranes 

PVA 12.75% (210 nm) PVA 14% (300 nm) 

median 
[nm] 

mean 
[nm] 

st. deviation 
[nm] 

min 
[nm] 

max 
[nm] 

median 
[nm] 

mean 
[nm] 

st. deviation 
[nm] 

min 
[nm] 

max 
[nm] 

210 213 26 160 290 245 296 169 150 1170 

2.3. Characterization 

The fiber morphology and fiber diameter of the electrospun PVA fibers were determined using scanning 
electron microscopy (SEM). A small section of the fiber mat was placed on the SEM sample holder and sputter-
coated with gold (Quorum Q150R Rotary-Pumped Sputter Coater). Carl Zeiss Ultra Plus Field Emission SEM 
using an accelerating voltage of 1.48 kV was employed to take the images (Figure 1). 

 

Figure 1 SEM images of morphology of 12.75% on the left and 14%PVA nanofibers on the right (1μm scale) 

The average fiber diameter was calculated from the SEM images using image analysis software (NIS Elements 
BR 3.2). More than 100 fibers were counted from at least 4 SEM images which were taken from different 
places of a sample (Figure 2). Secondly, the nanofiber diameter influence on resonant frequency of membrane 
has been studied. 

Figure 2 Diameter distribution of the PVA nanofibers prepared from 12.75% and 14% PVA solution 
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2.4. Methods for determination of resonant behavior  

Sound absorbing ability in the frequency range of 50 Hz to 6.4 kHz was estimated in the Two-microphone 
Impedance Tube B&K (Type 4206). The amount of sound energy which is absorbed is described as the ratio 
of sound energy absorbed to the sound energy incident, and is termed the sound absorption coefficient (α). 

The optical method was designed and verified by 
authors in the study [16]. The main components of the 
system that was used during the experiments are a 
digital camera (Olympus - System i-SPEED2), a LCD 
display panel of 8.4" and a transparent tube (see 
Figure 3). 

During our study, 2000 frames/sec shooting was used at 
preset resolution of 800 x 600 pixels, each of which has 
a range of 200 shots per 0.1. A mark was drawn on the 
center of each sample in order to focus the lens of the 
camera. The tested sample was fixed in a position of 
0.395 m from the sound source inside the tube of total length 0.62 m. A speaker at the end of the tube excited 
the incident plane sinusoidal sound wave. The membrane began to oscillate after the impact sound waves 
reached it. This movement was picked up by the high-speed digital camera and was displayed on the LCD 
screen. The position of membrane was chosen randomly at 0.637 of tube length to ensure that the membrane 
is not located exactly at node or antinode of tube. By placing the measured sample out of the characteristic 
resonant points, the basic resonant frequency of membrane should not be affected by the first resonant 
frequency of the tube at 139 Hz for the open tube and 277 Hz for the closed tube. 

In order to determine the resonant frequency of the membrane, the 0-1000 Hz frequency range was studied 
by taking measurements at every 20 Hz to obtain a rough estimate of the resonant frequency. The deflection 
size of the nanofibrous membranes under the frequency range of 0-1000 Hz was measured using the following 
experimental set-ups: open tube (one end of the tube is open) and closed tube (the tube was closed with a 
rigid plate). 

3. RESULTS 

The Figure 4 shows the comparison of resonance frequencies of the nanofibrous membranes of two fiber 
diameters in the open and closed tube arrangement. As may be seen from the graph, the deflection of 

 

Figure 4 Deflection of the PVA membranes of two fiber diameters in the open and closed tube set-up 

the membrane with smaller fiber diameter is higher than that with larger fiber diameter in the both 
arrangements (open and closed tube). It appears, the structure of smaller fiber diameter is more elastic. 
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The resonance curves of the membrane with smaller fiber diameter are then shifted towards the lower 
frequencies than that with larger fiber diameter in the both arrangements (open and closed tube). 

The both nanofibrous membranes have been measured inside the two-microphone impedance tube in the 
distance of 20 mm from the back wall for the membrane vibrating ensure. From the Figure 5 can be seen the 
deflection impact on the sound absorption. A higher sound absorption responds to the higher deflection of the 
membrane with smaller fiber diameter structure. It is evident the sound absorption depends on a motion degree 
of vibrating membrane during the sound impact as with a higher surface of the thinner fibers structure. On the 
other hand, the resonant frequency (peaks) displacement shows the opposite trend in both measurement 
methods. The resonant frequency of vibrating membrane doesn’t respond to the sound absorption peak. The 
sound absorption maximal value of fibrous structure doesn’t equal to the resonant frequency. 

 

Figure 5 Effect of the closed method only. Comparison of deflection of the PVA membranes of two fiber 
diameters as dependence on sound frequency on the left and their sound absorption ability on the right 

4. CONCLUSION 

The PVA nanofibrous membranes of two different fiber diameters were made and the effect of membrane 
resonance has been studied. For a purpose of resonance and sound absorption properties of nanofibrous 
membrane, the two methods have been used. The optical method containing high-speed digital camera has 
been used for determination of resonant frequencies of nanofibrous membrane. The impedance tube was used 
to measure the sound absorption coefficient. A higher sound absorption responds to the higher deflection of 
the membrane with smaller fiber diameter structure. It was found the sound absorption depends on a motion 
size of the vibrating membrane during the sound impact - together with a higher surface of the thinner fibers 
structure. But, the resonant frequency doesn’t respond to the sound absorption peak. 
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Abstract   

In this work, nanotechnologies including electrospun nanofibers and nanoparticles were implemented for acid 
dye removal from simulated wastewater. Dynamic sorption properties of polyamide 6 nanofibrous membrane 
(PNM) were investigated, Titanium dioxide (TiO2) nanoparticles deposition was applied as surface modification 
method for PNM, and UV light was applied during the dynamic sorption process of C. I. Acid Orange 7 (AO7) 
on PNM. The light absorbance of influent and effluent were measured and the sorption capacity was 
calculated. The result shows improvement of sorption capacity after TiO2 nanoparticles (NPs) deposition and 
UV light applying. Long time UV lighting can improve the sorption capacity of AO7 on PNM with NPs but 
destroy the material. 

Keywords: Dynamic sorption, acid dye, nanofibers, nanophotocatalysis 

1. INTRODUCTION  

In wastewater cleaning area, nanoparticles have been widely studied, and the function mostly realized due to 
their outstanding adsorption and photocatalytic properties. Photocatalytic oxidation processes have been 
widely considered as powerful methods to remove non-biodegradable organic pollutants in water. [1] The 
photocatalytic processes have the potential to mineralize complicated organics and reduce toxicity without the 
generation of sludge and by-products and Titanium dioxide (TiO2) is the most common and practical material 
as the environmental photocatalyst. [2-4]  

Photocatalysis with TiO2 nanoparticles has been studied for the degradation of wastewater pollutants. This 
process has several advantages including complete mineralization of organic pollutants like aliphatics, 
aromatics, polymers, dyes, surfactants, pesticides and herbicides to CO2, water and mineral acids, no waste 
solids to dispose of and mild temperature and pressure conditions. Photocatalysis with TiO2 nanoparticles 
uses two kinds of reaction systems, namely suspension and immobilized systems [5-14]. 

Acid orange 7 (AO7) is the most studied compound among the azo dyes as far as its photocatalytic degradation 
under several experimental conditions. The degradation pathways and the formation of by-products is also 
fully described [15-18] which shows in Figure 1. Thus, AO7 can be used as a model compound for oxidative 
degradation studies of azo dyes. [19]  

In this study, dynamic sorption process with TiO2 nanoparticles photocatalysis was performed. The effect of 
TiO2 nanoparticles and UV lighting time is disscused. The results will be useful in their application to the design 
of polyamide 6 nanofibers assembly sorption systems. 
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Figure 1 Major photocatalytic pathways of C. I. Acid Orange 7, a representative azo dye for phenyl-

azonaphthol chemical group, based on the identification of by-products from previous reported 
degradation studies. [5, 15, 20] 

2. MATERIALS AND METHOD 

2.1. Materials 

Polyamide 6 nanofibrous membrane with areal density 2.5 g/m2 (PNM2.5) purchased from ELMARCO s. r. o 
were mainly used as sorbent. C. I. Acid Orange 7 with purity over 85% purchased from Sigma-Aldrich was 
used as a pollutant model. The dye properties are shown in Table 1. TiO2 (P25), anatas:rutile 70:30, with 
particles diameter of 21 nm, purchased from Degussa Ltd., was used as catalyst. 
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Table 1 Physical and chemical characteristics of selected dyestuff 

Abbreviation 
CAS 
No. 

Molecular 
weight (g/mol) 

Molecular 
formula 

Maximum UV-
Vis absorbance 
wavelength (nm) 

Molecular structure 

AO7 633-96-
5 

350.3 C16H11N2NaO4S 483 

 

2.2. Apparatus assembled 

Dynamic sorption photocatalysis apparatus was a combination of vacuum sorption apparatus, inlet supplying 
system, and UV lighting system. The diameter of working area was 10 cm. Flow rate range was 0.05-40 mL/min 
which can be adjusted by peristaltic pump shown in Figure 2. The UV irradiation system was assembled with 
a lamp from Bandelin Co. D-69168 Wieslich, type N-36 K and frame for supporting. It gives radiation with 
wavelength 254 nm and performance 4×6 W.  

 

Figure 2 Apparatus for dynamic sorption process with UV lighting. 1) funnel; 2) sorbent; 3) sorbent 
supporting unit; 4) vacuum pressure port; 5) vacuum flask; 6) container with original solution; 7) peristaltic 

pump; 8) UV lighting system 

2.3. Method 

Apparatus described above was used for deposition of TiO2 nanoparticles and dynamic sorption experiment 
of AO7 on PNM2.5.  

Table 2 Sample code of dynamic sorption experiment with TiO2 nanophotocatalysis 

Sample code 
Amount of TiO2 solutions UV lighting time Flow rate 

mL min mL/min 

Control 0 0 17 

UV 0 65 17 

NPsUV 100 65 17 

NPslUV 100 200 8.3 

N
NH

O

S

O

O

O
-

Na
+
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100 mL of TiO2 NPs solution with concentration 0.01 g/L was filled into the funnel while the vacuum pump 
working. AO7 solution was prepared with concentration 0.002 g/L, and 10 times 50 mL AO7 solution were 
pumped for one experiment. 17 and 8.3 mL/min of flow rate were used for the experiment, which has been 
described in detail in Table 2. 

The absorbance of influent and effluents after each 50 mL AO7 solution inserted were detected with 
Spectrometer, Spekol 11, ZP 100027. The dye removal amount and sorption capacity were calculated and 
compared. 

3. RESULT AND DISCUSSIONS 

The absorbance of influent and effluents after each 50 mL AO7 solution went through the dynamic sorption 
photocatalysis apparatus were detected. The dye removed amount, and dye sorption capacity were calculated 
and the results were shown in Figure 3 and Figure 4. Data points were fitted with exponential equation and 
square of correlation coefficient (R2) was given in the figures. 

  

a) b) 
Figure 3 Dye removed amount comparison of different samples: a) comparison among control sample, 

UV, and NPsUV; b) samples with different UV treating time 

As shown in Figure 3a, the dye removed amount of three samples were compared. The figure shows that the 
dye removed amount decreased while more dye solution pumped through the PNM2.5, and it became stable 
after around 300 mL solution went through for PNM2.5 samples with UV light treatment. It is obviously indicated 
that UV light treatment improved dye removed amount of AO7 on PNM2.5, and TiO2 NPs photocatalysis 
improved the dye removed amount at the beginning of dynamic sorption process by 26.5%.  

Figure 3b shows that while prolonging the UV treating time, same trend was found and the initial dye removed 
amount improved over 125%. However, PNM2.5 was broken after around 300 mL solution processed due to 
too long time UV heating, which was shown in the figure as a sudden drop after the volume reached 300 mL 
and even worse drop appeared after the last 50 mL dye solution processed. 

After calculation of accumulated dye removed amount, sorption capacity versus volume were plotted in 
Figure 4. Figure 4a showed that after 500 mL AO7 dye solution pumped through PNM2.5, TiO2 NPs 
photocatalysis improved the sorption capacity of PNM2.5 from 7.09 to 13.07 mg/g. Moreover, Figure 4b 
showed that comparing with the photocatalysis sample, after prolonging the UV treating time, value of dye 
sorption capacity reached up to 15.32 mg/g. 
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a) b) 
Figure 4 Sorption capacity comparison of different samples: a) comparison among control sample, UV, 

and NPsUV; b) samples with different UV treating time 

4. CONCLUSION 

TiO2 nanoparticles photocatalysis was proved to be one method for improving the dynamic sorption capacity 
of C. I. Acid Orange 7 on polyamide 6 nanofiberous membrane. The initial sorption amount can be improved 
by prolonging the UV light treating time, however, the material cannot withstand long time aging with UV light.  
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Abstract  

The research is focused on water disinfection via new technological concept based on smart combination of 
nanostructured TiO2 layer and silver nanoparticles. The effective TiO2/Ag NPs photocatalytic system active in 
visible range was created via anodization of Ti thin film and UV-assisted and electrochemical pulse deposition 
of Ag NPs. Its efficiency was evaluated on complete inhibition of yeast Candida glabrata. A morphology of 
TiO2/Ag NPs system was studied via scanning electron microscopy (SEM). 

Keywords: TiO2 nanotubes, anodic oxidation, electrodeposition, UV-assisted deposition, Ag NPs,  
         C. glabrata 

1. INTRODUCTION 

Microbial contamination of water, especially drinking water, is a major problem in developing but also 
developed countries [1-3]. Fungi are usually removed using filtration and chemical coagulation [4] or can be 
inactivated by UV radiation [2], chlorination or ozonisation. But these methods might be insufficient to remove 
all fungi cells [2]. The list of significant microbial pollutants in water include various bacteria, viruses, parasites, 
fungi and yeast [1-5].   

The advanced oxidation processes (AOPs) represent innovative technologies for water purification. One of the 
most effective AOPs is heterogeneous photocatalysis. This technology can be used to decompose any organic 
pollutant and microorganism even at their very low concentration [6-12]. Titanium dioxide (TiO2) is known as 
a superior photocatalyst mainly due to its chemical, mechanical and thermal stability and non-toxicity [12]. 
Nowadays, there is a trend to avoid using TiO2 in a suspension form and to replace it with thin photocatalytic 
layers. In comparison with flat surfaces, the nanostructured TiO2 layers strongly increase the active surface 
area, and thus oxidation abilities, improve electron transport, and last but not least upgrade their physical and 
chemical properties [13]. 

One of the most convenient method to produce nanostructured TiO2 is anodic oxidation (AO) [14-16]. Till now 
the researchers have focused on fabrication of nanostructured titania using thick Ti foil [16-19]. Therefore the 
achievement of TiO2 nanostructures on thin Ti coatings (under 500 nm) remains very challenging [20]. The 
thickness of Ti film is a key parameter regarding the economic question, feasibility of its deposition and the 
transparency of final TiO2 layer after annealing, which is demanding for intended photocatalytic applications 
[13].  

TiO2 has a relatively wide band gap with 3.2 eV for anatase phase and 3.0 eV for rutile phase [21, 22]. 
Therefore, the ultraviolet irradiation is required for its photoactivation. However, UV represents only 5% of solar 
spectrum. Thus the shift of TiO2 absorption into the visible range of spectrum can strongly enhance the 
effectivity of photocatalytic process. For this purpose, the titania can be decorated with noble metals such as 
silver [23-25]. 
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Silver nanoparticles (Ag NPs) have attracted a great attention due to their remarkable physical and chemical 
properties and significant antimicrobial features [24, 26]. According to the last studies, the mechanism of 
photocatalytic effect of TiO2/Ag NPs photocatalytic system can be explained by shift of TiO2 absorption into 
visible region through localized surface plasmon resonance of Ag NPs [23, 24, 27].  

In our work, the basic substrate for fabrication of nanostructured TiO2 surface in the form of nanotubes or 
nanopores was thin titanium film. Nanotubular TiO2 (TNTs) was prepared in optimized electrolyte containing 
ethylene glycol, ammonium fluoride and water. In general, anatase exhibits higher photocatalytic activities than 
rutile. Therefore, the crystallization from amorphous TiO2 was achieved by annealing in vacuum at 
temperatures between 400-600 °C. As prepared nanostructured TiO2 was decorated with Ag NPs via pulse 
electrochemical deposition of Ag NPs and UV-assisted chemical reduction of silver nitrate. 

This work deals with inhibition of Candida glabrata using TiO2/Ag NPs photocatalytic system fabricated as 
mentioned above. C. glabrata is considered as one of the most significant cause of mucosal and systemic 
infections [28]. These infections are difficult to treat and are often resistant to many azole antifungal agents. 
Consequently, C. glabrata infections have a high mortality rate in compromised, at-risk hospitalized patients. 

2. EXPERIMENTAL 

2.1. Materials 

Titanium (99.99 %, Porexi, CZ), ethylene glycol (C2H6O2, p.a., Penta, CZ), ammonium fluoride (NH4F, Sigma 
Aldrich, DE), potassium dicyanoargentate (K[Ag(CN)2], p., Sigma Aldrich, DE), potassium cyanide (KCN, p., 
Merck, DE), silver nitrate (AgNO3, p.a., Penta, CZ), ethanol (C2H6O, p.a., Penta, CZ), Candida glabrata (CCY 
26-20-21, SVK), yeast malt broth (HiMedia Laboratories, SVK), acridine orange (research grade, Serva, DE). 
Deionized water was obtained from Millipore RG system MilliQ (Milipore Corp., USA). All listed materials were 
used as purchased without any further purification. 

2.2. Preparation of Ti film 

Titanium thin film with thickness of 500 nm was deposited onto 4-inch p-type silicon wafer (100) covered by 1 
µm of thermal silicon dioxide [29]. The three-grid radio frequency-induced coupled plasma Kaufman ion beam 
source (Kaufman & Robinson-KRI®, Inc., USA) was employed to deposit Ti thin films. The energy of 
bombarding ions was set to be of 300 eV with corresponding deposition rate of 0.16 Å s-1. The process pressure 
was 1.2x 10-2 Pa. Root mean square roughness of deposited layers was determined as ±0.76 nm by atomic 
force microscopy method using Dimension Icon (Bruker, Germany) in ScanAsyst® mode. 

2.3. Synthesis of TNTs 

The electrolyte solution used for AO of Ti film was prepared from ethylene glycol containing ammonium fluoride 
(1.8 wt%) and deionized water (2 vol%). Before AO the prepared Ti film was consecutively immersed into 
acetone, isopropanol and rinsed with deionized water to remove impurities and then dried by compressed 

nitrogen. The size of anodized sample with titanium thin film was 1 cm × 1 cm. The sample was placed in the 
two-electrode configuration and anodized using power supply controlled by LabView program. The substrate 
operated as the working electrode and the stainless-steel mesh as the counter electrode. The course of AO 
process was set with a voltage ramp from 0 V to the potential of 20 V with a sweep rate of  
1 V/s. After the first 20 s, the potential was kept constant at the value of 20 V. The anodized samples were 
rinsed with deionized water and dried by compressed nitrogen. To induce crystallization, samples were 
annealed in vacuum oven at 450 °C for 3 h. The heating rate (ramp) was set to 3 °C/min. The morphology of 
all samples were examined using scanning electron microscopy (FE Tescan Mira II LMU). 
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2.4. Pulse electrodeposition of Ag NPs 

In order to achieve higher and photoinduced antimicrobial activity, the fabricated TNTs were further decorated 
by Ag NPs via pulse electrodeposition technique. Ag NPs were deposited from aqueous electrolyte containing 
7.5 g/L K[Ag(CN)2] and 80 g/L KCN under the constant current of 8 mA. Similarly like in synthesis of TNTs, the 
pulse deposition of Ag NPs was carried out in two-electrode configuration with gold counter electrode 
employing device with controlled circulation of electrolyte. 

2.5. UV-assisted deposition of Ag NPs 

Nanostructured TiO2 was decorated with Ag NPs also via UV-assisted in situ synthesis. 0.1 M aqueous solution 
of silver nitrate was reduced by absolute ethanol acting as an electron donor. 2.5 µL of silver nitrate solution 
was drop-coated on the TiO2 nanostructures and subsequently 2.5 µL of ethanol was added. Such prepared 
sample was placed under UV radiation for 30 min, which was provided by UV lamp with wavelength of 366 nm 
and radiance intensity of 1.8 mW/cm2 placed in a distance of 1 cm above the sample. After reaction, TiO2 
substrates decorated with Ag NPs were rinsed with deionized water and dried with compressed nitrogen. As-
prepared samples were used for photocatalytic tests without further modification. 

2.6. Antimicrobial activity of Ag NPs/TiO2 system 

Tests of antimicrobial activity were performed under four fluorescent UV lamps Sylvania Lynx-S 11W with 
radiance intensity of 5 mW/cm2. The reaction vessel consisted of Petri dish with filtration paper and 5 mL of 
deionized water. The Petri dish was covered by quartz glass to avoid dehydration of samples. 15 µL of tenth 
diluted (10-2) C. glabrata suspension was dropped on TiO2/Ag NPs substrate. The samples were irradiated for 
four different times, namely 0, 5, 15, and 30 min. The acridine orange dye was used for observation of cell 
viability using NIKON Eclipse E 200 microscope with mercury bulb (NIKON, C-SHG1) and CCD camera 
(PixeLINK PL-A662). This dye is able to bind to DNA in dead cell and so in epi-fluorescence microscope this 
complex emits red light. The LUCIA Net software was used for microscope image analysis. The number of live 
and dead cells was calculated and expressed as the survival ratio (SR), i.e. number of live cells divided by 
total number of cells. 

3. RESULTS AND DISCUSSION 

3.1. Synthesis of TNTs 

The observation of anodization curve during the TNTs 
formation enabled us to follow the whole 
electrochemical reaction in ethylene glycol based 
electrolyte with optimized composition in order to 
achieve homogeneous nanotube ordering and 
complete removal of initial oxide barrier layer. The 
homogeneity and ordering of TNTs are strongly 
dependent on the quality of the sputter-deposited Ti 
thin film. 

Figure 1 shows the current vs time characteristics 
during AO of Ti thin film on silicon substrate. Three 
phases were observed as described further. The 
current increased due to the formation of initial barrier 
layer on the surface of Ti layer during the first phase 
(I.). The thickness of this first layer can be decreased 

Figure 1 Current voltage transient during 
anodization of thin Ti film. The top view of the 

TNTs are shown in the inset image 
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by using the voltage ramp in the first seconds of AO. The nanotubular growth region on graph was visible on 
the second phase (II.) of AO and the drop of current on the third phase (III.) was assigned to reaching the 
interface between Ti/SiO2 layers. The inset image shows the regularly ordered TNTs fabricated under the 
optimal conditions. The average maximal height of TNTs was about 400 nm and their diameter of about 50 
nm. 

3.2. Pulse electrodeposition of Ag NPs 

For deposition of Ag NPs we used two types of TNTs, pristine and annealed. Figure 2 shows the various 
structures of Ag NPs on both of these substrates. There can be seen from Figure 2a the nanoparticle 
aggregates with the size of about 100-200 nm appeared on the pristine TNTs. The aggregation of nanoparticles 
into cluster might be caused by high resistance of the non-annealed TNTs. Annealed TNTs were successfully 
decorated with Ag NPs with homogenous distribution and uniform size of about 50 nm (see Figure 2b). As 
can be seen in Figure 2c, UV-assisted deposition of Ag NPs on nanostructured TiO2 substrate resulted in 
almost homogeneous TiO2 surface coverage with Ag NPs. The size of Ag NPs varied from 10 nm to 40 nm. 
Shape of as prepared Ag NPs was spherical. 

 

Figure 2 SEM images of Ag NPs electrodeposited on A) pristine and B) annealed TNTs and C) deposited by 
UV-assisted method on pristine nanoporous TiO2 surface 

3.3. Antimicrobial activity of Ag NPs/TiO2 system 

Photocatalytic antimicrobial activity of TiO2/ Ag NPs system was investigated on degradation of C. glabrata 
yeast. Figure 3 shows the results of three different samples; pristine TNTs, TNTs with electrodeposited Ag 
NPs and UV deposited Ag NPs. The irradiation time was set as follows: 0, 5, 15 and 30 min. The pristine TNTs 
exhibited the lowest antimicrobial activity in comparison with other tested samples, i. e. only 25 % of yeast 
were killed after 30 min. The sample of nanostructured titania with electrodeposited Ag NPs evinced almost 2 
times higher antimicrobial activity than pristine TNTs, namely 45 % of cells were inhibited in 30 min. The 
highest antimicrobial activity was found for nanostructured titania with UV deposited Ag NPs. The mortality of 
cells rapidly increased to 91 % after 30 min. It is obvious that antimicrobial activity of as prepared system is 
highly time-dependent. In case of UV irradiation period of 5 min, the highest antimicrobial activity was observed 
for the system with TiO2 and UV deposited Ag NPs, however after 15 min of UV radiation, the highest value of 
antimicrobial activity was calculated for TiO2 with electrodeposited Ag NPs. Although antimicrobial activity of 
TiO2/electrodeposited Ag NPs increased after 30 min, the increment was not as significant as in case of the 
sample with TiO2/ UV deposited Ag NPs. 
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Figure 3 Survival ratio of C. glabrata after UV irradiation on different TiO2 nanostructured surfaces 

4. CONCLUSION 

We created active photocatalytic system based on nanostructured TiO2 and Ag NPs. According to the recent 
literature survey, such thin nanostructured photocatalytic layers prepared via AO have not been achieved yet. 
We conclude the doping of titania with noble metals such as silver nanoparticles can significantly enhance 
both photocatalytic and antimicrobial activity. The lowest antimicrobial photocatalytic activity was achieved for 
pristine titania, while the nanostructured titania decorated with Ag NPs using both immobilization methods 
improved the achievement of better results. The maximal antimicrobial photocatalytic activity was observed for 
TiO2 with UV deposited Ag NPs with mortality of C. glabrata yeast cells of almost 91 %. 
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Abstract 

The paper deals with a change in the luminous radiation reflected by surfaces with coats with photocatalytic 
active particles. In the executed laboratory experiments, we used two commercially available coats with 
photocatalysts on the basis of TiO2 and one coat without photocatalytic active particles. As the luminous 
radiation source, we used two different light sources with different spectre. The used light sources provided 
same radiation intensity at the place of measuring of the reflection from the surface of the sample.  
In individual phases of the experiments, we repeatedly measured the values of impacting and reflected 
radiation depending on the type of the coat, its moisture and the used luminous radiation source. The coats 
were applied to the area of 10x10 cm according to the recommendation of the manufacturer. The weight  
of the coat on thus prepared samples was ascertained by weighing the sample after it dries out. With regard 
to the elimination of various inhomogeneities in the coat layer on the sample surface, each sample was 
repeatedly measured both for impacting and reflected radiation (always after having been turned by 90°). The 
relation between the moisture of the coat and the reflected light radiation was non-linear and the value of 
reflected radiation decreased with increasing moisture of the coat layer. With increasing moisture  
of the coat, we also observed shift in the spectre of reflected radiation towards longer wavelengths.  

Keywords: TiO2, coating, moisture, radiation reflection 

1. INTRODUCTION 

Barns lighting affects not only the wellbeing of the housed animals, but, for instance, also the intake of feed, 
production and reproduction [1, 2]. Illumination of barns is not only about the sources of this light (natural light, 
artificial light), but also about the environment where it spreads. In these facilities, we usually deal with multiple 
reflections of light radiation, and therefore it is important to know the properties of the surface  
of walls and other areas. In the remodeled bricked barns, walls and ceiling are regularly whitewashed in 
particular for disinfection. For this purpose, usually calcium hydroxide (Ca(OH)2) and water-based sprayings 
are used. In the buildings for pig breeding, also were tested coatings with photocatalytic particles of TiO2  
to improve microclimatic conditions by decreasing concentration of the ammonia and greenhouse gases in the 
air [3, 4, 5]. The side effect of using all these coatings is also the improvement of reflection from the surfaces 
with the coatings.   

The objective of this paper is to ascertain, under laboratory conditions, dependence of reflection of the light 
radiation from the surfaces with the coatings depending on the moisture of these surfaces. The air humidity in 
barns is unstable and depends in particular on the season and current atmospheric conditions. In turn, air 
humidity influences the moisture of walls. During the summer season, in barns with natural ventilation, the 
caretakers often try to improve microclimatic parameters by ventilators, often even combined with spraying  
or misting. These measures also affect the course of air humidity in the building. As coatings, we selected the 
above-mentioned materials, i.e. the mixture of lime and water and three commercially available materials, two 
with TiO2. As light sources, we used classic linear fluorescent lights and LED lights. Linear fluorescent lights 
are still the most frequently used artificial light sources in barns. Recently, however, also LED lights are used 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

270 

in particular due to operational costs savings, and therefore they were selected as second type  
of artificial radiation source. We also monitored distribution of energy of the reflected radiation into individual 
wavebands depending on the moisture of the coating and kind of the radiation source. With regard to the 
volume of measured data and relatively small differences in the measured values, we only present selected 
results for illustration. For one material we monitored how are the measured values affected by the use  
of material after its expiration date. In laboratory experiments, we used the findings described by Minton [6]. 

2. MATERIAL AND METHODS 

All experiments were performed under laboratory conditions. In these experiments, we used three 
commercially available coating materials (hereinafter referred to as material A - D) and one coating material 
acquired at a farming facility during whitewashing of stables (material E). Material A and B was silicate, water-
thinned coating material with photocatalytic active TiO2-based substance. The difference between material A 
and B was only in its lifecycle (refer to Table 1). Material C was a mild water-thinned water suspension 
including inorganic binding agents and TiO2 without treated surface. Material D was water-thinned water 
suspension of particularly titanium white, kaolines, finely ground limestones, organic dispersion and chemical 
additives. Material E was prepared by mixing calcium hydroxide and water. All stated materials A - E have 
been stored, since their procurement, at laboratory temperature. 

Table 1 Basic data concerning used coating materials 

 

The density of materials A - D was, prior to the experiments, adjusted so that they could be applied  
to 10x10cm ceramic plates by spraying. The volume and moisture of the applied material was ascertained 
gravimetrically. Each material A - E was sprayed on five plates. For all material samples, we measured the 
light radiation reflection from the surface four times for each plate by spectrometer (always after the plate was 
turned by 90°). For one sample of the tested materials A - E, there was the total of twenty measured values of 
light radiation reflection from which, medium value was calculated. Various moisture values  
of the materials on the plate were achieved by drying the plates in the drier at the temperature 35°C.  
The considered interval of moisture was from 30 to 80%.  

In the beginning of the measuring chain, integration cube was used as the light radiation sensor. Distribution 
of the energy radiated from the reflected light radiation into individual wavebands was also measured.  
The stated values are geometrical means from measuring that was repeated five or six times. 

To measure the light radiation reflection depending on the moisture of the surface of the tested material, three 
different light sources were used. 

Z1: linear fluorescent lights + LED chips 

Z2: linear fluorescent lights 

Z3: LED chips 

Linear fluorescent lights and LED chips (as independent sources) provided comparable lighting.  
The difference was less than 10%. Figure 1 shows the courses of spectra of the reflected radiation of all three 
sources. Figure 1 also shows two dominant wavelengths of the spectra, where linear fluorescent lights are 

Coating material Manufacturing date Expiration date Density after dilution Color of coating material

A 10.06.2016 10.06.2017 1.22 g.cm3 white

B 20.10.2012 20.10.2014 1.21 g.cm3 white

C 30.04.2015 30.04.2017 1.04 g.cm3 transparent

D 27.11.2015 27.11.2017 1.41 g.cm3 white

E 2016 1.25 g.cm3 white



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

271 

used (Z1 and Z2). Irregular fluctuations of the lighting caused by sunlight were excluded by blacking out the 
laboratory windows. We monitored the courses of radiation reflection from the surface of the tested materials 
depending on the moisture of the surface and calculated the reflection coefficients for Figure 2. Materials  
A - C and sources Z1 - Z3 were monitored for the value of reflected light radiation energy into individual 
spectrum wavebands (Table 2). Here, we also monitored the effect of surface moisture of the tested materials 
on the volume of light radiation reflection. It can be expected that the photocatalytic process for which materials 
A - C are used grows slower in time and therefore predominantly the optic function of walls with these coatings 
persists. From the known density of the tested material, the surface of the plate and weight of the material 
sample sprayed on the plate, the thickness of the layer of the material on the plate can be, with limited 
accuracy, determined for the given moisture (even with different moisture). All the measured data were 
analyzed using the Statistica 10 software. 

 

Figure 1 The courses of spectra of the reflected radiation of radiation source Z1 (in the left), Z2 (in the 
middle) and Z3 (in the right). Horizontal axis - wavelength (nm), vertical axis - luminous flux (lm) 

3. RESULTS AND DISCUSSION 

All laboratory measuring results were statistically processed and are comprehensively displayed in particular 
on Figure 2 and in Table 2. The medium value of radiation reflection was calculated as an arithmetical mean 
of the measured values (Figure 2), even though smaller-size sets were processed [7]. The values of energy 
distribution into individual wavebands depending on moisture are arithmetical means. Even though smaller 
sets of data were processed, we also used methods described by Dampir et al. [8]. The differences between 
the used methods were small, therefore we selected the geometric mean as the medium value, in particular 
with regard to the asymmetrical interval of reliability of the calculated average. 

Figure 2 shows, among other things, that age (expired lifecycle) of the tested material (material B compared 
to material A, refer to Table 1) manifests in particular in the lower value of the radiation reflection (for all used 
light sources). That could be caused by different mechanical composition of material B compared to material A. 
The surface of the fresh material A in the container was not covered in a layer of liquid as in the case of 
container with material B. The liquid layer was a few centimetres thick on the surface and the material under 
this layer was not compact and hard to mix. The composition of this liquid was not monitored. The usual basic 
components of these coating materials comprise kaoline particles grounded to very small (micrometer) sizes. 
Other particles with smaller sizes can be progressively pushed out from the mixture along with water upwards 
creating a liquid layer over the surface of the material in the storage container. This layer may also include 
TiO2. This could partially explain also the change in reflection properties of the coatings in time, because TiO2 
is added to the coatings as the white and has better reflection properties than kaoline. However, as Figure 2 
clearly shows, the course of radiation reflection depending on the moisture of the surface of the tested materials 
is similar for all light sources. A significant difference is obvious in the reflected radiation values for surfaces 
of various moisture and various light sources.   
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The trend of the course of radiation reflection depending on surface moisture of material D is similar  
to material A. However, with decreasing surface moisture, radiation decreases significantly and this decrease 
occurs with moisture around 60-70%. This decrease occurs with all radiation sources Z1 - Z3. 

A somewhat different course of radiation reflection depending on the moisture of the surface was ascertained 
for material C. This material has a different original composition compared to materials A and B. The maximum 
of radiation reflection occurs between 50% and 60% of moisture for sources Z1 and Z2 (in both sources, there 
are active linear fluorescent lights with significant wavelengths) and for source Z3, this maximum is somewhat 
shifted. On the treated surface, material C creates a very thin transparent layer with TiO2 particles activated 
by the UV radiation of the light sources. 

With regard to the fact that for barn wall coatings, calcium hydroxide and water mixture is still used most often, 
we also tested this material for reflection (in Table 1, material E). As displayed by Figure 2, it mostly reflects 
radiation less, in particular with higher moisture, than the other materials. 

 

 

Figure 2 Radiation reflection from the surface of the tested materials depending on the moisture  
of the surface and on source of light radiation 

It must be mentioned that in the barns, we deal almost exclusively with diffusion reflection of light radiation 
impacting on the material surface which is often very uneven. The sub-layer of the wall coatings and its sorption 
properties depend on the construction material of the walls. These facts make the prediction  
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of the value of illumination of the premises and of the photocatalytic effects of the coating more difficult. Table 2 
shows that regardless of the type of the light radiation source, with the highest moisture values of the tested 
materials (as well as with the lowest ones), the reflected radiation achieved lower values. This fact is probably 
linked to the depth of radiation penetration of the material when reflected from the surface where moisture is 
one of the variables. The depth of radiation penetration can be counted in microns [9].   

Table 2 Distribution of energy of the reflected radiation (W.m2) into individual wavebands (nm)  
 depending on the moisture of the coating (%) and kind of radiation source - illustration 

 

4. CONCLUSION 

With regard to the performed laboratory experiments and their results, the following can be observed: 

• The spectrum of the used radiation source influences the value of reflection of such radiation from  
the coating surface. 

• The moisture of the coating surfaces affects the volume of reflected radiation. With decreasing moisture 
of the coating surface, the value of reflected radiation decreases, too. 

• Material E consisting predominantly from calcium hydroxide and water shows higher light absorption 
(smaller reflection) compared to other tested materials. 

• The age of the used coating material (with expired lifecycle) affects the volume of reflected radiation. 
The longer the time from the expiration date, the lower the volume of radiation reflected from  
the surface regardless of the used light source. 

• In periods with high air humidity when also higher moisture of the walls surface in the barns  
(i.e. humidity will condense on the cold surface of facility walls due to bigger differences between the 
outdoor and indoor temperatures and insufficient ventilation of the facility) is more likely, light radiation 
can be expected to be absorbed more by the walls surface. 
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Sample

Material 

moisture 

(%)

400 - 500 

nm

500 - 600 

nm 

600 - 700 

nm

700 - 800 

nm

800 - 900 

nm

900 -1100 

nm
Σ

A-1 23.7 0.782 0.801 0.714 0.642 1.079 18.56 23.42

A-2 36.6 0.804 0.840 0.732 0.672 1.104 18.90 23.92

A-3 37.5 0.849 0.879 0.777 0.729 1.196 20.45 24.94

A-4 44.6 0.861 0.882 0.778 0.728 1.200 20.44 24.92

A-5 78.0 0.807 0.859 0.744 0.662 1.084 18.51 22.60

A-6 90.3 0.818 0.879 0.756 0.651 1.048 18.37 22.05

B-1 36.3 0.749 0.806 0.712 0.684 1.035 18.09 22.37

B-2 52.5 0.798 0.845 0.739 0.661 1.087 18.41 22.60

B-3 68.5 0.781 0.845 0.736 0.671 1.102 18.81 22.97

B-4 78.2 0.865 0.891 0.782 0.727 1.198 20.41 24.87

B-5 84.1 0.863 0.886 0.781 0.727 1.195 20.48 24.92

B-6 92.2 0.898 0.897 0.800 0.769 1.247 21.83 25.20

C-1 28.5 0.840 0.763 0.714 0.750 1.268 21.86 26.22

C-2 42.7 0.828 0.756 0.710 0.751 1.272 21.93 25.31

C-3 70.7 0.752 0.715 0.732 0.672 1.104 18.96 22.79

C-4 78.6 0.723 0.691 0.642 0.643 1.073 18.33 22.14

C-5 90.3 0.667 0.524 0.578 0.680 1.158 19.84 23.50

C-6 93.4 0.665 0.532 0.574 0.684 1.161 19.91 23.54
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Abstract  

A method for on-line measurement of photocatalytic activity of powdered samples by UV-Vis spectrometry is 
demonstrated. It enables photocatalytic reaction to be monitored directly in the cuvette which also serves 
as photocatalytic reactor. The cuvette is placed inside a double beam UV-Vis spectrometer and photocatalytic 
reaction is driven by LED diode mounted on homemade cuvette holder housing. Diodes can be easily changed, 
enable photocatalytic reaction to be performed under light of various wavelengths which is beneficial when 
evaluating visible-light photocatalytic activity. Another advantage of the method presented lies in the 
simultaneous degradation of model dye solution and monitoring of reaction kinetics, which avoid sampling 
during the photocatalytic reaction. Measurement of photocatalytic activity is demonstrated on degradation 
reaction of Methylene blue 2B as the model dye by Zn2TiO4 powder under the UV (λ~ 365 nm), and the visible 
light (λ~ 400 nm) and (λ~ 425 nm) irradiation. 

Keywords: Photocatalysis, semiconductor, LED diode, photocatalytic reactor, powder material, on-line  
                     measurement 

1. INTRODUCTION 

Photocatalysis is a dynamic field within photochemistry with many current and potential applications. 
The principle of photocatalytic reaction is based on the absorption of photons with an energy equal or greater 
than the semiconductor’s band gap, which results in a formation of an electron/hole pair that may actively 
participate in the redox reactions on the semiconductor surface. These processes underpin a broad range 
of commercial applications, such as self-cleaning glass or tiles, concrete, paints, photo-induced sterile surface, 
water or air purification [1]. Because of huge innovation potential, the number of papers devoted 
to semiconductor photocatalysis increases exponentially which in turn leads to an increased demand 
for unification of testing methods to make results obtained by different research groups comparable. In fact, 
a survey of existing literature clearly shows diversity in experimental methods used for testing of photocatalytic 
activity, which severely complicate the analysis of data. For example, different dyes, their concentration, 
volume, the amount of photocatalysts, an irradiation source, or procedure of measurement are used when the 
photocatalytic activity of powdered sample is determined by degradation of model pollutant. An overview of 
ISO standards given by Mills et al provides a comprehensive and critical insight into the testing methods related 
to the evaluation of photocatalytic active materials. The vast majority of these standards has been introduced 
only recently and there is still vivid discussion concerning their pros and cons [2, 3]. In order to make a 
contribution to the development of the standardized procedure for measurement and evaluation 
of photocatalytic activity of powdered samples, we propose the concept which enables online monitoring 
of photocatalytic reaction during the course of pollutant degradation. In the experimental setup presented, the 
cuvette placed in the spectrometer serves as the photocatalytic reactor and the rate of degradation of model 
dye can be measured online without the need of sampling. The photocatalytic reaction is driven by a LED 
diode mounted on homemade cuvette holder housing. The smart design of cuvette housing allows easy 
replacement of diodes, which enable the photocatalytic reaction to be performed under irradiation in a narrow 
interval of wavelength, covering UV and the whole visible light region. [4, 5] The performance of the proposed 
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experimental arrangement is demonstrated by degradation of Methyl violet 2B over Zinc titanate (Zn2TiO4) 
under the UV (λ~ 365 nm), and the visible light (λ~ 400 nm) and (λ~ 425 nm) irradiation [6]. 

2. EXPERIMENTAL  

2.1. Device construction  

LED diode mounted on homemade cuvette holder housing is shown in Figure 1. The simple construction and 
portability of the cuvette holder housing make it suitable for used in a various spectrometer, which allows 
measurement of absorption spectra in the UV-VIS range [4]. 

 

Figure 1 A), B) and C) the holder with the UV diode and D) LED diode mounted on homemade cuvette 
holder housing inside the chamber of the UV-Vis spectrometer Varian Cary 3 

Emission maxima of commercially available diodes which can be used as irradiation source are shown 
in Figure 2. It can be seen, that both UV and the visible light region is covered.  

 
Figure 2 Emission maxima of commercially available diodes 

2.2. Photocatalysts preparation 

Zinc titanate (Zn2TiO4) was prepared by using cotton wool as a biotemplate. In the first step, 3 g of cotton wool 
was impregnated by 5 mL of the solution containing 1.2 mL of titanium (IV) butoxide (purity ≥ 97.0%, supplied 
by SIGMA-ALDRICH) in 30 mL of isopropylalcohol (purity ≥ 99.7%, supplied by mikroCHEM) and left dry in 
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the fume hood. Zinc cations were introduced into Ti-rich cotton wool in the second step. The solution consisted 
of 0.6 g of ZnO powder dissolved in 50 mL of ammonia (26% aqueous solution, supplied by mikroCHEM) and 
4 mL of hydrogen dioxide (30% aqueous solution, supplied by PENTA) was applied at the same volume as Ti 
precursor (5 mL). Finally, dried impregnated cotton wool biotemplate was calcined at 500 °C for two hours in 
the muffle furnace in air atmosphere.   

2.3. Assessment of photocatalytic activity 

The photocatalytic activity of prepared powder was evaluated by means of degradation of Methyl Violet 2B 
at the concentration 3.5 mg.L-1. The suspension containing 10 mg of the photocatalysts in 3 mL of dye was 
prepared directly in the quartz glass cuvette and placed inside the UV-VIS spectrometer Varian Cary 300. Prior 
the photocatalytic experiment, the suspension was left in the dark for 1 hour to reach adsorption/desorption 
equilibrium. After that, the LED diode was switched on and the degradation of model dye was monitored in 30 
minutes intervals without the need of sampling. The temperature was held at 25 °C by Dual Cell Peltier 
Accessory during the course of degradation reaction. For illustration, photocatalytic activity of Zn2TiO4 was 
performed under the UV (λ ~ 365 nm) and visible light (λ ~ 425 nm) irradiation by LED (Roithner LaserTechnik, 
Austria) with wavelengths λ ~ 365 nm (XSL-365-5E) in the UV region, λ ~ 400 nm (VL400-5-15) and λ ~ 425 
nm (VL425-5-15) in visible light region. 

2.4. Sample characterization 

The crystalline phase structures of prepared materials were identified by using X-ray diffractometer MiniFlex 
600 (RIGAKU, Japan) equipped with Co X-ray source. Operation voltage and current were 40 kV and 15 mA, 
respectively. Almost all peaks in the diffractogram in Figure 3 can be unambiguously assigned to the Zn2TiO4 
spinel phase. The only peak that cannot be attributed to the Zn2TiO4 phase is the small peak at 29 °2θ. Most 
likely, this is a manifestation of carbonaceous rests of the cotton wool in the prepared material.   

 

Figure 3 X-ray difractogram of the prepared powder 

The morphology of biotemplated Zn2TiO4 powder is shown in Figure 4. Low magnification image in Figure 4a 
shows that powder consists of coarse particles up to 50 microns. At closer inspection, these particles retain 
morphology of cotton wool fibers (Figure 4b). High resolution image in Figure 4c further reveals, that individual 
particles are formed by nanoparticles with the dimension of about 50 nm in diameter.  
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Figure 4 SEM of the prepared powder 

2.5. Photocatalytic measurement 

Photocatalytic activities of biotemplated Zn2TiO4 powder under UV and visible light irradiation are shown 
in Figure 5. The dramatic decrease of photocatalytic activity with increase of LED irradiation wavelength 
maxima is evident at the first sight. Degradation reaction proceed quickly under UV light irradiation (365 nm) 
with apparent rate constant k 0.015 min-1 (indicated by full black circles) and complete degradation of model 
pollutant was achieved after 180 min. The shift in maxima wavelength irradiation to 400 and 425 nm resulted 
in significant decrease of the rate constant of photocatalytic driven reaction to 0.0013 min-1 (indicated by a half-
solid circle) and 0.0006 min-1 (indicated by an empty circle), respectively.  

 

Figure 5 Evaluation of photocatalytic experiment of  prepared powdered samples 
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CONCLUSION 

A method suitable for the online measurement of the photocatalytic activity of the powdered samples 
in commercial spectrometers is demonstrated. Cuvette placed in UV-vis spectrometer acts simultaneously 
as the photocatalytic reactor and measurement cell, which functions enable on line measurement of 
photocatalytic reaction during the course of degradation. Therefore, no sampling during the photocatalytic 
reaction is necessary. Photocatalysis is driven by a LED diode mounted on a homemade cuvette holder 
housing. Diodes can be easily changed and the reaction can be performed under various wavelength 
irradiation. This is beneficial especially for evaluation of photocatalytic activity in a close vicinity of 
semiconductor band gap. The functionality of the method is demonstrated on the degradation of Methyl Violet 
2B over Zn2TiO4 powder under irradiation by the diode with different maxima wavelength in the UV light region 
(λ ~ 365 nm) and visible light region (λ ~ 400 nm and ~ 425 nm). Further research will be focused on 
quantification of photon fluxes into the sample delivered by each kind of used LEDs.  
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PHOTOCATALYTIC ACTIVE COATINGS-ENVIRONMENTAL WAY TO IMPROVE QUALITY 

AND DURABILITY OF BUILDINGS 
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Abstract   

Transparent coatings of TiO2-SiO2 nanocomposite were developed to be applied on building facades in order 
to prevent growth of microorganisms and thus to improve urban building sustainability. Structure and texture 
characteristics of the prepared nanocomposites were determined by electron microscopy (SEM, TEM + EDS), 
their photocatalytic activity was quantified by testing self-cleaning ability and antimicrobial activity. The self-
cleaning properties were evaluated according to the standard ISO method based on photocatalytic 
degradation of methylene blue. The TiO2-SiO2 nanocomposite coatings were applied on various types of 
substrates commonly used in building industry. The antimicrobial activity was mainly investigated for algae 
because these microorganisms are often responsible for facades ageing. According to the laboratory tests the 
prepared TiO2-SiO2 nanocomposites are highly efficient. This fact was already proved by first applications in 
real conditions. The transparent SiO2-TiO2 nanocomposites represent an ecological and noninvasive way how 
to keep nice appearance of buildings for a long time. It is due to their permanent photocatalytic activity causing 
self-cleaning and algicidal effects. Such coatings may significantly reduce ageing processes on facades of 
buildings that are caused by microbiological pollution and smog exhalations.   

Keywords: SiO2-TiO2 nanocomposite, photocatalysis, photocatalytic paint, self-cleaning surfaces,  
         photocatalytic algae degradation 

1. INTRUDUCTION 

The aging of buildings is a complex process caused by chemical, physical and biological factors. In addition 
to the impact of weather influence (sunshine, rain, wind, frost, temperature changes etc.) and air pollutants the 
formation of biofilms on the building surfaces is one of the main factors of building aesthetic changes and 
deterioration.  

Microbiological organisms are known to produce acids which can react chemically with the building materials. 
Algae, moss and lichens form humus in which larger and more damaging plants can grow. It subsequently 
increases retention of moisture in the building material. Such deteriorating processes are accelerated even by 
atmospheric pollutants, which in combination with air moisture form a corrosive mixture [1]. The photocatalytic 
protective layer is able to prevent biofilms growth due to their permanent oxidative decomposition. The recent 
research of novel photocatalytic paints indicates that such applications represent a promising environmental 
way how to prolong the service life of buildings [2].  

The photocatalytic properties of semiconductors are based on the photogeneration of separated charge 
carriers, positive holes (h+) and electrons (e-), which occurs upon the absorption of light corresponding to the 
band gap [3, 4]. The formed electron-holes pairs can subsequently either recombine or initiate redox reactions 
on the photocatalyst surface. The reductive and oxidative ability of the photogenerated electrons and positive 
holes, respectively, are determined by the potentials of corresponding conduction and valence band [5]. 
Processes occurring within the semiconductor particle upon irradiation are illustrated in Figure 1 [6]. 
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Figure 1 Illustration of photocatalytic processes occurring on semiconductor particle upon irradiation 

Titanium dioxide (TiO2) in anatase crystalic form is he most common photocatalyst. Its band gap energy is 
3.2 eV. This material is inexpensive, non-toxic and chemically stable. The photogenerated positive hole shows 
a strong oxidizing ability. Therefore photocatalytic properties of anatase have been extensively investigated, 
especially its promising applications concerning degradation of environmental contaminants [7-9] or 
inactivation of biological pollutants [10-12].  

2. EXPERIMENTAL     

2.1. SiO2-TiO2 nanocomposite coating  

The photocatalytic composite paint consists of a photocatalyst and a binder. The nanocomposite was prepared 
in form of aqueous dispersion containing 1 - 3% of dry matter formed by 40 wt.% of TiO2 (with the size fraction 
of TiO2 particles 5 - 100 nm) and 60 wt.% of SiO2 (with the size fraction of SiO2 particles 5 - 50 nm). For material 
characterization of the composite, samples prepared by spraying the aqueous dispersion in liquid nitrogen and 
immediate lyophilisation of the frozen droplets at temperature - 60 °C and pressure 1.3 kPa. The obtained dry 
composite was characterized by electron microscopy (SEM, TEM and EDS).  

2.2. Photocatalytic activity determination 

2.2.1. Self-cleaning properties 

The photocatalytic self-cleaning properties of the prepared composite coatings were determined using an ISO 
10678:2010 standard method based on photocatalytic degradation of methylene blue [13]. Aqueous solution 
of methylene blue (MB) is decoloured in contact with the photoactive surface under UV irradiation. The used 
intensity of UV-A radiation (BLB λ = 365nm) was 10 ± 0.5 W/m2. The amount of MB dye remaining in the 
solution was determined by absorbance measurements at λ = 640 nm by UV/Vis absorption spectroscopy 
(Perkin-Elmer Lambda 35).  

The composite coatings were applied on different types of supports: lime, silicone, acrylate and silicate 
plasters. The size of tested samples was 5 cm x 5 cm. Each sample was first preconditioned in more 
concentrated MB solution (c = 20 μmol/l) for 12 hours to avoid decrease of MB concentration due to adsorption 
during the testing. The conditioned samples were subsequently tested using less concentrated MB solution 
(c0 = 10 μmol/l).   
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2.2.2.  Antimicrobial properties - algae degradation 

The antimicrobial activity of the prepared TiO2-SiO2 nanocomposite coatings was based on the photocatalytic 
degradation of Chlorella vulgaris (strain of H1955) algae. Chlorella vulgaris was cultivated on a BBM medium 
at room temperature. 

The TiO2-SiO2 nanocomposite coatings on pieces of white marble and lime plaster were prepared by 
immersion of the sterilized pieces of these supports into nanocomposite suspension for 30 s. The dried 
substrates were put in Petri dishes with sterile agar layer on its bottom. Next 3 μl of Chlorella vulgaris 
suspension was pipetted on the prepared substrates. The Petri dishes with algae on substrates were finally 
sealed to prevent evaporation of the agar layer and put into a special photoreactor. To avoid any contamination 
of the samples, all these preparations were performed in sterile flow box. The plastic material of Petri dishes 
was transparent for visible light as well as UVA radiation. The spectral composition of light applied in the 
photoreactor was adjusted to simulate solar radiation with intensity of 1 mW/cm2. 

3. RESULTS AND DISCUSSION 

3.1. SiO2-TiO2 nanocomposite coatings characterization 

Coatings prepared from the TiO2-SiO2 nanocomposite colloidal suspension were transparent. The used 
suspension was stable. A potential sediment could be easily resuspended by short shaking. 

The SEM and TEM micrographs of the TiO2-SiO2 nanocomposite are shown in Figure 2. Isolated islands of 
titanium dioxide photocatalyst (lighter objects on the left micrograph) placed in SiO2 matrix (darker colour on 
the left micrograph) can be seen. The other TEM micrograph also confirms the formation of TiO2 aggregates 
(darker objects on the right micrograph) surrounded by lighter SiO2 matrix. It is evident from these micrographs 
that the SiO2 nanoparticles form a matrix that separates agglomerated TiO2 nanoparticles and thus prevents 
a direct contact of the TiO2 photocatalyst with the substrate. Surface structure of the TiO2-SiO2 coating can be 
seen in Figure 3 where SEM micrograph of its cross-section (right) and the corresponding EDS mapping (left) 
are shown. The composite layer keeps its structural characteristics, i.e., the same TiO2 aggregates placed in 
SiO2 matrix can be observed. 

 

Figure 2 SEM (left) and TEM (right) micrograph of TiO2-SiO2 nanocomposite 
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Figure 3 EDS mapping (left) and SEM micrograph (right) of cross-section of TiO2-SiO2 nanocomposite 
coating 

3.2. Self-cleaning properties 

The self-cleaning properties of the prepared TiO2-SiO2 nanocomposite coatings were characterized using the 
photocatalytic decolorization of methylene blue. The observed decrease of absorbance of aqueous solutions 
of methylene blue as a function of irradiation time for different supports is graphically illustrated in Figure 4 
(left). One can see that the TiO2-SiO2 coatings on all the used supports showed self-cleaning activity upon 
UVA irradiation. However, the observed self-cleaning activity depended on the substrate on which the 
nanocomposite was applied. The highest self-cleaning activity exhibited the coatings on silicate paint while the 
others support materials (lime plaster, acrylic and silicone paint) showed little reduced but similar self-cleaning 
activity. 

 

Figure 4 The course of photocatalytic degradation of methylene blue on TiO2-SiO2 nanocomposite coatings 
on acrylic paint, silicone paint, lime plaster, and silicate paint (left graph, black curve relates to blank 

experiment); photography of building facade comparing appearance of coated and non-coated places after 2 
years of out-door exposition (right) 

In addition to laboratory testing, the TiO2-SiO2 nanocomposite was also tested in real out-door conditions as 
a transparent coating of building facade. The photography in Figure 4(right) compares with coated and 
non-coated places. The picture was made two years after application of the TiO2-SiO2 nanocomposite coating. 
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The photocatalytic self-cleaning effect of the novel TiO2-SiO2 nanocomposite under real solar conditions is 
clearly evident. One can see visible difference between the dirty uncoated and clean coated parts of the 
originally white building facade. 

3.3. Antimicrobial activity - algae degradation 

Results of the antimicrobial activity of the TiO2-SiO2 nanocomposite coated on white marble and lime plaster 
are shown in Figure 5. The pictures were made after 24 hours of simulated sun light irradiation. Several stone 
pieces were always kept in each Petri dish, coated (left) and non-coated (right), to compare the photocatalytic 
effect on algae growth under identical conditions of the microclimate of particular Petri dish. It is obvious that 
the algae growth was totally suppressed on the substrates, which were coated with the TiO2-SiO2 
nanocomposite (the algae growth on stones is labelled with white circles). However, if the TiO2-SiO2 
nanocomposite was applied on the places with already expanded algae colonies no significant algae removal 
was observed. Additional experiments are in progress to investigate in detail the expected photocatalytic 
algicidal effect of the novel TiO2-SiO2 nanocomposite. However, the preliminary results already showed that 
this nanocomposite coating can be applied as prevention against algae growth.  

 

Figure 5 The algae growth testing on white marble (up) and on plaster (down). The samples on the right 
(left) part of petri dishes are not coated (coated) with TiO2-SiO2 nanocomposite. The algae are marked by a 

white circle 

4. CONCLUSION 

The applied SiO2-TiO2 nanocomposites consist of small aggregates of TiO2 photocatalyst separated in matrix 
of SiO2 nanoparticles. Such structure reduces further agglomeration of TiO2 particles and prevents direct 
contact of the TiO2 photocatalyst with the substrate on which he coating was applied. The prepared 
nanocomposite layers are transparent and represent an ecological and non-invasive way how to keep nice 
appearance of buildings for a long time.  It is due to their permanent photocatalytic activity causing self-cleaning 
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and algicidal effects. Such coatings may significantly reduce ageing processes on facades of buildings that 
are caused by microbiological pollution and smog exhalations. 
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Abstract  

In the field of applied research the combination of graphene and a semiconductor to form a Schottky solar cell 
(SSC) was found to be very significant. When compared to other types of solar cells being developed (organic 
or perovskite solar cells), the simple production process is an undisputable advantage of an SSC composed 
of graphene and silicon semiconductor. This simplicity and compatibility with well-established semiconductor 
technologies ultimately result in a low production price. The main problem relating to the Schottky solar cells 
with a graphene/silicon interface is the decreased efficiency of photocharge collection due to a recombination 
on the interface. In order to decrease the effect on the efficiency due to the recombination, the graphene/silicon 
interface has been modified with 2 nm Al2O3. 

Keywords: Graphene, Al2O3, solar cell, RTA, EBIC, EQE 

1. INTRODUCTION  

Graphene that belongs among carbon 2D materials shows a high value of transmission in visible light, from 
which it only absorbs 2.7 % [1]. By contrast, the widely applied material, i.e. Indium Tin Oxide (ITO), used for 
the production of transparent electrode of touch panels and solar cells features an absorption value of 9 % [2]. 
Thanks to the lower absorption, graphene could replace ITO in solar cells and touch panels in future.  
The first SSC with a transparent graphene electrode based on a silicon (Si) semiconductor was made in 2010 
[3]. This SSC with graphene/Si interface showed an efficiency of only 1.5%. This low value was caused by the 
resistance of graphene layer prepared by chemical vapour deposition (CVD), achieving up to several kΩ. To 
reduce the resistance and to increase the efficiency, the doping of graphene with gold, nitrogen and other 
substances was used [4]. It has led to the reduction of graphene resistance down to Ω units. In addition, own 
reflectance is another factor decreasing the efficiency of SSC with graphene/Si interface. Its negative impact 
on SSC can be decreased by the application of a suitable coating layer composed, for example, of graphene 
oxide [5] or colloidal titanium [6], or by the surface treatment of silicon substrate prior to the application of 
graphene. Efficiency of the solar cell is also negatively affected by the charge recombination in the area of 
graphene/Si interface. This recombination occurs in incomplete silicone bonds on the Si surface due to having 
the silicone dioxide (SiO2) etched away prior to the application of graphene. The number of recombination 
centres can be reduced through the passivation of the surface with oxide layer [7]. For this cell, aluminium 
oxide (Al2O3) with a thickness of 2 nm was selected as an oxide. 

2. EXPERIMENTAL 

2.1. Preparation of SSC with graphene/Al2O3/Si interface  

For the SSC preparation, a wafer made of monocrystalline Si (100) with a 280 nm SiO2 layer and a resistivity 
of 1.8 Ω/□ was used and cut using WEDM [8-11] to obtain samples with a size of 10x17 mm2 each. Using 
ultraviolet lithography (UVL), a temporary polymeric mask having a shape of the future upper collector 
electrode was created on the sample cut like that and doped with a layer consisting of 3 nm titanium and 
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100nm gold. Then, a 4x3 mm window was etched in the middle of the prepared gold electrode. For this 
purpose, optical lithography was used again, and silicone oxide was etched for a period of 4 minutes in  
a solution of 40% hydrochloric acid (HF) and ammonium chloride (NH4HF) mixed in a ratio of 1:7.  
A passivation layer of 2nm Al2O3 was subsequently applied in the aforesaid Si window using atomic layer 
deposition (ALD). The lower emitter electrode was made of a 400 nm aluminium layer. The last step in  
the SSC completion included the application of a graphene layer using ‘wet transfer process’ [12]. For  
a schematic illustration of the preparation of SSC with graphene/Al2O3/Si interface using ultraviolet lithography, 
refer to Figure 1. 

 

Figure 1 Schematic illustration of the preparation of SSC with graphene/Al2O3/Si interface using ultraviolet 
lithography 

2.2. Measurement of SSC with graphene/Al2O3/Si interface 

To determine the efficiency of SSC with graphene/Al2O3/Si interface, the apparatus intended for  
the measurement of current-voltage characteristics with an illuminance of 250 W/m2 was used; this apparatus 
consisted of a halogen lamp, an infrared filter, a positioning system by Thorlabs, a current source, and an 
ammeter by Keithley. External Quantum Efficiency (EQE) was measured with an equipment consisting of a 
powerful 1 000 W xenon lamp, a monochromator, a bundle splitter, a picoammeter, and  
a calibrated photodiode. The EQE measurement itself was made at a light wavelength ranging from 400 to 
700 nm. For the detection of depletion region width, the method of Electron Beam Induce Current (EBIC) and 
LYRA 3 electron microscope by TESCAN were used. 

3. RESULTS OBTAINED 

The solar cell with graphene/Al2O3/Si interface was measured using current-voltage characteristics. Based 
on the measurement, an efficiency of 0.08% was determined. This low value was probably caused by  
the surface contamination of graphene due to wet transfer. In order to verify the hypothesis, the cell was heated 
to a temperature of 300 °C for a period of one hour in a vacuum. The efficiency of the solar cell treated as 
above equalled to 4.43%. This value represents an efficiency improved by 5500 %, see Figure 2. The depletion 
layer width of the annealed SSC was detected by means of EBIC method and determined to be 3.72 µm, see 
Figure 3. 
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Figure 2 Results of measurements of the SSC with graphene/Al2O3/Si interface using current-voltage 

characteristics 

 
Figure 3 Results of measurements of the SSC with graphene/Al2O3/Si interface using EBIC method 

Together with the measurements of current-voltage characteristics, the cell with and without Al2O3 passivation 
layer was subjected to continuous EQE measurements to determine the effect of such passivation. In the cell 
without Al2O3 passivation layer, the external quantum efficiency achieved its maximum value of only 23% at 
λ=500 nm. By contrast, the cell with 2 nm Al2O3 showed an EQE value of 38 % at λ=500 nm. For a comparison 
of both measurements, refer to Figure 4. 

 

Figure 4 Results of measurements of the SSC with graphene/Al2O3/Si and graphene/Si interfaces using 
EQE method 
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4. CONCLUSION 

The Schottky solar cells without interface modifications show a low efficiency that is caused by  
the recombination of photocharge on the graphene/Si interface. This recombination can be reduced by  
the interface passivation using a suitable oxide layer. For this work, Al2O3 with a thickness of 2 nm was used 
as oxide unlike SiO2 layer that was used for the SSC passivation by the MIT research group [7]. The SSC 
efficiency was also affected by the graphene layer resistance caused by the nanometric contamination due to 
polymethyl methacrylate (PMMA) remained on the surface after wet transfer. The resistance reduction was 
achieved by having the sample heated to 300 °C in a vacuum, which reduced the PMMA contamination. This 
procedure of graphene resistance reduction was taken from the available literature and modified so as to be 
applied at our workplace [13]. The Schottky solar cells with the modified graphene/Al2O3/Si interface were 
prepared and studied using current-voltage characteristics and EBIC and EQE methods. The solar cell 
efficiency prior to and after the annealing at a temperature of 300 °C for a period of one hour equalled to 0.08% 
at the beginning, and 4.43% thereafter. The depletion region width determined was 3.72 µm. With  
the passivation layer applied, the value of external quantum efficiency increased from 23 % to 38 %. Based 
on the data obtained, it is obvious that the application of sufficient passivation layer and subsequent post-
treatment lead to an increased efficiency of the SSC with graphene/Si interface. 

ACKNOWLEDGEMENTS 

This work is an output of research and scientific activities of NETME Centre, supported through 
project NETME CENTRE PLUS (LO1202) by financial means from the Ministry of Education, Youth 

and Sports under the „National Sustainability Programme I“. 

This work was carried out with the support of core facilities of CEITEC - Central European Institute of 
Technology under CEITEC - open access project, ID number LM2011020, funded by Ministry of 

Education, Youth and Sports of the Czech Republic under the activity Projects of major 
infrastructures for research, development and innovations. 

Research described in this paper was financed by Czech Ministry of Education in frame of National 
Sustainability Program under grant LO1401. For research, infrastructure of the SIX Center was used. 

REFERENCES 

[1] NAIR, R. R., et al. Fine structure constant defines visual transparency of graphene. Science, 2008, vol. 320, no. 
5881, pp. 1308-1308.  

[2] KOH, W. S., et al. The potential of graphene as an ITO replacement in organic solar cells: An optical perspective. 
IEEE Journal of Selected Topics in Quantum Electronics, 2014, vol. 20, no. 1, pp. 36-42.  

[3] LI, X., et al. Graphene‐on‐silicon Schottky junction solar cells. Advanced Materials, 2010, vol. 22, no. 25, pp. 
2743-2748. 

[4] CHEN, L., et al. Fabrication and photovoltaic conversion enhancement of graphene/n-Si Schottky barrier solar 
cells by electrophoretic deposition. Electrochimica Acta, 2014, vol. 130, pp. 279-285. 

[5] YAVUZ, S., et al. Graphene oxide as a p-dopant and an anti-reflection coating layer, in graphene/silicon solar 
cells. Nanoscale, 2016, vol. 8, no. 12, pp. 6473-6478. 

[6] SHI, E., et al. Colloidal antireflection coating improves graphene-silicon solar cells. Nano letters, 2013, vol. 13, no. 
4, pp. 1776-1781. 

[7] SONG, Y., et al. Role of Interfacial Oxide in High-Efficiency Graphene-Silicon Schottky Barrier Solar Cells. Nano 
letters, 2015, vol. 15, no. 3, pp. 2104-2110. 

[8] MOURALOVÁ, K., KOVÁŘ, J., PROKEŠ, T. Experimental statistical evaluation of surface waviness machined 
using WEDM. Mendel Journal series, 2016, vol. 22, pp. 275-280.  



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

290 

[9] MOURALOVÁ, K., KOVÁŘ, J., PROKEŠ, T. Experimental statistical evaluation of S- parameters on surface 
machined using WEDM. Mendel Journal series, 2016, vol. 22, pp. 261-264.  

[10] MOURALOVÁ, K., KOVÁŘ, J., PROKEŠ, T. Application of the genetic algorithm for analysis of input parameters 
of WEDM technology for TI-6AL- 4V. Mendel Journal series, 2016, vol. 22, pp. 271-274.  

[11] MOURALOVÁ, K., et al. Analyzing the Surface Layer after WEDM Depending on the Parameters of a Machine for 
the 16MnCr5 Steel. Measurement, 2016, pp. 771-799. 

[12] PROCHÁZKA, P., et al. Ultrasmooth metallic foils for growth of high quality graphene by chemical vapor 
deposition. Nanotechnology, 2014, vol. 25, no. 18, pp 185601.  

[13] KIM, D. J., et al. Effect of annealing of graphene layer on electrical transport and degradation of Au/graphene/n-
type silicon Schottky diodes. Journal of Alloys and Compounds, 2014, vol. 612, pp. 265-272. 

 

 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

291 

BACK ELECTRODE INFLUENCE ON OPTO-ELECTRONIC PROPERTIES OF ORGANIC 

PHOTOVOLTAIC BLEND CHARACTERIZED BY KELVIN PROBE FORCE MICROSCOPY 

ČERMÁK Jan1, MILIAIEVA Daria1,2, HOPPE Harald3, REZEK Bohuslav1,2  

1Institute of Physics, Czech Academy of Sciences, Prague, Czech Republic, EU, cermakj@fzu.cz 
2Czech Technical University, Faculty of Electrical Engineering, Prague, Czech Republic, EU 

3Center for Energy and Environmental Chemistry Jena, Jena, Germany, EU 

Abstract  

Organic photovoltaic (PV) system consisting of P3HT:PCBM blend layer was prepared with an aluminum (Al) 
back electrode. After the final thermal annealing the Al layer was partially removed. Kelvin Probe Force 
Microscopy (KPFM) was used to measure photovoltage response to illumination by a solar spectrum light as 
a function of time (up to 3 weeks). Comparison of the same KPFM measurement on the areas with and without 
Al revealed differences in both morphology and photovoltage response to illumination. The data are discussed 
with view to reducing degradation of organic PV devices. 

Keywords: Organic photovoltaics, Kelvin Probe Force Microscopy, degradation 

1. INTRODUCTION 

Organic photovoltaic (PV) devices are considered promising as a renewable energy source due to their carbon-
based nature, ease of fabrication, or the capability of preparation on structured or even flexible substrates. 
Standard device architecture is so-called bulk-heterojunction (BHJ) where the donor and acceptor materials 
are mixed together and create an interpenetrating network. Their moderate power conversion efficiency 
(current record is 13.2 % by Heliatek GmbH, commercially available modules <3 % [1]) is still high enough for 
several specific applications (functional building designs, wearable electronics, etc.). However, if unprotected 
against environmental conditions their usable lifetime is still strongly limited by degradation [2]. 

One of the possible methods to assess the degradation properties of organic blends with high spatial resolution 
is Kelvin probe force microscopy (KPFM). KPFM is a regime of atomic force microscopy for measuring and 
imaging surface potential. Thus it can detect any changes in electronic properties under defined conditions 
(e.g. as a function of time, illumination, gas exposure, etc.). KPFM has been successfully used for study of 
degradation of organic blend layers as well [3-5]. Since then it turned out that the properties of a completed 
organic PV device are significantly influenced by the back metal electrode [6]. Therefore, in this contribution 
we focus on comparison of opto-electronic properties (as detected by KPFM) of an organic PV device made 
of poly(3-hexylthiophene-2,5-diyl) (P3HT) and [6,6]-Phenyl C61 butyric acid methyl ester (PCBM) both directly 
on a pristine blend layer and on an area from where the metal electrode was removed after finalizing the 
device.  

2. EXPERIMENTAL 

Corning glass substrates with indium tin oxide (ITO) transparent electrode (by Delta Technologies, Ltd., Rs = 

5-15 Ω/sq) were cleaned by ultrasonication in acetone, isopropanol, and deionized water before use. 
PEDOT:PSS ( by Heraeus Clevios™) was spin-coated on the ITO surface (3000 rpm, 30 s) and dried (170 °C, 
20 min, hotplate). Pre-heated (50 °C) solution of P3HT:PCBM (by BASF) was spin-coated (1500 rpm, 60 s) on 
the PEDOT:PSS layer and dried (90 °C, 60 min, oven). 50 nm thick aluminum (Al) bars were thermally 
evaporated through a metal shadow mask on top of the sample. The sample was thermally annealed (150 °C, 
30 min, hotplate). After the final thermal annealing Al was partially removed by Scotch tape so that the active 
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organic layer below was exposed for characterization. The area with no Al deposition is referred to as pristine 
BHJ area further in the text; the area from which the deposited Al was removed is referred to as uncovered 
BHJ. 

KPFM was measured by an NTEGRA Prima system (NT-MDT) using Cr/Pt coated silicon cantilevers 
(Multi75E-G, BudgetSensors). Two-pass amplitude modulated KPFM was used. In this regime the topography 
profile is captured during the first pass in semicontact mode. Then the tip is kept at a constant height (defined 
by delta z, dz) over the sample surface and a DC bias voltage (optimized by a closed loop) is used to minimize 
tip oscillations induced by an AC voltage applied between the sample and the tip. The resulting DC bias voltage 
represents the contact potential difference between the materials of the tip and the sample. Typical parameters 
for the KPFM used in this experiment were AC voltage 2 V, dz = -5 nm, scan rate 0.3 Hz.  

 

Figure 1 a) Schematics of the experimental setup; b) typical KPFM image in dark (bottom and top parts) and 
under illumination (middle part)  

Illumination induced effects were studied by using a solar simulator (Solar LightLine A1, ScienceTech, inc.). 
The output of the solar simulator was coupled into a quartz optical fiber that leads the light near the scanning 
tip of the AFM and illuminated the surface from approx. 3 cm distance (Figure 1a). In this configuration the 
light intensity is somewhat lower than the regular AM1.5 illumination, yet the spectrum remains the same. The 
KPFM characterization was performed in the following way: the first 10 scanlines were measured in dark, next 

10 scanlines under illumination, and the final 10 scanlines in dark again. The scanline was 10 µm long to cover 
a representatively large areas. The typical resulting image is shown in Figure 1b. The experiment was 
repeated many times during time period of three weeks on both pristine active layer surface and on an area 
from where the Al thin film was removed. 

3. RESULTS AND DISCUSSION 

Figure 2 shows optical microscopy views of the blend layer. The pristine area (Figure 2a) looks smooth with 
needle-like features tens of micrometers long, the uncovered BHJ area shows more or less round spots of 10 
µm in diameter in average (Figure 2b). Similar differences between the pristine and uncovered BHJ areas 
were observed not only on various locations within the particular sample, but on other control samples that 
were prepared and treated in similar way as well. Therefore it is assumed to be the result of the presence of 
Al on the blend layer during the final annealing step. Similarly looking needle-like structures were observed 
recently on the same type of organic PV device [6] and they were attributed to PCBM crystals. Al layer is 
believed to prevent the PCBM from crystallization [7], which fits well to the fact that no needle-like structures 
are observed in Figure 2b. 
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Figure 2 Optical microscopy images (area 400 x 300 µm2) of the pristine area (a) and the area from where Al 

was partially removed (b). White regions correspond to residual Al having high optical reflectivity 

Figure 3a plots the changes in the surface potential under illumination as a function of time on the freshly 
fabricated device. There is no visible change in the surface potential under illumination at the pristine area and 
the surface potential is leveled at +450 mV during the whole measurement cycle. At the uncovered area the 
surface potential moves from the initial level at approx. -50 mV to +40 mV under illumination and then it moves 
to -60 mV after illumination switching off. The changes occurred within one scan line, which takes 6.7 s.  

In the long-term evolution plot in Figure 3b the individual measurement cycles are shrunk to a vertical lines. 
Their heights thus correspond to the extent of the response to the illumination. The plot shows that the 
photovoltage response at the uncovered area is well resolvable (50-100 mV) all the time during the three week 
period and follows the trend in decreasing the magnitude of surface potential change. At the pristine area the 
photovoltage is small (within 15 mV, when resolvable). Note that between the measurements the sample was 
physically moved in the AFM microscope and thus the individual measurements are not from exactly the same 
positions. The long-term change in the surface potential can be split into two regions: quick region during the 
first 3 days (from +450 mV to +70 mV), and slower decrease down to -30 mV within the rest of the period (18 
days), as shown in Figure 3b. Based on the KPFM results only it cannot be clearly resolved what the reason 
for this long-term change is. As it occurs mainly at the pristine area, it most likely reflects either absorption of 
air humidity that was previously evaporated during the thermal annealing or oxidation of one of the blend 
components [8].  

 
Figure 3 Line profiles of the KPFM images the pristine (violet) and uncovered (black) BHJ areas at the 

beginning (a), during long term time period (b), and after three weeks from fabrication (c) 

Figure 3c shows the detailed photo-responses at the end of the three week experiment. At the pristine area 
the photo-response is negligible (observed variations cannot be correlated with the times of illumination 
switching on/off) and the absolute surface potential is lower and closer to the one at the uncovered area. The 
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photovoltage at the uncovered area in Figure 3c is still detected, but it looks differently now. First of all, the 
response to illumination is inversed, compared to the one observed on the fresh device. This inversion is 
observed from the third day after the sample fabrication. Such behavior is highly surprising and its origin is 
unknown so far. Based on the long-term evolution of surface potential (Figure 3b) the transition occurs at 
approx. the same time when the rapid decrease in surface potential at the pristine area is finished. The initial 
high surface potential (that most likely corresponds to lower work function) may enable redistribution of charge 
carriers within the material that is not allowed afterwards. Recently, it has been reported that organic PV 
devices undergo a so called burn-in process, which is a rapid decrease in energy conversion efficiency within 
a few minutes or hours after fabrication under illumination [9]. Considering that in our experiment the three 
days correspond to several minutes of illumination, the burn-in process and the changes in surface potential 
may be of similar origin. Thus quality of encapsulation by the back electrode is highly important. Actual roles 
of back electrode material, structure, and gas permeability still remain to be elucidated. Second noticeable 
change is that the surface potential changes from -65 mV to -135 mV under illumination and returns slowly to 
-75 mV after the illumination is switched off. This indicates changes in carrier recombination mechanism, 
namely slower recombination which may be due to better spatial separation of the photo-excited charge 
carriers. Further experimental work is needed to study these two effects in more detail. 

4. CONCLUSION 

KPFM was used to study changes in surface potential and photovoltage of an organic PV device during three 
weeks. Measurements were performed both on a pristine organic blend layer and on an area from where the 
Al back electrode was removed. It was observed that the two areas look differently in optical microscopy and 
also their opto-electronic properties are different. The surface potential and photovoltage of the material that 
was annealed under the Al electrode is more stable during the three weeks. Thus quality of encapsulation by 
the back electrode is highly important. At the area where no Al was deposited the surface potential was initially 
higher by approx. 0.5 V and decreased significantly in time. The decrease happens in two regimes: fast (the 
first three days) and slow (the rest of the experiment). The period of fast regime corresponds to the time when 
the photovoltage at the uncovered area is positive before it switches to negative. This suggests possible 
correlation with burn-in process in organic PV devices.  
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Abstract 

Li-ion batteries (LIBs) are widely used as portable power sources. The development of new electrode materials 
for LIBs is an important challenge for material science. The application of modern methods and approaches 
can facilitate the implementation of this task. One of the new methods which can be used for improvement of 
Li-ion batteries is an atomic layer deposition (ALD). The method is based of conducting of self-terminating 
reactions between functional surface groups of solids and low molecular precursors. The thickness of 
deposited film can be set by number of treatment cycles. In present work we describe the examples of ALD 
application for the improvement of lithium-ion batteries. In particular, the capacity retention of positive 
electrodes comprising LiCoO2 and Li1.25Ni0.13Co0.13Mn0.54O2 has been improved after deposition of thin  
(1-3 nm) alumina films. The application of ALD for deposition of thin films which can be used in lithium solid 

state 3D batteries is shown. Thin (80 nm) films of SnO2 showed high specific capacity (850-900 mA⋅h/g) stable 
during 400 cycles at 1C discharge current density. 

Keywords: Li-ion batteries, ALD, SnO2, lithium cobalt oxide, lithium-rich cathode, coatings, composite  
                   electrode 

INTRODUCTIONS 

Lithium-ion batteries (LIB) became an integral part of our everyday lives. They have a number of benefits that 
make them suitable for portable electronic devices, electric vehicles, uninterruptible power supplies. 
Development of new electrode materials for LIBs is an important challenge for material science. Without use 
of modern methods and approaches, it will become an impossible problem.  

In order to increase stability of cathode and electrolyte in a wide range of voltages it is applied electrochemically 
inactive protective coating [1]. Metal oxides are usually used for this purpose. One of new methods for LIB 
application is an Atomic Layer Deposition (ALD) in Russian literature known as Molecular Layering (ML). ALD 
allows obtaining functional coatings (oxides, sulphides etc. [2]) inside the pore space [3] and therefore can be 
used for covering composite electrodes. The method is based of conducting of self-terminating reactions 
between functional surface groups of solids and low molecular precursors. The thickness of deposited film can 
be set by number of treatment cycles [4]. Alumina is used as protective coating for cathode materials. 
Application of ALD method allows depositing of protective coatings not only on cathode particles but also on 
porous composite electrodes. The first studies devoted to modification of cathode material appeared in 2010 
[5] and they were focused on influence of aluminum oxide coating on electrochemical properties of LiCoO2. 

Currently in the Web of Science the overall amount of articles concerning the modification of cathode materials 
for lithium-ion cells with use of ALD/ML exceeds 70 and they are highly cited (more than 1900 citations). In 

present work we communicate a brief summary of literature review as well as some results achieved by our 
group. 

According to literature review, the films deposited by ALD method: 
• hinders the dissolution of cathode material [6];  



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

297 

• protects cathode material during cycling at high temperatures (50-55°С) [7];  

• diminishes thickness of SEI film [8];  

• decreases extent of electrolyte decomposition [9];  
• reduces intensity of irreversible phase transformations of cathode materials during cycling [10].  

Modified cathode materials have better capacity retention [1] and rate capability as well as increased 
performance at high temperatures [7].  

ALD deserves specific attention due to its unique features, such as good conformity and absence of pinholes 
and defects, high precision of thickness and composition controllability and a capability to deposit high quality 
coating both on planar, high aspect ratio and complex 3-dimentional substrates [2, 4]. Thus, it can be applied 
for thin film power sources production. This type of batteries is the most progressive and sometimes the only 
possible ones for smart cards, microchips with integrated power supplies, various portable devices, medical 
implants, etc. [11]. Today lithium metal is used as anode in most of solid state power sources which results in 
safety issues such kind of devices. Tin dioxide is considered to be a promising anode material for solid state 

batteries due to its high theoretical specific capacity about 1491 mA⋅h / g, cycleability and safety during 
recharging [12, 13]. In case of high electrochemical performance thin films of tin dioxide synthesized by ALD 
method could be applied in thin film power sources. 

1. THE METHODOLOGICAL BASES AND EXPERIMENTAL PART  

1.1. Cathode preparation 

Li1,25Ni0,13Co0,13Mn0,54O2 powder cathode material was synthesized with use of spray-drying method followed 
by calcination at 900 °C during 7 hours from metals nitrate solution. The average diameter (D50) of the 
secondary particles according to static light scattering was ≈ 20 µm. The size of initial particles measured by 
SEM was about 100 nm. The relation of transition metals in the formula was proved by EDX. Commercial 
LiCoO2 is LC108R, Shanghai Shanshan, China. 

Positive electrodes were prepared according to a standard procedure used for lithium-ion electrodes 
preparation. They consist of active mass (commercial LiCoO2 or synthesized Li1,25Ni0,13Co0,13Mn0,54O2 - 90 
wt.%, PVDF (Kynar 761A) - 5 wt.%, Carbon black (Timcal Super C65) - 5 wt.%) layer (70 µm) deposited on 
the aluminum foil (20 µm).  

The synthesis of aluminum oxide thin films with various thicknesses directly on a porous electrode was 
conducted using Picosun R-150 reactor at temperature 150 °C and pressure about 1000 Pa. 
Trimethylaluminum (TMA) and double distilled water were used as the precursors. After placing of electrodes 
in the chamber the latter was evacuated and purged by nitrogen during several minutes. One cycle of synthesis 
included following steps: TMA pulse (0.1 seconds, 150 sccm), nitrogen purge (12 seconds, 400 sccm), H2O 
pulse (0.1 seconds, 200 sccm), nitrogen purge (15 seconds, 400 sccm). The purity of the reagents and ALD 
gases was no less than 99.995%. The parameters of synthesis were chosen based on the previous research 
results [14, 15]. 

1.2. Synthesis of SnO2 thin films by ALD 

Thin films of tin(IV) oxide were synthesized from tetraethyltin (TET, Sn(C2H5)4, CAS No. 597-64-8, purity 
99.995%) with the use of inductively coupled remote oxygen plasma (Picosun R-150 installation, laboratory 
“Functional Materials”, SPbPU) and ozone (Solar-ML setup, the Resource Center “Innovative Technologies of 
Composite Nanomaterials”, SPbSU). The power of plasma was 2500 W, the frequency was varied 1.9-3.2 
MHz. 316SS stainless steel plates 16 mm in diameter were used as wafer. The parameters of synthesis SnO2 
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were chosen based on the previous research results [16, 17]. The ALD timing sequence is compactly 
expressed as t1:t2:t3:t4, where t1 and t3 correspond to the pulse lengths of TET and those of coreactants 
respectively, and t2 and t4 to nitrogen purge times following these doses. The timing t1:t2:t3:t4 were 
0.1:10:10:10 (plasma) and 2:10:2:10 (ozone). Reactor pressure was 8-10 hPa. For plasma process the vessel 
with TET was heated up to 65 °С, for ozone it was 27 °С. The process with plasma was completed after 
performing the 1000 number of cycles and thickness of the deposited thin films were 78 and 83 nm for 
synthesis temperature 250 and 300 °С, respectively. For ozone process, there were 2200 (88 nm) and 1900 
(85 nm) ALD cycles for the temperatures of 250 and 300 °C, respectively. 

1.3. Electrochemical performance  

The electrodes based on commercial LiCoO2 and synthesized Li1,25Ni0,13Co0,13Mn0,54O2 cathode materials with 
and without coatings were used to fabricate coin cells batteries (CR2032) in a glove box (VGB-6) with argon 
atmosphere (water content <5 ppm). For commercial LiCoO2 and synthesized Li1,25Ni0,13Co0,13Mn0,54O2 FSN-1 
(Shanghai Shanshan, China) carbon material and lithium foil were used as the negative electrodes, 
correspondingly. A solution of LiPF6 in a mixture of organic carbonates served as the electrolyte (TC-E918, 
Tinci, China). Celgard 2325 was used as separator. Measurements were made at room temperature on a CT-
3008W-5V10mA automated charge-discharge stand (Neware, China). The electrochemical performance for 
commercial LiCoO2 was made using following parameters. The final charge voltage was 4.3 V at a charge 
current density of 0.5 C, and the final discharge voltage was 2.8 V at a discharge current density of 1 C (during 
the first 7 cycles, the final discharge voltage was 4.2 V at a charge discharge current of 0.25 C). The activation 
of Li1,25Ni0,13Co0,13Mn0,54O2 cathode materials was made during 4 cycles (2.8 - 4.8 V). Then the coin cells were 
charged/discharged with use of 0.5C current in 2.8 - 4.4 V range. 

Electrochemical studies of SnO2 electrodes were performed in disk casings of CR2032 size vs. lithium metal 
with TC-E918 electrolyte (Tinci) and 2325 separator (Celgard). The cells were assembled in a dry argon 
atmosphere. The final charging voltage was 0.8 V and the final discharging voltage was 0.05 V at a various 
current density 25 - 100 μA/cm2 [16]. Charging/discharging time at 25 μA/cm2 was 60 min (1C). 

2. RESULTS AND DISCUSSION  

2.1. Electrode passivation using Al2O3 by ALD for cycle stability improvement of cathode materials  

As a part of studying influence of Al2O3 coating on cycling stability of cathode materials there were made 
coatings directly on cathode electrodes based on commercial LiCoO2 and synthesized 
Li1,25Ni0,13Co0,13Mn0,54O2. During electrochemical tests, the specific capacity of the LiCoO2-based electrodes 

was 148 mA⋅h / g and the Al2O3 coating had no effect on the specific capacity of the material. The coulomb 
efficiency was 99.2 - 99.6 % during more than 400 charge-discharge cycles. No negative effect of the 
passivating coating on the internal resistance of the battery was observed for samples with 10 ALD cycles, the 
differences in the charge and discharge curves are insignificant [14]. According to the obtained results 
(Figure 1), samples with coatings have a 30% longer cycle life. For synthesized Li1,25Ni0,13Co0,13Mn0,54O2 

cathode material the discharge capacities after activation were almost 210 mA⋅h / g for initial and modified 
electrodes. According to electrochemical measurements the capacity of uncoated and modified electrodes 
reduced to 80% of their initial capacity after 200 and 300 cycles correspondingly (Figure 1). There was no 
significant difference in performance of electrodes modified after 10 and 20 cycles of TMA and H2O treatment 
[15]. The increase of cycle life can be explained by the fact that the coating prevents unwanted degradation of 
cathode at the interface electrolyte-cathode [18]. 
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Figure 1 Cyclic stability of LiCoO2 and Li1.2Ni0.13Co0.13Mn0.54O2 with and without Al2O3 coatings 

2.2. Superior stability with high capacity of SnO2 thin films synthesized by ALD 

SnO2 thin films were synthesized at 250 °С and 300 °С according to the XRD data they had amorphous and 
crystalline structure, respectively. The XPS data demonstrate that Sn3d level contains only one component 
with the value of peak maximums equal to 486.6 and 495 eV, common for Sn4+ [17]. 

In-plane and cross-section images were obtained for the films deposited on steel substrates (Figure 2). The 
cross-section was made using focused gallium ions beam. Morphology of tin dioxide synthesized using plasma 
and ozone are different. Thin films obtained by ozone are denser. It is also confirming by cross-section images 
(Figure 2). 

 

 

Figure 2 SEM images of SnO2 thin films synthetized by ALD at 300 °С using TET,  
a) - ozone; b) - O2 plasma  
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The cyclic stability of tin dioxide thin films has been studied during more than 400 charge/discharge cycles 
(Figure 3). According to the obtained results, the coulombic efficiency was 99.0-99.7%. Charge voltage was 
limited by 0.8 V, based on the previouse research [16]. During cycling in the voltage range 0.8 - 0.05 V the 
process (1) takes place [13]: 

Sn + xLi+ + xe− ↔ LixSn  (0≤x≤4.4) 0.05-0.8 V      (1) 

Samples synthesized at different conditions are stable during cycling at various current densities. The fall in 
capacity after 400 charge/discharge cycles is around 5-7 %. The specific capacity of tin oxide thin films 
electrodes, independently from the charge/discharge rate for the samples obtained at the same parameters 
does not differ by more than 20 %. The difference in the specific capacity for the tin dioxide samples is probably 
caused by the fact that the films obtained with ozone are denser and homogeneous. Samples obtained at 300 
°С have higher capacity than at 250 °С. It may be due to the crystalline structure of the thin films and material 
density, since the specific capacities of the thin films were estimated on the basis of cassiterite density, the 
higher their density is, the lower the specific capacity is.  

 
Figure 3 Cyclic stability at various current densities of SnO2 thin films synthesized by ALD 

Obtained in this work results of investigation specific capacity and cyclic stability for thin films of SnO2 
synthesized by ALD exceed values mentioned in the literature. For example, in [12] there is an overview of tin 
dioxide electrochemical performance. Most promising results (specific capacity, cyclic stability) were obtained 
by depositing tin oxide into graphene or mixing with it. It should be taken into account that increase of specific 
capacity may be caused by forming compounds lithium with carbon (LiC6). Electrochemical characteristics of 

tin oxide deposited on graphene layers by ALD presented in [19] is about 800 mA⋅h / g during 160 cycles. In 
[20] authors demonstrated properties of tin oxide doped by other electrochemically active elements (Co, Fe) 
and mixed with graphene. In this case specific capacity exceeds 1000 mAh / g during 100 cycles. 

3. CONCLUSION 

Thus, it was shown that ALD method can be successfully applied for modification of porous positive electrodes 
used in li-ion batteries and for deposition of solid state batteries anode. The deposition of alumina layers on 
electrode comprising commercial LiCoO2 or synthesized Li1,25Ni0,13Co0,13Mn0,54O2 led to the improvement of 
capacity retention. The number of cycles conducted before discharge capacity has reached the 80% of initial 
one for modified cathodes increased up to more than 30% compared to unmodified electrodes. Moreover, 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

301 

SnO2 thin films have been successfully synthesized by the atomic layer deposition method at temperatures 
250 and 300 °С using tetraethyl tin, ozone and inductively coupled oxygen plasma. Studying of SnO2 
electrochemical performance have shown stable charge/discharge process throughout more than 400 cycles 
at current density from 25 to 100 µA / cm2 in voltage range of 0.05-0.8 V. Specific capacity of tin dioxide films 
obtained at 300 °С is higher than samples synthesized at 250 °С and for ozone it is approximately 850-900 

mA⋅h / g. In addition, in this work were discussed high electrochemical properties of synthesized SnO2 thin 
films compared to the modern research. 
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Abstract  

The paper deals with the design of a new effective electrode for coaxial electrospinnig process. This concept 
is based on a circular symmetric design enabling formation of a double polymeric layer. The layer is created 
by overflowing of one solution over the other. Subsequently, the double layer is exposed to critical voltage in 
the DC electrospinning process to create core/ shell nanofibers. The electrode geometry has been designed 
using the FEM analysis of the electrical field. As a result, appropriate distribution of the electric field on the 
electrode surface has been found. The manufactured electrodes have been verified experimentally. The results 
of both the analysis and experiment have proved, the design meets requirements for an appropriate location 
of Taylors cones on the polymeric surface and thus increases potential for production of coaxial nanofibers.  

Keywords: Weir spinner, electrospinning, coaxial, electrostatic analysis 

1. INTRODUCTION  

There are many ways of nanofibers production [1] and the electrospinning is one of significant methods. This 
technique is applicable for many types of materials, therefore it is widely used and very popular in different 
industrial fields, e.g., textile, medicine, machinery [2]. The electrospinning is based on application of a high 
voltage electrical field that elicit electric forces to produce fibers with a range of diameters from about 200 - 
400 nm. Parameters of nanofibers vary with applied voltage and the type of electrospinning technology. Based 
on the electric current type, the DC electrospinning and AC electrospinning can by distinguished. The standard 
setting for DC electrospinning requires a positively charged electrode and a negatively charged collector. If the 
electrospinning technology is based on the usage of AC voltage, the voltage is applied to the electrode only. 
This method has been already tested for coaxial spinning electrodes [3]. For both DC and AC methods a 
variety of electrodes can be used, based on the required type of nanofibers produced or on the productivity of 
the device [4]. In case of coaxial electrospinning a special type of spinning electrodes are needed. The 
geometry of electrode has to enable creation of two separate layers of polymeric solution [5]. The layers consist 
of two different polymers, where each of them has a dissimilar function in the final structure of core- shell 
nanofibers during the electrospinning process. 

At the very beginning of the core-shell nanofibers development a needle coaxial spinning electrode (Figure 1a) 
was invented [6]. This equipment has been primarily intended to produce nanofibers for laboratory use due to 
its low productivity and arduous controlling during the process. The first attempt to invent more sophisticated 
device (Figure 1b), which is based on the use of needless technology, was at Technical university of Liberec 
in 2009 [7] under the name „Weir spinner“. The next form of the needless electrode called „Cylindrical coaxial 
spinning electrode“ (Figure 1c) [8] originates from this type and it was developed in 2013. The basic principle 
of the described electrodes (Figure 1) is, that the polymer storage bath consisted of the inner and outer 
chambers, which contained different polymer solutions. As a result of larger layers of polymers, both of these 
types are more productive in the comparison to the needle coaxial electrode. However, these electrodes are 
sensitive to manufacturing disproportions and adjustment of electrode positions.  
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Figure 1 Types of coaxial electrodes 

2. ELECTRODE DESIGN  

In order to eliminate the above mentioned disadvantages a new electrode for core- shell nanofibers has been 
invented. The design of the electrode is also based on the overflowing effect. However, polymeric solutions 
are transported from the center in the radial direction towards to the electrode orifice. It enables to increase 
the electrospinning area and thus increase the productivity. The electrode design has been formed on the 
basis of findings from previous studies [8], and it is named the T-electrode. An appropriate and stable liquid 
surface formation is the fundamental requirement for bi-component nanofibrous layers of the core-shell type, 
see the T-electrode, Figure 2-left. In Figure 2-right there is the detailed view of the electrode head with the 
shell layer (1) overflowing over the solution of the core layer (2). In the initial concept of the electrode occurred 
technological problems due to manufacturing inaccuracies and improper shape of the upper disk (3). It 
produced hydraulic resistance that prevented the creation of a suitable shape of the shell layer. Consequently, 
it caused undesirable mixing of solutions, non-uniformity in dosage, where some spots were insufficiently 
supplied by solution and another were overdosed. 

        
Figure 2 The basic design of coaxial electrodes 

Figure 3 shows the development of T-electrode spinning heads. Case a) shows the original design, wherein 
the mutually parallel disks have a constant thickness. There had been a problem with the process stability and 

1  2  3 

a) b) c) 
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with the location of the maximum electric field, therefore, the T-electrode was modified. On the base of 
simulations, there was the appropriate bevel created on the upper disk. This modification ensures the desired 
position of the maximum electrical field and moreover smooth forming of a bi-component layer.  

                    

Figure 3 Types of coaxial electrode heads  

3. SIMULATION 

The aim of the simulation was to determine the intensity distribution of the electric field on the liquid surface 
(polymer solution) depending on the geometry of the electrode head. The Taylor cones, from which nanofiber 
jets evolve, are presumed to form in the location with the highest intensity. The geometry of polymeric layer 
used in simulations is derived from the previous experiments. The exact shape has been created according to 
the images from electrospinning process. For all presented simulation results the same polymeric layer 
geometry was used.     

  

Figure 4 Simulation results  

Figure 4a shows a simulation of the intensity distribution of the electric field of the original design  
T-electrode (Figure 3a). This simulation indicates an inappropriate location of the highest intensity on the 
bottom edge of the T-electrode. The bottom edge of the electrode is not suitable for spinning, for several 
reasons. One reason is non-uniform liquid layer formation on the edge of the electrode. Another reason is that 
this location is undesirable for mixing polymeric solutions. Therefore, it is necessary to move the maximum 
intensity into the area, where the shell solution is located above the core solution. This requirement is needed 
to ensure suitable conditions for forming core-shell bi-component fibers. 

Figure 4b depicts the simulation results of the electric field intensity distribution of the T-electrode modified 
design (Figure 3b). Due to the shape modification of the upper disk it was achieved relocation of the maximum 

a) b) 

a) b) 
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electrical field to the appropriate place of the polymeric double layer, where arise of Taylor cones is required. 
This adjustment should provide smooth implementation of bi-component fibers production and higher 
efficiency. As illustrated, a high intensity of electrical field at the lower edge of the lower disk remains, it but no 
longer has the maximum value, as in the previous case. 

4. EXPERIMENT 

The original electrodes and also the modified one were tested. For the experiment polymer solution 12wt% 
polyvinyl alcohol (PVA) as the polymeric shell was used. The core material was 4wt% PVA. In both cases, the 
distilled water solvent was used. Core material was doped with the Prussian blue pigment Fe7(CN)18. Dosing 
of polymer solutions was ensured by peristaltic pumps. The feeding rate of the core material was set at 1.5 
ml/h. The core material was delivered at 0.2 ml/h. Recorded laboratory conditions where temperature 24 °C 
and humidity 29%. T-electrode was charged positively to 27 kV. Voltage of -15 kV was applied to the collector. 
For the process visualization UV CoroCam, Uvirco, South Africa was used. The first tested electrode was the 
type with the 18 mm lower disk diameter and the upper one 15 mm (see Figure 3a).  

The gap between the disks was 0.8 mm. During testing of the original electrode it was found that due to 
improper geometry the core material had tendency to mix with the shell material. The electrospinning process 
is not stable and occurs dripping of polymer solutions and spinning mainly from the lower edge of the T-
electrodes, see Figure 5a. 

The modified electrode (see Figure 3b) was tested under the same process conditions as the previous one. 
The lower disk diameter, with the optimized shape, was 17 mm. The upper disk diameter was 16 mm. The gap 
between the disks was the same as in the previous case (0.8 mm). Due to the changes in the geometry, the 
desired location of maximum electric field was ensured and moreover improved overflowing was achieved. 
Taylor cones recorded by UV CoroCam were observed in the location where suitable overflowing of the shell 
over the core occurs, see Figure 5b. 

 

Figure 5 Experiment results  

Moreover, in these tests it was found that it is possible to observe an appropriate area of the T-electrode, 
without significantly affecting the spinning process. In Figure 6a the situation of T-electrode prior to exposure 
to the electric field is given. The Figure 6b depicts the same situation when exposed to the electric field, where 
it is already possible to observe Taylor cones. Both figures were acquired by the microscope camera- DigiMicro 
Mobile, Dnt, Germany. 

a) b) 
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Figure 6 Liquid layer 

5. CONCLUSION 

The both types of coaxial electrodes for DC electrospinning have been successfully analyzed and tested. As 
a result of T-electrode modification, reducing of the influence of the hydraulic resistance was achieved. 
Consequently the polymer supply was stabilized to provide a suitable shape of the layers for spinning. Due to 
the new geometry of the upper disk, the maximum intensity of electrical field was relocated to the required 
area.  

In the experiment, there were compared two different T-electrodes (see Figure 2a, 2b). The Records from the 
UV CoroCam proved the simulations results and helped to identify the occurrence of Taylor cones on the 
electrodes. With regard to the spinning technology, it is obvious from the result that the modified T-electrode 
is more suitable for the process. Moreover, a significant contribution also lies in an easier electrode setting and 
stability of the technological process. Ongoing tests of coaxiality are going to determine the ratio of coaxial/ 
non-coaxial fibers in a structure. 
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Abstract 

The aim was to prepare magnetic nanofibers with a high content of magnetic nanoparticles in these fibres. 
Elements which can be used for prepare of magnetic nanoparticles and magnetic nanofibers are many, only 
some are satisfying. In terms of toxicity and subsequent treatment can be considered only those that can be 
used for safe work in the lab, and which possess properties that meet the end-use and processing. The most 
suitable nanoparticles were chosen Fe3O4, which are characterized superparamagnetic properties and their 
shape is suitable for incorporation into the polymer matrix. PVB, which is very good for creating the nanofibers, 
was used for matrix. 

Nanofibers with magnetic properties are very specific materials that require special characterization. Important 
measurements such as - magnetic measurements, TGA, FTIR, etc. are performed by special methods that 
are described in this work. These measurements are very important for the further use in the biomedicine, 
industry etc.  

Keywords: Magnetic nanofibers, characterizations, magnetic properties 

1. INTRODUCTION 

This work builds on primary research of magnetic nanofibers (article - "Nanofibers with magnetic properties). 

Magnetic nanofibers which are sensitive to changes in external magnetic field is of great interest in the field of 
nanotechnology due to the wide range of potential applications, such as drug delivery systems, bone tissue 
engineering, local heating in body (cancer treatment) and microwave absorption. [1], [3] 

Nanoparticles with superparamagnetic properties have advantages for building these nanocomposite including 
easy preparation and functionalization, low toxicity and price. Among those magnetic nanoparticles, iron oxide 
(Fe2O3 or Fe3O4) is superior to others because of its special magnetic properties and low toxicity. Magnetite 
was studied and used widely in biological applications, such as magnetic resonance imaging (MRI), biosensor, 
magnetic separation and medical diagnosis because of its superparamagnetism under sub-nanometers and 
innate biological compatibility. Most of these applications require that the Fe3O4 nanoparticles should be 
chemically stable, uniform in size and well-dispersed in liquid media, preferably in water. But significant 
agglomeration of magnetic nanoparticles is a major difficulty in the preparation of such nanocomposite, 
especially in electrospinning composite nanofibers. Nowadays are successfully produced magnetic nanofibers 
having a core / shell structure with individually dispersible magnetic NPs. Such nanostructures are promising 
for specific applications because each component may be functionalized without affecting the other. [4] 

Recent trends in the preparation of the magnetic fibres is trying to use nanofibers from the "electrospinning" 
with using PVP and nitrate salt melt consisting ferrites nanofibers upon heating above 600 °C. These products 
find application in new applications such as ferromagnetic structures in nanocomposites, nanocomposites 
membranes in separation, also referred to as anodic material for Li-ion batteries, catalysts and possibly other 
electronic "nanodevices". There are many options for preparing such fibres by using various technologies and 
various matrixes. [5], [6], [7], [8], [9] 
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2. EXPERIMENTAL PART 

2.1. Solution for spinning 

Solution for spinning was prepared from PVB (polyvinyl butyral), ethanol and magnetite nanoparticles. Each 
solution after mixing of the components was mixed by ultrasound. 

The solutions have a consistency similar to honey and degree of viscosity is dependent on the concentration 
of PVB (standardly 9%) and the concentration of magnetite nanoparticles (depending on dilution series). 
Conductivity measurement has been performed but due to the high content of nanoparticles does not 
representable results. The viscosity was determined at the outlet of the viscometer and the difference was 
determined for each solution. 

Table 1 Overview of the viscosities for the individual solutions  

Solution Viscosity [mPa. s] 

pure PVB in Et-OH 9% 158 

1:1 Fe3O4:PVB 202 

2.5:1 Fe3O4:PVB 259 

5:1 Fe3O4:PVB 323 

2.2. Nanofibers with incorporated magnetic nanoparticles 

With the help of electrostatic spinning from rod were prepared nanofibers with the magnetic nanoparticles of 
three different concentrations (dilution series). Spinning conducted from prepared solutions (see above) at  
a constant voltage of 23 kV and the electrode distance was 11.5 cm. On the thus obtained materials were 
carried out individual analysis.  

 

Figure 1 Graph of dependant of the viscosity on a mass and volume concentration 
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Figure 2 Images from the SEM - A) PVB in Et-OH 9%, B) 1:1 Fe3O4:PVB, C) 2.5:1 Fe3O4:PVB, D) 5:1 Fe3O4:PVB 

2.3 Characterization of nanofibers 

Nanofibers with magnetic properties were 
subjected to such analyses, which assess 
their main advantages and determine their 
basic chemical and physical parameters. 
Images from scanning electron microscopy  
(Figure 2) were created to study the 
structure of fibres and dispersion of 
nanoparticles in a matrix. 

Magnetic measurements were performed on 
the device MPMS XL 7T - Magnetic Property 
Measurement System. It was measured 
magnetization and magnetic field intensity 
these substances. It was investigated the 
dependence of magnetization on the 
magnetic field strength and the results were 
interpreted as hysteresis loops. 

To determine the exact content of almost 
nanoparticles of magnetite in the structures 
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of the fibre was used thermogravimetric method (TGA), which clearly shows the trend of growth of weight or 
volume percent of particles in the composite. Verification method was FTIR analysis, which confirms the results 
of casting nanoparticles. 

Table 2 The results of thermogravimetric analysis 

Sample 
Weight percent w [%] Fe3O4 

in the sample 

pure PVB  0 % 

1:1 Fe3O4:PVB 31.85 % 

2.5:1 Fe3O4:PVB 66.18 % 

5:1 Fe3O4:PVB 82.13 % 

 

Figure 4 Graphical output of FTIR analysis 

3. RESULTS AND DISCUSSION 

Measurements and calculations show that the viscosity of the addition of the particles increases approximately 
according to the Einstein equation for viscosity. Deviation to higher values is due to the fact that Fe3O4 
nanoparticles mainly occupy octahedral shape, which does not exactly match Einstein's definition (with 
perfectly smooth spherical particles). Since the viscosity of the spinning solutions significantly affects the 
process of creation of nanofibers, it is therefore important to select a suitable volume of solids in the solution, 
and the concentrations of PVB in ethanol. At very high or very low values of viscosity dopes no sufficient 
efficiency in transferring MNP into the polymer matrix. The high viscosity causes the formation of the drop-
shaped defects in nanofibers and therefore bad distribution. When low viscosity is that the polymer component 
is not sufficiently strong to "hijacked" relatively heavy particles during the spinning process and these particles 
remain in a large number at the start. A similar process occurs even if the concentration of ferrite particles in 
the solution is too high, when to nanofibers, while receives a large amount of ferrite particles, but it happens 
that a large amount of the nanoparticles remain on the grid and the polymer is rapidly spun, so that they must 
be constantly regenerating the spinning solution on the electrode. 
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From magnetic measurements show that even these small particles embedded in a dense polymer matrix are 
able to exhibit strong magnetic properties and which increase with the amount of nanoparticles in the matrix. 
Such materials are useful for a lot of disciplines - medicine, transport, sensors, etc. 

FTIR analysis, which confirms the results of TGA analysis, shows a clear trend of increase in the amount of 
magnetite nanoparticles concentration in a row. Band about 1400 cm-1 indicates the deformation vibration of 
C-H bonds of the hydrocarbon chain, between 1200 and 1100 cm -1 are reflected vibration of the C-CO and 
values near 600 cm-1 indicate vibration Fe3O4. 

4. CONCLUSION  

Generally, possibility characterization of magnetic nanofibers is numerous but a limitation occurs with the 
availability of such methods and sample preparation. As a basic analyzes were performed SEM and TGA. The 
most suitable method for the detection of the magnetic nanoparticles in the fibres is TGA that accurately 
determine the concentration of magnetic nanoparticles in a sample. For these particles does not occur due to 
high temperature for a significant change in their chemical structure other hand the fibres PVB evaporate 
already at considerably lower temperatures. 

The images of SEM are best suited to assess the orientation and size of the fibres. At the same time this 
analysis was performed on some samples and EDS analysis, which because of its inaccuracies were not 
included in this work. Another possibility would be a display, transmission electron microscopy (TEM), which 
would perfectly show particle distribution on the fibres. 

FTIR spectroscopy provides useful information about the occurrence of magnetic nanoparticles in polymer 
nanofibers on the basis of specific vibrations of particular chemical bonds. Using this method successfully 
characterize even very small amounts of sample (less than TGA). 

Measurement of the magnetic properties of the products is very demanding and restricts the availability of 
measuring equipment. However, the measured values of magnetization of the material at various 
concentrations of particles in the sample show the great potential of these materials. 
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Abstract  

Solid phase microextraction (SPME) has been established as a modern, simple, sensitive, rapid and solvent 
free technique for sample preparation in organic analytical chemistry. Since SPME was first introduced by 
Pawliszyn in the early 1990s, several modifications of sorbent geometry were developed. The main goal of 
using electrospun fibres geometry is to enhance the sorbent sensitivity and capacity. In the present work, 
electrospun polyetherimide (PEI) nanofibres were prepared from 12.5 % solution (80/20 - DMF/THF) fixed on 
a steel wire solid phase microextraction (SPME) assembly. Analytical performance of prepared fibres was 
compared with common commercial available SPME fibres (100 µm polydimethylsiloxane (PDMS), 65 µm 
polydimethylsiloxane/divinylbenzene (PDMS/DVB) and 85 µm polyacrylate (PA)) in the headspace SPME (HS-
SPME) mode of gas chromatograph coupled with mass spectrometer (GC/MS/MS). The chlorophenols were 
chosen as model water pollutants. To solve instability, tailing peaks, detectability and adsorption problems, 
chlorophenols were acetylated before GC step of the analysis. Lab-made PEI nanofibres assemblies appeared 
to have sensitivity comparable to commercial SPME fibres.          

Keywords: Solid phase microextraction, electrospun, nanofibres, polyetherimide, chlorophenoles 

INTRODUCTION 

SPME is a modern analytical technique which is a fast, solvent-free alternative to conventional sample 
extraction methods [1]. It combines extractive sorption (preconcentration) of the targets analytes to be 
quantified with ongoing heat desorption and sample injection to the gas chromatographic systems. In the 
headspace solid phase extraction mode, the analytes establish equilibrium among the sample matrix, the 
headspace above the sample and a polymer-coated fused fibre (the most common type of the commercial 
available fibres). Very low detection limits are achieved, because the target compounds are concentrated of 
the fibre and rapidly delivered to the chromatographic column. All the above mentioned steps could be 
automatically done by an autosampler [2]. With the progress in automation of the sample preparation, HS-
SPME is frequently coupled with techniques such as on-fibre derivatization [3, 4].  

The polymeric coatings on stainless steel or on a glass core, polymeric cylinders with surface membrane and 
needle trap devices are commercially available [5, 6]. The most often used materials and their combination 
are polydimethylsiloxane (PDMS), divinylbenzene (DVB), polyacryle (PA) and polyethyleneglycol (PEG) [7]. 
The commercial available SPME fibres are still relatively expensive; therefore lab-made fibre coated with 
nanofibres could be a way for research institutions. In our study, the polyetherimide (PEI) has been selected 
as a suitable material for steel core SPME fibres produced by needle electrospinning, whereby a lab-made 
SPME plunger was rotated inside the stream of freshly produced PEI nanofibres.  

Chlorophenols were chosen as model pollutant for analytical comparison of commercial and lab-made fibres. 
There are 19 possible congeners, the 2-chlorphenol, 2,4-dichlorophenol, 2,4,6-trichlorophenol and 
pentachlorophenol ale listed in the Priority Pollutant List of the US Enviromental Protection Agency (U.S. EPA). 
The most hazardous from all congeners of the chlorophenoles is pentachlorophenol, which is proposed for 
listing under the Stockholm Convention as a persistent organic pollutant (POP).  
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1. MATERIALS AND METHODS 

Lab-made SPME fibres were assembled from a stainless steel capillary and 304H wire supplied by Teseco 
and a RDG810 3D-printer polymer supplied by VeroClear (Figure 1). Polyetherimide was obtained from 
Sigma-Aldrich (CAS: 61128-46-9) and it was dissolved overnight in a mixture of 
dimethylformamide/tetrahydrofuran (Sigma-Aldrich) 80:20 into 12.5 % w/w solution. Prepared solution was 
pumped into the electrospinner needle with the flow of 5 ml per hour (Figure 2). The collector electrode was 
subjected to 22 kV voltage. The relative humidity 45 - 55 % and temperature 25 °C was kept during 
electrospinning. Potassium carbonate was obtained from Penta and acetic anhydride was purchased from 
Sigma-Aldrich. Chromatographic standards: 2,3-dichlorphenol and pentachlorophenol were purchased from 
Dr. Ehrenstorfer GmbH and 2-chlorophenol, 4-chlorophenol, 2,4,6-trichlorophenol, 2,3,4,6-tetrachlorophenol 
and isotopic labelled pentachlorophenol 13C6 were supplied by Sigma-Aldrich. SPME commercial fibres were 
obtained from Supelco (100 µm PDMS, 65 µm PDMS/DVB and 85 µm PA).   

 
Figure 1 Left up: stainless capillary and wire, plastic parts; right up: final assembly of lab-made SPME fibre. 

Down: Chemical structure of PEI 

 

Figure 2 Schema of electrospinning PEI 

2. APPARATUS AND EQUIPMENTS 

Appearance of produced PEI fibres on lab-made SPME fibres was documented by SEM microscope (Tescan 
Vega 3) (Figure 3). Analytical performance of SPME fibres was tested with gas chromatograph (Thermo Trace 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

316 

1310) equipped with a mass spectrometer triple quadrupole detector (Thermo TSQTM 8000 EVO) and a 
programmed temperature vaporizing injector (PTV). Automatic handling of prepared samples was done by an 
autosampler (CTC Analytics AG, PAL RTC), which was set to headspace operation mode (samples were 
agitated during fibre exposure).  

A gas chromatography column DB-5MS (30 m long, 0.25 µm thick and with 0.25 µm film thickness of stationary 
phase) was installed. Temperature program of the chromatographic oven started at 70 °C, graduating by 10 °C 

per min. to 240 °C, held for 2 minutes. The carrier gas (helium) flow was adjusted to 1 ml per min. During 

desorption step, PTV injector was hold at 250 °C in splitless mode for 1 minute, for cleaning phase the 

temperature was set to 265 °C and the flow of carrier gas to 30 ml per min. Only for the lab-made PEI fibre, 

the temperature was adjusted to 200 °C for desorption and 210 °C for cleaning phase. All of the SPME fibres 
were tested for different extraction (enrichment) time in the headspace of the measured samples. Enrichment 
times for all tested fibres were set to: 1, 2, 3, 4, 5, 10, 15, 20 and 30 minutes at the same agitator temperature 
(70 °C) and speed 250 rpm. For each tested fibre twenty-seven tap water samples spiked with chlorophenols 
were prepared in 20 ml vials capped with PTFE/silicon septa and magnetic cap. Samples were prepared from 
9 ml of water, 10 µl mixture of chlorophenoles and for derivatization 1 ml of 1 molar solution of potassium 
carbonate and 1 ml of acetic anhydride were added.  

The retention times of all analytes were determined previously in the fullscan mode of MS detector. Based on 
this measurement, selected reaction monitoring (SRM) transitions were adjusted to improve detector sensitivity 
and selectivity for chosen analytes (Table 1).  

Table 1 Retention times and SRM transitions of the studied chlorophenoles 

Compound (concentration [µg·l-1]) GC retention 
time [min] 

Precursor Ion 
[m/z] 

Product Ion 
[m/z] 

Collision 
energy [eV] 

2-chlorophenol acetate [0.3] 7.07 128 100 5 

4-chlorophenol acetate [0.3] 7.56 128 100 5 

2,3-dichlorophenol acetate [0.04] 9.47 162 98 15 

2,4,6-trichlorophenol acetate [0.03] 10.29 196 132 15 

2,3,4,6-tetrachlorophenol acetate [0.02] 12.52 232 131 60 

Pentachlorophenol acetate [0.01] 14.53 266 167 20 

Pentachlorophenol acetate - 13C6 [0.01] 14.53 272 172 20 

              

Figure 3 Pictures by SEM microscope (Tescan Vega 3) of electrospun PEI fibres 
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3. RESULTS AND DISCUSSION 

A lab-made fibre with PEI nanofibres were successfully prepared (Figure 3) and compared with three different 
commercially available SPME fibres (100 µm PDMS, 65 µm PDMS/DVB and 85 µm PA). Enrichment time (1 
to 30 min) was the main parameter chosen for the comparison. The dependencies  
of GC-MS/MS peak areas on the enrichment time for seven chlorophenoles acetates (one of them isotopically 
labelled) are shown on Figures 4 - 7. Obtained data indicate that the 100 µm PDMS fibre had the best 
response for highly chlorinated congeners of chlorophenoles (tetrachlorophenol acetate and 
pentachlorophenol acetate). The 65 µm PDMS/DVB have highest response for the monochlorphenoles acetate 
and the 2,3-dichlorphenol acetate. The 65 µm PDMS/DVB fibre appeared to have absolutely highest response 
values (slightly better than 100 µm PDMS fibre) from all tested commercial fibres. Lab-made PEI SPME fibre 
performed worst of all tested fibres. The PEI fibre performed similarly as 85 µm PA fibre in case of low 
chlorinated phenols, however with growing number of chlorine the response was decreasing rapidly. 

  

Figure 4 - 7 Comparison of lab-made fibre and commercial SPME fibres, GC/MS response after SPME 
injection (error bars at 1 σ, n = 3) 
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4. CONCLUSION 

The concept of lab-made SPME with nanofibres used as sorbent for analytical properties has been proved as 
viable. Preparation of large quantities of lab-made fibres should not be a problem for many research facilities, 
which could help the expansion of using SPME as modern analytical method. In this study, the prepared 
electrospun PEI nanofibres didn’t reach the performance of three compared commercial SPME fibres in terms 
of the GC/MS/MS system response for chlorophenoles acetates used as model pollutants. However, with the 
sensitivity of tandem mass spectrometric detection there is no need to have the sensitivity of commercial fibres. 
In our case, with using the GC/MSMS, the response of tested lab-made fibre is sufficient. 

Speed, easiness and low-end electrospinning equipment needed are the most beneficial properties in PEI 
nanofibres application as sorbents in the SPME fibres. Based on obtained data, the lab-made SPME with 
polyetherimide nanofibres deserve more future research.   

In ongoing research, we will focus on electrospinning of fibres with smaller diameter and on other thermally 
stable polymers suitable for electrospinning (polyamide and melamine-formaldehyde resin for example). Also 
we want to experimentally verify the lifetime of prepared lab-made SPME with nanofibres versus commercial 
available SPME fibres.    
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Abstract 

Properties related to moisture vapor transmission rate through membrane are important in many branches 
also in building constructions. This article deals with comparison two methods of measurement water vapour 
diffusion flow through nanofiber textiles. One of the parameters for comparison of different sheet materials for 
its ability to brake the water vapour is an equivalent air layer thickness value Sd. The equivalent air layer 
thickness Sd [m] expresses the thickness of the air layer, which would have the same diffusion resistance as 
the measured material in certain thickness. It is necessary to choose the appropriate measurement method 
for determining the value Sd with diffusion open materials such as nanofiber materials. This article compares 
the outcomes of two measurement methods - Dry Cup Method according to EN ISO 12 572 and Tube Method. 
The measurements were carried out on a sample from nanofiber textiles based on PUR. 

Keywords: Nanofiber textiles, moisture vapor transmission rate, PUR, dry cup method 

1. INTRODUCTION 

Nanofiber textile is an interesting material for building structures primarily because of the low water vapour 
resistance and because of its chemical properties, which can be in curtain range modified [1, 2]. We premise 
nanofiber textiles have low diffusion resistance due to their structure and therefore is this material suitable for 
special application - pitched roof underlay, wood protection, restoration material [3]. Equivalent air layer 
thickness is in construction mostly determined by „Wet Cup Method“ or „Dry Cup Method“ according to EN 
ISO 12 572. This method is suitable for building materials with higher value of equivalent air layer thickness 
Sd (>10 cm). The Sd value is higher if water vapour penetrates more difficult through the material. It is possible 
to eliminate some measurement inaccuracy by adjusting the measuring method. The modified methods are 
suitable for materials with low value of diffusion resistance. This modified method should be used also for more 
accurate measuring and monitoring the differences between materials with small differences in their properties 
(basis weight, base material, production parameters etc.). 

2. METHODOLOGY 

2.1. The Dry Cup Method and the Wet Cup Method. 

These methods are based on natural water vapour flow through the sheet material placed on the neck dish 
which is placed in a desiccator. There is maintained approximately the constant environment in the desiccator 
and in the dish (relative humidity). Diffusion flow is calculated from the weight gain (the Dry Cup Method) or 
weight loss (The Wet Cup Method) of agent in the dish. The Dry Cup Method is shown in Figure 1. It appears 
several influences which cause inaccuracies in measurements in this measuring method. For example, 
inhomogeneity environment in the desiccator, uncertainty parameters of the environment in the cup or in the 
desiccator (when it’s not measured), resistance to water vapour transfer on both sides of the sample, changes 
of environment in desiccator during weighing the dish, the diffusion flow between the dish and the surrounding 
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environment during the weighing. Dry Cup Method is suitable for testing of multiple samples simultaneously, 
which leads to time saving [4]. 

2.2. The Tube Method.  

This method is based on the utility model "Device for experimental non-stationary determination of material 
parameters describing transportation of water vapour in porous building materials" (hereinafter Tube 
Method) [5]. Modification of this method compared with standardized method involves changing weighing 
system, continuous monitoring and homogenization the environment on both sides of the sample. The 
laboratory balances are placed directly below the bowls with humectant and desiccant. This allows continuous 
monitoring of weight gain and weight loss on both bowls. This modification eliminates the uncertainty caused 
changing defined environment during the weighing and inaccuracy caused by diffusion flow between the 
environment in the dish and the surrounding environment during the weighing. Placing of continuous 
temperature and relative humidity gauges in each environment enables accurate quantification of partial water 
vapour pressure between the two environments. Homogenization of environment on both sides of the sample 
is achieved by placing the circulating fans. The measuring device is shown in Figure 2.  

 
Figure 1 Dry Cup Method according to EN ISO 12572 

 
Figure 2 Tube method 

2.3. Calculation.  

Calculation of the equivalent air layer thickness is derived from Fick's law of diffusion. Measurement provides 
us parameters of the internal environment, weight gain respectively weight loss on the laboratory balances, 
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the interval of time between two readings of values and the area of the sample. Then we can calculate the 
water vapour flow and consequently the equivalent air layer thickness according to the Equation 1. 

1

d pA = S −∆⋅⋅∆⋅⋅ maδτ                                                                                                                               (1) 

Where Sd is equivalent air layer thickness [m]; A is area of the sample [m²]; È is time interval between two 
readings of values [s]; ∆p is difference of partial water vapour pressure [Pa]; δa is diffusivity of water vapour in 
air [kg/(m.s.Pa)]; Émi is weight difference (1 - weight gain, 2 - weight loss) [kg]. 

3. RESULTS 

Measurement was carried out on a nanofiber textile made by electrostatic spinning of PUR polymer solution 
on the NanospiderTM - NS 4S1000U (manufacturer Elmarco s.r.o., Czech Republic). The basis weight of the 
textile was determined gravimetric and is 17.7 ± 0.5 g/m2. Equivalent air layer thickness was calculated from 
the measured values from measurement by the Dry Cup Method and the Tube Method. In the case Dry Cup 
Method was used as the wetting agent a saturated aqueous solution of sodium chloride, in case of the Tube 
Method it was used distilled water. In both cases it was used silica gel as a desiccant agent. It was measured 
relative humidity and temperature on wet side of the sample, on the second side of the sample we presume 
relative humidity up to 20% based on previous experiments. It was monitored both internal environments 
around the sample by Tube Method. Two samples were measured together by the Dry Cup Method. It was 
measured only weight gain of desiccant agent by the Dry Cup Method (no loss of wetting agent). In this 
experiment there were collected 9 values. One sample was measured by the Tube Method. Totally it was 
collected 22 values of weight gain of desiccant and 22 values of weight loss of wetting agent by measuring by 
the Tube Method. 

The results of the first and second measuring methods are shown at the Figure 3 and Figure 4 below. 

Measurements showed a very low value of equivalent air layer thickness of the PUR nanofiber textile. 
Equivalent air layer thickness of the textile with a basis weight 17.7 ± 0.5 g/m2, including water vapor transfer 
coefficients on both sides, was 0.003 m by the Tube Method. The flux of water vapour was stabilized circa 
after 2 hours by this method. Equivalent air layer thickness of the same sample using Dry Cup Method was 
approximately 0.03 meters. The water vapour flux was stabilized after approximately 2 hours and it decreased 
in time. Accuracy of carried out measurement is shown in Figure 5 below. 

 
Figure 3 Measured values of equivalent air layer thickness [m] of PUR nanofiber textile 

by Dry Cup Method 
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Figure 4 Measured values of equivalent air layer thickness [m] of PUR nanofiber textile  
by Tube Method 

 

Figure 5 Measured values of equivalent air layer thickness, comparison of two methods 

4. CONCLUSION 

These measurements by two methods showed huge large differences in measured values. The discrepancy 
between the measured equivalent air layer thickness values comes probably from different water vapour 
transfer resistances on both sides of the sample (different speed of air flow around the sample) and from an 
uncertainty in relative humidity of environment on the dry side with desiccant agent by Dry Cup Method 
(parameters of the dry environment were measured only by Tube Method). Water vapour can be also transfers 
by convection (not only by diffusion) due to ventilation fans placed in the chamber by the Tube Method. The 
measured values are in agreement with the measurement of Hlaváč R. et al. [6] where are measured very low 
value of diffusion resistance of nanofiber textiles. Their measured values equal approximately to the 
measurement uncertainty. 

Tube Method shows consistent results and it can accurately measure the water vapour flow over time. Water 
vapour transport by convection can be excluded this measuring method. When the first set of test 
measurements carried out, it was found that it is essential to seal both chambers of the measuring device, 
including all cables and probes penetrating through the water vapour-tight envelope of the chambers. 

Results of the Tube Method have higher scattering of values and there enters the uncertain values in the 
calculation of the equivalent air layer thickness (relative humidity on both sides of the sample, uncontrolled 
transfers of water vapour during weighing etc.). 

The Tube Method is suitable for measuring the water vapour transport of a diffusion open materials. It requires 
a more precise determination of material properties about spreading of water vapour. Accuracy of the 
equivalent air layer thickness by this method is likely to grow with increasing airtightness of measured material 
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(water vapour transfer by convection is limited). Influence on the equivalent air layer thickness values of water 
vapour transfer resistance by both sides of the sample is higher by Dry Cup Method. 

It is suitable to use a Tube Method with monitoring environmental parameters on both sides of sample, 
continuous weighing and homogenizing environment that does not cause higher air speed close to the 
measured sample for more accurate measurement of equivalent air layer thickness of nanofiber textiles. 
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Abstract   

Laboratory-prepared particles of nanocellulose were added to acrylic coating material in order to increase the 
strength of cotton canvas. The size of the cellulose nanoparticles was determined using a Zetasizer device. 
Changes in tensile strength, in relation to the added amount of nanocellulose, were observed under laboratory 
conditions. The cotton canvas coated with acrylic coating showed increased strength when the optimum 
amount of nanocellulose was added. This finding can be utilized eg. to prolong the life of bookbinding canvases 
(buckrams). 

Keywords: Nanocellulose, cotton canvas, coating, strength 

1. INTRODUCTION 

The term “nanocellulose” is defined as cellulose particles of nanosize. Depending on the method of production 
they are labelled as cellulose nanocrystals (nanocrystalline cellulose or nanowhiskers), with a length of tens 
to hundreds of nanometers or they are labelled as cellulose nanofibrils with a high aspect ratio (width of 5 to 
20 nm and lengths of up to several micrometers). The cellulose in the plant cell walls forms a nanofibril 
structure. Van der Waals forces and hydrogen bonds between the neighboring nanofibrils glue them to the 
cellulose fibre.  

Due to its excellent mechanical properties the nanocellulose has become an interesting component in the 
development and preparation of new composite materials. Nanocellulose has been intensively studied in 
recent years and besides composite materials there are other new applications eg. in the food industry, in the 
production of paper and boards, in paper and board coatings, in cosmetics and toiletries, and in filter materials. 
[1] 

Bookbinding canvases (buckrams) are used for cardboard packaging. They form the protective boards for 
books used in the conservation of library collections, and they are especially utilized with books printed after 
the year 1800. [2] The base fabric is coated with polymer coating material, which provides further mechanical, 
visual and useful characteristics for the book canvas. Books in the public domain are mechanically stressed 
due to their frequent use. They are also intended for long term storage. Therefore a protective book canvas 
on their surface should have particularly good mechanical properties such as good strength and resistance to 
light, changes of temperature, humidity and various aging effects. 

We prepared in the laboratory crystals of nanocellulose and we tested their ability to increase the strength of 
cotton canvas after being incorporated, with varying concentrations, into the acrylic coating material. Also, we 
compared two dimensional types of nanocellulose crystals and their effect on the tensile strength of coated 
cotton canvas. 

1.1. Production of nanocellulose 

The chemical structure of nanocellulose is identical to the cellulose: linear chains composed of D-
glucoanhydropyranose units that are associated with ester bonds β1→4. This biopolymer is synthesized by 
various bacteria (eg. Acetobacter xylinum [3]), marine algae (eg. Oocystis apiculata, Pelvetia, Vaucheria, 
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Erythrocladia, Valonia [4]) and fungi (Saprolegnia [4], Achlya [5]). The principal source of cellulose is plant 
material (namely the plant cell walls), and as a consequence plants are usually used as the main source of the 
production of nanocellulose, eg. bleached wood sulfite pulp, crop residue feedstocks (wheat bran, maize bran, 
empty fruit bunches of oil palm, soybean pods, peels of prickly pears, lemon peels, banana rachis, waste from 
sugar cane, sugar or potato beet pulp), cellulose fiber materials (cotton, kenaf, sisal) 
[6], and lignocellulose waste from the furfural industry such as corn cobs residue [7].  

Enzymatic, chemical and mechanical treatments are used to isolate nanocellulose from lignocellulosic 
residues. Nanowhiskers (crystalline cellulose nanomaterial) of 10-20 nm in width and several hundred 
nanometers in length are produced by strong acid hydrolysis to remove non-cellulosic components and most 
of the amorphous cellulose from the source materials. Sulfuric acid hydrolysis is a typical method used to 
isolate crystalline nanocellulose as it has good dispersibility in water. Other acids such as hydrochloric acid, 
nitric acid, formic acid or other mixtures of acids were also used in crystalline nanocellulose fabrication. [8] 
Several processes based on chemical treatments with alkaline solutions at different concentrations were used 
to extract the highly purified nanocellulose. [9] High quality cellulose nanocrystals are also synthesized using 
a simple one-step procedure with ammonium persulfate [10]. The nanocellulose can be also prepared from 
microcellulose using NaOH / urea treatment followed by sonication [11]. Cellulose nanofibrils with a fine and 
individualized structure can be isolated by TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl)-mediated oxidation 
[7] [12]. In this pretreatment, the surface charge of nanofibrils is increased by oxidation, and a minor 
mechanical treatment is then used to separate them. Chemical treatment is often followed by mechanical 
treatment such as high-pressure homogenization, microfluidization, ultrasonication, high-speed blending, 
grinding, and cryocrushing, which breaks the side aggregations. [8] [13] 

1.2. Properties of nanocellulose 

The nanocellulose has excellent mechanical and thermal properties: crystallinity, tensile strength, elastic 
modulus (214 MPa and 13.2 GPa for nanocellulose with an average degree of polymerization of 1100) [14], 
dimensional stability and thermal stability (between 220 °C and 350 °C [16]). Non-solubility in water, high water 
absorption, rheological characteristics, and optical transparency are its additional features. The excellent 
oxygen barrier properties of nanocellulose films depend on relative humidity and this is possible due to the 
combination of high crystallinity of nanocellulose and the network structure of composites. The network 
structure is held together through strong inter- and intramolecular hydrogen bonds, lamellar nanofiber structure 
and dense fiber packing. [15] [16] Nanocellulose also has a number of excellent biological properties such as 
biodegradability, biocompatibility, and low toxicity [17]. Finally, it should be noted that it is a natural polymer 
produced from natural and renewable resources. 

1.3. Use of nanocellulose 

Excellent mechanical properties, interesting physical properties and chemical functionality (e.g., for 
modification) make nanocellulose a versatile multifunctional material with a wide range of applications. 
Vegetable nanocellulose is used as a food additive and food stabilizer, as a non-soluble dietary fiber and as a 
new packaging material in the food industry [13]. The addition of nanocellulose to a polymer is one of the 
methods utilized to reduce oxygen transmission rate in packaging applications [18]. Additionally, the good 
thermal stability of nanocellulose would provide convenience for the applications and processing with a 
relatively higher temperature, especially for thermoplastics [19]. Due to its promising properties such as 
biodegradability and biocompatibility and due to its environment-friendly nature, nano-sized cellulose is 
becoming an attractive building block for the design of new biomaterials. Nanocellulose has been utilized to 
fabricate diverse functional materials, including ultrastrong and high gas-barrier films [15], conductive paper 
[20], aerogels [21], separation membranes [22], reinforcements for polymer composites [23], and many others.  
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It has been demonstrates that the addition of cellulose whiskers to various synthetic and natural plastics 
produces improvements of the physical properties of composite materials. [24] For example, the composite 
films from styrene and butyl acrylate latex with 6 % of nanocellulose whiskers added exhibited a twofold 
increase in the shear modulus over control films without whiskers. [25] Another study [23] compared the 
additive effect of acacia pulp fibers, cellulose whiskers and nanocellulose when incorporated into acrylic latex. 
Composite acrylic film reinforced with cellulosic whiskers exhibited enhanced strength properties of strength 
when compared with the other forms of cellulosic additives. 

2. EXPERIMENTAL PART 

2.1. Material and chemicals used 

Cotton fabric Sara (Licolor), area weight 135 g⋅m-2, fabric thickness 0.37 mm; Acronal S 996 S - aqueous 

polymer dispersion based on ester of acrylic acid and styrene, viskosity 2 N⋅s⋅m-2 (BASF SE, Germany), sulfuric 
acid 96% (Lach-Ner, Czech rep.), cellulose precursor 

2.2. Preparation of crystalline nanocellulose 

The cellulosic precursor was subjected to acid hydrolysis using diluted sulfuric acid, then repeatedly washed 
with distilled water and finally sonicated, according to the procedure described in [23]. Two mixtures of 
crystalline cellulose nanoparticles (precisely two aqueous colloids which were thickened in a pasty consistency 
containing 8 wt.% of nanoparticles) - “Nanocellulose 1” and “Nanocellulose 2” in the next text- were prepared 
by varying of these conditions. 

2.3. Preparation of cotton fabric with coating 

Nanocellulose at concentrations of 0.5 - 1.5 - 2.0 - 2.5 and 3.5 weight % (based on the weight of wet acrylic 
coating material) was added to the acrylic paste. The ratio of water bounded into colloidal paste in acrylic 
coating with lower concentrations of nanocellulose and in the blank was replaced by direct addition of distilled 
water with a corresponding weight. The coating mixtures were applied to the cotton fabric on a printing machine 
by utilizing the pressure of a rolling steel rod with a weight of about 550 g and magnetic pressure stages 2 and 

feed rate of the rod 2 m⋅min-1. After condensation at 150 °C (2 min.) and drying at 80 °C (30 min.), the samples 
of 2x15 cm were cut from the coated canvas for the tests of tensile strength. 

2.4. Measuring of the particle size and stability 

The particle size was measured using a Zetasizer Nano device (Malvern) based on dynamic light scattering. 
The instrument measures particles within the range of 0.6 nm to 6 microns. The stability of colloidal particles 
was measured by the zeta potential by means of laser Doppler electrophoresis. The size of the zeta potential 
indicates a possible stability of the colloidal systems. The value of zeta potential of ±30 mV is considered to 
be the boundary between stable and unstable suspension. Values from 0 to ±10 mV indicate the rapid 
coagulation of particles in the colloidal system. 

2.5. Measuring of the tensile strength 

The tensile testing machine TIRA test 2300 was used to measure the strength of the coated cotton. Samples 
of 2 cm in width were clamped in the pneumatic jaws with a clamping length of 10 cm. Strength testing was 

carried at a cross-head speed of 100 mm⋅min-1 at a temperature of 23 °C. The ultimate strength characteristics 
(maximum force and elongation to break) were applied to every type of coating (with varying sizes of 
nanoparticles and various concentrations of nanocellulose added) and measured by 10 valid measurements. 
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Measurements were carried out for all samples in only one direction (machine direction). A blank (comparative 
sample) was applied to the coated cotton fabric without nanocellulose added. 

2.6. Results and discussion 

Table 1 summarizes the composition and stability of two laboratory prepared samples of nanocellulose which 
has been used as an additive to the acrylic coating of cotton canvas. Table 2 contains a strength comparison 
of two cotton canvases with coatings containing the same concentration of nanocellulose (2 wt%) having 
different particle sizes.  

Table 1 Size and zeta potential of two differently prepared samples of nanocellulose  

Sample Peak 1 (%) Peak 2 (%) Peak 3 (%) Zeta potential 

Nanocellulose 1 192.9 nm (93.7 %) 11.3 nm (6.3 %) - -41.7 mV 

Nanocellulose 2 135.8 nm (78.9 %) 17.5 nm (15.6 %) 3 634 nm (5.5 %) -37.5 mV 

Table 2 The ultimate strength characteristics of canvases with Nanocellulose 1 and 2 added to the coating  
              in the same amount (2 wt.%) 

Canvas with addition of Young's modulus* Strength to break Elongation to break 

- (blank) 
331.633 MPa 

242.6 N 

<236.6; 248.6> 

16.1 mm 

<15.8; 16.4> 95% confidence interval 

Nanocellulose 1 
335.282 MPa 

247.5 N 

<243.4; 251.6> 

16.9 mm 

<16.8; 17.0> 95% confidence interval 

Nanocellulose 2 
344.956 MPa 

253.9 N 

<250.1; 257.7> 

17.1 mm 

<16.9; 17.3> 95% confidence interval 

* The Young´s modulus was calculated from the difference between strength and elongation in the linear part of stress-strain curve in the 
middle of the load cycle 

Table 1 shows that two samples of nanocrystalline cellulose prepared in the laboratory from the same cellulose 
precursor under different physical conditions had slightly different particle sizes. According to the recorded 
values of zetapotential both types of nanocellulose were sufficiently stable in an aqueous solution. Almost all 
of the particles in “Nanocellulose 1” had a size of approximately 193 nm. The sample labelled “Nanocellulose 
2” consisted of particles with a size of approximately 136 nm. Even this slight difference in particle size was 
reflected in the tensile strength of the coated canvases. In Table 2, it is evident with the moderate increase of 
Young's modulus that the strength and elongation of coated canvases is dependent on the amount of 
nanoparticles added. The addition of 2 % of crystalline nanocellulose with a higher percentage of smaller 
particles (about 136 nm) incorporated into the coating resulted in its 5 % higher strength compared to the 
canvas with a higher percentage of smaller particles (about 136 nm), where the strength increased by only 
2%. 

The graphs in Figure 1 and Figure 2 show how the strength and elongation changed depending on the 
increasing concentration of nanocellulose in the coating. The influence of additive particles in a polymer matrix 
on the composite strength increase is well documented. Also here the addition of nanocrystalline cellulose into 
the acrylic matrix manifests itself in an increased tensile strength, as the particles prevent the tearing of the 
polymer during a linear load. This is partly due to their own cohesion, partly due to cohesion with the polymer 
(Van der Waals forces and especially a number of inter- and intramolecular hydrogen bonds) and partly also 
due to changes in the direction of emerging cracks at the (sub) microscopic level. The application of 
nanoparticles in the form of a thick colloid caused a worse miscibility of the additive in higher concentrations 
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to the acrylic coating and during sonication a coagulation of the particles occurred. This is probably the reason 
why the strength of canvas didn’t increase continuously with the increasing ratio of nanocellulose (Figure 1). 
Nevertheless, the highest average tensile strength (261 N) was achieved in canvas with the highest 
concentration of added nanoparticles (3.5 % by weight of the wet coating), which is 10 % more when compared 
with the placebo (canvas without nanoparticles). The trend of continuous elongation increase in relation to the 
increasing concentration of nanoparticles, and also depending on the higher surface of smaller nanoparticles 
added in the same weight ratio, is again a consequence of the particles surface interaction with polymer. Under 
load, particles and polymeric chains are oriented in line with the force direction. They slide over each other 
and particles of additive increase the effectiveness of this sliding surface, which leads to greater extension of 
the whole composite. 

Figure 1 and 2 The values of strength and elongation to break of coatings with varying concentrations of 
nanocellulose (“Nanocellulose 2”) 

3. CONCLUSION 

Tests confirmed that the addition of crystalline nanocellulose to the acrylic coating of cotton fabric increases 
the tensile strength of the coated canvas. The tensile strength increased firstly in relation to the increasing 
concentration of nanocellulose added to the coating up to 10 %, with 3.5 wt. % of nanocellulose. Secondly, the 
tests indicated the trend of increasing strength and elongation, as well as Young's modulus with the decreasing 
particle size added to the acrylic coating. The coated cotton fabric with addition of crystalline nanocellulose, 
which we have developed as buckram with higher strength and mechanical resistance, may also find a wider 
use in applications where higher demands on the mechanical strength of coated and laminated fabric are 
placed. 
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Abstract 

The reinforcement carbon fibers were modified using low pressure oxygen plasma treatment to attain the better 
adhesion between their surfaces and matrix of various composite materials. We investigated the influence of 
plasma treatment duration on the surface morphology, wettability and mechanical properties of carbon fibers. 
Three different times of plasma treatment were studied (1, 2 and 4 minutes) together with untreated samples. 
The fiber surface morphology changes were studied using scanning electron microscopy. The other studied 
parameters were the fiber modulus of elasticity and tensile strength. The results showed that 4 minutes of 
plasma treatment had a positive effect on the fibers surface morphology and wettability while no or limited 
effects on mechanical properties were found. 

Keywords: Carbon fibers, plasma, SEM, tensile strength, modulus of elasticity  

1. INTRODUCTION 

Nowadays, carbon fibers are used in civil engineering mainly as an additional surface reinforcement. Carbon 
fiber reinforced polymer (CFRP) is used as plates of different shapes and dimensions. CFRP is an advanced 
material which is glued to already existing structures, mainly for undergoing reconstruction [1]. The result of 
CFRP application is increased flexural and shear strength of the construction. CFRP used as an additional 
reinforcement can improve only the deformation arising from further additional load [2], [3]. Another utilization 
of carbon fibers is as micro reinforcement in composite materials [4]. Applications of carbon fiber reinforcement 
with cement matrixes are limited due to their poor interaction with matrix of the composite material.  

The carbon fibers have a circular shape, smooth surface, and a low cohesion with the cement matrix. 
Additionally, during fibers production process carbon fibers are fitted with sizing (surface finish) in order to 
improve consistency with epoxy resins. Unfortunately, this treatment is hardly compatible with cement matrix.  

Beside the sizing treatment mentioned above, several types of fiber surface modifications can be used. These 
methods are based on mechanical treatments [5], chemical treatments [6], and plasma treatments [7]. An 
advantage of plasma treatments is low impact on mechanical properties and controlled chemistry given by 
selected gas species. The purpose of fiber surface modification is to improve the cohesion with cement matrix 
and thereby reduce anchorage length of fibers i.e. reduction of mass and length of fibers used in the 
composites. 

In this work we focused on oxygen plasma treatment of carbon fibers. The plasma, an ionized gas composed 
of electrons, ions and neutral species, interacts with carbon fiber surface. This progressive modification is 
responsible for both, the chemical (interaction with radicals of working gas, O2) and the physical (interaction 
with energetic particles) surface changes of thus treated fibers. The cohesion given by chemical bonds 
between treated fiber surfaces and reinforced matrix is enhanced by fiber surface activation (application of 
polar or chemical active groups responsible for wettability increase), while the physical cohesions is improved 
by surface roughening (morphology changes). The plasma treatment was successfully used for surface 
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modification of various (glass, polymer etc.) fiber materials [8]. We studied morphology changes by SEM, 
surface activation by indirect measurement of wettability and mechanical changes by uniaxial loading tests. 

2. EXPERIMENTAL 

We used the Tenax carbon fibers UTS50 F24 24K 1600tex DCP (Toho Tenax, Germany) having 7 µm 
diameter. The fibers were packed to filament yarn. Material parameters were as follows: 7 µm diameter, 
265 GPa modulus of elasticity, 5100 MPa tensile strength, 1780 kgm-3 density, sizing based on polyurethane 
(2 wt. %).  

A low-temperature oxygen plasma treatment was used for the surface modification of carbon fibers. The 
plasma treatment was performed in inductively coupled plasma system (VT 214, Tesla) with a total RF power 
of 100 W. The base pressure in the chamber was 20 Pa. Then the chamber was flashed with oxygen gas. 
Plasma treatment was done with 50 sccm O2 flow and 59 Pa working pressure. The sample set description, 
plasma treatment duration and macroscopic characterization of carbon fibers are summarized in Table 1. 

Table 1 Summary of plasma treatment duration and macroscopic characterization of carbon fibers 

Set   
 

Treatment 
duration [min.] 

Length of fiber 
[m] 

Weight of samples [g] 
Amount of 
fibers [pcs] 

CARBON 0´ 0 1.058 0.0092 128 

CARBON 1´ 1 1.058 0.0100 139 

CARBON 2´ 2 1.058 0.0193 268 

CARBON 4´ 4 1.058 0.0192 266 

The surface morphology of the carbon fibers was evaluated by scanning electron microscope (Maia 3, Tescan). 

Classical methods of direct or indirect wetting and contact angle measurements of carbon fiber cannot be used 
due to the small size of the fibers. For this reason, indirect method of wettability intensity was chosen for 
measuring of carbon fiber. Measurement method was based on weight ratio of water adhering on the fibers 
and carbon fibers in dry conditions, according to the following formula: 

 

                                                                                                                                (1) 

 

where mw is the intensity of wettability, mm is the weight of wet fibers and md is the weight of dry fibers. 

The mechanical tests represented by tensile strength and modulus of elasticity measurements were carried 
out using loading frame MTS system device, model MTS Alliance RT/30. The testing was displacement 
controlled at a constant rate of 0.2 mm/s. Two sets of (reference samples and 4 min. treatment) were tested 
to determine the effect of plasma treatment on the mechanical properties of carbon fibers and from each set 
six samples were evaluated. 

3. RESULTS AND DISCUSSION 

The Figure 1 shows SEM images of plasma treated fibers (CARBON 0' to 4') in the electron microscope with 
same magnification. The SEM images (Figures 1a-1d) show that prolonged treatment time resulted in 
deepening of longitudinal grooves originally presented (see Figure 1a) on untreated carbon fibers. No visible 
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changes were seen between the sample CARBON 0' and CARBON 1' (Figures 1a and 1b). Figure 1c shows 
protrusions on the surface of carbon fiber that protrude from the fiber surface. These protrusions may 
correspond to contamination from production of fibers, which adhered to the fiber surface. The sample 
CARBON 4' (Figure 1d) had approximately two times deeper grooves than the reference sample. 

 

Figure 1 SEM images of the modified carbon fibers as a function of treatment time: a - reference sample 
(CARBON 0´), b - 1 min. treatment (CARBON 1´), c - 2 min. treatment (CARBON 2´), d - 4 min. treatment 

(CARBON 4´), scale bar is 2 µm 

Figure 2 shows wettability changes of plasma treated fibers. Untreated fibers have wettability 41.5 %. 
Increasing treatment time resulted in increase of wettability. After 4 min of plasma treatment the average value 
of wettability increased 2.5 times compared to the reference sample. Improved wettability is caused by 
exchange of dangling bond and oxygen atoms during plasma treatment [9]. 

 

Improved surface cohesion with water has to be checked with mechanical properties of the fibers, which are 
important for future applications in the cement composites. 
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Figure 2 Intensity of wettability of the modified carbon fibers 

The Table 2 shows values of maximum tensile force, tensile strength and elasticity modulus of reference and 
CARBON 4’ sample. The value of maximum tensile force of filament yarn was recalculated to the value of 
tensile strength because of different amounts of fibers in the filament yarn. After 4 min. plasma treatment the 
average value of tensile strength remained constant (5092 MPa) while an elasticity modulus decreased. The 
average values of elasticity modulus decreased by 31.2 % to the untreated sample. This difference of average 
values of elasticity modulus could be caused by different amounts of fibers in filament yarn, because fibers in 
filament yarn were not aligned and not all fibers are stressed.  

Table 2 Mechanical properties of testing samples with standard deviations 

Set 
  

 

Time of 
treatment 

[min.] 

Amount of 
fibers [pcs] 

Maximal tensile 
force of filament 

yarn [N] 

Tensile strength 
[MPa] 

Modulus of 
elasticity [GPa] 

CARBON 0´ 0 128 25.06 ± 2.32 5092 ± 470 55.55 ± 6.56 

CARBON 4´ 4 266 52.21 ± 5.84 5092 ± 570 38.21 ± 5.21 

4. CONCLUSION 

The impact of the plasma treatment on the surface morphology and mechanical properties of the carbon fibers 
was studied. The results showed that the plasma treatment positively affected the carbon fiber surface 
morphology. Samples with 4 min. plasma treatment had approximately two times deeper grooves than the 
reference sample and thus it is expected their better physical cohesions. Moreover, the average value of 
wettability increased 2.5 times compared to the reference sample. The results of mechanical properties 
confirmed no changes in fiber tensile strength after 4 min. plasma treatment. On the other hand, the value of 
elasticity modulus decreased by 17 GPa. 

These results are promising for usage of the plasma modified carbon fibers as a reinforcement of cement 
composites in civil engineering while optimization of plasma treatment is necessary to eliminate decrease of 
elasticity modulus. In the future we will focus on plasma treatment during longer times and pull out tests to 
confirm improved cohesion between fiber surfaces and cement matrix. 

0

20

40

60

80

100

120

140

0 1 2 3 4

In
te

n
si

ty
 o

f 
w

et
ta

b
ili

ty
 [

%
]

Duration of plasma treatment [min]



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

334 

ACKNOWLEDGEMENTS   

This was financially supported by the Czech Science Foundation research projects 15-12420S, 14-
04790S and by the Czech Technical University in Prague project SGS16/201/OHK1/3T/11. The authors 

also thank the Center for Nanotechnology in Civil Engineering at the Faculty of Civil Engineering, 
Czech Technical University in Prague and the Joint Laboratory of Polymer Nanofiber Technologies of 
the Institute of Physics, Academy of Science of Czech Republic, and the Faculty of Civil Engineering, 

Czech Technical University in Prague. 

REFERENCES 

[1] JUNTANALIKITA, P., JIRAWATTANASOMKULB, T., PIMANMASA, A. Experimental and numerical study of 
strengthening non-ductile RC columns with and without lap splice by Carbon Fiber Reinforced Polymer (CFRP) 
jacketing. Engineering Structures, 2016, vol. 125, pp. 400-418. 

[2] ZHU, J.-H., WEI, L., WANG, Z., LIANG, C. K., FANG, Y., XING, F. Application of carbon-fiber-reinforced polymer 
anode in electrochemical chloride extraction of steel-reinforced concrete. Construction and Building Materials, 
2016, vol. 120, pp. 275-283. 

[3] EUN-BEOM, J., SANGKEUN, A., IN-GYU, L., HYO-IN, K., JUNHONG, P., HAK-SUNG, K. Investigation of 
mechanical/dynamic properties of carbon fiber reinforced polymer concrete for low noise railway slab. Composite 
Structures, 2015, vol. 134, pp. 27-35. 

[4] ABU SHAYED, M., HUND, H., HUND, R. D., CHERIF, C. Thermal and oxidation protection of carbon fiber by 
continuous liquid phase pre-ceramic coatings for high temperature application. Fibers and Polymers, 2016, vol. 
17, no. 2, pp. 229-240. 

[5] MACHOVIČ, V., ANDERTOVÁ, J., KOPECKÝ, L., ČERNÝ, M., BORECKÁ, L., PŘIBYL, O., KOLÁŘ, F., 
SVÍTILOVÁ, J. Effect of aging of pet fibre on the mechanical properties of pet fibre reinforced cement composite. 
Ceramics - Silikáty, vol. 52, no. 3, pp. 172-182. 

[6] VANO, M., GORACCI, C., MONTICELLI, F., TOGNINI, F., GABRIELE, M., TAY, F. R., FERRARI, M. The 
adhesion between fibre posts and composite resin cores: the evaluation of microtensile bond strength following 
various surface chemical treatments to posts.  International Endodontic Journal, 2006, vol. 39, no. 1, pp. 31-39. 

[7] CECH, V. PRIKRYL, R. BALKOVA, R. GRYCOVA, A., VANEK, J. Plasma surface treatment and modification of 
glass fibers. Composites Part A: Applied Science and Manufacturing, 2002, vol. 33, no. 10, pp. 1367-1372. 

[8] TREJBAL J., ŠMILAUER, V., KROMKA, A., POTOCKÝ Š., KOPECKÝ, L. Wettability enhancement of polymeric 
and glass micro fiber reinforcement by plasma treatment,” in Nanocon 2015: 7th international conference on 
nanomaterials - research & application. Ostrava: TANGER, 2015, pp. 315-320. 

[9] PITTMAN, C. U., JIANG, W., HE, G. R., GARDNER, S. D. Oxygen plasma and isobutylene plasma treatments of 
carbon fibers: Determination of surface functionality and effects on composite properties. Carbon, 1998, vol. 36, 
no. 1-2, pp. 25-37. 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

335 

ANTIBACTERIAL AND SELF-CLEANING COTTON FABRIC BY NANO TIO2-CELLULOSE 

COATING  

KALE Bandu Madhukar1, WIENER Jakub1, RWAWIIRE Samson1, MILITKY Jiri1 

1Technical University of Liberec, Liberec, Czech Republic, EU  

Abstract 

Antibacterial and self-cleaning cotton fabric was prepared by coating TiO2 nanoparticles with cellulose on the 
surface of cotton fabric. TiO2 nanoparticles were dispersed in cellulose solution (10% cellulose in 60% 
sulphuric acid solution) by mechanical stirring in order to coat. Appeared white particles on the surface of fabric 
in Scanning Electron Microscope (SEM) pictures proves that TiO2 was coated successfully on the surface of 
cotton fabric. Significant degradation of wine stain was observed after 60 minutes of UV irradiation on TiO2-
cellulose coated cotton fabric. Maximum 98.2% reduction of S.aureus bacteria was observed on TiO2-cellulose 
coated cotton fabric whereas 81.6% reduction of Methicillin-resistant Staphylococcus aureus (MRSA) bacteria 
was observed.  

Keywords: Cellulose, TiO2, Antibacterial activity, Self-cleaning, Cotton 

1. INTRODUCTION 

Antibacterial and self-cleaning properties of textile are very interesting and demanding properties of cotton 
fabrics [1-4]. In this report, we describe the coating of cellulose and TiO2 on the cotton fabric and its 
characterization for antibacterial and self-cleaning properties. In recent years, researchers have been trying to 
make cotton fabric self-cleaning and antibacterial in different ways such as: antibacterial finishing of cotton by 
microencapsulation [3], by synthesizing Photo bactericidal porphyrin-cellulose nanocrystals [5], Treating cotton 
fabric by SBA-15-NH2/polysiloxane hybrid containing tetracycline [6], Plasma treatment and 
ZnO/Carboxymethyl chitosan composite finishing [7], self-cleaning by copper (II)porphyrin/TiO2 visible-light 
photocatalytic systém [8], coating with nano TiO2-acrylate copolymer [9], Nano TiO2 coating after treatment of 
cotton fabric with carboxylic acids such as oxalic, succinic, and adipic acids [10], functionalizing cotton fabric 
with p-BiOI/n-TiO2 heterojunction [11], bleaching and cationized cotton using nanoTiO2 [1] etc. Nano particles 
like TiO2, ZnO, CuO, Ag, SWCNTs, MWCNTs etc. show excellent antibacterial activity. TiO2 is the most 
environment-friendly among all other nano particles [12]. Titanium dioxide has the ability to oxidize various 
organic pollutants as well as to kill microbial cells [13]. 

TiO2 can be applied on different substrates such as activated carbon, stainless steel and glass[14]. TiO2 shows 
extraordinary photocatalytic activity since it has a high sensitivity to light [8]. Nano TiO2 has the ability to 
decompose dye pollutant such as Acid Orange [15], Methylene Blue[16], C.I. Acid Blue 9[17], Methyl Orange 
[18, 19], Ethyl violet dye[20], C.I. Reactive Red 2[21] and photocatalytic decomposition of some air pollutants 
[22]. Recently some researches have coated TiO2 on cotton fabric by in-situ suspension polymerization with 
nano TiO2-acrylate copolymer [9] and functionalizing cotton fabric with nano sized TiO2 [23]. However, they do 
not claim that fabric is stable against washing. Here we present new method to coat cotton fabric with TiO2 by 
roller padding, which will be stable against washing. 

2. MATERIALS AND METHODS 

2.1. Materials 

Viscose fiber was used as a source of cellulose for coating and it was provided by Tepna Nachod, Czech 
Republic. Cotton fabric was also obtained from Tepna Nachod, Czech Republic. TiO2 nanoparticles with 
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average size of 50nm was obtained from Sigma Aldrich. Sulfuric acid and sodium carbonate were purchased 
from Lach-ner, Czech Republic. 

2.2. Cellulose-TiO2 coating on cotton fabric 

Cellulose (Viscose fibers) was dissolved in 60% H2SO4 in order to prepare 10% cellulose solution at 20°C. 
TiO2-cellulose dispersions with different concentrations (1,3,5,10%) of TiO2 nanoparticles were prepared by 
mechanical stirring at 20°C and 150rpm for 5min. Dispersion of cellulose-TiO2 was coated by using roller 
padding on the surface of cotton fabric at 20°C quickly in 20 sec. After padding fabrics were washed with 
100gm/l aq.(aqueous) sodium carbonate solution and water until neutralization. The washed fabric was dried 
in an oven at 70°C for 25 min. 

2.3. Morphological observation 

Morphology of TiO2-cellulose coated cotton fabric was observed by SEM (Scanning Electron Microscope). 
Coated samples were cut and placed on SEM stubs by two sided tape and then morphology observed using 
TS5130 Vega-Tescan at voltage of 30 KV acceleration. 

2.4. Quantitative Evaluation of Anti-Bacterial Activity (AATCC-100)  

Two different kinds of bacteria Staphylococcus aureus (Gram positive CCM 226) and Methicillin-resistant 
Staphylococcus aureus (MRSA) (Gram positive CCM 4223) were used. Wet sample swatches of dimensions 
18X18mm were placed on a wet filter paper and placed in a petri dish and covered. A sterile container was 
placed under UV radiation for 15min thereafter 50µl of inoculums was placed on top of the swatch and allowed 
to wick through the sample stack.  

The inoculated swatches incubated for 24 hours at 37oC; thereafter a neutralizing broth composed of 50ml of 
saline was added and containers were shaken so as to release the inoculums from the test swatches and into 
the neutralizing broth. The bacterium present in this liquid was obtained as the percentage reduction. Anti-
bacterial activity of the fabric samples was quantitatively analyzed using the AATCC 100 method29.  

The percentage reduction of bacteria was calculated using the following formula: 

$Ê − ·& 100
Ê = � 

Where R is the percentage reduction; A and B are the number of bacteria recovered from the inoculated treated 
and untreated fabrics. 

2.5. Photocatalytic self-cleaning 

Red wine stain was used to evaluate the self-cleaning ability of TiO2-cellulose coated samples fabrics in order 
to understand the effect of TiO2 on stain degradation; samples were irradiated with UV light as a function of 
time. For irradiation stain Philips TL 6W/05 CE UV tube (400-320nm) was used. Irradiated samples were 
scanned at 300dpi by scanner and afterwards images were analysed by using ‘Image J’ software [24].  

3. RESULTS AND DISCUSSIONS 

3.1. Morphology of coated fabric 

Morphological characterization ofTiO2-cellulose coated fabric was done by using scanning electron 
microscope. Only cellulose coated cotton fabric was characterized to prove TiO2 nanoparticles coated with 
cellulose. Figure 1a, b and c shows control, only cellulose coated, and TiO2-cellulose coated cotton fabric 
respectively. Figure 1c shows white particles on the surface of the cotton fabric and that confirms TiO2 particles 
were coated successfully. Figure 1b shows that cellulose is attached to the fabric surface. In our previous 
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study, 5 it was proved that coated cellulose stays with cotton fabric permanently. The coated cellulose does 
not get washed away unlike starch because it forms an interchain linkage with cotton cellulose during coating. 
Since solvent is strong the solvent molecules try to interact with the surface of the cotton fabric and during 
interaction coated cellulose forms hydrogen bonding with cotton cellulose. It is not easy to prove hydrogen 
bonding by spectroscopic method because both are same molecule and it has hydrogen bonding. 

  

Figure 1 SEM micrographs of (a) Control (b) Cellulose coated and (c) TiO2-cellulose coated cotton fabric 

3.2. Degradation of wine stain 

 

 

Figure 2 Wine stain degradation  

Red wine was used as a stain to understand the self-cleaning ability of TiO2-cellulose coated cotton fabric. 
Samples were irradiated under UV light for 60 min. The irradiated samples were scanned on the scanner and 
then evaluated by using imageJ software. ImageJ software measures the colour intensity and here white colour 
intensity was measured to see the self-cleaning ability.  

Figure 2 shows the scanned images of control, 1%, 3% and 5% TiO2 coated cotton fabric after 30 min 
irradiation under UV light. It is clear from Figure 2 that wine stain of TiO2-cellulose coated sample was 
degraded after irradiation under UV light whereas uncoated sample remained unaffected. Figure 3 shows the 
effect of TiO2 concentration on wine stain decolourization after exposing to UV light. It is apparent from the 
Figure 3 that wine colour degradation increases with increasing TiO2 concentration.  

Control 1% TiO2 3% TiO2 5% TiO2 
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Figure 3 Effect of TiO2 concentration on wine stain degradation 

3.3. Antibacterial activity 

Effect of TiO2 coating on the growth of bacteria Staphylococcus aureus and Methicillin-resistant 
Staphylococcus aureus (MRSA) were investigated. Table 1 shows the percentage reduction/multiplication of 
the test bacteria (S. aureus and MRSA) confirmed quantitatively utilizing the AATCC100 method. It’s observed 
that the coating of fabrics with TiO2-cellulose had a positive reduction of S. aureus bacteria and MRSA bacteria. 
The effectiveness of the anti-microbial activity increased with increase in the concentration of the TiO2 coating. 
Fabrics treated with 1% TiO2 had the lowest S. aureus bacterial reduction, however with an increase in the 
concentration of TiO2, there was a high jump from 6.3% to 96.7% reduction of S.aureus bacteria on 3% TiO2 
treated fabrics. These results prove that TiO2-cellulose coated cotton fabric shows excellent antimicrobial 
activity.   

Table 1 Antimicrobial analysis (AATCC 100) of the fabric samples 

Test Sample Bacterial Reduction/Multiplication 

Staphylococcus aureus Methicillin-resistant 
Staphylococcus aureus (MRSA) 

Control - - 

1% TiO2 6.3 13.3 

3% TiO2 96.7 65.0 

5% TiO2 97.7 68.3 

10% TiO2 98.2 81.6 

4. CONCLUSION 

TiO2-cellulose was coated successfully on cotton fabric by using roller padding for antibacterial and self-
cleaning properties. Surface morphology by SEM proved that TiO2 was coated successfully coated on the 
surface of cotton fabric along with cellulose. Cellulose plays a carrier role in this TiO2 coating. Samples coated 
TiO2 shows significant reduction 98.2% of Staphylococcus aureus and 81.6% Methicillin-resistant 
Staphylococcus aureus bacteria under UV light. Significant discoloration was observed for Cellulose-TiO2 
coated cotton fabric. Degradation of wine stain and reduction in bacteria were increased with increasing TiO2 
concentration. Therefore, we claim that Antibacterial and Self-cleaning cotton fabric could be achieved by 
coating Cellulose-TiO2. 
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Abstract 

Bubble spinning method is a broadly discussed topic in the production of nanofibers in last few years. Bubble 
spinning technology is the youngest of the current known spinning methods and therefore not all the 
possibilities of this method are explored in these days. The same case is spinning method which uses 
alternating current (AC). This study has investigated the combination of bubble spinning and AC spinning 
methods for producing submicron fibers. The study has evaluated the morphology of fibrous layers produced 
by combination of these technologies, and consequently its comparison to fibrous layers made separately by 
above mentioned methods. By using alternating spinning technology and novel bubble spinning technology 
we are able to achieve much more efficient production of polymeric fibers. Combination of these two methods 
simultaneously may bring promising possibilities in the future, for example in technical applications. 

Keywords: Bubble spinning, AC Spinning, nanofibers, submicron fibres, spinning equipment 

1. INTRODUCTION 

Bubble spinning was mentioned in study of Ji-Huan He and his colleagues in 2007 for the first time [1]. This 
method utilizes electrostatic force for overcoming surface tension on surface of created bubbles. These 
bubbles are created on surface of polymer solution with the help of supplied air. Taylor´s cone, which is the 
source of spinning, is created on surface of bubbles thanks to this electrostatic force. Surface tension is 
dependent on geometry and size of a bubble. With the help of Young-Laplac equation we can express surface 
tension of a bubble [2]: 

` = �
Ë �∆                                                                                                                             (1) 

Where σ is surface tension, r -  radius of the bubble, and ΔP -  pressure difference. 

In the course of electrospinning a higher amount of bubbles is created on solution surface, this amount is very 
difficult to manage [1]. Nevertheless this phenomenon does not have a negative impact on industrial production 
of fibres as it would be the case of detailed scientific analysis of separate bubbles. Nowadays bubble spinning 
method belongs to modern technologies of electrospinning. Created nanofibers by this method can be used in 
massive production of fibres with lowered energy consumption in comparison to other spinning methods. 
Further advantage is the production of low diameter fibres [2], [3]. Fascinating process of this spinning method 
was the impulse for design of first spinning device in laboratory. This device was modified by connection to AC 
spinning device, created at Technical University of Liberec [4]. Combination of these two spinning methods 
could lead to higher efficiency of spinning by bubble spinning technology. The question is, whether AC voltage 
does not negatively influence final morphology of fibrous layer. To prove this hypothesis it has been necessary 
to analyse fibrous layer. 
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2. EXPERIMENT 

2.1. Description of device 

At the Technical University of Liberec there has been designed and built a construction of device for bubble 
electrospinning. This device consists of round metallic container of polymer and conductive tube. There is a 
hole for air supply, drilled at the bottom part of metallic container. This container is put into a plastic container 
and they are fixed to a conductive tube. Through this tube an air flow passes and it creates required effect 
(bubbles). At the same time this tube is connected to AC voltage source. Spinning is realized towards a flat 
collector, which can be positioned at optional distance. Scheme of device is described in the Figure 1.  

 
Figure 1 Scheme of device for AC or DC Bubble spinning 

2.2. Experiment 

AC Bubble spinning has been compared to AC needle electrostatic spinning and also to DC Bubble spinning. 
Average thickness of fibres and equivalent pore diameters have been analysed for all three technologies on 
the basis of this experiment. For spinning 12% wt polyvinyl alcohol (Mowiol 18-88, Mw 130 000, Sigma Aldrich) 
has been used. Distilled water has been used as a solvent. This solution has been stirred for 24 hours at the 
temperature of 100 °C. Concentration of 12% wt PVA has been chosen on the basis of best spinning process 
by bubble spinning technology and best final morphology of fibrous layer. Spinning has been realized onto a 
plate collector covered by spun bond, which has been positioned at the distance of 15 cm from spinning 
surface. The process has been realized at the temperature of 23.1 °C and relative air humidity of 61%. Within 
creating of fibres with the help of AC Spinning technology a flooding electrode with dosing 10 ml/h has been 
used. Images of fibrous layers have been analysed with the help of scanning electron microscope (SEM). 100 
diameters of fibres have been measured and compared from images of each technology. Results of 
measurements have been statistically processed and analysed (Figure 2). Furthermore equivalent pore 
diameters of fibrous layer have been evaluated with the help of NIS software elements. Results of these 
measurements have been processed on the Figure 3 and 4. 
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Figure 2 Comparison of fiber diameters 

 

Figure 3 Equivalent pore diameter for 12 % wt PVA from: A) DC Bubble spinning B) AC Spinning 

 

Figure 4 Equivalent pore diameters for 12 % wt PVA from AC Bubble spinning 

3. RESULTS AND DISCUSSION 

Figure 1 shows that bubble spinning method, with the help of AC voltage, is able to produce fibres with lower 
diameter than other two technologies. Average measured value has been 227 nm by AC Bubble spinning 
method; it has been 248 nm by AC Electrospinning technology. Average value (265 nm) has been highest 
within DC Bubble spinning technology. The lowest average value (0.44 ± 0.28 µm) has been within measuring 
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of equivalent pore diameters of fibrous layer by AC Electrospinning technology. AC Bubble spinning technology 
has reached slightly higher value (0.48 ± 0.28 µm). Significantly higher average values have been measured 
by DC Bubble spinning technology (0.6 ± 0.5 µm). 

4. CONCLUSION 

This study has proven that AC Bubble spinning technology is able to produce lower diameter nanofibres with 
the use of 12 % wt polyvinyl alcohol solution than AC spinning and DC Bubble spinning technologies. At the 
same time this technology enables to produce nanofibrous layers with comparable equivalent pore diameter 
as AC Spinning technology. Thanks to this fact AC Bubble spinning technology could be applied in e.g. filter 
production, health care, but also in other sectors, where is suitable to utilize low fiber diameters. 
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Abstract 

The potential of nanotechnology in the development of new materials (nanotextiles) in the civil engineering 
can provide advantage of new application. On the one hand, functionality of materials can be improved using 
nanotextiles and on the other hand, it could make possible a manufacture of nanotextiles with new properties. 
The surface properties of materials are relevant in many fields of industry such as civil engineering. Testing 
and characterizing of surface of nanotextiles are very important for developing a new class of protective layers 
for building materials based on polymeric nanofibers. One of suitable methods to characterize the surface and 
wetting behavior of nanotextile fibers is contact angle measurements. Contact angle was measured using 
optical tensiometer by placing a liquid drop onto the nanotextile fibers. 

Keywords: Surface protection, polymer-based nanofibers, hydrophobicity 

1. INTRODUCTION 

Nanofibrous textiles consist of fibres with nanoscale dimensions. These nanofibres have a nanoscale cross-
sectional area. Fabrication of such textiles requires a process that can create a lot of nanofibers very quickly, 
for example Nanospider technology. While research into nanofibrous textiles is widespread, their 
commercialization in civil engineering has not reached significant application. Its development may afford 
exciting applications and opportunities [1].  

The durability of building construction is connected with protection of their surface layers. Volume of aggressive 
pollutants in air, water and ground water expands in these days. These chemical and biological agents 
permanently and effectively react on materials and structures, primarily on surfaces, and accelerate their 
degradation processes [2-3]. Therefore the protection of surface layers is so important and requires extra 
protection. Degradation processes of building construction are not possible to stop, but these processes can 
be markedly reduced and limited. 

Protection of building constructions by paint systems is the most used technology in these days. This kind of 
protection closes and seals surfaces of building materials against water. Coating (weather-resistant paint) 
causes a decrease in void ratio of surface layers and creates thick film, which modify character of surface. 
Consequences are degradation of the adhesive bonds between the coating and the underlying surface (mostly 
in cold weather). Electrospun nanotextiles have unique non-woven porous structure, which offer small pores 
sizes. Their attributes can lead to an incremental improvement capability of building materials  
[4-5]. Therefore it is necessary to determine basic characteristics of nanofibers and find out their application in 
civil engineering.  

In our study we have used nanofibers prepared using electrospinning machine equipped with stationary wire 
electrode. Stationary wire is coated by moving carriage that deposits uniform material (polymer). The thin 
stationary wire forms the nanofibre. Polymers are spun under the influence of electric field. 
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2. MORPHOLOGY 

One of very important parameters is the magnitude of the catalytic surface, closely connected with S / V ratio 
(S is surface of given nanofibers, V is volume of nanofibers). The larger value of this ratio increases the 
effective surface of the system. Catalytic properties of the thin films consisting of polymer-based nanofibers 
can be influenced both by adequate adjustment of technological conditions during producing of nanofibers 
(mostly, intensity of electrostatic field). 

Morphology of small samples of different electrospun nanotextiles was observed using SEM (Tescan Maia 3, 
ZEISS). The fibre diameters were measured on SEM images using Atlas software. Average fibre diameters 
were identified around 200 nm for PVDF nanotextiles (Figure1) and around 180 nm for PA6 nanotextiles 
(Figure 2). It is well known that structure and morphology can have a significant effect on the sensing 
properties of materials. It can be seen that the surface morphology of PA6 and PVDF nanofibers appeared 
smooth. The results revealed that when both textiles have the same surface density the average pore size 
increases with growing fibre diameter.  

           

              Figure 1 PVDF nanotextile                                               Figure 2 PA6 nanotextile 

3. CONTACT ANGLE MEASUREMENTS 

Wetting angle, typical macroparameter, comprises microscopic behaviour of the system. Its real value can be 
related to structural properties of thin film. One of the parameters characterizing the surfaces of materials is 
the surface free energy. The most common way to determine its value is to measure the surface tension by 
the drop method. The contact angles for a drop of distilled water on electrospun nanotextiles were measured 
using a contact angle set up at room temperature. A single drop of 0.3ml distilled water was dropped on the 
surface of a flat sample using a syringe and image captured after the water droplet became stable on the 
surface. In this case a contact angle between the surface and the edge of droplets of liquids is measured. This 
process was repeated five times on PA6 and PVDF nanotextiles. The contact angles were measured using 
the special software. Small contact angles (<90°) correspond to high wettability, while large contact angles ( 
˃90°) correspond to low wettability. The surface wetting analysis using contact angle measurements 
demonstrated no clear dependence of hydrophobicity on thickness of PVDF nanotextiles. The contact angle 
between the edge of a 0.3ml droplet of distilled water and the surface of different thickness of PVDF 
nanotextiles was measured to be around 130°. The contact angle of PA6 nanotextiles was found to be around 
135°. Samples of PVDF and PA6 nanotextiles are hydrophobic. 
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4. TEST OF WATERTIGHTNESS  

The basic aim of the measurement was to determine watertightness of nanotextiles, which were loaded by a 
200 mm distilled water column for 15 minutes. The laboratory analysis consists of method to estimate the 
watertightness due to constant loading by a water column. The methodology of the laboratory measurement 
is in accord with European Standards EN 139859-1. The illustration of the laboratory device is presented in 
the Figure 3. The sample was placed over the plexiglass in the horizontal position. Between the sample and 
plexiglass is a laboratory filter, which indicates the water leakage through the sample. 

 

Figure 3 The schema of experimental device for measuring watertightness by the method of constant 
loading by a water column of 200 mm (1 - Sample holding device, 2 - Plexiglass, 3 - Laboratory filter paper 

indikates watertightness, 4 - Sample, 5 - Rubber ring) 

During the testing all the samples achieved the results that are presented in the Table 1. 

Table 1 Results of the laboratory watertightness measurement 

Material Surface density 
[g/m2] 

Number of 
samples 

Resistance to water 
penetration 

PVDF 31.3 ± 0.4 1 Not leaked through 

12.6 ± 0.4 1 Not leaked through 

2 Leaked 

8.0 ± 0.4 1 Leaked 

2 Leaked 

PA6 5 ± 0.4 1 Not leaked 

2 Leaked 

The watertightness results of PVDF and PA6 nanotextiles were different. As it is obvious from the laboratory 
measurements, watertightness of PVDF nanotextiles depends on their thickness (weight per unit area). No 
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water penetration was found in any of the tested PVDF samples with 31,3 g/m2. The reason is due to the 
structure of the material. It is a compact material made of PVDF fibres with a high degree of density. 

5. DIFFUSION TEST 

The effects of thickness of electrospun PVDF, PA6 nanotextiles on their permeability were tested using a 
diffusion tube. The relative humidity and temperature inside of the tube were monitored all time when the 
samples were weighted. The schema of the experimental apparatus is shown in the Figure 4. The vapour flux 
goes from the environment (chamber with water) with higher humidity, through a sample, to the environment 
with lower humidity (chamber with silica gel). Temperature is the same for both environments. The experiment 
was run for 20 hours.  

Diffusion properties of thin products are most commonly described by the water vapour diffusion equivalent air 
layer thickness sd. The sd-value expresses the thickness of a static air layer with the same water vapour 
resistance as the sample. It is an expression of resistance to diffusion of water vapour. The sd-value [m] is 
defined as follows (Figure 5): 

i
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where T is the absolute temperature (K), RH2O is the gas constant for water vapour (J / kg.K), po is the reference 
pressure in air (Pa), pa is atmospheric pressure (Pa). 

We fitted our experimental data in equations 1 and 2 to obtain the water vapour diffusion equivalent air layer 
thickness sd of the nanotextiles. 

 

Figure 4 Schematic representation of experimental device for measuring of diffusion properties  
of thin layers 
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Diffusion tests showed the low sd-value of nanotextiles. Samples are vapour permeable. Vapour permeability 
of samples is not dependent on thickness or type of the nanotextile. Transport properties of nanotextiles (in 
particular, diffusion of water molecules) are mostly affected also by distribution function of porous system of 
nanotextiles. The decrease of fibre diameter leads to decrease of the average pore size. 

 

Figure 5 Water vapour diffusion equivalent air layer thickness sd of PVDF nanotextiles and PA6 nanotextile 
calculated from the diffusion measurement as a function of time 

6. CONCLUSION 

The laboratory measurements were aimed at contact angle, watertightness, the water vapour diffusion 
equivalent air layer thickness sd and morphology of PA6 and PVDF nanofibers. The results revealed an 
increase of the average pore size with increasing fibre diameter. PA6 and PVDF nanotextile are breathable. 
The hydrophobic nature of PVDF nanotextiles has an important role in surface protective applications through 
their effects on the diffusion. The thickness is an essential parameter that influences the watertightness of the 
PVDF nanotextiles. The surface wetting analysis using contact angle measurements demonstrated a 
hydrophobicity of PVDF and PA6 nanotextiles. 

Applications of nanotextiles can provide many advantages in civil engineering. It is possible to design ductile, 
flexible, breathable, permeable properties of nanofibers. 
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Abstract 

Textiles perform an important function of protecting humans from extreme conditions. For this function, the 
efficacy of the fabric is a very important parameter. To improve the thermal properties of textiles, different 
fabrics and coating materials need to be evaluated. The thermal properties of nanofibers and their potential 
protection against cold environments are relatively unknown. It is possible to decrease the weight and bulk of 
current thermal protective clothing by incorporating nanofibers in thermal insulation battings. Such a 
modification will also increase the mobility of the wearer. In this paper, the mechanisms of heat transfer through 

fibrous insulation where the fiber diameter is less than 1 micrometer  (μm) was evaluated. Using 
electrospinning process, flexible electrospun PUR and PVDF nanofibers embedded with silica aerogel was 
produced. A detailed study of thermal properties of the electrospun nanofiber embedded with SiO2 aerogel 
was conducted. The microscopic examination confirmed presence of aerogel. The results were statistically 
analyzed. The samples showed enhancement of thermal insulation by increasing the number and the weight 
per unit area of both nanofibrous layers. The results also confirmed that embedding silica aerogel in 
nanofibrous layers leads to increased thermal insulation. Based on the results, nanofibers embedded with 
aerogel were found to be good for thermal insulation at extreme conditions. 

Keywords: Nanofiber, aerogel, thermal Insulation, conduction, heat transfer 

1. INTRODUCTION 

Electrospinning is a simple and low-cost method for making polymer and ceramic fibers with superfine 
diameters [1-3]. In recent years, it has attracted an increasing interest in the electrospinning technique owing 
to the promising properties of the electrospun nanofibers. Various structured and assembled nanofibers have 
been developed via electrospinning. Recent advances in the technology of producing nanofibers have revealed 
a gap in our knowledge about the heat transfer behaviour of low-density nanofibrous layers. Understanding 
heat transfer through nanofiber structures will allow us to exploit the unique properties of polymer nanofibers 
for applications such as improved military cold weather clothing and hand wear, sleeping bags, and tent liners, 
as well as applications for military food service refrigeration and storage equipment [4]. Silica aerogel is a 
highly porous material with pore diameters in the range of 2-50nm [5, 6].  

The nanoporous structure of the silica aerogel having a high porosity above 90% makes the aerogel a highly 
thermal insulating materials with a super-low thermal conductivity as low as 0.013Wm−1K−1. Silica aerogel has 
well been acknowledged as one of the most attracting thermal insulation materials for wide applications in 
aircrafts and aerospace, chemical engineering, building constructions, and so forth [7-9]. Heat transfer through 
porous media consists of conduction, convection, and radiation. Many practical applications focus on fibrous 
materials that have a low fiber volume fraction (less than 10% fiber for the most part). Lightweight and 
compressible insulation materials maximize insulating value at a minimum weight. For these types of materials, 
heat conduction through the solid portion of the matrix (fibers) is negligible, so it is not necessary to focus on 
solid conduction heat transfer. However, conduction through the still air trapped within the insulation is 
important, and the thermal conductivity of air, total gas volume fraction, and thickness of air within the material 
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is required to properly analyse both radiation heat transfer and convection heat transfer mechanisms [4]. 
Literature searches on the subject of submicron fibers in thermal insulation reveal no fundamental or applied 
work using polymer nanofibers for thermal insulation applications. In this paper, we addressed the mechanisms 
of heat transfer through fibrous insulation where the fiber diameter was less than 1 micrometer (μm). The 
thermal insulating efficiency of fiber-based insulation is known to increase as the fiber size is reduced. Flexible 
electrospun nanofibrous layers embedded with silica aerogel was produced via electrospinning process. The 
electrospun PUR and PVDF nanofibrous microstructures were fabricated and then used to reinforce the SiO2 
aerogel. The effects of thermal properties of the electrospun nanofibrous layers embedded with SiO2 aerogel 
were evaluated. 

2. MATERIALS AND METHODS 

2.1. Materials 

Silica aerogel powder and granules were purchased from Cabot aerogel Corp. Polyurethane (PUR) & PVDF 
was used from the CXI lab (nanocenter, TUL, Czech Republic). The samples were electrospun PUR & PVDF 
nanofibrous layers embedded with silica aerogel. The samples were of different types of Aerogel nanofibrous 
layer with and without Spunbond PP back up that contained only PUR/PVDF or with Aerogel granular powder. 

2.2. Methods 

2.2.1. Electrospinning of PVDF & PUR nanofibrouslayers 

The polyurethane (PUR) was dissolved in Dimethylformamide (DMF) at room temperature at a concentration 
of 18 wt.% (g/mL) and at the same concentration of PVDF also was first stirred for 2 hours and then with SiO2 
aerogel in both powder and granule forms were added. These mixtures were stirred for 1-2 hours at room 
temperature prior to electrospinning and were then electrospun at room temperature. The prepared solution 
was placed in a cylinder containing active electrode parallel to collecting electrode. The fibers were collected 
on a spunbond polypropylene fabric. The electrospun PUR and PVDF nanofibrous layers embedded with silica 
aerogel have been investigated on their morphology and microstructure by using a SEM (VEGA TESCAN Inc. 
USA) at 30 kV. The densities of the samples were determined by measuring the weight and volume.  

To investigate the comparative thermal properties of insulating materials, alambeta instrument developed at 
the Technical University of Liberec, Czech Republic was used. Electrospinning was carried out using 
“Nanospider” technology as a modified electrospinning technique, Nanospider laboratory machine NS LAB 
500S from Elmarco s.r.o. Electrospinning is widely accepted as a technique to fabricate submicron polymer 
fibers. Nanospider technology allows the production of nanofibers from polymers dissolved in water, acids or 
bipolar solvents as well as from melted polymers and is suitable for the production of organic and inorganic 
fibers. This versatile technology is easily adapted to a variety of process parameters for the optimization of the 
specific properties of the produced nanofibers [10-13]. The innovatory idea of the Nanospider is based on the 
possibility of producing nanofiber from a thin layer of liquid polymer. In this case, Taylor cones (the source of 
nanofiber) are created on the surface of a rotating roller, immersed in a polymer solution. Because the Taylor 
streams are formed next to each other, throughout the entire length of the roller, this revolutionary idea 
produced many advantages, such as high productive ability. This commercial method for production of 
polymeric nanofiber is used in industrial range. This is a simple and versatile method for production of ultrathin 
fibers from a variety of materials that include polymers. In addition, Nanospider has the ability to process a 
wide range of polymers in diameters of 50-300 nm into nonwoven webs [14]. One way ANOVA was used to 
analyse the experimental data.  
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3. RESULTS AND DISCUSSION 

Figures 1 and 2 show the morphologies and microstructures of electrospun PUR & PVDF nanofibrous layers. 
The electrospun nanofibrous layers have better integrity and flexibility. The different microstructures could be 
observed with and without aerogel particles present which were electrospun from the solutions with the 
concentration of 18wt.%. 

PUR 1           PUR 2  

Figure 1 Morphology and microstructure of electrospun PUR nanofibrous layers embedded with SiO2 
aerogel from 18 wt.% 

           PVDF 1  PVDF 2  

Figure 2 Morphology and microstructure of electrospun PVDF nanofibrous layers embedded with Silica 
aerogel from 18 wt.% 

Thermal conductivity as a function of areal density for PUR and PVDF electrospun nanofibrous layer 
embedded with silica aerogel is shown in the Figure 3. As shown in the Figure 3, thermal conductivity of the 
electrospun nanofibrous layer decreased with increase in density. This can be explained by the fact that as 
the density increases; it makes the fibrous structure more packed. This causes the mean free path (distance 
travelled by a photon before it collides with another fiber surface [15] for a photon movement to decrease thus 
causing a decrease in the heat transfer because of radiative conduction. When the density comes to a critical 
point, the increase in conduction through solid phase (fibers) and decrease in radiation conductivity results in 
an increase in total thermal conductivity [16, 17]. 

In fact, in fibrous structures the small size of the pores and the tortuous nature of the air channels present 
prevents any heat transfer by convection [20] Moreover, in fibrous insulation materials because of low fiber 
volume fraction, heat conduction through the solid phase (the fibers) is not significant and conduction through 
air is usually considered to be the conductivity of still air that is poor at room temperature. Thus, radiative 
conductivity is the prevalent mechanism of conductivity since it has a high porosity percentage of fibrous 
structures. By adding a nanofiber web, thermal conductivity was enhanced noticeably that is believed to be 
because of their extremely fine fiber and very high porosity of web. The superfine fibers in the web have better 
radiation absorption and extinction since their higher surface-area-to-volume ratio leads to decrease in the 
thermal conductivity. Moreover, smaller pore size between nanofibers decreases the mean free path for photon 
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movement resulting in lower radiative energy transfer. This improvement becomes more significant when bulk 
density is increased. In high densities, increase in the thermal conductivity of the sample containing web was 
diminished which may be attributed to the presence of nanofiber and their natural compact structure that could 
compensate for increased thermal conductivity.  

(a)  (b)   

(c)   (d)   

Figure 3 Thermal conductivity Vs GSM for (a) PUR samples with spunbond PP; (b) Electrospun PUR 
nanofibrous layers embedded with aerogel; (c) Electrospun PVDF nanofibrous layers embedded with 

aerogel backed up with spun bond PP and (d) Electrospun PVDF nanofibrous layers embedded with aerogel 

According to thermal conductivity curves which is apparent in Figures 3, decrease in the average nanofiber 
diameter leads to lower limit of conductivity. Higher specific surface of thinner fibers [18] means more surface 
area for radiative absorption resulted in lower thermal conductivity. Further, higher porosity of the web with a 
nanofiber diameter around 150 nm could be the other reason for their lowest thermal conductivity. Another 
explanation for reduction in conductivity can be smaller pore size in the web containing thinner nanofibers 
leading to lower radiative conductivity. In this context, it could be understood that using thinner nanofibers 
leads to noticeable performance and helps in achieving very low limit of thermal conductivity. Of particular 
interest are the results for the two nanofiber insulation materials (electrospun PUR and PVDF nanofibrous 
layer). Both materials showed excellent reduction in overall heat transfer compared to standard low-density 
fibrous insulating materials (at areal densities above 40 g/m2).  

The PVDF nanofibrous layer, in particular, showed superior insulation at higher areal density values. Thermal 
conductivity testing confirmed that decreasing fiber diameter tends to increase the thermal resistance of fibrous 
insulation materials. However, the nanofiber/aerogel becomes an effective insulator since the aerogel structure 
suppresses conduction and convection, and the fibers reduce radiation heat transfer while increasing the 
strength of the brittle and weak aerogel structure. Although the aerogel/nanofiber combination has good 
thermal properties, the volume fraction of fiber must be fairly high to support and protect the aerogel matrix. 
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Thus the aerogel materials can’t achieve the same thermal conductivity at densities as fibrous insulation, but 
they do achieve better thermal resistance for an equivalent thickness of material. High porosity of electrospun 
fibrous mesh is able to trap air which potentially gives it a good thermal insulation property. This is confirmed 
using thermal conductivity tests which show that decreasing fiber diameter leads to an increase in thermal 
resistance. With respect to high porosity fibrous insulation materials, aerogel/nanofiber has excellent insulation 
per unit thickness properties, as shown in Figure 4. From the figures, it can be seen that the thermal resistance 
increases with the increases in thickness. Also, the electrospun PVDF nanofibrous layer embedded with silica 
aerogel is higher than electrospun PUR nanofibrous layer embedded with silica aerogel. 

(a)  (b)  

(c)  (d)  

Figure 4 Thermal resistance Vs Thickness (a) PUR samples with spunbond PP; (b) Electrospun PUR 
nanofibrous layers embedded with aerogel; (c) Electrospun PVDF nanofibrous layers embedded with 

aerogel backed up with spun bond PP and (d) Electrospun PVDF nanofibrous layers embedded with aerogel 

(a)

 

(b)

 

Figure 5 Air permeability of (a) Electrospun PUR nanofibrous layer embedded with silica aerogel) 100 & 200 
Pa. and (b) Electrospun PVDF nanofibrous layer embedded with silica aerogel) 100 & 200 Pa 
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Lower air permeability causes lower air flow; consequently, more thermal insulation. The air permeability of 
electrospun nanofibrous layers are shown in the Figure 5. According to the figures; samples containing PUR 
nanofiber with double layer showed less air permeability. This behaviour can be attributed to the finer diameter 
of PUR nanofiber compared to PVDF nanofiber diameter. By increasing the number of nanofibrous layers, 
lower air permeability was achieved, confirming the relation of this important parameter with thermal insulation 
ability. The Figure 5 shows that sample PUR4, PUR5 and PVDF5 were impermeable at 100 and 200 Pa. The 
experimental data of tested PUR and PVDF samples were found to be significant. 

4. CONCLUSION 

Literature searches on the subject of nanofibrous layers in thermal insulation reveal limited work using polymer 
nanofibers for thermal insulation applications. The effects of electrospun PUR and PVDF nanofibrous layers 
embedded with silica aerogel on thermal behaviour were studied. The results show enhancement in thermal 
insulation by increasing the number and the weight per unit area of both nanofibrous layers. Higher thermal 
resistance was observed in the case of samples containing PUR and PVDF nanofibrous layers, which can be 
attributed to the low air permeability and fiber diameter. Moreover, thermal measurements show that 
embedding silica aerogel in nanofibrous layers leads increased thermal insulation. Furthermore, weight and 
thickness can be reduced by means of nanofiber layers. The work presented in this paper did not show 
nanofibers to be useful for high loft thermal insulation. However, they may be useful as components in hybrid 
battings with high bulk densities. Fibers below 1 μm in diameter are not thermally efficient at low fiber volume 
fractions; this corresponds with previous research on fiberglass insulation. Performance gains in existing 
thermal insulation materials may be possible by incorporating a proportion of nanofibers into the structure, but 
large diameter fibers would still be necessary for durability and compression recovery. Although the 
electrospun nanofibrous layers have been proposed to strengthen the aerogel, the preparation technique of 
the electrospun nanofibrous layers embedded with aerogel with larger size, and lower thermal conductivity has 
to be further developed. 
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Abstract   

The paper deals with the analysis and optimization of spinning electrode designed for the nanofiber spinning 
method using an alternating electric current. The optimization was based on the simulation of distribution of 
electric field according to the shape of the spinning electrode by using the finite element method. The intensity 
of electric field has a major influence on the electrospinning and subsequently on the resulting structure. The 
aim of the optimization was to reach uniform distribution of electric field on the electrode surface by changing 
the number of design parameters. Based on these analyses, a new shape of the spinning electrode was 
designed, which offers uniformity of the electric field intensity around the whole operative surface of the 
spinning electrode and provide the same physical conditions which are important for the electrospinning. This 
leads to the electrospinning stabilization, which affects the quality of the resulting nanofiber structure.  

Keywords: Electric field, electrospinning, spinning electrode, electrostatic analysis 

1. INTRODUCTION 

The principle of free-surface production of nanofibers using a direct electric current, which has been developed 
in the Technical University of Liberec [1], has been known for several years and widely used in industry. A new 
electrospinning principle (called “AC Electrospinning”) has been developed recently, which uses an alternating 
electric current to produce nanofibers. The benefit of this method is that two oppositely charged electrodes are 
not needed for spinning, since a virtual collector is formed around the spinning electrode through oppositely 
charged ions [2], [3]. An important step to apply the AC Electrospinning in industry is to develop new types of 
electrodes that will be used to produce nanofibers with the parameters corresponding to the relevant 
application. 

The paper deals with the design and optimization of spinning electrodes for AC Electrospinning, in terms of 
uniform intensity distribution of electric field. The intensity of electric field on the electrode surface has a major 
influence on the spinning process and subsequently on the quality of the resulting structure of nanofibers [4]. 
The aim of the design of a new shape of the electrode is to reach uniform intensity distribution of electric field 
on the operative surface of the electrode. Uniform intensity distribution will result in comparable conditions on 
the whole electrode surface, which are necessary for the spinning process. This leads to nanofibers with 
comparable fineness. 

2. BASIC ELECTRODE 

Currently, when the development of the new spinning method and its application are in the early stages, simple 
basic types of electrodes are used. Figure 1a) shows a photograph of a basic electrode, which is used to test 
the AC Electrospinning process. The basic of the electrode is a tube with a conical head at its end, the shape 
of which is designed so as to have the maximum intensity of electric field at the circumferential edge. A polymer 
solution flows through the electrode to the head surface, where nanofibers are formed in places with intensity 
that exceeds the critical limit. The spinning process takes place at electric voltage 25 - 40 kV of alternating 
voltage, which is applied to the spinning electrode. 
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Simulations of distribution of electric field on the basic electrode were carried 
out using the Autodesk Simulation Mechanical software, which contains a 
module for the calculation of electrostatic field using the finite element 
method. With respect to geometry and marginal conditions, the calculation 
model was simulated as rotationally symmetric job. All jobs were simulated 
for electric voltage on the 
electrode of 25 kV. The 
Figure 2 shows the result 
of one of the simulations. It 
shows that the intensity at 
the edge of the electrode is 
at its maximum level. It is 
evident that the intensity all 
over the surface of the 
electrode head is 
distributed non-uniformly 
and thus the same 
conditions for spinning 
process are not provided 
all over the surface.  

 

3. DESIGN OF A NEW SHAPE 

Following the previous analyses, how to modify the shape of the 
electrode head so as to reach uniform distribution of intensity of electric 
field on its surface was considered. A shape of a ball seemed to be the 
most appropriate, because the intensity on the surface of the ball under 
ideal marginal conditions should be equal at all points. The analyses 
show that the intensity on the surface of the ball from the top to the ball 
gradually declines. This is because the tube disrupts the symmetry and 
affects the distribution of intensity on the surface of the electrode head. 
Depending on this finding, the shape was modified by changing R1, 
R2, R3 radii, which are shown in the Figure 3. The individual values of 
radii were always changed so that their value towards the tube 
declines. It is because the intensity grows with declining radius. This 
should cause the declining intensity to compensate. Selecting an 
optimal combination of radii should lead to the uniform distribution of 
intensity of electric field on the electrode surface. Therefore, this 
combination was searched for by means of a set of analyses with 
different combinations selected.  

The Figure 4 shows the result of the analysis of the final shape of 
electrode. It is evident that the selected combination of radii will lead to 
the uniform distribution of intensity on the surface of the electrode 
head.   

Figure 1 Basic electrode 

Figure 2 Distribution of intensity on the 
surface of the basic electrode 

Figure 3 New shape 
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4. CONCLUSION 

The graph in the Figure 5 shows the comparison of distribution of intensity of electric field for two electrodes 
depending on the distance from the top of the electrode head. The red curve corresponds to the values for the 
basic electrode; the blue curve corresponds to the values for the new optimized electrode. The graph shows 
a significant difference between electrodes in terms of intensity distribution. The original electrode shows a 
great non-uniformity of intensity distribution and it may be expected that the conditions for spinning are not 
optimal. For a new shape of the electrode, uniform intensity distribution of electric field on the surface of the 
electrode head was reached. It can therefore be concluded that there will be the same conditions for the 
spinning process all over the surface  

 
Figure 5 Comparison of electrodes 

Figure 4 Analysis of the optimized shape  
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Abstract  

Development of new materials is still growing up. The relatively new materials are nanofibers membranes. 
These fabrics are very popular due to their properties, which primarily depend on the structure of the material. 
This structure may be affected by several parameters. Setting of production parameters of the spinning device 
have a major impact on the structure of the fabric. The analysis of this effect is the main goal of this work. 

In this paper nanofiber textiles were manufactured by using the device NanospiderTM NS LAB 500 S (Elmarco, 
CR). As the main spinning polymer was used polyvinyl alcohol (PVA). We created 15 types of textile where 
technological parameters were changed. This work contains two experimental parts. In the first one, we 
analyzed the effect of voltage, distance of the electrodes and the solution concentration. There were not 
achieved fundamental changes in the structure of the fabric. In the second experiment, we tested the effect of 
changes of the electric field to change the structure of the resulting nanofiber membranes. The structure was 
analyzed using a scanning electron microscope Tescan Maia 3. In this experiment, we achieved significant 
changes in structure and thus we demonstrated the significant influence of adjustment of the electric field on 
the final fabric structure. 

Keywords: Nanospider, nanofiber membrane, structure, production parameters 

1. INTRODUCTION  

Nowadays, the searching of new materials in civil engineering is very popular. Especially the use 
of composites. Materials based on a polymer are very desirable elements because they are recyclable. In our 
paper we study the morphology of nanofiber membranes made from different polymers. These membranes 
were produced on the device called NanospiderTM which operates on the principle of an electrostatic spinning. 
Nanofiber textiles have a great potential for application in many branches of technology thanks to their 
structure [1]. The morphology of the membrane is very complicated [2]. It is a chaotically organized structure 
of polymer fibers. Diameter of the fibers ranges from tens of nanometers to micrometers [3]. Due to very small 
diameter of fibers, the fabric has a huge surface area which can be used for example in air conditioning. 
Moreover, the nano fiber fabrics are open to diffusion and may possess hydrophobic properties. In other cases, 
the fabric may be used as a scaffold for active particles, which can provide protection of building surfaces 
against molds [4]. 

All these properties of nanofiber membranes strongly depend on their structure. There is a number of studies 
which deal with the relationship between the structure of the textile and production parameters during the 
spinning process. The main parameters of the spinning process, causing changes in the structure of nanofiber 
membranes, are voltage and viscosity of the polymer solution [5, 6]. In 1971 P. Baumgarten established the 
dependence of the diameter of the fiber on the viscosity of the solution [5]. Further information about the 
possibility to influence the structure of the nanotextile can be found in the work of L. Lorand [6]. He proved that 
there exists a relationship between the fiber diameter and the temperature of the polymer solution. The higher 
temperatures lead to smaller diameter of fibers. Moreover, he proved that the diameter of the fibers decreases 
with increasing voltage [6]. Another parameter that changes the structure of the fabric could be concentration 
of polymer in a solution. The effect of concentration on electrospinning process was tested in [7]. It was 
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observed that the low concentration leads to the electro spraying. Furthermore, in this paper the influence of 
voltage on the final shape of the fibers has been studied. It was shown that with decreasing voltage fibers are 
straighter. Further works [8, 9] correlate with the previous results. 

All of these studies were performed on a conventional electrostatic spinning apparatus. In our case, we used 
the device Nanospider NS LAB 500S, where the method of producing nanofibers fabric is different. The aim 
of this work is to demonstrate that here the production parameters also have very important impact on the 
resulting structure of nanofiber membranes. 

2. MATERIAL AND METHODOLOGY 

In this work was used a polymer solution of polyvinyl alcohol (PVA) for producing a nanofiber membrane. 
All fabrics analyzed in this work were made in the center for nanotechnology in Czech Technical University 
in Prague. The polymer solution was prepared from the following additives: 75 g Sloviol R16 (Fichema, CR, 
SLoviol R16, 16% PVA), 0.88 g glyoxal, 0.6 g 80% phosphoric acid (Sigma Aldrich USA). The solution 
was completed with demineralized water to 100 g. After the preparation of the suspension, solution was 
homogenized by using ultrasonic and magnetic stirrer. Afterwards the solution was put in the Nanospider 
where the production parameters were changed for fabrication of different types of nanofiber membranes. The 
resulting fabric was stabilized by heating to 140 °C for 10 minutes, which caused the textile stability in contact 
with water. 

The final fabrics were analyzed by using a scanning electron microscope Tescan MAIA 3 at the Institute 
of Physics, CAS in Prague.  

Production of textiles was performed in two series of experiments. The production parameters of the first series 
of the experiment are shown in the Table 1. 

Table 1 Production parameters of nanofiber membranes in the first experiment 

Sample Polymer 
Speed of substrate 

[m/min] 

Distance of electrodes 

[mm] 

Voltage 

[kV] 

Concentration of 

solution [%] 

A PVA 0.13 100 70 10 

B PVA 0.13 110 70 10 

C PVA 0.13 120 70 10 

D PVA 0.13 130 70 10 

E PVA 0.13 140 70 10 

II PVA 0.13 110 70 12 

III PVA 0.13 110 70 8 

c1 PVA 0.13 140 68.2 10 

c3 PVA 0.13 140 71.8 10 

c5 PVA 0.13 140 75.2 10 

c7 PVA 0.13 140 78.8 10 

c9 PVA 0.13 140 82 10 
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3. THE FIRST SET OF EXPERIMENTS 

We planned the first set of experiments based on information available in the literature, where mainly the 
influence of the voltage and the concentration of the solution were studied. In our experiments the impact of 
the distance of the spinning electrode on the resulting structure was tested. Limit values of the voltage were 
experimentally determined. If we use a low voltage, the production process completely stops. On the other 
hand, if we use too high voltage, it may cause an electrical breakdown. The lowest voltage at which we 
observed the nanofibers production was 68.2 kV. The highest safe value of voltage was 82 kV. However, these 
values are not fixed. They mainly depend on the humidity of the ambient air. After creating of fabrics, they were 
stabilized and the final structure has been mapped using an electron microscope. Difference in structures 
between the samples produces under the lowest and highest voltage is shown in the Figure 1. 

   

Figure 1 Comparison of the structure of nanofiber membranes produced with different spinning voltage.  
To the left is sample c1 (lowest voltage 68.2 kV), to the right is sample c9 (maximum voltage 82 kV) 

In the next stage of the experiment, the distance between cylindrical rotary electrode and movable collector 
for collecting final fabric was changed. The limit values of the distance were determined in the same way as 
the limit values of the voltage. The shortest distance between the electrodes was achieved during production 
of sample A and was 100 mm. The longest distance of 140 mm was achieved in sample E. Values less than 
100 mm caused electrical breakdown, on the other hand values higher than 140 mm caused the device to stop 
production of fibers. The difference of structure of nanofiber membranes caused by varying distance between 
the electrodes is shown in the Figure 2. 

   

Figure 2 Comparison of the structure of nanofiber membranes produced with different distance between 
electrodes. To the left is sample A (minimal distance of 100 mm), to the right is sample E  

(maximal distance of 140 mm) 
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In the last stage of experiment the impact of solution concentration on the structure of nanofiber membrane 
was examined. We achieved different viscosity of solution by change of concentration (8%, 10%, 12%). 
The difference of structure of nanofiber membranes caused by different concentration of solution is shown in 
the Figure 3. 

   

Figure 3 Comparison of the structure of nanofiber membranes based on different concentration of PVA 
solution. Left sample II (highest concentration of 12%), right sample III (lowest concentration of 8%) 

4. RESULTS OF THE FIRST SET OF EXPERIMENTS 

Within the frames of the first set of experiments we have studied the dependence of the structure of polymer 
nanotextile on three parameters of the production process: the voltage, the distance between the electrodes, 
and the concentration of the polymer solution. Contrary to similar experiments conducted by other authors ([5-
9]) we have not observed significant changes in the structure. However, this fact could be possibly explained 
by differences in manufacturing process. In our work we have used nanotextiles produced by Nanospider 
device, while the cited works studied the materials produced by traditional electrospinning. Thus, the relatively 
small variations of the nanotextile structure in our experiments may suggest a greater stability of Nanospider 
technology. 

5. THE SECOND SET OF EXPERIMENTS 

As stated above, in the first set of the experiments we tried to vary the voltage in the maximum possible range 
in order to obtain observable changes in material structure. On the other hand the structure of the fabric is 
controlled primarily by interplay of electrostatic energy with the surface tension of the polymer solution. The 
former is determined by the electric field, not the actual voltage. Thus, in the second set of experiments our 
goal was to achieve the highest possible variations in electrical field and not just simple applied voltage. 

For calculation of the electric field we use the following formula: 

� =  Í
�   , where U is the applied voltage and d stands for the distance between the electrodes.  

It is easy to check, that in the first set of the experiments this ratio remained almost constant. In order to 
achieve larger variations of the electric field we have produced a new set of fabrics. Production parameters of 
these fabrics are shown in the Table 2. It should be noted that we have managed to achieve higher critical 
values of voltage and distance of electrodes. This could be possibly explained by the lower air humidity during 
production of the second set of textiles. 
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Table 2 The production parameters in the second set of experiments 

Sample Polymer 
Speed of 

substrate [m/min] 

Distance between 

electrodes [mm] 

Voltage 

[kV] 

Electrical 

field [kV/mm] 

Concentration 

of solution [%] 

Emin PVA 0.13 210 50 0.24 10 

Eavg PVA 0.13 150 70.3 0.47 10 

Emax PVA 0.13 100 78 0.78 10 

As it is clear from the Table 2 in this set of the experiments we have managed to achieve high variation of the 
intensity of the electric field. The highest achieved intensity is more than three times stronger than the lowest 
one. After the production and stabilization of the fabric, the surface structure of the samples was studied by 
electron microscopy. Comparison of the individual structures of the fabric is shown in Figure 4. 

a)     b)  

c)  

Figure 4 Comparison of the structure of nanofiber membranes based on different electrical field.  
a) the lowest electrical field Emin 0.24kV/mm,  

b) the average electrical field Eavg 0.47 kV/mm,  
c) the highest electrical field Emax 0.78 kV/mm 
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6. RESULTS OF THE SECOND SET OF THE EXPERIMENTS 

The electric field has a considerable influence on the structure of the fabric. At lower intensities of electric field 
the fibers are produced at lower rate which causes less surface density of the resulting fabric. Higher intensities 
lead to production of nanotextiles with higher surface density. The electric field also influences the curvature 
of the fibers. We have found that curvature of fibers produced under higher values of the electric field is larger. 
Moreover, the diameter of the fibers is decreasing with growing electric field.   

7. CONCLUSION  

In this work we have analyzed the surface structure of 15 types of textiles, produced by Nanospider NS LAB 
500S device under different production conditions (voltage, distance between electrodes, and concentration 
of the polymer solution). We have found that the electric field strongly affects the structure. However, the value 
of the voltage itself is not enough to calculate the electric field, and, thus, does not provide enough information 
about the technological process. The information about the distance between the electrodes is just as 
important as the voltage. On the other hand, in the articles devoted to electrospinning process the electric field 
is usually specified by just a single parameter - the voltage. Our work shows, that it is always necessary to 
provide information about both the voltage and the distance between the electrodes.  
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Abstract 

Commercial polymeric macro fibers Concrix ES having 500 µm diameter were treated to attain stronger 
adhesion with cement matrix. In order to improve their wettability with water, low pressure inductively coupled 
oxygen plasma treatment was used. Thus treated fibers were investigated from chemical and physical 
perspective. A direct horizontal optical static method enabling contact angle measurement directly on the fiber 
surfaces revealed that fibers treated only 5 s exhibited significantly better water wettability (approximately two 
times) while their mechanical properties were not influenced, as found by fiber tensile strength tests. Fiber 
morphology changes were observed by scanning electron microscopy - in contrast with reference fibers, the 
surfaces of treated samples were significantly roughened. The XPS analysis confirmed an exchange of surface 
atoms by oxygen ones within the 5 s of plasma treatment. A practical indicator of executed modification, pull 
out tests of selected fibers from cement paste samples (water to cement ratio 0.4), were done. It was shown 
that plasma treated fibers exhibited stronger chemical interaction with cement matrix by approximately 30%. 

Keywords: Plasma, oxygen, wettability, contact angle, pull-out tests, macro fibers 

1. INTRODUCTION 

Usage of synthetic fibers for reinforcement in composites becomes increasingly diversified. In the civil 
engineering, the fiber reinforcement is the most often used for the production of concrete materials, e.g. floors, 
foundation slabs, thin walled or impact-resistant precast and shotcrete [1-3]. In comparison with steel, synthetic 
(polymeric) fibers are characterized by low density, high chemical resistance and relatively low cost, whereas 
their mechanical properties (tensile strength and Young modulus) are sufficient [4]. On the other hand, smooth 
fiber surfaces and low wettability does not guarantee a strong (chemical and physical) interaction between 
fiber surfaces and composite matrix [5-7]. 

In order to improve interaction between reinforcement and matrix, fibers can be modified by mechanical or 
chemical treatment [7, 8]. Both mentioned methods have an impact rather on physical interaction (shear 
strength). To guarantee the Young modulus and tensile strength (or bending strength) enhancement of 
composites, it is necessary to increase especially the chemical interaction between reinforcement and matrix 
[9]. 

To increase chemical and physical interaction in interface zone, plasma treatment seems to be a progressive 
method. The low pressure plasma treatment represents a universal, efficient and eco-friendly alternative for 
surface modifications of almost any synthetics materials. The principle of modifications relays on surface 
activation (polar and functional groups formation - responsible for chemical bonds) and surface roughing 
(physical interaction) [10, 11]. 

In the present work, we report the results of oxygen plasma treatment of commercial polyolefin macro fibers 
Concrix ES. The influence of treatment time on fiber wettability, surface morphology and chemical composition, 
mechanical properties and pull-out behavior from cement matrix is studied. 
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2. MATERIALS AND METHODS 

Concrix - Switzerland bi-components fibers having a diameter equal to 0.5 mm and 50 mm length were made 
from high E-modulus polyolefin. Their bulk was composed of two main parts - high E-modulus high strength 
core giving high-grade mechanical properties to fibers and structured shell giving resistance to surface damage 
and good processing to concrete mixture and fiber surface/concrete interface binding. Other fiber parameters 
were as follows: modulus of elasticity ˃10 GPa, density 0.91 g/cm3, melting temperature ca. 150°C, tensile 
strength 600 MPa, inert alkali / acid resistance [3, 4]. 

All cement samples used in this study were made from cement paste based on Portland cement (Radotín in 
the Czech Republic, CEM I 42.5 R). Water to cement ratio was 0.4. 

To improve the water wettability of fibers, oxygen treatment in inductively coupled plasma system (VT 214, 
Tesla) was done. Plasma treatment parameters were: total power 100 W, total gas pressure 60 Pa, 50 sccm 
O2 flow, and the exposition time 5 to 480 s.  

A direct horizontal optical method was used for fiber wettability evaluation [12]. The final contact angle value 
was averaged from 6 independent measurements. 

Scanning electron microscope (Maia 3, Tescan) was used for fiber morphology analysis. To eliminate surface 
charging, the investigated fibers were overcoated by thin gold layer (BOC Edward Scancoats Six). The 
sputtering process parameters were: deposition time 40 s, sputter voltage 1.3 kV, electric current 35 mA, total 
gas pressure 26.6 Pa. The thickness of the gold layer was approximately 10 nm as measured by Veeco Dektak 
150. 

The chemical composition of the polyolefin fiber surfaces was analyzed by X-ray photoelectron spectroscopy 
(XPS) using XPS spectrometer (Kratos, AXIS Supra) equipped with a hemispherical analyzer and a 
monochromatic AlKα X-ray source (1486.6 eV). The experiment was executed on reference, 5 s, 30 s and 480 
s plasma treated fibers. The XPS spectra were acquired from the area of 110 × 110 µm2 with the take-off angle 
90°. The survey XPS spectra were recorded with the pass energy of 80 eV, whereas the high resolution 
spectrum scans with a pass energy of 20 eV. The CasaXPS software with implemented linear baseline and 
Gaussian line shapes of variable widths for peak fitting was used for spectra processing. XPS peak positions 
were determined with an accuracy of 0.2 eV. The samples were calibrated on 285 eV (C-C bond) [13]. The 
deconvolution of C 1s peak was made into 4 peaks: C-C 285 eV, C-O 286.6 eV, C=O 287.8 and O-C=O 289 
eV [13, 14]. 

Tensile strength test was carried out using loading frame Web Tiv Ravestein FP100. The experiment was 
displacement-controlled at a constant rate of 0.8 mm/min in the case of load up to 60 N and 0.6 mm/min in 
above 60 N, respectively. The value of fiber tensile strength and load carrying capacity (N/fiber) was averaged 
from six measurements. 

Single fiber pull-out tests were realized in order to reveal interface bond between fiber surfaces and cement 
matrix. Prismatic samples having dimensions equal to 25 × 20 × 40 mm were made form cement paste. Each 
sample contained single fiber which was placed in an identical position with specimen center (longitude axis). 
The embedded length of the fiber was equal to the cement specimen length (i.e. 40 mm). Thus prepared 
samples were stored in laboratory conditions (room temperature, relative humidity of about 50%) for 28 days. 
Based on the previous experiments, reference and fibers treated by plasma for 30 s were chosen for this 
testing, each represented by 6 pieces. After mixture curing and hardening, single fiber pull-out tests were done 
using the same loading frame as in tensile strength tests. Cement sample part was fixed in the self-locking 
static chuck, while fiber free end was fixed in the movable chuck. The experiment was displacement-controlled 
at a constant rate of 2 mm/min. 
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3. RESULT AND DISCUSSION 

The dependence between duration of plasma treatment and contact angle is shown in the Figure 1.  
An average contact angle measured on reference fibers was equal to 54.0±6.9°, while in all cases of plasma 
treated fibers this value oscillated between minimal 23.4±2.8° (treated 60 s) and maximal 27.7±4.8° (120 s). It 
is shown that too long plasma treatment duration is not effective. After first 5 seconds of plasma treatment, the 
wettability drops down to approx. 25°. The similar findings were described by B. Felekoglu et al. [6], who tried 
to modify polypropylene (PP) planar plates via oxygen and argon plasma. They found that the highest 
wettability enhancement was evident after first 2 seconds of treatment [6].  

 

Figure 1 Contact angle values as a function of plasma treatment duration 

The surface morphology changes of plasma treated fibers are shown in the Figure 2. While the surface of 
reference (marked as Concrix_R) and plasma treated fibers by 30 s (Concrix_P30) can be described as smooth 
and planar, significant morphology changes were present in the case of samples treated for 480 s 
(Concrix_P480). The surface of 480 s treated fibers was roughened and scaly in the monomolecular layer. Our 
finding corresponded with AFM analysis of dielectric barrier discharge treated PP films executed by Ch. Wang 
and X. He. They found out that treated samples were characterized by ca. 15 times greater roughness in 
comparison with untreated ones [15]. 

 

Figure 2 SEM image of reference (left) and plasma treated (30 s - center, 480 s - right) fibers 

The Figure 3 shows the C 1s XPS spectra of reference fiber (i.e. 0 min plasma treatment) and after O2 plasma 
treatment (for 30 and 480 s). XPS spectra confirmed transformation of C-C/C-H bonds on untreated sample 
into C-O, C=O and O-C=O bonds. It is clear that already 5 s of O2 plasma treatment resulted in a distinct 
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exchange of surface atoms with oxygen ones. Prolonged oxygen treatment does not increased significantly 
portion of oxygen bonds which is in agreement with results of water contact angle (see Figure 1). 

 

Figure 3 XPS spectra of reference 30 and 480 s treated fibers 

Due to ion bombardment during plasma treatment, modified samples can be physically damaged. Fiber tensile 
strength tests were done as a proper indicator to reveal of plasma treatment impact on fibers mechanical 
properties. These tests showed that fiber load carrying capacity was equal to 97.1±3.7 N in the case of 
reference fibers, and the value oscillated about 90-100 N in the case of treated fibers, respectively. Thus we 
can conclude that plasma treatment did not influence mechanical properties of the fibers, despite the surface 
changes were found out by SEM analysis. An insignificant increase of load carrying capacity of treated fibers 
(mainly by 30-240 s) was presumably caused by experimental error. Low dependence of load carrying capacity 
is most probably caused by the stratified composition of tested fibers - the treatment influenced only shell, 
while load bearing core was not affected. Dependence between fiber load carrying capacity and plasma 
treatment duration is shown in the Figure 4. 

 
Figure 4 Tensile strength as a function of plasma treatment duration 

Pull-out behavior of tested fibers is shown in the Figure 5. Expected results were obtained during fiber pull-
out tests. While average force needed for reference fiber (Concrix_R) pull-out from cement matrix was equal 
to 74.4±7.2 N, 30 s plasma treated fibers (Concrix_P30) were pulled-out by higher force of 96.3±10.1 N. It is 
a nearly 30% increase of chemical interface bond between treated fibers and cement matrix. On the other 
hand, due to too long fiber embedded length, the increase of physical interface was not demonstrated. Four 
of six treated fibers were broken during pull-out test - their adhesion with matrix was stronger than their load 
carrying capacity. Because of this, average curve following slip-softening behavior cannot be calculated and 
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then compared with reference curve. It expected that for the shorter embedded length similar results to H. Wu 
and W. C. Li would be obtained. They increased both, chemical and physical bond between plasma treated 
polyethylene fibers and cement matrix [16].  

 
Figure 5 Pull-out behavior of reference and plasma treated (30 s) fibers 

4. CONCLUSION 

The low temperature oxygen coupled plasma treatments were used to attain the better interaction between 
polyolefin macro-fibers (called Concrix ES) and cement matrix. Water wettability of thus treated fibers 
increased more than two times after only 5 s treatment time. Physical and chemical surface changes were 
detected on fiber surfaces by SEM observation and XPS analysis. Due to ion bombardment, fiber surfaces 
were roughened as showed SEM pictures. The significant changes of chemical fiber surface composition and 
implementation of polar groups were detected by XPS. Despite these mentioned surface changes, the fiber 
load carrying capacity were not influenced as shown by tensile strength tests most probably due to the stratified 
composition of tested fibers. Finally, the effect of plasma treatment modification was proven practically - by 
pull out tests of a single fiber from cement matrix. This experiment demonstrated that plasma treated fibers by 
30 s exhibited ca. 30% higher chemical adhesion between fiber surfaces and cement matrix. 

ACKNOWLEDGEMENTS   

This work was financially supported by the Czech Science Foundation research projects 15-12420S, 
14-04790S and by the Czech Technical University in Prague project SGS16/201/OHK1/3T/11. 

REFERENCES 

[1] PRISCO, M., PLIZZARI, G., VANDEWALLE, L. Fiber reinforced concrete: new design perspectives. Materials and 
Structures, 2009, vol. 42, no. 9, pp. 1621-1281. 

[2] BANTHIA, A., BENTUR, A., MUFTI, A. A., Fiber Reinforced Concrete: Present and Future. Ithaca: Canadian 
Society for Civil Engineering, 1998. 213 p. 

[3] LUŇÁČEK, M., SUCHÁNEK, P., BADER, R. Bicomponents synthetics macro fibers for power plant tunnel. 
Tunnel, 2012, vol. 12, pp. 54-56. 

[4] Concrix ES Datasheet, available: http://www.bruggcontec.com/Portals/3/PDF/Concrix neu/Datasheet Concrix ES-
EN.pdf. 

[5] LI, V. C., CHAN, Y. W., WU, H. C. Interface strengthening mechanism in polymeric fiber reinforced cementitious 
composites. In BRITTLE MATRIX COMPOSITES 4. Warsaw: IKE and Woodhead publ., 1994, pp. 7-16. 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

373 

[6] FELEKOGLU, B., TOSUN, K., BARADAN, B. A comparative study on the flexural performance of plasma treated 
polypropylene fiber reinforced cementitious composites. Journal of Materials Processing Technology. 2009, vol. 
209, pp. 5133-5144. 

[7] KOPECKÝ, L. Surface modification of PET fibers to improve mechanical properties of cement composite. In 
ICCMA: 33rd Annual Internacional Conference on Cement Microscopy. San Francisco, 2011, pp. 17-20. 

[8] ELSAKA, S. E. Influence of chemical surface treatments on adhesion of fiber posts to composite resin core 
materials. Dental materials, 2013, vol. 29, pp. 550-558. 

[9] LI, V. C., STANG, H. Interface property characterization and strengthening mechanisms in fiber reinforced cement 
based composites. Advanced Cement Based Material, 1997, vol. 6, pp. 1-20. 

[10] TREJBAL, J., et al. Wettability enhancement of polymeric and glass micro fiber reinforcement by plasma 
treatment. In NANOCON 2015: 7th Iternational Coference on Nanomaterials - Research & Application. Brno: 
TANGER, 2015, 6 p. 

[11] LI, R., YE, L., MAI, Y. Application of plasma technologies in fibre-reinforced polymer composites: a review of 
recent developments. Composites: Part A, 1997, vol. 28, pp. 73-86. 

[12] TREJBAL, J. et al. A direct optical method for contact angle metering on micro-fibers. In NANS 2015: 4th 
Conference on Nanomaterials and Nanotechnology in Civil Engineering, Praha: CTU PRAGUE, 2015, pp. 90-94. 

[13] LACOSTE, J., et al. Surface and bulk analyses of the oxidation of polyolefins. Polymer Degradation and Stability, 
1995, vol. 49, pp. 21-28. 

[14] MAALOLAN, R., et al. Effect of Br gassing after Ar plasma treatment of polyolefins. Journal of Adhesion Science 
and Technology, 2013, vol. 27, pp. 1829-1839. 

[15] WANG, C., HE., X. Polypropylene surface modification model in atmospheric pressure dielectric barrier 
discharge. Surface and Coatings Technology, 2006, vol. 201, pp. 3377-3384. 

[16] WU, H. C., LI, V. C. Fiber/cement interface tailoring with plasma treatment. Cement and Concrete Composites, 
1999, vol. 21, pp. 205-212.  



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

374 

THE USE OF IRON NANOPOWDER IN DACTYLOGRAPHY 

IKONNIKOVA Kseniya1, IKONNIKOVA Lyubov2, KOLTUNOVA Ekaterina1, MURASHKIN Maxim3 

1 Tomsk Polytechnic University, Institute of Power Engineering, Tomsk, Russian Federation 
2 Tomsk Polytechnic University, Institute of High Technology Physics, Tomsk, Russian Federation 

3 Ufa State Aviation Technical University, Institute of Physics of Advanced Materials, Ufa, Russian Federation 

Abstract 

The article is focused on the solution of a very urgent problem associated with the diagnostics and 
prognostication of functional properties of magnetic dactylographic powder. The iron-containing powder is 
studied. The samples of this powder are obtained using the conductor electric burst. This powder is also 
investigated using transmission electron microscopy (TEM), X-ray diffraction analysis (XRDA) and hydraulic 
absorption (pH - measurement). It was shown, that passivation of metallic iron in oxidizing medium forms an 
oxide film around the iron core. The passivation conditions affect the composition and structure of this oxide 
film. A new parameter was found, namely, the rate of change of pH aqueous suspension with time characterizing 
the oxide film adhesiveness. This parameter reflects the hydrophilic / hydrophobic behavior of oxide compounds 
and can be used for prognostication of functional properties of magnetic dactylographic powder. 

Keywords: Nanopowder, iron, hydrolytic adsorption 

INTRODUCTION 

The fingerprint expert use fine-dispersed powder-dyes to develop the colorless sweat and grease deposits 
(footprints). The mainly used powder is dry-powder developers [1-2]. They consists either of partially oxidized 
metallic iron (for its pyrophorosity decrease) or of a metallic iron and ferrioxide pigment mixuture. At present, 
the problem to equip the criminalistics laborotories with domestic dry-powder developers is very urgent. 

Dactylographic informativeness of a fingerprint of a sweat and grease deposit (print) is defined not only by the 
pigment granule size, but also by its adhesive and adsorptive properties. Sweat and grease fingerprint consists 
of water, grease component and salts. According to the adhesion theory [3] hydrophobic powder should 
demonstrate good development of ‘old’ (dry) fingerprints on the wetted footprint-carrying surfaces. Hydrophilic 
powder demonstrates good development of “fresh” (wetted) footprints on dry footprint-carrying surfaces. 

The purpose of this work is to find out the interconnection of nano-sized iron powder with the development 
quality of a sweat and grease footprint. 

1. THE OBJECTS OF RESEARCH AND RESEARCH TECHNIQUES  

Nano-sized iron powder is obtained using conductor electric burst at high pressure in an inert medium (iron of 
conductor electric burst). To decrease iron pyrophorosity its passivation in an oxidizing medium was 
conducted. The passivation conditions are different [5-6]. Specimen № 1 was passivated at 20°С with 
additional heating in a muffle furnace (slow temperature rise from 20°С to 180°С during 35 hours). 

The composition and structure of the oxide film on the iron core were studied using X-ray diffraction analysis 
on the diffractometer “Difray-401” and transmission electron microscopy (TEM) on TPU Nano-Center 
equipment (“JEOL JEM - 2100F” device). 

The wetting properties of powder were studied using hydrolytic adsorption. The kinetic version of pH-
measurement control was used [7]. The suspension was prepared in the following ratio: “water: powder =50”. 
The initial water acidity was 6.7÷6.9 units of рН. The pH variations of aqueous suspension with time were 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

375 

registered by рН-150М (measurement accuracy - ± 0.03 units of рН) in every 5 seconds of contact. Aqueous 
suspension was continuously stirred by a magnetic stirrer. From the obtained data the rate of pH-suspension 

change was estimated (υрН = min,/ τ∆∆ iрН ). This value was accepted as a parameter of “wetting rate” [8-9]. 

Dry and bright (light) surfaces of paper, glass and polyethylene film  were chosen as fingerprint-carrying 
surfaces.  

2. RESULTS AND DISCUSSIONS 

2.1. The results of transmission electron microscopy and X-ray diffraction analysis  

Transmission electron microscopy analysis has shown that the average size of powder particles is within the 
same nano-sized range (100÷200 nm). The samples passivated in different conditions have some differences 
in the composition and structure of their oxide layer. 

The oxide layer thickness for specimen № 1 (Figure 1, photo 1 „a“) is uniform and equals 0.269 nm. The lines 
of atoms are solid and have one direction. The distance between the lines of atoms is 0.269 nm. It corresponds 
to the maximal reflex on its intensity with d(104)=0.269 nm, which is typical for ferric oxide with a hematite 
structure (α-Fe2O3). 

 

Figure1 Transmission electron microscopy - figure («а») and kinetic curves of wetting rate - figure («b»): 
1) - specimen 1, 2) - specimen 2 

There is a two-layer oxide coating in the specimen 2 (Figure 1, photo 2«а») (its thickness is 20 nm). The oxide 
layers have the same thickness (10 nm), but differ in packing color and density: the external layer is denser 
and darker than the inner one. It is obvious, that the oxidation of the specimen 2 was in nonequilibrium 
conditions. Those conditions are provided by the different rates of counter diffusion flows of oxigen and iron 
ions. The oxigen supply is complicated by the presence of a formed hematite film. The flow of iron ions from 
inside is facilitated by the temperature rise. The isostructural iron oxides with a defective spinel structure of 
maghemite (γ-Fe2O3) and magnetite types (Fe3O4) are formed in such condiotions [10-12]. These oxides differ 
in the parameters of light deflection, the density of granules (grain) packing, the temperature of formation and 
adhesion to iron core. Magnetite is fomed at higher temperature, posesses better adhesion and is darker and 
denser (n=2.42 and density ≈5.3∙103) than maghemite. (n>2.52 and density ≈ 4.9∙103). This data gives 

 2 «b» 

 

 1 «b» 

1 

 

 

 

2 

2 

«а» 

«а» 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

376 

evidence, that the external layer is represented by magnetite granules, while inner layer is represented by 
maghemite granules [13-14]. 

The results of X-ray diffraction analysis confirm the conclusions made on the basis of transmission electron 
microscopy analysis. There are only four reflexes typical for iron in the specimen 1. Four iron reflexes and five 
reflexes typical for both maghemite and magnetite have been discovered in the specimen 2 [15]. It can be 
explained by the similarity of maghemite and magnetite crystal structures, high dispersion and low rate of 
crystallinity of nucleus of oxide structure [16]. 

2.2. Research results using hydrolytic adsorption technique  

When there is a contact of solid with water the reaction zone is not on the whole surface, but only in some 
special points (active acid-base surface centers). Therefore, the acid-base interaction depends on the nature, 
force and concentration of active canters and is predetermined initially by the solid biography [17]. The results 
of pH-measurement research have shown, that the reaction of acid-base interaction of surface centers with 
water progresses on the following scheme: 

 

The acidity change (acidification or alkalization) of suspension per time unit allows calculating the rate of pH 

suspension change (υ рН = min,/ τ∆∆ iрН ). This value is accepted as a parameter of “wetting rate”.  

It was found,  that by the contact of solid with water the wetting rate changes with time. The rate acceleration 
and decrease for various samples is different (Figure 1b). For the specimen 1 surface wetting stops in one 
minute contact. The oxide film from hematite causes this process (α-Fe2O3). The octahedral iron ion 
environment by oxigen [18] forms active centres of basic nature (primary Lewis centres and secondary 
Brondsted centers): О2¯ …Н+/ОН¯ . The surface ОН¯ - groups interconnected by hydrogen bonds shield the 
surface and prevent further diffusion of water molecules inside the oxide granule. It determines the surface 
hydrophobic properties. 

The surface wetting for the specimen 2 is slower and longer (till 5 minute contact). The decrease of wetting 
rate is discrete. The oxide film from spinel-shaped oxides initiates this process. These oxides contain iron 
atoms in two different states Fe3+[Fe2+Fe3+]04. Cations Fe2+ or Fe3+ are active centres being in tetrahedral 
arrangement on oxigen [19-20]. The unsaturation on oxigen forms the primary and secondary centers of acid 
nature Fe2+… ОН-/H+. In this case there is no two-dimensional hydrogen-bond net between canters and there 
is no resistance to wetting. The wetting process travels deep inside the friable oxide film and its rate changes 
discretely. The volumetric fill of adsorbent porous space by adsorbate solution determines the hydrophilic 
surface properties [21]. 

2.3. The results of dactylographic research  

The sweat and grease fingerprint was covered by the pigments under study using a magnetic applicator. Dry 
and light surfaces of paper, glass and polyethylene film were choses as print-carying surfaces. 

Dactylographic research has shown by fingerprinting the sweat and grease fingerprint using magnetic brush it 
is necessary to consider both adhesive and magnetic properties of the pigment (measured capture and light 
dropping of the pigment from the brush „pile“). The tested samples meet the demands of modern 
dactylography. 

The specimen 1 has hydrophobic properties and, therefore, it does not form any clods by its long-term storage. 
It has good adherence to the sweat and grease substance of the print of different periods of prescription since 
the grease (fatty) component of the print is more stable. Due to low quantity of hematite the print of the sweat 
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and grease fingerprint has faded-grey color. The color contrast between the print and background is weak. 
The print is visually almost not clear. However, when a magnifying glass is used the cristae cutis are clear and 
visible. The magnetic susceptibility of hematite is low, therefore, the pigment is weakly retained on the the 
brush „pile“. 

The specimen 2 also meets the requirements of dactylography. It has hydrophilic properties, therefore, its 
adhesive property is high only to fresh sweat and grease fingerprint (water-bearing). The prints are very clear 
and have distinctive golden coloration. They are visually clear on the background surface. The magnetic 
susceptibility of magnetite is high, therefore, the pigment is well retained on the brush „pile“. 

3. CONCLUSION 

1) Performance specifications of dactylographic magnet powders are determined not only by their physical 
parameters (the size of pigment particles), but also their chemical nature.  

2) Ferrioxide compounds of different compositions and structure show different properties to surface 
wetting (hydrophilic and hydrophobic behavior) and interaction with fingerprint forming substance. 

3) By the variations of passivation conditions of conductor electric burst we can achieve the optimal ratio 
of physical-chemical parameters of the pigment which results in the quality improvement of “developing” 
properties in dactylography. 
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Abstract  

Humic substances are inherent part of soil. They are responsible for plants nutrition as well as soil structure 
and composition. Their content in the land continues to decline in the past several decades. There is an effort 
to artificial replacement. It was found that dusting and spraying of plants are not very effective. The most of 
conventionally applied fertilizers are very often washed away by rainfall or blown by wind. The solution of these 
problems can be found in the use of humic substances as a part of the controlled release systems. There are 
countless possibilities how to prepare product which would be able to release humic substances to the land 
continuously with limited losses only. This work is focused on use of superabsorbent polymer as a vehicle of 
humic substances or conventional fertilizers or both together. Incorporation of humic substances into the 
hydrogel matrix of superabsorbent polymer is very effective for growing plants. This system facilitates the soil’s 
water management which is caused by structure of polymer network as well as humic substances specific 
properties. Nutrients are dosed to the structure of the hydrogel in an amount and combination to meet the 
particular needs of the certain plant. It is important to design the ideal composition of engineered products. 
They should contain sufficient nutrients, minimum or rather no pollutants where possible. They should 
undoubtedly be biocompatible and biodegradable and have enough durable mechanical properties. 

Keywords: Humic substances, superabsorbent polymers, fertilizers 

1. INTRODUCTION  

A soil in region of central Europe is continuously losing its natural property to retain water in its structure. Most 
of the water which comes from rains just goes through the soil into the groundwater and agricultural lands 
suffer by the lack of humidity. One of the reasons of this strange soil behaviour is caused by decreasing amount 
of organic soil matter. Solution of this problem can be found in application of superabsorbent polymers enriched 
by addition of active substance based on humic acids. This system of controlled released preparation is able 
to retain more water in the ground together with sustainable supply of humic acids which are important part of 
organic soil matter 

Superabsorbent polymers are loosely crosslinked, three dimensional networks of flexible polymer chains that 
carry dissociated, ionic groups which cause their ability to absorb large quantities of water and other aqueous 
solutions without dissolving by solvation of water molecules via hydrogel bonds.  

Superabsorbent polymers have a wide range of usage. In the field of agriculture and environmental protection 
they are very often used as a water hanger during a dry season nowadays. In contrary they avoid to decay of 
plants’ root system in the time of heavy rains. There is a new trend in a field of superabsorbent polymers and 
it is an incorporation of fertilizers into the gel structure. This can be consider as a functional system which 
allows controlled release of substances that support growing and maturing of plants. Such mechanism solves 
the problem with flushing of fertilizers into deep underground water and avoids to over fertilize of ground as 
well [1]. 
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2. EXPERIMENTAL 

2.1. Materials 

Four different samples of superabsorbent polymers based on acrylic acid were used in this work. All of them 
have a certain addition of NPK fertilizer. Some of them have also an addition of humic substance in a form of 
commercial lignohumate. Furthermore the samples also differ in a content of acrylamide in the structure. We 
are trying to eliminate presence of acrylamide in the structure of superabsorbent because of its toxicity. 
Accurate representation of these selected substances can be found in the Table 1. 

Table 1 Composition of Superabsorbent Samples 

Sample SAP 1 SAP 2 SAP 3 SAP 4 

NPK (wt %) 1 10 1 1 

lignohumate no no yes yes 

acrylamide yes yes no yes 

These samples were prepared in cooperation with the company Amagro, s.r.o. and their composition will not 
be specified in more details because of the intellectual property protection. 

Artificial soil was used in this work to ensure precise condition. Its composition is shown in Table 2. 

Table 2 Composition of Artificial Soil 

 Peat Kaolin Quartz sand CaCO3 

(wt %) 10 6 83 1 

2.2. Swelling measurements 

Monitoring of swelling behavior was carried out by very simple method, sometimes referred to as “tea bag” 
method. 0.5 g of each sample was immersed in excess distilled water of volume 200 mL at room temperature 
for 24 hours to reach the swelling equilibrium. Swollen samples were then separated from unabsorbed water. 
Water absorbency in distilled water of the superabsorbent composite Q, was calculated using the following 
equation: 

[ ]g/g,
0

0

m

mm
Q

−=            (1) 

where m0 and m are the weights of the dry sample and swollen sample, respectively. Q is calculated as grams 

of water per gram of dry sample. On the Figure 1a is displayed xerogel of superabsorbent polymer before 
immersion to the excess of distilled water. On the Figure 1b there is a swollen gel after 24 hours in the 
water [3].  

 
Figure 1 a) Xerogel of superabsorbent polymer b) Swollen suberabsorbent polymer 
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2.3. Water retention test 

One g of superabsorbent sample was mixed with 100 g of dry artificial soil and kept in a beaker. 100 mL of tap 
water was added into the beaker and weighed; excess of unabsorbed water was decanted next day. A 
controlled experiment without addition of superabsorbent was carried out as well. The beakers were 
maintained at room temperature and were weighed every day if possible for 18 days. The water retention ratio 
(WR %) of soil enhanced by superabsorbent was calculated using the following equation: 

%100%
1

×
−
−

=
S

Si

WW

WW
WR ,          (2) 

where W1 is a weight of soil with SAP sample immediately after adding of water, Wi is a weight of soil with 

SAP sample and with water after certain time, WS is a weight of soil with SAP sample. 

3. RESULTS AND DISCUSSION 

Swelling behaviour of all superabsorbent 
samples were determined by the 
measurement of water absorbency. The 
results show that all samples exhibit very 
good swelling properties, as it is displayed 
in the Figure 2, moreover revealed some 
interesting findings. The samples differed 
from each other by special composition 
that is shown in the Table 1. There is a 
significant negative effect on 
superabsorbent swelling properties 
caused by the higher content of NPK in 
the structure of sample. This sample SAP 
2 reflects much lower ability to absorb 
surrounding water. Samples with an 
addition of lignohumate swelled 
significantly better than samples without 
lignohumate. That is caused by hydrophilic character of lignohumate [3]. 

Water retention behaviors of the soil with and without SAP were investigated in this work by very easy method. 
The Figure 3 shows water retention ability of the soil with all SAP samples and of the pure artificial soil. It was 
found that the addition of SAP to soil obviously increase the water retention in case of all used samples of 
SAP. Results show that soil without any addition of SAP was able to retain water only for a period of seven 
days. After this period the soil was completely dry. 

Four various samples of SAP were investigated and there are significant differences among them. The best 
water retention abilities exhibit samples SAP 1 and 4. They both have small addition of NPK fertilizer and 
acrylamide as well in their structure.  

There is a big effort to prepare a SAP with an addition of lignohumate in the structure. It was done in case of 
SAP 4 where is lignohumate incorporate to the structure of SAP together with NPK and this combination make 
wider possibility of its application. 

There was also a focus of a preparation SAP sample without acrylamide in a composition. This kind of sample 
was prepared as SAP 3. This product didn´t show as good water retention results as other products. 

Figure 2 Swelling behavior of superabsorbent samples 
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Figure 3 Water retention behaviour with SAP samples 1 - 4 and without SAP X 

4. CONCLUSION 

Superabsorbent polymers were investigated for their possible application in agriculture and horticulture, 
especially for saving water in dry and desert region. All samples were enriched by active compounds, 
especially by NPK and by lignohumate. The results of this investigation show that addition of superabsorbent 
polymers into soil could improve the water holding ability and water retention property of the soil. Presence of 
nutrients inside the structure of superabsorbents shows possible usage as a controlled releasing fertilizer.  
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Abstract  

Industrial branches are developing the best materials for their applications. An important part of surface 
engineering is represented by Physical Vapor Deposition (PVD) and Thermal Spraying techniques. The 
present work aims to investigate and compare the properties of multilayer coating systems obtained from PVD 
deposited Diamond-like Carbon (DLC) films on top of High Velocity Oxy-Fuel thermal sprayed WC-CoCr 
cermet interlayers to those of as-sprayed cermet coatings. In order to determine the coatings characteristics, 
the morphology, microstructure and chemical composition have been analyzed by means of Scanning Electron 
Microscopy combined with Energy-dispersive X-ray Spectroscopy (EDX). The EDX line-scan analysis confirms 
the existence of a gradient coating. The adhesion layer is a mixture of carbides, nitrides and carbonitrides. The 
presence of the cermet interlayer has several advantages like promoting adhesion to the metallic substrate 
and exhibiting a gradual distribution of the metal into ceramic, offering a better opportunity for the phase 
distribution of the top layer. Therefore, a further used method for the characterization of the cermet coating 
was X-ray diffraction. Several transformations in the phase content were observed and a decomposition of the 
ceramic phase was detected. The coefficient of friction, measured with a Pin-on-Disc Tribometer, stabilized 
quickly and remained constant for the WC-CoCr coating, whereas in the case of DLC/WC-CoCr it showed a 
lower steady state value with light fluctuations. Polarization measurements revealed a considerable dissolution 
of the metallic binder in the case of WC-CoCr coatings. Meanwhile, the DLC/WC-CoCr multilayer system 
performed significantly better under the same electrochemical testing conditions. 

Keywords: DLC, WC-CoCr, HVOF, sputtering, multilayer coatings 

1. INTRODUCTION 

The industry is constantly looking for new and improved ways and materials to increase quality of tools and to 
reduce equipment and components degradation and damaging caused by wear and corrosion. As engineering 
applications become ever more demanding, the requirements for composite coatings that both protect the 
substrate, to retain its mechanical strength, but also to enhance the resistance of the substrate to wear and 
corrosion are increasing. The development of wear- and corrosion-resistant high-performance coatings is 
important to improve mobile and stationary components used in the automotive industry, turbines, aerospace, 
and food processing industry, medical implants, hydraulic modules and many others [1]. New micro- and 
nanostructured coating materials and processes to obtain these coatings are developed in order to increase 
the performance of work pieces and components, to enhance durability, and to reduce maintenance and 
manufacturing costs. To increase the wear, erosion, and corrosion resistance of tribologically stressed 
functional surfaces, the use of hard, high performance coatings increases rapidly. 

PVD Magnetron Sputtering and HVOF thermal spraying surface engineering techniques have been applied 
successfully to deposit composite coatings with high density, superior bond strength, without the degradation 
of the substrate [2]. This is possible due to the “low” temperatures induced during the deposition process. One 
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of these processes is the High-Velocity Oxygen Fuel (HVOF) thermal spraying. Based on the high particle 
velocity a low porosity, high bond strength, and an increased hardness are the main advantages of the thermal 
spraying process. 

During the last decades, using of diamond-like carbon films (DLC) poses great interest, due to their outstanding 
properties, such as high hardness, thermal conductivity and wear resistance, high transparency in IR range, 
chemical inertness and biocompatibility [3, 4]. This unique combination of physical, chemical and mechanical 
properties makes them suitable for use in a wide range of technological and industrial applications, such as 
microelectronic, optical, biomedical applications, wear-resistant and protective overcoats [5, 6, 7]. 

The present work concentrates on analyzing the wear and corrosion behavior of WC-CoCr coatings and the 
multilayer Diamond-like Carbon/WC-CoCr systems.  

2. EXPERIMENTAL PROCEDURE 

According to the test condition requirements different types of specimen geometries have been chosen for the 
coatings deposition. Furthermore, in the case of friction investigations (pin on disc test) standard Almen strips 
made from C67 steel were used. Additionally, disc-like specimens (Ø 14mm) were necessary in order to 
perform the corrosion tests. 

2.1. Feedstock powder and methods for characterization 

The SEM micrograph represented in the Figure 1a is demonstrating the shape and size of the WC-Co-Cr 86-
10-4 powder. On the right side, in the Figure 1b, the X-ray diffraction analysis confirmed the predominance of 
a large percentage of ceramic phase, 62 wt.% of WC. Additionally, a substantial amount of cobalt and tungsten 
containing subcarbides as Co2W4C, was also recorded for all the investigated powders. Therefore, it can be 
observed that the quantity of metallic Co became lower (~ 4 wt.%). 

                  
Figure 1 SE micrograph of the WC-CoCr powder (a) and its X-ray diffraction pattern (b) 

This fact indicates that during the powder spheroidization a metallurgical reaction between Co and WC is 
created, diminishing thereby the content of the Co-phase and that of the WC phase as well. In terms of Cr 

content, the percentage detected by XRD corresponds with the theoretical one. 

The characteristics of the obtained specimens were investigated by the means of Scanning Electron 
Microscopy (Philips XL 30 ESEM), using magnifications varying between 250x - 15000x, combined with 
Energy-dispersive X-ray spectroscopy (EDAX) and Light Microscopy (Leica DM-RME). The phase composition 
was determined by the means of X-ray diffraction measurements (Philips X’Pert). 

a b 
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2.2. Coating deposition processes 

The commercially available agglomerated and sintered cermet powder from the industrial partner Thermico 
GmbH was used for the HVOF deposition. To obtain optimum adhesion between the sprayed layer and 
substrate, the substrate was degreased, grit-blasted and cleaned prior to the coating process obtaining 
roughness of approximately 3µm. Not to reduce the tensile adhesive strength due to oxidation or other 
environmental influences, the recently blasted component must be directly coated [8]. Feedstock powder from 
type WC-Co-Cr 86 10 4, with a granulometric fraction of -45 +20 µm was coated using a CJS gun. This powder 

is known to exhibit good wear resistance and high resistance against corrosion due to the ceramic phase [8]. 

The Unbalanced Magnetron Sputtered (UBMS) DLC films were deposited with the aid of a CemeCon 
CC800/9sinox ML PVD system on C45 steel discs. Field strength at the target surface is 0.065 T. Before the 
deposition target clearing by sputtering on the shutter was performed. The time, voltage and discharge current 
of UBM at clearing made 1 min, 470 V, 1.0 А, accordingly. As a working gas Ar was used at pressure in 
chamber of 0.1 Pa. Sputtering realized by UBM using as working gases Ar/CH4 (99.98%) at common pressure 
in chamber 0.1- 0.2 Pa was performed in order to deposit the DLC coating.  

2.3. Electrochemical and tribological tests 

The electrochemical corrosion tests were carried out in 3.5% NaCl solution at room temperature with the aid 
of a potentionstat/galvanostat (VoltaLab PGP201). The applied potential was varied between -1000 and 1000 
mV versus SCE (saturated calomel electrode) at a scan rate of 10 mV/min.  

The friction tests were performed using a pin-on-disc arrangement (CSM Instruments TRIBOMETER). For all 
tests 6 mm WC-Co sintered ball was loaded against rotating C45 steel discs with a diameter of 40 mm and a 
thickness of 6 mm coated with the DLC/WC-CoCr multi-layer with a load of 10N. The sliding wear optimized 
parameters are presented in the Table 1. 

Table 1 Pin-on-disc test parameters 

Counterbody 

normal 
load 

[N] 

linear 
speed 

[cm/s] 

rotational 
speed 

[rpm] 

radius 

[mm] 

stop 
condition 

[lap] 

sliding 

distance 

[m] 

test 
duration 

[s] 

WC-Co ball 10 40 475 8 100 000 5040 12600 

3. RESULTS AND DISCUSSIONS 

As it is already known, the microstructure of an HVOF sprayed coating, represented in the Figure 2,  
is a complex mixture of lamellas formed from melted or semi-melted particles as well as from some 
irregularities. These types of coatings may typically contain oxides due to the oxidation of the particles in the 
hot flame and also some cracks due to the relaxation of residual stresses. It can be seen in the Figure 2a that 
the thickness of the coating is around 180 μm and in the Figure 2b that the size of the WC particles is between 
450 nm and 1.2 μm respectively.  

Three typical groups of porosity can be also in the Figure 2 identified: interlamellar pores, interconnected 
pores and/or globular pores. 

However, the XRD patterns, represented in the Figure 3, show a light transformation (~3%) of the WC-phase 
into the W2C-phase, which normally by such coatings may occur more pronounced during the deposition 
process. A positive aspect, knowing that a high decomposition of WC leads to a fragile mixture of W2C, WC 
and free carbon in the coating composition. 
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Figure 2 SEM micrographs of the as sprayed WC-CoCr coating as (a) overview and (b) size of the WC 
particles 

The DLC/WC-CoCr multilayer coating systems were examined before the wear and corrosion tests by means 
of SEM and EDX analysis. The micrographs presented in the Figure 4a represent the fractured surface of the 
DLC/cermet layer system. The study of the DLC film at a higher magnification shows different grey levels, in 

that between the actual DLC layer and the cermet layer, there is a graded layer as the bonding layer.  

 

Figure 3 X-ray diffraction pattern of the WC-CoCr coating 

 

Figure 4 SEM micrographs of the cross-sectioned DLC/WC-CoCr coatings systems as (a) overview and of 
the (b) EDX line scan 
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The EDX line-scan analysis, seen in the Figure 5, 
identified the presence of Cr, N and C in this area, a 
result which indicates a phase composition consisting of 
chromium carbides, chromium nitrides and chromium 
carbonitrides respectively. The line where the EDX scan 
was performed is represented in the Figure 4b. 
Regarding the corrosion, the Figure 6 shows a 
comparison by overlaying the polarization curve of the 
WC-CoCr coating and the DLC/WC-CoCr coating 
respectively. As these investigated coatings have a 
complex composition, it can be mentioned that the 
possibility of micro-galvanic corrosion activity between 
the different microstructure and the composition is likely 
to undermine the surface integrity. 

Considerable micro-galvanic corrosion occurred 
between the hard WC particles and the metallic binder, 
and uniform corrosion occurred in the binder materials. 
After the potentiodynamic polarization testing it was 
determined that the DLC/WC-CoCr exhibited lower 
values for the corrosion current density which means a 
better corrosion resistance.  

The field of protecting components against corrosion 
remains a challenge for the HVOF process due to the 
risk of interconnected pores, which lead to a very difficult 
corrosion rate estimation. Therefore, the corrosion effect 
on coated components working in aggressive 
environments will be hard to anticipate. These coatings 
can be recommended to be used against corrosion only 
for components that do not affect other parts in case of 
coating spallation and can be easily overhauled by 
respraying.  

The coefficient of friction, shown in the Figure 7, was 
continuously monitored during the POD tests. The WC-
CoCr coatings exhibited a stable frictional behaviour, 
with no evidence of a significant increase of friction 
coefficient after 100.000 laps. Throughout the first 2500 
laps the friction coefficient raises to a maximum of 
approximately 0.32 and afterwards it decreases and 
remains stable. The DLC coating increases in the first 
2500 laps to a maximum of 0.17 and then it starts to get 
stable at 5 000 laps. The average value of the stabilized 
coefficient of friction is around 0.07. According to 

Hainsworth et al, DLC films from highly discharged plasmas can have very low friction coefficients, under 0.03 
[9]. The low coefficient of friction can be attributed to the absence of strong covalent bond interaction between 
the sliding surfaces. The wear tracks, showed in the Figure 8, measured for the WC-CoCr coating was at 
around 330 µm whereas the DLC one exhibited a value around 230 µm. The better wear track performance of 
the DLC coating can be attributed to the characteristics of the formed tribofilm during the pin-on-disc test, 
lowering the friction and the wear consequentely.  

 

Figure 5 EDX line-scan of the 
DLC/WC-CoCr multi-layered coating 

 
Figure 6 Tafel plots for WC-CoCr and DLC in 

3.5% NaCl solution 

 

Figure 7 Friction coefficient of WC-CoCr 
and DLC coating  
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Figure 8 Wear track of the (a) WC-CoCr and the (b) DLC coating respectively 

CONCLUSION 

The conclusions are based on analyzing the morphology, corrosion and wear behavior of the WC-CoCr and 
DLC coatings. The EDX line scan identified the presence of Cr, N and C a result which indicated a phase 
composition consisting of chromium carbides, chromium nitrides and chromium carbonitrides respectively. A 
better corrosion behavior was determined at the DLC/WC-CoCr coating through the analysis of the corrosion 
current density. The width of the wear track of the DLC/WC-CoCr coating was 30% smaller than the as sprayed 
WC-CoCr one. The DLC/WC-CoCr systems exhibited considerably lower values for friction coefficient in 
comparison with that of the cermet coating. However, the latter one reached earlier the steady state. Although 
the DLC/WC-CoCr system demonstrated a better corrosion and wear resistance it can be seen that cermet 
layers can be considered for similar applications. The geometry of the component to be coated is not always 
convenient for DLC coatings that is why HVOF technology is still used and it can present certain advantages. 
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Abstract 

In this paper we describe a nanopatterning technique of polyetherimide by scanning with the silicon tip in 
contact mode of atomic force microscopy. Different applied forces were used for the consecutive scanning of 
the same sample area. The higher applied load the less consecutive scans are necessary for the pattern 
formation. The most regular pattern on this aromatic polymer substrate was achieved for the applied load 150 
nN. The variation of number of scans leads to increase of surface roughness due to mass transport on the 
polymer surface. The structure formation mapping contributes strongly to development of new applications 
using nanostructured polymers, e.g. in tissue engineering or in combination with metallization in selected 
electronics and metamaterials construction. 

Keywords: Polyetherimide, atomic force microscopy pattern, nanostructuring 

1. INTRODUCTION 

The phenomenon of construction of nanopattern by means of scanning with atomic force microscopy is 
relatively new technique with a pioneer work published in 1992 [1]. Two major approaches can be used for 
nanopatterning of polymers if we do not consider beam treatment. First approach is that polymer foil can be 
stretched up like it was recently done with polypropylene [2,3] or we can use simple scanning which for some 
polymers can lead to ripple pattern creation [4-6]. The construction of surface nanostructures by scanning of 
a flat surface with a AFM tip was observed confirmed several times for different polymers [6-8]. Increase of 
volume of layer and frictional response can be quantified with the conclusion that observed plastic deformation 
induced by the tip-surface interaction has a connection with a second-order phase transition in case thin glassy 
films [8]. The periodic pattern can be modified by change of the scanning velocity, applied force or angle. 
Therefore the possibility of periodic pattern of desired dimensions or orientation was proposed [9].  

Different models were proposed for the explanation of the nanopatterns formation. The following mechanisms 
responsible for nanopattern formation induced by interaction of tip with polymer films were proposed: (i) 
Schallamach waves, (ii) stick-slip behavior, and (iii) fracture-based descriptions [10]. Also different type of AFM 
tips were used, including special, but also expensive diamond tips, used for nanodots formation on 
polycarbonate films, where a two-step nanoindentation method to construct controllable and oriented system 
of 3D nanodot arrays was executed [11]. The interaction of AFM tip with surface of solid material can be also 
used for modification of biomaterial. DNA molecules have been engineered to mimic the initial stages of 
mismatch repair [12]. AFM was also used for generating and characterizing of the mechanical properties of 
cell-derived matrices [13]. The regular ripple pattern can be also realized by means of excimer laser treatment 
which we realized on several aromatic polymers recently, such as in case ripple pattern on PEN [14] or dot 
pattern on PES [15], and by heat treatment, realized on PLLA [16] 

However, the effect of regular pattern formation has not been observed for polyetherimide (PEI) so far. In this 
work we used standard Si probe tip of a AFM Veeco CP II equipment to modify PEI surface by scanning with 
aim to construct regular pattern on the polymer surface. The surface nanostructuring was studied with respect 
to the applied load with use of standard silicon tip in contact mode. We have determined the optimal scanning 
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parameters for the ripple construction with the dimensions and regularity depending on the applied load and 
number of consecutive scans of the same area on PEI surface. 

2. EXPERIMENTAL: MATERIALS AND MODIFICATION 

As a substrate we used polymer polyetherimide (PEI, density 1.27 g cm-3, 50 µm thick foils) supplied by 
Goodfellow Ltd., Cambridge, Great Britain). For modification and surface morphology determination we used 
an atomic force microscopy (AFM) technique using a VEECO CP II device. A Si probe CONT-20A tip with the 
spring constant 0.9 N m-1 was used for the nanolithography experiment. The mean surface roughness (Ra) 
represents the average of the deviations from the centre plane of the sample. 

3. RESULTS AND DISCUSSION 

We have studied interaction of silicon tip in contact mode of AFM with PEI substrate. We study the tip-polymer 
interaction especially from the morphologic point in dependence on the load of the tip on the polymer and the 
number of consecutive scans applied on the sample. The results reported previously shown the dependence 
of the applied surface load on the sample on the regular pattern [3]. So far no results on PEI polymer were 
published. 

 

Figure 1 Title The principle of PEI nanopatterning with silicon tip in contact mode 

The Figure 1 describes the treatment of polyetherimide with Si n-type AFM tip and ripple pattern formation. 
The different types of surface modification connected with mass transfer can be applied. As we have 
mentioned above, Schallamach waves or stick-slip behavior, and last but not least fracture-based descriptions 
can be responsible for ripple pattern or regular pattern on polymer surface due to applied force onto the surface 
due to AFM tip interaction. 

On the basis from the Figure 2, we can conclude that the optimal number of consecutive AFM scans differ for 
PEI in the dependence of applied force on the sample. It was observed, that for PEI samples the ripple pattern 
appeared earlier for the higher applied load, even after the first scan for 150 nN, and with the reduction of 
applied force the number of consecutive scans increases (Figure 2). 
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Figure 2 2D AFM images of PEI treated with 25 nN (4th scan - A; 10th scan - B), 50 nN (2nd scan - C; 10th 

scan - D), 75 nN (2nd scan - E; 10th scan - F) and 150 nN (1st scan - G; 10th scan - H). The 1x1 µm2 image 
was acquired 

The construction of ripples on a PEI polymer can be explained by a as stick-slip mechanism [9]. The polymeric 
material is moved by the probe which forms a precursor wave (see Figure 1). The polymer "hill" is constructed 
in front of the tip. This phenomenon is manifested by the change of mechanical equilibrium and the tip can 
skip over the ripple which was constructed. In the next stage, which is the next scan line, the forward scan 
(different y-axis value depends on the number of scan lines on the surface area) the upper part of the polymer 
is pushed again. These phenomena lead to the formation of a periodic pattern which also depends on the 
direction of the polymer flow. The precise relation between the mass flow and pattern formation depends on 
the polymer’s mechanical properties. This relation also depends on the shape and dimension of the tip. Also 
the technique of polymer manufacturing (uniaxially or biaxially oriented foil) can play a significant role.  

The shape of the tip can be also modified during the tip movement along the polymer surface if the contact 
mode is used for the treatment, therefore also some additional effects may also apply.  
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These effects may appear as irregularities on the modified 
ripple pattern, and can decrease the quality of ripple pattern 
on polymer. Due to the tip pressure in combination with 
material transport in the contact mode, the ripple pattern 
regularity and quality can also deteriorate for the higher 
number on scans over the surface. This premise was 
supported by the experimental observation on the basis 
that repetitive scanning of the same square (same 
scanning parameters) increases the roughness of the 
scanning area (Figures 2a-h). Thus, the ripple structure 
could be formed only in the first stages of scanning, while 
the more pronounced tip-surface interaction leads to the 
significant increase of surface roughness, which is more 
pronounced for higher applied forces. It was determined 
that the surface roughness increases either with number of 
consecutive scans and applied force on the polymer 
surface. The input parameters for optimal nanostructure 
was estimated for the highest applied load 150 nN, where 
regular pattern with periodicity of approx. 100 nm and 
height of approx. 8 nm was achieved (Figure 4). The 
dependence of surface roughness on the applied force of 
the AFM tip decreases with the force reaching its maximum 
for applied force 150 nN and 10 consecutive scans of the 
same area.  

 

Figure 4 The representative AFM image (A) with line analysis (B) acquired for the PEI sample treated with 
150 nN (1st scan, 0.5x0.5 µm2) 

4. CONCLUSION 

We have confirmed that AFM modification with an appropriate input of scanning parameters can lead to the 
construction of an ordered ripple pattern on the surface of polyetherimide films. The applied load on the surface 
of polymer can induce the ripple pattern even after the first scan for higher applied forces, while with decrease 
of applied force the number of consecutively applied scans increases. The orientation of the ripple pattern is 
determined by the material re-distribution on the surface that is strictly determined by the shape of the tip and 
most of all, the applied force on the surface. The relatively uniform pattern on the surface of PEI can be 
constructed for higher applied forces (up to 150 nN) with the pattern width of approx. 100 nm and pattern 
height approx. 8 nm. In comparison with the treatment of polymer surface with excimer laser light the scanning 

Figure 3 The dependence of the roughness 
on the number of consecutively applied 

scans of PEI surfaces for applied loads 25, 
50, 75 and 150 nN 
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with silicon tip was successfully applied for the PEI nanostructuring with low height and relatively uniform 
shape.  
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Abstract  

Immunosensors with highly sensitive and rapid detection capabilities of various biomolecules are of a great 
demand in the field of biomedicine and environmental control. The two mostly employed transducer principles 
are either optical surface plasmon resonance (SPR) and mass sensitive quartz crystal microbalance (QCM). 
The first task encountered in the immunosensor development is the preparation of a coating matrix suitable 
for the immobilization of antibody on the golden layer of SPR or QCM. The most popular approaches are based 
on wet chemical treatments such as self-assembled monolayers (SAMs) of alkanethiols, disulfides, or 
polyethylenimine (PEI). However, these approaches suffer from several drawbacks such as a poor stability, 
long time preparation, unstable baseline or a high level of noise. As an alternative to SAMs, the deposition of 
thin functional coatings by plasma polymerization can be employed. The plasma polymerization has already 
been successfully applied to the deposition of thin films containing carboxyl, amine, anhydride groups. In this 
work, pulsed plasma polymerization of cyclopropylamine is employed to deposit stable amine-rich thin films 
on the surfaces of QCM and SPR chips. The AL-01 antibody, specific to human serum albumin (HSA), was 
attached to the QCM and SPR chips surfaces via glutaraldehyde activation. For the developed immunosensors 
the stable baseline was recorded. Selective and high response was achieved during the reaction with the 
solution of antigen. The results confirmed that the introduced methodology have a great potential for 
biosensing applications. 

Keywords: Plasma polymerization, cyclopropylamine, stable amine-rich films, quartz crystal microbalance,  
                   surface plasmon resonance, immunosensor, label-free detection 

1. INTRODUCTION 

Immunosensors with highly sensitive and rapid detection capabilities of various biomolecules are of a great 
demand in the field of biomedicine and environmental control [1],[2]. The two mostly employed transducer 
principles in label-free immunosensors are the mass sensitive quartz crystal microbalance (QCM) and the 
optical surface plasmon resonance (SPR). The most popular approaches for the preparation of a coating matrix 
onto the gold surfaces of QCM crystals and SPR chips are based on wet chemical treatments such as 
formation of polyethylenimine (PEI) or the self-assembled monolayers (SAMs) of alkanethiols and disulfides 
[3],[4]. However, these approaches suffer from several drawbacks such as a poor stability, long time 
preparation, unstable baseline or a high level of noise [5]. 

As an alternative to the above mentioned chemical methods, the plasma enhanced chemical vapor deposition 
(PECVD) of thin functional coatings can be employed. It has already been successfully applied to the 
preparation of plasma polymers (PPs) containing carboxyl [6], amine [7] or anhydride groups [8]. The essential 
chemical and thickness stability of the plasma layers can be achieved by tuning the plasma parameters [9].  

Amine PPs are well known for the successful bioapplications [10]. The most studied PP processes used 
allylamine monomer. The PPs from allylamine exhibit high level of cell adhesion and proliferation [11], high 
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hemocompatibility [12]. In our work we use the cyclopropylamine (CPA) as a monomer, which is the non-toxic 
isomer of allylamine and performs slightly higher retention of the functional groups in the obtained PPs [13]. 

Previously, the optimum conditions for the preparation of stable CPA PPs were found [14]. In our recent 
studies, the two optimized films with a similar chemical composition deposited in two reactors with different 
geometrical parameters were studied and compared [15]. QCM-based immunosensors were developed using 
CPA PPs as matrix layers for immobilization of biomolecules via glutaraldehyde (GA) approach. The CPA PP 
prepared in tubular reactor performed high level of activity and three different immobilization approaches were 
tested. Stable baseline, selective and high response were recorded for the GA and sulfo-SMCC methods. With 
the aim to prove an efficiency of the developed sensors, the comparison between CPA PPs and cysteamine 
SAMs for QCM immunosensing was carried out [16]. It was shown that the CPA PPs are more stable in PBS 
than cysteamine SAMs and provided high level of response during measurements [17]. 

In this study the AL-01 antibody against human serum albumin (HSA) was attached to the gold surfaces of 
QCM crystals and SPR chips through GA activation. In case of QCM immunosensing the regeneration using 
0.1 M solution of HCl was successfully tested and allowed 3 measurements with a single crystal (5, 10 and 20 
µg/mL solutions of HSA antigen). In case of SPR chips two different AL-01 antibody immobilization procedures, 
online and offline, were utilized. The obtained sensograms during immunotests with 10 µg/mL solution of HSA 
were studied and compared.  

2. EXPERIMENTAL 

2.1. Chemicals and Materials 

Cyclopropylamine (CPA) (98% purity, used without any further purification), glutaraldehyde (GA) (25% 
aqueous solution), human serum albumin (HSA) were purchased from Sigma Aldrich (USA). Sodium hydrogen 
phosphate, sodium dihydrogen phosphate and sodium chloride for the preparation of phosphate buffered 
saline (PBS) with pH 7.4, were supplied from Penta (Czech Republic). Anti-HSA monoclonal antibody (clone 
AL-01) was obtained from Exbio (Czech Republic). Argon with purity of 99.998 % was supplied by Messer. 
Double-side polished single crystal silicon (c-Si) wafers from ON-SEMI (Czech Republic) were cut into 10×15 
mm substrates. Round shape QCMs (AT-cut, resonant frequency of 10 MHz) coated by Au were purchased 
from Krystaly Hradec Králové (Czech Republic). MP-SPR (Multi-Parametric Surface Plasmon Resonance) 
Navi gold sensors, SPR102 Au were purchased from BioNavis (Finland). All the substrates were cleaned by 
sonication in isopropanol (Penta, 99.8%) for 10 min.  

2.2. Plasma polymerization in tubular glass reactor  

The plasma polymerization from CPA/Ar gas mixture was performed in capacitively coupled RF discharge 
(13.56 MHz). The discharge was ignited in a tubular glass reactor enclosed by aluminium flanges serving as 
the grounded and RF electrodes. The diameter of the electrodes and their distance were 80 and 185 mm, 
respectively. The substrates (c-Si, QCM crystals and SPR chips) were placed on the glass holder positioned 
in the middle of the tube at the floating potential. The substrate surfaces were cleaned in the Ar discharge for 
10 min prior to the deposition. Both the Ar plasma cleaning and the polymerization, were carried out with the 
on-time power of 20 W and at pressure of 120 Pa. The flow rate of Ar was set to 28 sccm whereas the flow 
rate of CPA vapors was 0.3 sccm. A detailed study of the relation between plasma conditions and film 
properties in this polymerization set-up was reported previously [[14]]. All plasma processes, the surface 
cleaning and CPA/Ar plasma polymerization, were carried out in square-pulsed mode with the pulse repetition 
frequency of 500 Hz and 33 % duty cycle. It corresponded to 660 μs plasma on-time and 1340 μs off-time. 
The deposition time was tuned to achieve the film thicknesses of 40 nm - SPR, QCM substrates and 120 nm 
on Si wafers.  
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2.3. QCM Immunosensing 

The surface of QCM electrodes with the deposited 40 nm thick CPA PP was activated by the reaction with GA 
(droplet of 3 % solution in PBS, 1 h, r.t.). Then the AL-01 antibody was covalently bonded (droplet of 100 
μg/mL solution in PBS, 18 h, 4 °C). Free reactive groups were deactivated using bovine serum albumin (BSA) 
(droplet of 200 μg/mL solution in PBS, 20 min, r.t.). After the immobilization procedure, the QCM crystals were 
placed in a flow-through cell. The measurements were performed using the QCM analyzer (KEVA, Czech 
Republic) that served as both, the oscillator and the frequency counter. The flow of solutions was driven by 
the milliGAT pump (Global FIA, USA) and a selection valve (Valco Instruments, USA). PBS was used as a 
running buffer with a flow rate of 40 μg/mL. After baseline stabilization the samples of HSA solutions (5, 10, 
20 µg/mL) were injected for 10 min. Regeneration was done by the 0.1 M solution of HCl, injected for 2 min. 

2.4. SPR Immunosensing 

SPR studies were carried out using the MP-SPR Navi gold sensors SPR102 Au and SPR Navi 210A system 
from BioNavis (Finland). PBS was used as a running buffer with the flow rate of 20 µL/min. The injections of 
different solutions were programmed using SPR-Navi software. The injection volume was 200 µL. The flow 
cell consists of two channels: binding and reference. The changes of resonance angle due to the interactions 
on the sensor surface were measured at two wavelengths: 670 and 785 nm. For the data evaluation the 670 
nm wavelength results were used due to the higher sensitivity. The position (angle) of surface plasmon 
resonance peak was determined using build-in centroid fitting function. 

The surface of SPR slides with deposited 40 nm thick CPA PP was activated by the reaction with GA (droplet 
of 3% solution in PBS, 1 h at room temperature) forming aldehyde groups. The activation was carried out 
offline to prevent binding of GA to the tubing of SPR system. Then, the chip was washed in PBS, sterile water, 
dried and inserted into BioNavis.  

Two procedures were used for the antibody (Ab) immobilization. In the first approach the Ab immobilization 
was performed online. At first, every chip was exposed to the PBS flow (flow rate 20 µL/min) for approximately 
40 min to reach stable baseline. Afterwards, the solution of antibody (anti-HSA, AL-01) in concentration of 100 
µg/ml was injected to the binding channel at the flow rate of 4 µL/min during 54 min. In the reference channel 
only PBS was flowing at the same flow rate. Free reactive groups were deactivated applying 2 mg/ml solution 
of BSA at the flow rate of 10 µL/min for 20 min to both channels.  

In the second procedure, the overnight offline Ab immobilization and BSA blocking was performed as follows. 
The surface of the SPR chip activated by the reaction with GA was washed and the Ab solution was applied 
overnight (droplet of 100 µg/mL solution in PBS, 18 h, 4 oC). After this step the SPR chip was again washed 
in PBS and sterile water and then the BSA solution was applied (droplet of 2 mg/mL solution in PBS, 20 min, 
r.t.). The chip was then washed in PBS, sterile water, dried and inserted into BioNavis. 

After the immobilization of Ab and blocking non-specific sites with BSA the immunosensing was carried out 
using 10 µg/mL solution of HSA at the flow rate of 20 µL/min for 10 min.  

2.5. FT-IR analysis 

Fourier transformed infrared (FT-IR) spectra were obtained on the films deposited on the IR transparent c-Si 
substrates in the transmission mode using the Bruker Vertex 80v spectrophotometer. The measurements were 
performed with a parallel beam transmittance accessory in the spectral range from 370 to 7500 cm-1. The data 
were collected at a pressure of 2.5 mbar with the resolution of 4 cm-1 and 500 scans. The transmittance of the 
films on Si substrate was divided by the transmittance of bare Si substrate for the thin film analysis. The FT-
IR spectra are shown only in the range from 1400 to 3700 cm-1 because no significant absorption peaks 
belonging to the films were identified outside this range and the identification of weak absorption peaks below 
1400 cm-1 was difficult due to the strong absorption peaks in c-Si that could not be reliably subtracted. 
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3. RESULTS AND DISCUSSION 

3.1. Chemical composition and properties of CPA PPs. 

In our recent studies it was shown that pulsed plasma polymerization of CPA, deposited at the floating 
potential, is an effective method for the preparation of amine-containing films that are proposed as a 
replacement of SAMs on the gold electrode of QCM sensors. The atomic composition of the 40 nm thick films 
was determined previously by XPS, the C:N:O ratios was 77:20:3 [15]. The amount of primary amine groups 
in the CPA PP was 1,3 %, which was determined by chemical derivatization with TFBA [18].  

The structural fragments of the film were analyzed from the FTIR spectra of the as-deposited CPA PP film 
(Figure 1). Signal at 3350 cm-1 corresponds to the N-H stretching, which can be equally referred to the primary 
and secondary amines, imines or even amides. In the 2970 - 2870 cm-1 region the C-H stretching signals are 
observed, which correspond to methyl, methylene and methine groups presented in the polymer chain. The 
triple bonds signals are observed at around 2200 cm-1, which were assigned to the nitriles and isonitriles, but 
these signals could correspond to other highly unsaturated structures, such as  

-N=C=N-, -C=C=N- or -C≡C-. At around 1680 cm-1 there is the C=O stretching signal, but due to the low 
concentration of O in the film, this signal is hidden in the relatively high signal of C=N and C=C. C=O starts to 
be recognizable only after long times of immersion in water or buffer [14].  

 

Figure 1 FTIR of CPA PP: the detected signals with the corresponding structural fragments 

The GA activation is effective not only due to the reaction with primary amines. The binding should occur 
through all of the accessible active sites: primary and secondary amines, imines, amides [19]. Aldehyde, 
ketone and acid groups can also participate in the condensations with the GA. These groups appear in the film 
due to the oxidation and reactions with water in solutions and under air, but only after long times of immersion. 
At the moment of GA application the concentration of these chemical groups was still negligible.  
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3.2. QCM immunosensing 

The performance of QCM and SPR immunosensors was evaluated by the immunoassay flow test probing the 
interaction of immobilized AL-01 Ab and free HSA Ag as a model. It is known that this pair provides a quite 
reliable immunocomplex under different conditions and assay formats [16].  

In the QCM immunosensing, the GA activation was applied to as-deposited film, the AL-01 antibody was 
immobilized overnight and non-specific sites were blocked with BSA. Then, the tests with different solutions of 
HSA were carried out. Stable baseline and the selective response were recorded (Figure 2a). Each 
concentration was applied after regeneration using 0.1 M HCl (2 min), which allowed analyzing three 
concentration probes with a single crystal (Figure 2b). 

.  

Figure 2 a) Immunointeraction between immobilized AL-01 antibody and solutions of HSA antigen,  
b) Calibration curve. Each concentration was applied after regeneration with 0.1 M HCl 

3.3. SPR immunosensing 

In case of the SPR chips, the GA activation was applied to as-deposited film in offline mode (droplet of 3% GA 
solution in PBS, 1 h, r.t.). During the first procedure (Figure 3a), after the GA step, the SPR chip was washed 
with PBS and water and inserted into system. The measurements were carried out in the angular scan mode. 
The AL-01 (binding channel only) and the blocking agent (BSA) (both channels) were successively immobilized 
onto the surface of a chip. After that the reaction with the 10 µg/mL solution of HSA was carried out. During 
these measurements the drift of the baseline was recorded, but no non-specific interactions were detected in 
the reference channel. The signal change due to the reaction can be approximately estimated as 20 mdeg. 

During the second procedure (Figure 3b), after the GA step and washing, AL-01 was applied overnight onto 
the surface of a binding channel. Then the SPR-chip was washed and the BSA was applied offline to both 
channels (the same experimental procedure as in case of QCM). After that the chip was inserted into SPR 
system and after the baseline establishing the reaction with 10 µg/mL solution of HSA was carried out. During 
these measurements the drift of the baseline was significantly reduced, the non-specific interactions were 
detected, but at the low level - approximately 2 mdeg. The signal change due to the reaction can be 
approximately estimated as 8 mdeg.  

The comparison of the responses leads us to conclusion, that the online immobilization is more effective, 
because then the sensor is more sensitive, but the drift problem is needed to be solved.  
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Figure 3 SPR immunotests with the 10 µg/mL solution of HSA: a) online AL-01 immobilization, b) overnight 
AL-01 immobilization 

4. CONCLUSIONS 

Pulsed plasma polymerization of CPA is an effective method for the preparation of amine-containing films that 
are proposed as a replacement of SAMs on the gold surfaces of SPR and QCM sensors. The GA coupling of 
AL-01 was employed for QCM crystals and SPR chips. The performance of immunosensors was evaluated by 
the immunoassay flow test probing the interaction of immobilized AL-01 and HSA as a model.  

The label-free QCM immunosensor for a rapid detection of HSA was developed. The QCM immunosensors 
exhibited high-stability of the signal. Linear response was obtained in the range of the used concentrations. 
The regeneration by 0.1 M HCl was successfully applied allowing to carry out three measurements with the 
single crystal.  

The possibilities in the SPR immunosensing were investigated through the AL-01 - HSA pair interaction, as 
well. In case of the online AL-01 immobilization, the response during SPR immunosensing of 10 µg/mL solution 
of HSA was approximately 20 mdeg, whereas in case of the overnight immobilization, the response was 8 
mdeg. The online immobilization of AL-01 showed to be more effective but, in this case, the drift of the baseline 
was observed. The results confirmed that the presented methodologies for the grafting of biomolecules on the 
gold surfaces are very promising and have a great potential for biosensing applications. 
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Abstract  

Magnetic nanoparticle (MNP) is of high practicle interest in the domain of biomedicine and biomedical 
application e.g., drug delivery, magnetic fluid hyperthermia, magnetic resonance imaging, biosensing. The 
magnetic nanoparticles are explored due to its high tunability of its physical and magnetic properties. A 
considerable effort has been devoted for the synthesis of MNP e.g., ball milling, arc melting, co-precipitation, 
microwave and microfluidics techniques. However, hydrogels can offer a new platform for in situ synthesis of 
biomineralized MNP as well as magnetic hydrogels (MH), because of its an advantageous controled network 
structure. It is an emerging and promising concept, as most of the biopolymer are supposed to be 
biodegradable that can be considered as an alternative eco-friendly material too. In this work, “PVP-CMC 
Hydrogel” is used as matrix for synthesis of biomineralized MNP, where the unique porous networks structure 
exhibited within swollen/wet PVP-CMC hydrogel. Here, PVP-CMC hydrogel function as a chemical reactor, 
where inorganic salts (FeCl2 and FeCl3) are reacting with precipitating agents ammonium hydro-oxide (NH4OH) 
to generate biomineralized MNP. This method prevents from aggregation and shows a narrow particle size 
distribution. X-ray diffraction studies reveal the formation of magnetite phase. Structural and morphological 
analysis using transmission electron microscopy shows the spherical shaped magnetic nanoparticle with size 
of 10 ± 2 nm. The saturation magnetization of the MNP was 78 emu/g and 12 emu/g for magnetic hydrogel. 
This synthesis process can be used to synthesize “bare” MNP, MH and extended to other oxides by changing 
the salts for the biomedical applications. 

Keywords: Magnetic nanoparticle, hydrogels, biomineralized MNP, magnetic hydrogel, PVP-CMC 

1. INTRODUCTION 

In recent years, extensive effort has been devoted to the synthesis methods and techniques of magnetic 
hydrogel and nanoparticles. Synthesis of these magnetic hydrogels and nanoparticles are of practical interest 
in biochemical and biomedical applications [1]-[4]. The physiochemical stability, high surface to volume ratio, 
low level of toxicity, biocompatibility and good magnetic response make these MH and MNP ideal for a wide 
variety of biomedical applications: drug delivery, magnetic resonance imaging (MRI), tissue engineering and 
biosensing [5]-[8]. Apart from biomedical applications MH and MNPs are used in magnetic filtration, dampers, 
shock absorbers, thermal absorbers etc [6]. 

Various synthesis approaches has been adapted to the synthesis of MNPs. Primarily, physical or wet-chemical 
process are the main synthesis pathways to prepare Fe3O4 MNP [9]-[11]. Wet chemical process requires fine 
pH control of the medium, external surfactant to reduce nanoparticle aggregation while nucleation and high 
temperature with pressure to obtain desired magnetic phases. Furthermore, vigorous stirring is required while 
nucleation to obtain narrow size distribution of the MNPs. Bulk chemical co-precipitation reaction of Fe2 and 
Fe3 do not provide good control over the size distribution and crystallinity of the particles [12], [13]. 
Nonmagnetic phases and poor size distribution is often obtained. However, physical approaches are simple 
with low cost, mostly used for bulk MNP preparation but the size distribution is difficult to control and 
contamination is often observed.  
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On the other hand, in situ synthesis of MNP in bio-based hydrogel is an alternative promising synthesis process 
for biomineralized hydrogel. The network structure of the biopolymer based hydrogel is used as 
nanoreactors,to avoid aggregation during nucleation and they keep the production of the MNP with structural 
hierarchy. Compared to conventional batch synthesis, magnetic biomineralized hydrogel allows better control 
of reaction conditions e.g. reaction time, reaction concentration and stoichiometry. Synthesis of MNP within 
the hydrogel helps in reducing of polydispersity in size. Moreover, biomineralized hydrogels are known to be 
ecofriendly due to its biodegrability in nature. The extraction of the MNPs from the biomineralized hydrogel 
can be readily processed with thermal decomposition of the hydrogel or by addition of respective enzymes to 
decompose the hydrogel network structure.  

In this study, polyvinylpyrrolidone, polyethylene glycol, agar, sodium carboxymethyl cellulose and glycerine 
was used to synthesize the freshly prepared hydrogel [14][15]. This hydrogel was then soaked in salt solution 
of Fe2+ and Fe3+. Reducing agent (NH4OH) was added for the in situ synthesis of the MNP inside the hydrogel 
network. As a whole finally achieved a black, magnetic property based biomineralized hydrogel film. This 
biomineralized (Fe3O4) hydrogel can be used directly as MH and/or the synthesize MNPs (after isolation from 
the matrix) can be used for the purpose of various medical applications.    

2. EXPERIMENT AND METHOD 

2.1. Materials 

For the preparation of in situ magnetic hydrogel film and magnetic nanoparticles, polyvinylpyrrolidone K 30 
(PVP: molecular weight 40,000), polyethylene glycol 3000 (PEG: average molecular weight 3015-3685) and 
agar were purchased from Fluka, Switzerland; sodium carboxymethyl cellulose (CMC) was purchased from 
Sinopharm Chem. Reagent Co., Ltd, China; glycerin was obtained from Lachema Ltd, Czech Republic. Iron(II) 
chloride tetrahydrate, 98% (FeCl2·4H2O), Ammonium hydroxide 30% v/v aq. Soln. (NH4OH) and Iron(III) 
chloride hexahydrate 98% (FeCl3·6H2O) was purchased from Sigma-Aldrich, Czech Republic.  

2.2. Methodology 

Water based PVP-CMC hydrogel was used for the preparation of in situ biomineralized PVP-CMC magnetic 
hydrogel and magnetic nanoparticles. The hydrogel film was prepared by solution casting method using 
aqueous solution of PVP (0.2%), CMC (0.8%), PEG (1%), agar (2%) and Glycerin (1%) under the physical 

stimulation of pressure and heat (15 lbs and 120  °C for 15 minutes). Freshly prepared PVP-CMC hydrogel 

solution was incubated at room temperature (25-30) °C to obtain the hydrogel film as shown in Figure 1a. 
Circular films were extracted from the hydrogel film for biomineralization process. 

 

Figure 1 Experimental setup (optical view) showing the process of in situ synthesis of biomineralized 
magnetic nanoparticles within hydrogel: (a) PVP-CMC aqueous hydrogel, (b) salt solution absorbed PVP-

CMC hydrogel and (c) Biomineralized (magnetic property based) PVP-CMC hydrogel, (d) image of magnetic 
nano particles (MNP) extracted from the hydrogel matrix 
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The freshly prepared hydrogel was soaked in the salt solution of Fe3+ and Fe2+ solution. The PVP-CMC 
hydrogel turns yellow due to diffusion of salt solution into the porous structure of PVP-CMC hydrogel as 
observed Figure 1b. Reducing agent (NH4OH) is added to the salt solution absorbed PVP-CMC hydrogel. The 
yellow colored PVP-CMC hydrogel turns to black due to the onset of the nucleation process of the magnetic 
nanoparticles within the hydrogel. Finaly, Biomineralized (Fe3O4) PVP-CMC hydrogel is formed, designated 
as magnetic hydrogel (MH) as shown in the Figure 1c. The obtained biomineralized hydrogel was showing 
magnetic properties due to the formation of MNP’s, which were extracted from these MH films by applying 
heat. Consecutive cleaning with deionized water results in “bare” MNP’s (as shown in  
Figures 1d and 4).  

2.3. Characterization of MH and MNPs 

MH and MNPs were characterized by X-ray diffraction, scanning electron microscopy, transmission electron 
microscopy and vibrating sample magnetometer. 

2.3.1. X-ray diffraction 

X-ray scans were performed on dried MH and MNPs using PANalytical X-Ray powder diffractometer equipped 

with a PIXcel RTMS detector with Cu Kα radiation of wavelength 1.54 Å over the 2theta range from 28° ≤ 2θ 

≤ 65° at a scan rate of 1 °/min. Phase identification was matched with the reference ICSD reference file (Code: 
26410). All the peaks were in good agreement with the standard known diffraction pattern of Fe3O4. 

2.3.2. Scanning Electron Microscopy 

The morphology of the MH was investigated using Scanning Electron Microscopy (SEM). Bright field SEM 
images were obtained from VEGA II LMU (TESCAN) was operated at 5-20 kV. Samples were prepared from 
dried freeze dried MH and placed on the sample holder. 

2.3.3. Transmission Electron Microscopy 

The morphology of the magnetic hydrogel and magnetic nanoparticles was investigated using Transmission 
Electron Microscopy (TEM). Bright field TEM images were obtained from JEOL, JEM 2100 TEM operated at 
200 kV. For the analysis of MH, a thin slices of MH was obtained using microtome technique and drop cast 
technique was used for MNPs on carbon coated copper grid for 24 h. Image J, the image processing software 
was used to measure the particle size from the micrograph. 

2.3.4. Vibrating Sample Magnetometer 

Vibrating Sample Magnetometer (VSM; Lake Shore 7407) was used to measure the magnetic properties of 
the MH and MNPs. Field dependent magnetization curves at room temperature were measured for both MH 
and MNP. 

3. RESULTS 

3.1. X-ray Diffraction 

The diffraction peaks of 220, 311, 400, 422, 511, and 440 were observed and could be indexed to cubic inverse 
spinal structure for both MH and MNP (ICSD FIZ Karlsruhe, Coll. Code: 26410). The intense peak corresponds 

to the 311 plane that appears at an angle of 35°. Peak broadening is observed for the MH due to the presence 
of some impurity in the form of PVP-CMC hydrogel. 
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Figure 2. XRD profile of Fe3O4 (a) MH and (b) MNP’s at room temperature  

3.2. Scanning Electron Microscopy 

 

Figure 3 SEM image (a) Hydrogel, (b) high resolution image of the hydrogel (internal struc-morphology) 
showing the network structure and (c) Surface morphology of biomineralized (Fe3O4) hydrogel 

Figure 3(a-b) shows SEM micrograph of the network like structure in the PVP-CMC hydrogel when freeze 

dried. The Fe3O4 nanoparticles are synthesized in this network like structure of the hydrogel. Fe3O4 
nanoparticles nucleates in the hollow like structure. Figure 4c shows the image of the biomineralized (Fe3O4) 
PVP-CMC hydrogel. 
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3.3. Transmission Electron Microscopy 

 

Figure 4 TEM image (a-a’) MNP in PVP-CMC Hydrogel, (b-b’) SAED pattern of MH, (c-c’) high resolution 
TEM image of spherical biomineralized (Fe3O4) magnetic nanoparticles and (d-d’) size distribution 

Figure 4a shows the TEM image of the spherical MNP embedded in the PVP-CMC hydrogel. Selected area 
electron diffraction (SAED) patterns for the MH and MNPs was recorded. A ring pattern, with spots showing a 
large number of randomly oriented crystalline particles was obtained, Figure 4b. The high resolution TEM 
Figures 4c-c’ shows the lattice fringes corresponding to the (311) planes. Figures 4d-d’ shows the size 
distribution for the diameter of the MNP. The edge length of the spherical shaped MH and MNP was measured. 
It was found that the size ranges between 8 ± 2 nm for MH and 10 ± 2 nm for MNP shown in figures 4d-d’.  

3.4. Vibrating Sample Magnetometer 

The field dependent magnetization (M-H) curves of the MH and MNP at room temperature. Magnetization was 
measured in the field range of -10000 Oe to 10000 Oe, shown in the Figure 5. The saturation magnetization 
for the MH 13 emu/g whereas, for MNP 77.8 emu/g. This decrease in the saturation magnetization is due to 
the PVP-CMC polymer network that affects the magnetic property of the biominerilazed (Fe3O4) hydrogel. 

 

Figure 5 M-H loop for (a) MH and (b) MNP’s 
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4. CONCLUSION 

PVP-CMC hydrogel function as a matrix for the preparation of biomineralized (Fe3O4) hydrogel / MH as well 
as perform as a nanoreactor for synthesis of MNPs. In-situ synthesis of MNP and preparation of MH, PVP-
CMC hydrogel was used without any surfactant and implementation of any external parameters such as: 
temperature, pressure, stirring or sonication. By controlling the pore structure of hydrogels, it will be possible 
to synthesize more narrow size distribution of Fe3O4 nanoparticles. The PVP-CMC hydrogel based MNPs 
synthesis process has practical advantages over the conventional approaches.    
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Abstract 

Polymer pen lithography (PPL) is a powerful method to generate patterns of bioactive substances with features 
in the nano- to microrange and over large surface areas (square centimeters). Especially, it allows for the 
generation of multiplexed pattern arrays (i.e. more than one component within near vicinity or within one sub-
pattern). This makes the technology very interest for applications in the biomedical field ranging from sensing, 
to screening purposes and cell culture experiments. The multiplexing capability allows to present more than 
one component within an underlying pattern to a single cell, offering many options for polarization, 
differentiation and activation experiments. This paper will present recent progress in the application of 
multiplexed PPL in regard to covalent immobilization by click-chemistry approaches and introduction of 
versatile binding motifs in form of oligo-nucleotides for DNA-directed immobilization (DDI). The generated 
patterns can be encapsulated within microfluidic chips for easier handling and enhanced stability and 
reproducibility in use. Two examples of biomedical applications are presented in the form of mast cell activation 
studies and the capture of circulating tumor cells (CTCs) in such systems. As example for applications in 
biosensing, the use of PPL generated ink pads for the multiplexed functionalization of arrays of goblet shaped 
whispering gallery mode (WGM) sensors is demonstrated. 

Keywords: Polymer pen lithography, allergy, mast cells, circulating tumor cells, sensors 

1. INTRODUCTION 

Polymer pen lithography (PPL) [1] is a technique 
combining aspects of dip-pen nanolithography 
(DPN) [2] in regard of high resolution, spatial control 
and multiplexing capability and microcontact printing 
(µCP) [3] in respect to large area printing, 
parallelization and inexpensive consumables. The 
mild process parameters (ambient conditions, no 
need for resist layer lift-off steps, no high energy 
irradiation) make PPL a great tool for the generation 
of bioactive surfaces as well as patterned, 
multiplexed functionalization of surfaces and sensor 
devices with delicate, sensitive compounds not 
compatible with more conventional lithography 
methods as photo- or electron beam lithography. 
Recently, we developed a novel inking and printing 
strategy for PPL (Figure 1) that allows for 

 

Figure 1 Multiplexed PPL. With permission from [4] 
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interdigitated and fully multiplexed patterns in sub-cellular dimensions without the need for complicated inking 
procedures by microfluidic networks or inkjet printing [4]. 
Here, the high precision positioning capability of a sample 
stage in the PPL setup is used to print one color / 
component of the patterns after the other subsequently 
with high registry. The obtained patterns allow for the 
presentation of several chemical ques to a single cell, e.g. 
for cell polarization, guidance or selective capture 
experiments. At the same time the pattern is repeated 
over a large area (~cm²), enabling good statistics in 
experiments with cells (Figure 2). To further improve the 
applicability of PPL in the field of bioactive patterning and 
functionalization, we coupled the PPL-generated 
surfaces with microfluidics and for easier handling and 
incubation. Another challenge addressed in our work is 
the multiplexed immobilization of proteins in PPL 
generated micropatterns. Here, the introduction of DNA-
directed immobilization (DDI) [5] for PPL generated 
oligonucleotide arrays offers virtually unlimited 
orthogonal binding tags for self-assembly of proteins onto 
such patterns. 

2. APPLICATIONS OF PPL-GENERATED PATTERNS 

In this section, we present some recent examples for applications of the PPL generated patterns. 

2.1. Cell Activation Studies 

 

Figure 3 Microfluidic chip for mast cell activation studies. a) The base layer of the chip is functionalized by 
PPL with an allergen presenting array (left) and incorporated into a microfluidic chip allowing easy incubation 

and observation by fluorescence microscopy (middle). Mast cells were seeded onto the pattern and co-
localization and activation was monitored (right). b) Allergen containing microdroplets after lithography. The 

inset exemplifies the immobilization chemistry. c) A picture of a six channel microfluidic chip on a microscope 
table. d) Combined bright field and fluorescence image (top) and fluorescence channel only (bottom) of mast 

cells showing co-localization of IgE receptor with the allergen array. With permission from [6] 

 

Figure 2 PPL-generated multiplexed micropattern 
consisting of different types of fluorescently 

labelled phospholipids. With permission from [4] 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

410 

As allergies have a profound impact on the well-being of a substantial percentage of the world’s population, 
an enormous interest is invested into research, diagnostics and treatment [7, 8]. Profiling allergic responses is 
a powerful tool in biomedical research and in judging therapeutic outcome in patients suffering from allergy. 
Here, a shift to the single cell level instead of bulk analysis of immune response will yield novel insights into 
the signaling cascades involved in mast cell activation. To this end, we developed a microfluidic encapsulated 
allergen array (Figure 3). First, a base layer carrying several allergen arrays - in our model dinitrophenol 
(DNP), which we also used in previous activation studies [9, 10] - is printed by PPL, the allergen being 
immobilized on the substrate via click-chemistry. The base layer is then encapsulated in a microfluidic chip 
with several channels. Mast cells sensitive to DNP can be incubated on the allergen arrays in parallel and 
easily monitored by standard fluorescent microscopy. The mast cells show receptor co-localization with the 
allergen features and get activated, while non-sensitized cells show no response to the pattern. We observed 
an enrichment of sensitized cells when mixed populations are incubated, showing the potential of the system 
for identification and even capture of sensitized cells [6]. 

2.2. Capture of Circulating Tumor Cells 

Cancer is the second most frequent 
cause of death in developed 
societies and causing immense 
personal sorrow and societal costs 
[11-13]. In recent years, the “liquid 
biopsy” aimed at recovering 
circulating tumor cells (CTCs) from 
patient blood has gained increased 
interest, as it can be used as 
prognostic tool and source for 
individual tumor cells without need 
for access to the primary tumor via 
classical biopsy, enables monitoring 
of patients even after removal of the 
primary tumor, and is much less 
invasive for the patient [14]. A key 
challenge in recovering CTCs is their 
low abundance in blood of about 1 in 
a billion of normal healthy cells. 
Therefore, CTC capture devices 
need very high specificity while also 
retaining at best every available 
cancer cell in a sample. 

We established a versatile 
microarray-based platform able to 
capture single target cells from large 
background populations (Figure 4). 
Or platform is especially versatile, as 
cells can be incubated with an 
antibody cocktail of free choice and 
all targeted cells are captured on the 
microarray in a microfluidic chip. The 
accessibility of the arrays (that offers 

 

Figure 4 Capturing and immobilization of biotin-labeled CTCs by 
the micropattern platform. a) The micropattern is fabricated PPL.  

b) The general steps in generating the capture array. A BSA coated 
microscopy glass allows covalent binding of the fluorescein-tag by 
photobleaching. A topographically flat biotin-array is achieved after 
washing with PBS. After mounting the fluidics, the micropattern is 

functionalized with streptavidin/cy3. c) The microfluidic system on a 
hot plate. Black dots mark the patterned 4 cm² area capture array. 

d) Herringbone mixer in channels top wall. e) A captured cancer cell 
trapped on the streptavidin micropattern. The herringbone structure 

in the channel ceiling is visible as shadow. With permission 
from [15] 
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an essential flat capture area instead of porous or pillar structures) allows for subsequent recovery of captured 
cells for further analysis. The microarray facilitates exclusion of false positive capture events by co-localization 
allowing for detection without fluorescent labelling. When analyzing blood samples from actual cancer patients 
our platform reached and partly outreached gold standard performance, demonstrating feasibility for clinical 
application. The clinical researchers’ free choice of antibody cocktail, where changes do not require 
reconsiderations in chip manufacturing or incubation protocol, allows virtual arbitrary targeting of capture 
species and therefore wide spread applications in biomedical sciences also for targets other than CTCs [15]. 

2.3. Sensor Functionalization 

PPL is intrinsically a surface functionalization technique and 
not ideal for the generation of complex 3D structures. However, 
classical lithography methods struggle with the deposition of 
soft materials typically used in biosensor applications, and 
multiplexing is usually not readily available without several 
rounds of lithography that in itself may remove or destroy 
previous functionalizations. Here, we present an approach 
combining classical photolithography and etching to provide 
high quality and precision 3D pre-structures with PPL to deliver 
a lipid-ink-based functionalization enabling high sensitivity, 
high specificity biosensors (Figure 5). We previously 
demonstrated the functionalization of highly sensitive 
whispering gallery mode (WGM) structures by L-DPN [16]. The 
lipid ink fulfils three functions in one: (i) act as optical active 
material to enable lasing of the goblet sensor structure, (ii) 
provide specific binding sites for the targeted protein, and (iii) 
inhibit unspecific binding by repelling non-target proteins. By 

utilizing PPL instead of DPN, highly parallel and 
multiplexed functionalization of the goblet 
structures could be achieved [17,18]. For this, 
multiplexed PPL is used to generate a multi-
color lipid stamp pad that is then in turn 
stamped upon an array of goblet structures. A 
typical result of such procedure is show in 
Figure 6. Three different lipid ink mixtures were 
used for parallel functionalization of three WGM 
sensor goblet structures in a subset of each 
four, while the forth remains unfunctionalized as 
a reference. When proteins attach to the rim of 
the WGM structure, the refractive index and 
hence the exact resonance frequency 
supporting the sensors lasing mode shifts, 
which can be used for detection. Due to the lipid 
functionalization suppressing unspecific 
binding, the sensor can work in highly complex 
media as e.g. serum. Using sensor structures 
located close together and with different sizes 
(as in Figure 6c) enables parallel readout, as 
the different sized WGM structures can be 

 

Figure 5 Scheme of multiplexed WGM 
goblet functionalization by PPL generated 

stamp pad. With permission from [17] 

 

 

Figure 6 a) Multiplex-functionalized goblet struc-tures. 
b) Sensing of DNP antibodies. c) Electron mi-croscopy 

image of two functionalized WGM structures and d) 
close-up with false colored lipid. Adapted with 

permission from [17, 18] 
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distinguished by their respective lasing mode patterns. This approach enables even easier referencing and 
additional checks and filters against signal disturbances caused by local temperature or concentrations 
changes in the analyte medium [18]. 

3. CONCLUSION 

PPL offers great opportunities for patterning sensitive and bioactive compounds not compatible with classic 
lithography processes in high precision and a multiplexed fashion on subcellular scales. We presented as 
examples applications in cell activation, cell capture and bio-sensing. As PPL offers large area patterning 
(~cm²), functional arrays are easily incorporated with microfluidics, opening up the route for parallel 
experimentation and easy and reproducible handling, e.g. for biomedical and diagnostic devices. By combining 
different lithographic approaches, PPL can be used for the functionalization of pre-existing complex 3D 
structures to enable even more sophisticated devices e.g. for sensor applications. 

ACKNOWLEDGEMENTS   

The work presented was partly carried out with the support of Karlsruhe Nano Micro Facility (KNMF, 
http://www.kmf.kit.edu), a Helmholtz Research Infrastructure at Karlsruhe Institute of Technology 

(KIT, http://www.kit.edu). 

REFERENCES 

[1] HUO, F., ZHENG, Z., ZHENG, G., GIAM, L. R., ZHANG, H., MIRKIN, C. A. Polymer Pen Lithography. Science, 
2008, vol. 321, no. 5896, pp. 1658-1660. 

[2] PINER, R. D., ZHU, J., XU, F., HONG, S., MIRKIN, C. A. "Dip-Pen" Nanolithography. Science, 1999, vol. 283, no. 
5402, pp. 661-663. 

[3] KUMAR, A., WHITESIDES, G. M. Features of gold having micrometer to centimeter dimensions can be formed 
through a combination of stamping with an elastomeric stamp and an alkanethiol "ink" followed by chemical 
etching. Appl. Phys. Lett., 1993, vol. 64, no. 14, pp. 2002-2004. 

[4] BRINKMANN, F., HIRTZ, M., GREINER, A. M., WESCHENFELDER, M., WATERKOTTE, B., BASTMEYER, M., 
FUCHS, H. Interdigitated Multicolored Bioink Micropatterns by Multiplexed Polymer Pen Lithography. Small, 2013, 
vol. 9, no. 19, pp. 3266-3275. 

[5] MEYER, R., GISELBRECHT, S., RAPP, B. E., HIRTZ, M., NIEMEYER, C. M. Advances in DNA-directed 
immobilization. Curr. Opin. Chem. Biol., 2014, vol. 18, pp. 8-15. 

[6] KUMAR, R., BONICELLI, A., SEKULA-NEUNER, S., CATO, A. C. B., HIRTZ, M., FUCHS H. Click-Chemistry 
Based Allergen Arrays Generated by Polymer Pen Lithography for Mast Cell Activation Studies. Small, 2016, in 
print, DOI: 10.1002/smll.201601623. 

[7] PAWANKAR, R., HOLGATE, S. T., CANONICA, G. W., LOCKEY, R. F. Eds. WAO White Book on Allergy. 
Milwaukee: World Allergy Organization (WAO), 2011. 238 p. 

[8] PAWANKAR, R., HOLGATE, S. T., CANONICA, G. W., LOCKEY, R. F., BLAISS, M. S. Eds. WAO White Book on 
Allergy - Update 2013. Milwaukee: World Allergy Organization (WAO), 2013. 248 p. 

[9] SEKULA-NEUNER, S., MAIER, J., OPPONG, E., CATO, A. C. B., HIRTZ, M., FUCHS, H. Allergen Arrays for 
Antibody Screening and Immune Cell Activation Profiling Generated by Parallel Lipid Dip-Pen Nanolithography. 
Small, 2012, vol. 8, no. 4, pp. 585-591. 

[10] OPPONG, E., HEDDE, P. N., SEKULA-NEUNER, S., YANG, L., BRINKMANN, F., DÖRLICH, R. M., HIRTZ, M., 
FUCHS, H., NIENHAUS, G. U., CATO, A. C. B. Localization and Dynamics of Glucocorticoid Receptor at the 
Plasma Membrane of Activated Mast Cells. Small, 2014, vol. 10, no. 10, pp. 1991-1998. 

[11] EUROSTAT Key Figures on Europe, Luxembourg: Publications Office of the European Union, 2015. 200 p. 

[12] EUROSTAT Eurostat Yearbook. Luxembourg: Publications Office of the European Union, 2016. 

[13] AMERICAN CANCER SOCIETY Cancer Facts & Figures 2016. Atlanta: American Cancer Society, 2016. 72 p. 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

413 

[14] ALIX-PANABIÈRES, C., PANTEL, K. Circulating tumor cells: liquid biopsy of cancer. Clin. Chem., 2013, vol. 59, 
no. 1, pp. 110-118. 

[15] BRINKMANN, F., HIRTZ, M., HALLER, A., GORGES, T. M., VELLEKOOP, M. J., RIETHDORF, S., MÜLLER, V., 
PANTEL, K., FUCHS, H. A Versatile Microarray Platform for Capturing Rare Cells. Sci. Rep., 2015, vol. 5, 15342. 

[16] BOG, U., LAUE, T., GROSSMANN, T., BECK, T., WIENHOLD, T., RICHTER, B., HIRTZ, M., FUCHS, H., KALT, 
H., MAPPES, T., On-chip microlasers for biomolecular detection via highly localized deposition of a 
multifunctional phospholipid ink. Lab Chip, 2013, vol. 13, no. 14, pp. 2701-2707. 

[17] BOG, U., BRINKMANN, F., KALT, H., KOOS, C., MAPPES, T., HIRTZ, M., FUCHS, H., KÖBER, S. Large-Scale 
Parallel Surface Functionalization of Goblet-type Whispering Gallery Mode Microcavity Arrays for Biosensing 
Applications. Small, 2014, vol. 10, no. 19, pp. 3863-3868. 

[18] BOG, U., BRINKMANN, F., WONDIMU, S. F., WIENHOLD, T., KRAEMMER, S., KOOS, C., KALT, H., HIRTZ, M., 
FUCHS, H., KOEBER, S., MAPPES, T. Densely Packed Microgoblet Laser Pairs for Cross-Referenced 
Biomolecular Detection. Adv. Sci., 2015, vol. 2, no. 10, 1500066. 

 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

414 

HYDROGELS WITH HYDROPHOBIC NANODOMAINS 
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Abstract  

Ionic interactions between oppositely charged polyelectrolytes and surfactants can - under proper conditions 
- lead to formation of physical gels. The surfactants form micellar structures enabling to solubilize hydrophobic 
substances in the otherwise aqueous environment of the gel. Resulting materials can find use in the 
formulation of delivery systems, e.g. for hydrophobic drugs especially in topical applications. We report on the 
techniques of preparation of such materials from positively charged polysaccharides (chitosan, cationized 
dextran) and negatively charged surfactant and on their rheological properties in dependence of their 
composition. 

Keywords: Hydrogels, polyelectrolytes, micelles, nanodomains, surfactants 

1. INTRODUCTION 

It is well-known that polyelectrolytes can interact with oppositely charged surfactant by electrostatic forces and 
form various types of colloids, nanocolloids or even bulk materials, see, e.g., the monograph by Holmberg et 
al. [1]. Under a proper control and at sufficiently high surfactant concentration, the surfactant micelles can act 
as crosslinking points and gelled material is formed. These hydrogels contain hydrophobic domains formed by 
the surfactant micellar structures. Dimensions of these domains are thus within the area of nanomaterials. The 
domains should be capable of solubilization of hydrophobic substances within the otherwise hydrophilic gel 
matrix. They can be then favorably employed in variety of applications, especially in the fields of (bio)medicine, 
biomaterials, drug delivery, cosmetics, but even in agriculture or environment protection. From the point of 
view of polarity of their constituents such gels can be viewed as hybrid - hydrophilic-hydrophobic - materials. 
This hybrid character is the base of the specific material, structural, and colloidal properties of such materials 
[2]. This work is focused on the preparation of such gels from positively charged polysaccharide 
polyelectrolytes and negatively charged surfactant and on the study of their rheological properties. 

2. EXPERIMENTAL PART  

Chitosan (medium molecular weight) and dextran hydrochloride (powder prepared from dextran of average 
molecular weight 500,000) were purchased from Sigma Aldrich and used as cationic polysaccharides without 

further treatment. Sodium dodecylsuplhate (≥99.0 %, Sigma Aldrich), anionic surfactant, was also used as 
received. Gels were prepared by mixing polyelectrolyte and surfactant solutions prepared in deionized water 
(Purelab Flex, ELGA) or in 0.15 M NaCl. Dextrane stock solutions were prepared at concentrations of 1 and 4 
% (weight), chitosan stock solution of 2 % (weight) was prepared in the presence of acetic acid at concentration 
of 5 % (weight). Surfactant stock solutions were prepared at concentrations of 100 and 400 mM. Gels were 
prepared in vials by mixing equal volumes of stock solutions of polysaccharide and surfactant to achieve four 
different final concentrations as given in Table 1. The vials were left on a shaker overnight to complete gelation 
and separation of the gel phase. 
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Table 1 Final concentrations in gelling systems  

sample 
polyelectrolyte 

weight % 

surfactant 

mM 

1 2 200 

2 0.5 50 

3 2 50 

4 0.5 200 

Oil red O (Sigma Aldrich) was used as a hydrophobic dye to test solubilization capabilities of the gels visually. 
A small amount of the dye powder was added to the vial with freshly prepared gel and left solubilize overnight 
on shaker. 

Prodan was used as a universal fluorescence probe to further test solubilization properties of the gels. Stock 
solution of prodan in acetone (0.2 mM) was first added to the vial in such amount as to achieve its final 
concentration of 2 µM, acetone was left to evaporate and then the gel preparation followed as described above. 
Fluorescence spectra were measured at laboratory temperature using Fluorolog (Horiba Scientific) and the 
excitation wavelength of 361 nm. 

3. RESULTS AND DISCUSSION 

3.1. Chitosan gels  

The type of the aqueous environment had no visible influence on the gel formation. The amount of the formed 
gel was dependent on the polymer concentration - the higher the polymer concentration the higher the gel 
amount. Solubilization tests confirmed the presence of hydrophobic domains in samples 1, 2, and 4 (see the 
red color of the gels in Figure 1); the red color of the supernatant (especially in the case of sample 4) indicates 
that not all micelles were incorporated into gels. The gel sample 3 was not colored by the hydrophobic dye (cf. 
Figure 1) which means that either the hydrophobic domains were not formed or were inaccessible for the 
hydrophobic dye due to some structural reasons. 

Figure 1 Results of solubilization tests of chitosan gels prepared in 0.15 mM NaCl 

Rheological experiments did not reveal substantial effect of the type of aqueous environment on the 
viscoelastic properties of the formed gel materials. Figure 2 shows the dependence of both rheological moduli 
on the deformation frequency. It is clear that mechanical properties (toughness) of the gels can be controlled 
in a broad range by the composition of the gelling system. The elastic (storage) module was well above the 
viscous (loss) module over the whole tested frequency range for all samples. This clearly demonstrates 
dominating elastic response, i.e., the gel character, of prepared materials. Further, the moduli are almost 
independent of the deformation frequency. This is typical for densely crosslinked polymers or rigid gels or 
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dispersions [3]. Composition has significant effect on the rheological properties of the gels; their toughness as 

measured by the moduli values decreased in the order of the sample numbers: 1 > 4 ≈ 2 > 3. Thus, the high 
concentration of both polyelectrolyte and surfactant is necessary for high toughness, on the other hand, the 
surfactant concentration seems to be more significant for the preparation of weaker gels which sound logically 
as the surfactant nanodomains are supposed to serve as the gel crosslinking nodes. 

 
Figure 2 Storage (filled symbols) and loss (empty symbols) moduli of chitosan gels prepared in 0.15 M NaCl; 

sample 1 (blue), 2 (orange), 3 (green), and 4 (red) 

3.2. Dextran gels  

In this case the gel formation was clearly dependent on the aqueous environment. When deionized water was 
used gel was formed only with the sample composition 3 (otherwise only clear solutions resulted probably due 
to the disruption of micelles which then could not serve as crosslinking points) whereas in the environment of 
0.15 mM NaCl gels were formed for all compositions. Interestingly, in the latter case the solubilization test of 
samples 1, 2 and 4 gave similar results as shown in Figure 1 whereas in the case of sample 3 only the gel 
was colored and sank in colorless supernatant. This means that all micellar structures were incorporated into 
the gel which is in strict contrast to sample 3 prepared with chitosan. This is probably consequence of the 
lower charge density on dextran hydrochloride in comparison with chitosan - the content of nitrogen, which 
bears the positive charge, in dextran is declared by the producer to be around 3.2% whereas that of chitosan 
(at the average declared degree of deacetylation of 80%) should be around 7.2%. The high charge density at 
high polyelectrolyte and low micelle concentrations (sample 3) probably leads to disruption of micelles and 
bounding either surfactant monomers or some submicellar structures to chitosan chain. 

Rheological properties of these gels are completely different from those of chitosan gels, cf. Figure 3. First, 
both moduli have significantly lower values pointing to mechanically weaker materials. Further, the loss 
modulus for dextran samples 1 and 3 is higher than the storage modulus for (almost) all frequencies, indicating 
that these samples are more viscoelastic liquids than true soft solid materials. Both moduli of sample 2 have 
very similar values whereas sample 4 shows untypical behavior - the storage moduli is higher (and almost 
frequency-independent) at low frequencies and then, at medium and high frequencies, practically equal to the 
loss modulus. Generally, the values of all moduli of all samples increase with the frequency and do not reach 
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the high frequency plateau. This means sparsely crosslinked material with lower crosslinking density than was 
in the case of Figure 2. Again, this should be consequence of the dextran lower charge density. 

 

Figure 3 Storage (filled symbols) and loss (empty symbols) moduli of dextran gels prepared in 0.15 M NaCl; 
sample 1 (blue), 2 (orange), 3 (green), and 4 (red) 

3.3. Fluorescence probe  

Prodan was solubilized in selected gel samples as a fluorescence probe sensitive to its environment and 
capable of solubilization in both hydrophobic and hydrophobic domains. Increasing the polarity causes the 
bathochromic shift of the prodan emission spectra - the maximum is located around 401 nm in cyclohexane, 
496 nm in ethanol, and 531nm in water. 

The spectra were rather broad indicating distribution of prodan in regions of different polarity, nevertheless, 
the maximum was clearly seen and its location was dependent on the polyelectrolyte type but not dependent 
on the sample composition. For the chitosan-based hydrogels the maximum was located around 490 nm 
whereas in the case of dextran hydrogels around 477 nm. Thus, in the dextran hydrogels the prodan molecules 
are located in domains of lower polarity than in the case of chitosan gels. This points to some structural 
differences between these two gel types, their different hydration characteristics as well as to the potential 
disturbance of original micellar structures as mentioned in section 3.2. Further research and more structure-
specific methods are needed to explain these differences. 

4. CONCLUSION 

Cationic polyelectrolytes and anionic surfactants can form physically crosslinked hydrogels upon simple mixing 
at proper concentrations in proper aqueous medium. The hydrogels incorporate micellar hydrophobic 
nanodomains capable of solubilization of hydrophobic molecules. Of course, hydrophilic substances can be 
also entrapped within the hydrogel matrix. Structure and rheological properties of the resulting materials can 
be controlled by the polyelectrolyte type as well as by the concentration of the solutions from which the gels 
are prepared. These materials can find applications as drug delivery systems, particularly in topical (skin or 
mucous membrane) treatments. 
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Abstract  

The composition and arrangement of extracellular matrix (ECM) components in adult cardiac tissue plays a 
key role in the organization and alignment of synchronously and functionally beating cardiomyocytes. Following 
Heart failure (HF) - the end stage of cardiac pathologies in which cardiac muscle is not able to pump adequate 
blood to the organism - critical changes in mechanics and nanotopography occur along with the composition 
of cardiac ECM. Such modifications in ECM compliance and nanotopography - collectively defined as 
remodelling - are deemed to hinder local cell viability and function. At the moment, reliable in vitro models of 
the dynamic modifications occurring in vivo during cardiac remodelling process are missing. The 
Mechanosensing pathway Hippo acts through its effectors YAP/TAZ and is sensitive to changes in ECM 
mechanical properties. In the present study we demonstrate that, while being responsive to substrate 
compliance in a pathophysiological range (0.3-40 kPa), the nuclear localization and transcriptional activity of 
YAP/TAZ can be tuned by dynamical modifications of surface mechanics and nanotopography, as 
demonstrated by ad hoc developed thermo-responsive polymers displaying shape-memory properties. 

Keywords: Cardiac progenitor cells, mechanobiology, thermo-responsive polymers, Hippo pathway  

1. INTRODUCTION  

The nanostructure and chemistry of ECM is of utmost importance in the organization and alignment of 
synchronously and functionally beating cardiomyocytes in the adult heart. Modifications in ECM compliance 
and nanotopography - collectively defined as remodelling - are deemed to hinder local cell viability and 
function. Following myocardial infarction, the formation of a fibrotic scar occurs, and thus the surrounding tissue 
loses its compliance and contractility (Happe and Engler 2016). Changes in ECM mechanics and 
nanotopography are perceived by tissue-resident cells through a complex system of interconnected molecules 
collectively referred to as mechanosensing apparatus. This apparatus is entitled to transform and transduce 
biophysical cues coming from the surrounding ECM into a biological response, elicited at the gene expression 
level.  

The Hippo signaling pathway effectors YAP/TAZ have been shown to be sensitive to changes in ECM 
mechanical properties while influencing stem cell shape, homeostasis and differentiation (Dupont et al 2011). 
This axis works by controlling the shuttling of the proteins YAP/TAZ from the cytoplasm to the nucleus, where 
they act as transcriptional co-activators. Hippo pathway has been shown to play a pivotal role during heart 
development by controlling cardiogenesis by cardiac cell hyperplasia, with its deregulation being crucial to the 
onset and progression of cardiac hypertrophy. YAP and TAZ paralog proteins are not expressed in mature 
cardiomyocytes in vivo, while being re-expressed right after myocardial infarction in cardiomyocytes and 
cardiac fibroblasts at the infarction border zone. Conversely, ex vivo adherent cells of any derivation (epithelial 
cells, fibroblasts, endothelial cells, cardiomyocytes) display a marked nuclear staining for YAP and TAZ when 
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grown on stiff surfaces like glass or polystyrene. In this work, we aimed at investigating the possibility that the 
nuclear shuttling and transcriptional activity of mechanosensing proteins YAP/TAZ can be controlled by 
substrate compliance in a pathophysiological range (kPa) in cardiac progenitor cells. Moreover, we studied 
whether YAP/TAZ nuclear shuttling can be controlled by dynamic changes in substrate elasticity and 
nanotopography. In doing so, we unfold an unprecedented strategy to dynamically control YAP/TAZ subcellular 
localization of YAP/TAZ and show that the proteins are crucial to determine cardiac progenitor cell fate 
decision.  

2. MAIN TEXT 

2.1. Methods 

Adult human cardiac progenitor cells were obtained from human cardiac biopsies based on the expression of 
Stem Cell Antigen 1 (Sca-1). Polyacrylamide (PA) gels with stiffness values of 0.5, 10 and 40 kPa were 
prepared as described (Engler et al, 2004) with minor modifications. Glass round coverslips (Matsunami glass, 
Japan) were amino-silanized using Aminopropyltriethoxysilane (APES), whereas squared glass slides were 
fluoro-silanized by the use of Fluorosilane (Trichloro (1H, 2H, 2H-perfluorooctyl)silane) (Sigma Aldrich). 
Afterwards, PA gels were prepared by the addition of the adequate proportion of 40% (w/v) acrylamide stock 
solution (Sigma, USA) to 2% (w/v) bis-acrylamide (N,N'-Methylenebisacrylamide) (Tokyo Chemical Industry, 
Japan) stock solution and PBS, towards achieving the desired stiffness (Young modulus, E), according to the 
reported protocol. Polymerizing catalysts were added (10% (wv) ammonium persulfate (APS) at 1% of final 
volume and Tetramethylethylenediamine (TEMED) at 0.1% final volume). The mixture was poured between 
the fluorosilanized glass slide and aminosilanized coverslip for 30 min, after which the PA gel was attached to 
the aminosilanized coverslip. Finally, PA gels were functionalized with collagen (100 µg/mL) by the attachment 
to 0.2 mg/mL sulfosuccinimidyl-6-(4’-azido-2’-nitrophenylamino)-hexanoate (sulfo-SANPAH; Pierce 
Biotechnology) covalently bound to the gel surface by photo-activation. 

Thermo-responsive polymers displaying shape-memory properties were prepared by cross-linking tetra-
branched Poly-ε-caprolactone (PCL) with acrylate end-groups in the presence of linear PCL telechelic 
diacrylates, according to a previously reported protocol (Mosqueira et al, 2014) To prepare shape-memory 
PCL substrates with permanent surface nanopattern, the PCL macromonomer solution was cured between a 
nanopatterned glass mold and a flat glass slide with a 0.2 mm thick Teflon spacer for 180 min at 80 °C. 
Nanopatterned molding of glass substrates was performed by using an electron beam (EB) lithography system 
(ELS-7500EX, Elionix, Hachioji, Japan). To program temporary surface patterns, the films were compressed 
in a thermo chamber. A compressive stress of 0.1 MPa was applied to the samples at 37 °C and maintained 
for 5 min. The embossing stress was then released at 4 °C after 10 min of cooling. Samples had a temporary 
surface pattern that could be triggered to transition to the permanent surface pattern by heating. YAP/TAZ 
expression and subcellular localization in the cells were followed by immunofluorescence. Nuclei were 
counterstained with DAPI. 

2.2. Results and Discussion  

Similarly to what shown in other cells types like mesenchymal stem cells and fibroblasts, in adult cardiac 
progenitor cells (CPCs), the intracellular localization of YAP/TAZ is sensitive to substrate compliance. In fact, 
while being restricted to the cytoplasm on soft poly-acrylamide surfaces (0.3-0.5 kPa), the proteins are strongly 
stained in cell nuclei on stiff surfaces (10, 40 kPa and MPa range). This result was confirmed independently 
of surface composition and with different cell types, thus pointing at YAP/TAZ as primary sensors of ECM 
stiffness. Following this experiment, two classes of thermo-responsive polymers were designed: the first 
preparation was able to shift its stiffness when the temperature was modified from 32 to 37°C (Young 
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Modulus32= 20 MPa; Young Modulus37= 0.91 MPa). The second polymer was designed as to modify its 
nanotopography when the same shift in temperature was imposed. 

When CPCs were seeded onto thermo-responsive PCL surfaces with controlled stiffness in the MPa range 
and the temperature modified, a clear, although transient relocation of the proteins YAP/TAZ to the cytoplasm 
was noticed within 90 minutes. The nuclear expression of the proteins was promptly recovered within 180 
minutes (Figure 1).  

 

Figure 1 YAP/TAZ localization is dependent on substrate compliance (a) and the tension propagated 
through cell cytoskeleton (b). Thermo-responsive polymers were prepared as to display a dynamic switch in 

elasticity following a change in temperature (from 32 to 37°C, c). YAP/TAZ nuclear expression can be 
controlled by dynamic changes in substrate stiffness, as induced by thermal transition. As controls, the same 

temperature shift did not cause any shuttling of the proteins in cells grown onto glass or tissue culture 
polystyrene surfaces (TCPS, d) 

The existence of a nanopattern in the second preparation of PCL surfaces was confirmed by AFM  
(SPM-9500J3, Shimadzu Co., Kyoto, Japan) in non-contact mode using a Si3N4 cantilever (spring constant; 
42 N m−1), and with the sample temperature controlled. Additionally, by changing the temperature from 32 to 
37 °C, we confirmed that the nanotopography of the surface could be dynamically modified within a limited 
time (90 minutes). These experiments helped us to clarify that these classes of polymers displayed a shape-
memory effect (Figure 2a). To test the responsivenes of YAP/TAZ proteins to nanopattern modification, 
cardiac progenitor cells were seeded onto thermo-responsive polymers displaying shape-memory effect and 
a shift in surface nanotopography was imposed by switching the temperature from 32 to 37°C. YAP/TAZ 
proteins were stained with specific antibodies after 90 and 180 minutes. This experiment highlighted that 
YAP/TAZ proteins respond to dynamic modifications in substrate nanotopography by relocating to cell 
cytoplasm (90 min). After the nanotopography of the substrate is settled back at 37°C (180 min), the proteins 
shuttle back to the nucleus (Figure 2).  
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Figure 2 Thermo-responsive polymers displaying shape-memory effect can be induced to a transition by 

temperature switch, like shown in AFM analysis (a). The modification in substrate nanotopography causes a 
displacement in cell adhesion (b) and a temporary derangement in YAP/TAZ expression: the proteins exit 

the nucleus and are sequestered in the cytoplasm for a short time (90 minutes), until the stability of the 
surface is recovered. After 180 minutes the proteins shuttle back to the nucleus (c).  

The process is depicted in (d) 

Following experiments clarified that YAP/TAZ are also involved in CPC fate decision, by controlling the 
acquisition of the contractile phenotype. In fact, when the proteins were silenced in CPCs induced to 
differentiate towards the contractile phenotype, a clear reduction in the expression of key cardiac genes alpha 
cardiac actin, Nkx-2.5, myosing heavy chain was detected (Figure 3).  

 
Figure 3 YAP-silenced cells display a reduced tendency to acquire cardiac mature phenotype when 

stimulated with cardiogenic factors. Real time PCR analysis of key cardiac genes like alpha (α) cardiac actin, 
Nkx-2.5 and myosin heavy chain were significantly reduced in cardiac progenitor cells as compared to their 

controls 
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3. CONCLUSION 

In conclusion, in the present study we confirmed that adult tissue-resident cardiac progenitor cells possess an 
intrinsic and functional mechanosensing system based on the nuclear shuttling and transcriptional activation 
of YAP/TAZ proteins. These proteins are sensitive to substrate compliance, since they are relocated to the 
cytoplasm when cells are grown onto soft surfaces (0.3, 0.5 kPa) while being predominantly nuclear on stiff 
(10, 40 kPa) substrates. More importantly, we demonstrated for the first time that in cardiac progenitor cells 
YAP/TAZ protein localization can be dynamically controlled by modifying substrate stiffness and 
nanotopography through slight switches in temperature. This result was achieved by designing novel thermo-
responsive polymers displaying shape-memory properties and represent a significant advancement to 
reproduce in vitro models of cardiac pathologies by mimicking the onset of ventricle remodeling. Moreover, 
given the role of YAP/TAZ in cardiac cell differentiation, such a result paves the way to novel approaches to 
control stem cell fate through active biomaterials. 

ACKNOWLEDGEMENTS   

Supported by the project no. LQ1605 from the National Program of Sustainability II (MEYS CR). 

REFERENCES 

[1] HAPPE, C. L., ENGLER A. J. Mechanical Forces Reshape Differentiation Cues That Guide Cardiomyogenesis. 
Circulation Research, 2016, vol. 118, pp. 296-310. 

[2] DUPONT, S., MORSUT, L., ARAGONA, M., ENZO, E., GIULITTI, S., CORDENONSI, M., ZANCONATO, F., LE 
DIGABEL, J., FORCATO, M., BICCIATO, S., ELVASSORE, N., PICCOLO, S. Role of YAP/TAZ in 
mechanotransduction. Nature, 2011, vol. 474, 179-183. 

[3] MOSQUEIRA, D., PAGLIARI, S., UTO, K., EBARA, M., ROMANAZZO, S., ESCOBEDO-LUCEA, C., NAKANISHI, 
J., TANIGUCHI, A., FRANZESE, O., DI NARDO, P., GOUMANS, M. J., PINTO-DO-Ó, P., AOYAGI, T., FORTE, G. 
Hippo pathway effectors control cardiac progenitor cell fate by acting as dynamic sensors of substrate mechanics 
and nanostructure. ACS Nano, 2014, VOL. 8, 2033-2047. 

[4] ENGLER, A. J., GRIFFIN, M. A., SEN, S., BöNNEMANN, C. G., SWEENEY, H. L., DISCHER, D. E. Myotubes 
Differentiate Optimally on Substrates with Tissue-like Stiffness: Pathological Implications for Soft or Stiff 
Microenvironments. Journal Cellular Biology, 2004, vol. 166, 877-887. 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

424 

INCORPORATION NITRIC OXIDE DONORS INTO FIBROUS MATERIAL INTENDED FOR 

VASCULAR GRAFTS 

SAMAN Ales1, KLAPSTOVA Andrea1, HORAKOVA Jana1, MIKES Petr1 

1Technical University of Liberec, Faculty Of Textile Engineering, Department of Nonwovens and Nanofibrous 
Materials, Liberec, Czech Republic, EU 

Abstract  

Nitric Oxide (NO) is a very promising molecule suitable for applications in cardiovascular system. NO has many 
beneficial effects such as anti-thrombogenic and anti-inflammatory properties together with endothelial cell 
support. Presented work was focused on functionalization of electrospun biodegradable materials by nitric 
oxide donors for further usage as vascular grafts. Firstly, the optimization of biodegradable nanofibrous layers 
was carried out. Fibrous sheets were produced from the aliphatic polyester polycaprolactone (PCL) that was 
blended with nitric oxide donor S-nitrosoacetyl N-penicillamine (SNAPs) in various concentrations of 0.2 wt % 
and 0.4 wt%. Subsequently, prepared layers with and without NO donors were tested in vitro using endothelial 
cells and its effect was compared. Nitric oxide release from functionalized layers was detected by colorimetric 
Griess assay after 1, 2 and 3 days of incubation. Moreover, sterilization methods and their impact for NO 
release was monitored.  
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1. INTRODUCTION  

Nitric oxide (NO) is a very interesting molecule in the human body especially for cardiovascular system. Firstly, 
the molecule was described in 1980s.  Later in 1992, nitric oxide was selected by scientific journal authors as 
the molecule of the year. In 1998, three scientists R. F. Furchgott, L. J. Ignarro and F. Murad were awarded 
the Nobel Prize in Physiology or Medicine for their input and explanation of the function of NO in living 
organisms. Nitric oxide is a gas under normal climatic conditions. NO is important biological molecule effecting 
a lot of cell types such as endothelial cells, smooth muscle cells, platelets and immune cells. Nitric oxide 
support endothelial cell proliferation in living organisms [1]. Appropriate NO release is beneficial for 
development of functional vascular grafts that usually lack endothelialization of the lumen, possess 
thrombogenic and/or inflammatory properties or led to intimal hyperplasia thickening due to the over 
proliferation of smooth muscle cells [2]. Incorporation of NO donors into the structure of vascular prosthesis 
will prevent the most common graft failure. 

1.1. Griess assay  

Griess assay is spectrophotometric method used for determination of nitric oxide, nitrates and nitrites (NOx) 
[1]. The method is based on the reaction of NOx with sulfanilamide (SULF) or sulfanilic acid (SA). Formed 
product react with N- (1-naphthyl) ethylene (NEDD) that yields in orage azo-dye absorbed at 496 nm when 
incubated in PBS or in purple colored dye absorbing at 540 nm after incubation in water. The absorbance of 
the solutions after incubation with functionalization materials was related to NO concentration based on 

calibration curve construction [3]. 

1.2. SNAPs Synthesis   

S-nitrosoacetyl-N-penicillamine was synthesized by dissolving N-acetyl-DL-penicillamine in methanol by 
sonification. Then, sulfuric acid and hydrochloric acid were added for adjusting pH. Subsequently, the solution 
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was cooled with ice for one hour leading to a green-red color. Then, the solution was evaporated in a vacuum 
evaporator where methanol was removed. The final drying of the product, SNAPs, was carried out at room 
temperature for approximately two days. 

.  
Figure 1 Chemical structure of SNAPs 

1.3. Materials 

Polycaprolactone (PCL, Sigma Aldrich, Mw 45000 g / mol) as a representative of aliphatic polyesters was 
electrospun using NanospiderTM. The polymer was dissolved in solvent system composed of chloroform, acetic 
acid and ethanol in a ratio of 8/1/1 (v / v / v) in a final concentration of 16 wt %. Functionalization of the fibrous 
layer was done by blending of polymeric solution with various concentrations of NO donor. SNAPs were added 
to the electrospinning solution at concentrations of 0.2 and 0.4 wt % one hour before electrostatic spinning.  

After electrospinning, the layers were examined by scanning electrone microscopy and the fiber diameter was 
measured using image analysis. Average fiber diameters ± standard deviations of resulting fibrous layers were: 

a) PCL:    325.4 ± 113.02 nm 
b) PCL + 0.2 % SNAPs:  306.1 ± 146.19 nm 
c) PCL + 0.4 % SNAPs:  272.66 ± 111.94 nm 

2. CULTIVATION ENDOTHELIAL CELLS 

Nitric oxide is known to support endothelial cell proliferation. [2]. Prior to cell seeding, materials were sterilized 
by immersion in 70% ethanol and washed twice in PBS for 5 minutes. Produced materials (PCL, PCL+0.2% 
SNAPs, PCL+0.4% SNAPs) were incubated with human umbilical vein endothelial cells (HUVEC, Lonza) and 
analyzed by fluorescence and scanning electrone microscopy.  

2.1. Fluorescence microscopy 
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Figure 2 Images from fluorescence microscopy after dying of cell nuclei with propidium iodide for tested 
materials PCL (1st row), PCL + 0.2% SNAPS (2nd row) and PCL + 0.4% SNAPS (3rd row) after 1 day of 

cultivation (1st column), 4 days (2nd column), 7 days (3rd column) and 11 days (4th column) 

Endothelial cells were fixed and stained with propidium iodide in red after 1, 4, 7 and 11 days of incubation. 
Scaffolds with seeded cells were captured using fluorescence microscope. The results are summarized in the 
following Figure 2. The number of cells did not show significant differences between tested materials, but even 
between individual days of incubation. Endothelial cells adhered to fibrous materials but further proliferation 
did not occur. In case of PCL+0.4% SNAPs, islands of endothelial cells were found. 

2.2. SEM 

Fixed cells cultured on fibrous materials were assessed using scanning electron microscopy as depicted in 
Figure 3. Cells adhered on the nanofibrous structure as seen from the first column of Figure 3. The images 
of PCL 0.2 and 0.4 % SNAPs in the seventh and eleventh day show a continuous layer of cell. These figures 
indicate that the content of SNAPs have a positive effect on endothelial cell growth. However, quantification of 
cells and further tests will have to be carried out in order to prove the statement. 

 

Figure 3 Images of scanning electron microscopy showing the endothelial cells cultured on PCL nanofiber 
(1st row), PCL + 0.2% SNAPS (2nd row) and PCL + 0.4% SNAPS (3rd row) after 1 day of culture  

(1st column), 4 days (2nd column), 7 days (3rd column) and 11 days (4th column) 
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2.3. Kinetics release of NO 

NO release from prepared materials was measured after 1, 2 and 3 days of incubation in PBS. For each 
material, 50 mg was weighted and inserted into 15 ml tubes containing PBS / water. After certain incubation 
period, Griess assay in water and in PBS was carried out (n=5). The data of NO release after 1, 2 and 3 days 
were plotted cumulatively as mean ± standard deviation in Figure 4.  

  

Figure 4 Cumulative NO release after 1, 2 and 3 days of electrospun materials incubation in PBS / water 
analyzed by Griess assay  

Absorbance is presented cumulatively in the graph. The results indicate that the highest rate of NO release 
was within the first day. After the second and the third day, release of NO has slowed down. This may be 
caused by the release of NO from the fiber surface. Slow degradation rate of PCL do not allow NO donors to 
release further NO but the fibers could still contain SNAPs embedded in polymer.  

2.4. Sterilization effect on NO release 

Sterilization procedure can influence the content of final scaffold and its functionalization. Due to the unclear 
results of in vitro tests, sterilization technique was assessed for NO release. For comparison, ethanol 
sterilization was used in the 
same way as before in vitro 
experiment described above 
and ethylene oxide sterilization 
(Anprolene, 37°C). Similarly, 50 
mg of each material underwent 
the sterilization procedure and 
further NO release was 
examined by Griess assay. The 
results are summarized in 
Figure 5 indicating that 
sterilization technique strongly 
influences the NO release. 
Samples after immersion in 
ethanol and PBS and after 
ethylene oxide sterilization 
showed decreased NO release.  

Figure 5 NO release from tested materials (PCL, PCL+0.2% SNAPs, 
PCL+0.4% SNAPs) in non-sterile form, after ethanol sterilization and 

ethylene oxide sterilization 
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3. CONCLUSION 

Polycaprolactone was electrospun and functionalized with NO donors in order to improve vascular graft 
function. Various concentrations of SNAPs were blended with PCL (0.2% and 0.4%) leading to uniform fibrous 
structure capable of NO release for 3 days that was measured by Griess assay. In vitro tests were influenced 
by sterilization prior to cell seeding that decrease the level of NO available. Further it was confirmed that NO 
release is strongly influenced by sterilization method. When ethanol treatment or ethylene oxide was used, the 
NO release was much lower than in non-sterile samples. Therefore suitable sterilization method has to be 
thoroughly considered.   

Acknowledgements   

We are thankful to the Dpt. of Nonwovens and Nanofibrous materials, Faculty of Textile Engineering, 
Technical University of Liberec and to the student project „SGS-21092” and project "Nanofibrous 
Biodegradable Small-Diameter Vascular Bypass Graft" financed by the Ministry of Health (No. 15-
29241A, 2015-2018). 

REFERENCES 

[1] NIMS, R. W., DARBYSHIRE, J., Colorimetric Methods for the Determination of Nitric Oxide Concentration in 
Neutral Aqueous Solutions, Methods, 1995, vol. 7, no. 1, pp. 48-54.  

[2] POPOWICH, D., VARU, V., Nitric oxide: what a vascular surgeon needs to know, Vascular. 2007, vol. 15, no. 6, 
pp. 324-35.  

[3] RIDNOUR, L. A., SIM, E., A Spectrophotometric  Method for the Direct Detection and  Quantitation of Nitric 
Oxide, Nitrite, and  Nitratein Cell Culture Media, Analytical Biochemistry, 2000, vol. 281, no. 2, pp. 223-229. 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

429 

CHARACTERISATION OF PEROXIDASE-LIKE ACTIVITY OF THERMALLY SYNTHESIZED 

GOLD NANOPARTICLES  

DOCEKALOVA Michaela1, UHLIROVA Dagmar1, STANKOVA Martina1, KEPINSKA Marta2, 
SOCHOR Jiri3, MILNEROWICZ Halina2, BABULA Petr1, FERNANDEZ Carlos4, BRAZDOVA 

Marie1, ZIDKOVA Jarmila5, SUCHY Pavel1, KIZEK Rene1,2  

1University of Veterinary and Pharmaceutical Sciences Brno, Pharmaceutical Faculty, Czech Republic, EU 
2Wroclaw Medical University, Wroclaw, Poland, EU 

3Mendel University in Brno, Faculty of Horticulture, Lednice, Czech Republic, EU 

 4Robert Gordon University, School of Pharmacy and Life Sciences, Aberdeen, United Kingdom, EU 
5Institute of Chemical Technology, Prague, Czech Republic, EU 

Abstract 

The development of nanotechnologies has attracted a lot of interest since it brings new possibilities in the field 
of nanomedical applications, from diagnostic methods to targeted nanotransporters. Gold nanoparticles 
(AuNPs) belong to a group of nanomaterials with significant peroxidase-like activity. We have successfully 
synthesized AuNPs thermally over a range of temperatures from 20 to 100 °C. The AuNPs size varied from 
17 to 37 nm and the zeta potential was found to vary from -32 to -44 mV, in which the maximum absorption 
maximum was detected at 529 nm. Peroxidase-like activity was monitored in the presence of TMB (1 mM) and 
hydrogen peroxide (10 mM). The proposed system based on peroxidase-like activity was further evaluated in 
immune detection of human IgG, in which anti-IgG antibody was modified with AuNPs.  

Keywords: Gold nanoparticles, electrochemistry, spectrophotometry, enzymatic reaction, ELISA,  
                    nanomedicine 

1. INTRODUCTION     

With a strong development of nanotechnology and its subsequent applications in biology, there is significant 
interest in their application in nanomedicine in the field of drug delivery, imaging or biological separation 
techniques. Despite the fact that nanoparticles have shown adverse effects, they are almost biologically and 
chemically stable [1]. Gold nanoparticles (AuNPs) are used as a suitable tool in molecular biology experiments, 
especially for introducing genetic information 
into cells [2]. Furthermore, with the rapid 
development of nanotechnology, they are 
used as one of the major carriers of 
biomolecules in nanomedicine and biosensor 
applications [3, 4], including applications in 
experimental cardiology [4]. Peroxidase 
reaction participates in many of the 
biochemical pathways and biotechnological 
applications [5] due to the fact that some 
groups of compounds or nanomaterials may 
have enzyme activity (also peroxidase) [5-7]. 
As it is shown in Figure 1, since 2010, the 
number of outputs regarding with this 
research has dramatically increased.  

Figure 1 Web of Science - number of items for the keyword 
peroxidase-like activity, data evaluated between the years 

2010 and 2016 (to the date of 5. 8. 2016) 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

430 

Very interesting and attractive possibilities and applications of nanomaterials with peroxidase-like activity have 
been reported since. Peroxidase-like activity is not limited only to the type of nanomaterial; nanomaterials may 
have modifying effects on peroxidase-like activity. Graphene in combination with gold nanoparticles 
significantly enhances their peroxidase-like activity [8]. Other nanoparticles have been successfully reported 
and prepared, such as carbon-based AuPd bimetallic nanocomposite (AuPd/C NC) [9]. Special type of 
nanoparticles - nanoflowers - modified with amino acids exhibited peroxidase-like activity depending on the 
reaction mechanism of Fenton-like reaction [10]. Combination of nanomaterials with peroxidase-like and 
peroxidase activity leads to an enhancement of this activity too. Peroxidase activity has a wide range of 
practical applications. For example, the ability to catalyse the oxidation of organic substrates to reduce their 
toxicity and/or to produce a colour change, it could be used as a detection tool of heavy metals [11] or urea 
and urease [12]. The aim of the work was to synthesize AuNPs modified with trisodium citrate at different 
temperature profiles and to study their peroxidase-like activity. The fact that AuNPs have peroxidase-like 
activity poses the potential for their novel applications as ELISA. 

2. MATERIAL AND METHODS   

Reagents 

Human IgG (H-IgG), goat anti-human IgG antibody (anti-IgG), HRP labelled goat anti-human IgG antibody 
(HRP-an- ti-IgG), and bovine serum albumin (BSA) were supplied by Sigma Aldrich. 3,3′,5,5′-
tetramethylbenzidine (TMB) and sodium citrate dihydrate, hydrogen tetrachloroaurate(III) hydrate 
(HAuCl4·4H2O), hydrogen peroxide (H2O2), hydroxylammonium chloride (NH2OH·HCl), sodium carbonate 
anhydrous (Na2CO3), sodium hydrogen carbonate (NaHCO3), disodium hydrogen phosphate dodecahydrate 
(Na2HPO4·12H2O), sodium dihydrogenphosphate dihydrate (NaH2PO4·2H2O), acetic acid (HAc),and sodium 
acetate (NaAc) were purchased from Merck. All reagents were of analytical grade and used without any further 
purification. 

Synthesis of Gold Nanoparticles (AuNPs) and AuNPs-anti-IgC 

AuNPs were synthesized according to the reported method with slight modification [13]. Thermal synthesis of 
AuNPs was performed using a magnetic stirrer with heating under controlled temperature, stirring for 60 
minutes and preventing evaporation of liquid. The anoparticles were characterized using the following 
equipment and approaches: ZetaSizer, spectrophotometry, fluorimetry, and electrochemistry. Preparation of 
AuNPs-anti-IgG conjugate followed. One ml of anti-IgG (1 mg/ml) was added into 10 ml of AuNPs suspension 
with pH at 9.0 (0.1 M Na2CO3 and 0.1 M HCl were used to adjust pH). The mixture was incubated at room 
temperature for 1 h. Then, 1 ml of 10% BSA solution was injected under stirring to block the unspecific binding 
of proteins to antibodies on AuNPs, followed by incubation at room temperature for 0.5 h. The conjugate was 
then centrifuged (16,000 rpm) at 4°C for 15 min, and the soft sediment was washed and re-suspended in PBS 
solution [14]. The blue colour development appeared after an incubation in 100 µl of 1 mM TMB and 10 mM 
H2O2 (15 min, 28°C). The absorbance at 652 nm was recorded by using a reader Infinite M200. For 
comparison, HRP-anti-IgG was used as a detection antibody to detect H-IgG in a substrate solution containing 
1 mM TMB and 10 mM H2O2 (incubation for 15 min at 28°C). Prepared nanoparticles (20AuNPs, 40AuNPs, 
60AuNPs, 80AuNPs, 100AuNPs) were characterized by different approaches including spectrophotometry 
(UV-3100PC, VWR Germany) and Infinite F50 (TECAN, Switzerland, fluorimetry (Cytation 3 Cell imaging multi-
mode reader, TECAN, Switzerland) and electrochemistry. Electrochemistry: measurements were carried out 
in a volume of 1.0 ml; where the electrolyte was 0.2 M acetate buffer (pH 5). Parameters of voltammetry were 
as follows: initial potential −1.2 V; end potential −0.3 V; potential step 3 mV; and potential of deposition −1.0 V. 
Electrochemical measurements were performed using a minicomputer-connected potentiostat 910 PSTAT 
mini (Metrohm, Switzerland).  
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3. RESULTS 

Preparation of nanoparticles is based on Tukevich Method for Gold Nanoparticle Synthesis [13]. Thermal 
synthesis at different temperatures (20, 40, 60, 80, and 100 °C) was used to prepare AuNPs and subsequently 
were modified with trisodium citrate. The AuNPs were characterized by available physical-chemical 
approaches. Figure 2a illustrates typical recordings of AuNPs prepared by thermal synthesis at different 
temperatures 20, 40, 60, 80, and 100 °C and the absorption spectra of individual types of AuNPs. 

Size of AuNPs varied from 17 to 37 nm, zeta potential was between -32 and -44 mV; absorption maximum 
was recorded at 529 nm. Peroxidase-like activity was evaluated for individual AuNPs; all types exhibited 
significant peroxidase-like activity.  

Figure 2B shows the ability of AuNPs to create a colour product with a characteristic blue coloration. AuNPs 
with TMB without hydrogen peroxide showed no colour reaction, TMB with only hydrogen peroxide (without 
AuNPs) showed no colour change too.  

 

Figure 2 Typical recordings of AuNPs prepared by thermal synthesis at temperatures 20, 40, 60, 80, 
and 100 °C. A) Absorption spectra of individual types of AuNPs. B) Peroxidase-like activity of individual types 

of AuNPs in the presence of 1 mM TMB and 10 mM H2O2 (incubation 15 min at 24°C) 

AuNPs in the presence of hydrogen peroxide oxidize TMB and produces a characteristic colour product at 652 
nm. A characteristic absorbance curve showing the effect of gold nanoparticles on the oxidation of TMB in the 
presence of hydrogen peroxide is shown in Figure 3 in which the absorbance maximum was detected at 652 
nm. The AuNPs synthesized in-house at different temperatures exhibited similar signals. Figure 3C represents 
the dependence of the relative peroxidase-activity with time. The results indicate a positive response with the 
maximum signal in the time interval between 10 and 15 min. The effect of the amount of AuNPs on the 
peroxidase-like activity is represented in Figure 3D. A linear response is observed over the range from 3 to 
200 ng/µl here y = 0.0013x - 0.0022 and R2 = 0.9975.   
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Figure 3 (A) Scheme of TMB oxidation by AuNPs. (B) Typical absorption curves of TMB a) before  
and b) after addition of hydrogen peroxide into a reaction mixture with AuNPs. The peroxidase-like activity  

of the AuNPs (C) Relative activity of 20AuNPs, (D) Effect of AuNPs concentration on relative activity  
(1 mM TMB and 10 mM H2O2, incubation 15 min at 24 °C) 

We can expect a very broad application of nanomaterials in diagnostic procedures, such as ELISA, in the 
future. Next, we modified antibody with AuNPs to investigate immunoglobulin content in biological samples. 
Modified antibody were used in the ELISA method to verify possible application of AuNPs.  

 

Figure 4 Immunoassay based on the peroxidase-like activity of AuNPs nanoparticles. Human IgG antigen 
was recognized by anti IgG antibody and detected by AuNPs. AuNPs conjugated to the antibody (A).  

A colour reaction was developed when the substrate TMB was added in the presence of H2O2,  
(B). Comparison between IgG, BSA and Blank at maximum absorbance 652nm 
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Figure 4a shows the proposed and developed immunoassay protocol based on the peroxidase-like activity of 
AuNPs. Antigen (IgG) was immobilized on the surface of the plate. In the first step of the reaction, the Antigen 
reacted with anti-IgG antibody labelled with AuNPs. The TMB oxidases in the presence of hydrogen peroxide 
which also change the colour.  

Figure 4b represents a series of responses for IgG, in comparison with control sample (BSA) and TMB without 
IgG-AuNPs (Blank) at the maximum absorbance 652nm. The maximum response was obtained for IgG 
followed by BSA and the blank. 

4. CONCLUSION 

For the first time we have successfully reported a new method in which AuNPs were thermally synthesized 
and they exhibited peroxidase-like enzymatic activity in a wide range of concentrations from 3 to 200 ng/µl 
Moreover, AuNPs were used as a platform for antibody modification of anti-IgG as well as being successfully 
employed as a sensor for the detection of human IgG using a simple immune detection method without the 
application of proteins as enzymes.  
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Abstract 

Tissue inflammation leads to the recruitment and activation of several cell types, which cooperate to create a 
particular microenvironment that determines the regression of the pathology or its perpetuation (chronic 
inflammation). Mesenchymal stem cells (MSCs) are multipotent cells present in the stromal fraction of many 
tissues (i.e umbilical cord blood, placenta, adipose tissue). Several studies are now showing MSCs potential 
in tissue engineering, especially because of their ability to differentiate onto nanostructure surface. However 
the effect of nanostructure on MSCs immune properties is not properly characterized. The aim of the project 
is to develop MSCs reporter lines for transcription factors associated to inflammation, in order to monitor their 
activity once the cells are seeded onto nanostructure. This will be helpful to understand, which materials are 
more suitable in term of tissue regeneration. 

Keywords: Nanostructure, mesenchymal stem cells, immune properties and reporter lines 

1. INTRODUCTION 

Mesenchymal stem cells (MSCs) are essential cells for maintenance of tissue homeostasis, able to 
differentiate into the three mesodermal lineages: adipocytes, chondrocytes and osteoblasts. Recent studies 
have shown their capacity to migrate and home into damaged tissue where they play important role in 
immunologic and tissue regenerative processes [1]. So far most of the studies focused on the effects of 
nanostructures and biopolymers on MSCs differentiation potential; however a clear insight on MSCs immune 
properties when seeded onto the nanostructures has been overlooked, even though is crucial to understand 
their beneficial effects and estimate the risks of the tissue engineering approach [2]. 

The role of mesenchymal stem cells (MSCs) in inflammation is driven through cytokines and more importantly 
through direct sensing of microenvironment by Toll-like Receptors (TLRs). TLR signaling cascade can be 
activated by pathogen associated molecular patterns (PAMPs) or endogenous molecules associated to 
damage (DAMPs). Majority of TLR triggers leads to NF-κB nuclear translocation and transcription of pro-
inflammatory cytokines, influencing the crosstalk with immune cells, regulating inflammatory processes and 
overall the immune response.  

MSCs can be polarized into two different phenotypes, pro-inflammatory (MSC1) or anti-inflammatory (MSC2) 
phenotype, depending on the type and concentration of stimuli to which they are exposed [3]. MSCs have a 
high self-renewal capability and expansive potential ex vivo. They are present in large numbers in adults, and 
are also relatively easy to isolate and culture features, which make them suitable for tissue regeneration and 
cell-based therapy. Because mesenchymal stem cells of multiple adult vertebrate species originate from extra 
embryonic mesoderm, their capacity to differentiate into adipogenic, chondrogenic, and osteogenic lineages 
as well as into myogenic and fibroblastic lineages has been extensively studied [4] 

The aim of the project is to establish MSCs reporter line for different transcription factors associated to 
inflammation and use them to investigate whether different nanostructure can lead to MSCs pro-inflammatory 
phenotype. 
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2. RESULTS 

To investigate MSCs sensing of extracellular environment, we performed analysis of two transcription factors 
associated to inflammation: NF-kB and NFAT. Our data (Figure 1) revealed that TLR2 stimulation with 
zymosan leads to NFAT nuclear internalization (active form), as shown in the colocalization profile. On the 
other NF-kB nuclear localization is higher when cells are treated with TLR4 activator, as we demonstrated with 
ELISA assay on nuclear extracts of mesenchymal stem cells. Altogether these findings show the importance 
of NF-kB and NFAT in MSCs sensing of microenvironment. 

To further describe signaling during inflammation and effects of different nanostructures on MSCs immune 
properties, we developed MSCs reporter lines for NFAT and NF-kB using Cignal Lenti Reporter Kits.  

Once developed NFAT luciferase stable reporter line were triggered cells with an activation cocktail (ionomycin 
+ zymosan) and measure the activity of luciferase in cell lysates using a luminometer (Figure 3). 

With the same procedure we established NF-kB reporter line and monitor the activation of the pathway both 
in cell lysates using luminometer (Figure 4) and in fixed cells stained with anti-firefly luciferase antibody using 
confocal microscopy (Figure 5). Luminescence assay and confocal imaging show that reporter lines 
established are suitable to investigate activation of inflammatory pathways in mesenchymal stem cells. 

 
Figure 1 Comparison of NFAT expression and translocation in MSCs differently stimulated. Cultured MSCs 

were treated with TLR2 and Dectin-1 ligand (zymosan, 10ug/ml, 10 min), NFAT inhibitor (FK 506, 200 ng/mL, 
30 min) fixed and stained with DAPI, phalloidin TRITC and NFATc1 monoclonal antibody (coupled to Alexa 

Fluor 488). Imaging was performed using Zeiss LSM 780 confocal microscope 

 
Figure 2 ELISA assay on MSCs nuclear extracts. Cultured MSCs were treated with TLR2 ligand (zymosan, 

10ug/ml, 10 min) and TLR4 ligand (LPS, 10ug/ml, 10 min). Nuclear extracts were collected and used for 
ELISA assay 
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Figure 3 Cultured MSCs NFAT reporter were treated with NFAT stimulation cocktail (zymosan, 10ug/ml + 

ionomycin 1µg/ml, 6h) and inhibitory molecule (FK506, 0.2ug/ml, 6h). Firefly luciferase activity was 
measured using luminescence reader 

 
Figure 4 Cultured MSCs NF-κB reporter were treated with TLR2 ligand (zymosan, 10ug/ml, 6h), TLR4 ligand 
(LPS, 10ug/ml, 6h) and inhibitory molecule (TPCA-1, 0.1ug/ml, 6h). Firefly luciferase activity was measured 

using luminescence reader 

 
Figure 5 Confocal imaging of Ad-MSCs NF-κB reporter line. Cultured MSCs NF-κB reporter were treated 

with TLR2 ligand (zymosan, 10ug/ml, 6h), TLR4 ligand (LPS, 10ug/ml, 6h) and inhibitory molecule (TPCA-1, 
0.1ug/ml, 6h), fixed and stained using NFAT cell signaling antibody and Anti firefly luciferase Chipgrade 

antibody. Quantification of the signal was measured using imagej software 
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3. METHODS 

Immunofluorescence: Cells were fixed using PFA 4% (SantaCruz) for 20 minutes, wash three times with PBS 
and treated overnight using primary antibodies anti-NFAT2 from Cell Signaling, anti-firefly luciferase from 
Abcam. Cells were washed three times with PBS and stained using Phalloidin TRITC, AlexaFluor 488 and 
DAPI. Imaging was performed using Zeiss LSM 780 confocal microscope. 

ELISA assay: the assay was performed using TransAM NF-κB Family kits from Active Motif and following the 
manufacturer instructions. 

Establish of stable luciferase reporter lines: Cells were seeded in 24 wells plate with 600μl of DMEM without 
Pen/Strep per well. Cells were transfected adding 2µl of Surentry and 12uL of particles in the media. After 6h 
transfection media was discarded and complete DMEM was added. After 1 day cells were put in selection 
(puromycin 0.5µg/ml) in order to obtain a homogeneous population who integrated the vector. 

Luciferase assay: Cells were lysed using one-glo from Promega (lysis and luciferase substrate). After 5 
minutes the intensity of fluorescence was measured using luminometer 

4. DISCUSSION AND COCLUSIONS 

Understanding the effects of different materials and structures on MSCs biology will provide new tools to 
address effective therapeutic strategies [5]. For this reason we challenged MSCs with different TLR ligands [6] 
and we identify NF-κB and NFAT as two of the main transcription factors involved in MSCs immune response. 
We also established stable reporter lines for NF-κB and NFAT that allow us to monitor MSCs immune 
properties.  

The aim of this work is shedding light on MSC role during inflammation. Developed reporter lines can be used 
to analyse the response of MSCs to different material and can be important tool to timely testing of 
nanostructure properties, which are used for MSCs cultures [4]. 

The reporter lines established can help to investigate the field and learn more about how MSCs change their 
immune properties when they are seeded onto different nanostructures. 
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Abstract  

This paper deals with electrostatic association of cationic micelles (CTAB or Septonex) with hyaluronan. 
Hyaluronan as negatively charged polyelectrolyte can interact with positively charged surfactant micelles via 
electrostatic interactions to form nano-core-shell like aggregates. These self-assembly nanoparticles can 
solubilize hydrophobic active substances and therefore, they are potential carriers in drug delivery applications. 
The cationic micelle/hyaluronan complexes were studied using turbidimetry and fluorescence spectroscopy 
method. Turbidimetric titration was chosen as an indicator of component aggregation which is related to the 
loss of transmitted light intensity due to the scattering effect. Fluorescent probe pyrene was selected for 
spectroscopy experiments because of its unique sensitivity to polarity of the medium, so this fluorescence 
method was used as an indicator of presence of hydrophobic domains in the system. Effect of components 
concentration and molecular weight of hyaluronan were evaluated. Results of turbidimetry revealed that 
aggregates formation (turbidity increasing) depends especially on a charge ratio of surfactant molecules and 
hyaluronan carboxyl groups. It was found a difference in association of low molecular weight and high 
molecular weight of hyaluronan. Fluorescence results confirmed presence and stability of micellar aggregates 
in studied systems. 

Keywords: Hyaluronan, surfactant, nanoparticles, turbidimetry, fluorescence, pyrene  

1. INTRODUCTION 

Hyaluronan is a naturally occurring linear polysaccharide found in the extracellular matrix, especially of soft 
connective tissues. It is built from repeating disaccharide units, each of which possesses one carboxylate 
group and is therefore a polyelectrolyte bearing a negative charge. Despite the simple primary structure, 
hyaluronan has substantial size heterogenity in different tissues. Hyaluronan molecules have very diverse 
biological effects depending on the molecule size and spatial arrangement. Extensive studies on the chemical 
and physicochemical properties of hyaluronan and its physiological role in humans, together with its versatile 
properties, such as its biocompatibility, nonimmunogenicity, biodegradability, and viscoelasticity, have proved 
that it is an ideal biomaterial for cosmetic, medical and pharmaceutical applications [1].  

Due to high hydrophilicity of hyaluronan, application in combination with hydrophobic substances, i.e. drugs is 
not possible. Complexes formed by hyaluronan and surfactants may combine hydrophilic and hydrophobic 
domains and be used as transport systems for hydrophobic substances [2]. Hyaluronan-surfactant interactions 
and physicochemical properties of this system were studied in several previous papers [3-7]. One possibility 
to prepare hyaluronan-micellar colloid aggregates is hyaluronan binding to preformed micelles. In this case, 
“concentrated” hyaluronan solution is gradually added to surfactant micellar solution. The aim of our work was 
to prepare hyaluronan-surfactant nanoparticles and study properties and formation process of these 
nanoparticles using turbidity measurements, fluorescence spectroscopy and dynamic light scattering method.  
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2. MATERIALS AND METHODS 

Hyaluronan (as sodium salt of hyaluronic acid; HyA) at molecular weights of 15, 100 and 1500 kDa was 
purchased from CPN, Ltd., Czech Republic. Cationic surfactants CTAB (Cetyltrimethylammonium bromide) 
and Septonex (Carbethopendeciniumbromide) of the best available purity was purchased from Sigma Aldrich 
and GBNchem, respectively. Stock solutions of hyaluronan and surfactants were prepared in aqueous solution. 
All stock solutions were prepared by slow dissolution of powdered substances upon stirring and left stirred for 
24 hours to ensure complete dissolution.  

Turbidimetric titrations were carried out by adding hyaluronan solution at the concentration 0.3 g / L to the 
surfactant solutions at concentration 3 mmol / L. Turbidity measurements, reported as absorbance A, were 
performed at 400 nm using Varian Cary 50 spectrometer equipped with a 1 cm path length fiber optics probe 
at 24 ± 1 °C.  

Aggregates form and aggregation behaviour of components were investigated using fluorescence 
spectroscopy and dynamic light scattering methods. Fluorescent probe pyrene was selected for spectroscopy 
experiments because of its unique sensitivity to polarity of the medium. Fluorescence emission spectra were 
recorded on fluorimeter AMINCO Bowman Series. Excitation wavelength of pyrene was 336 nm. Intensity ratio 
of first and third vibronic peaks (EmPI - the pyrene polarity index or the ratio of fluorescence intensities at 373 
and 383 nm) is a reflection of the micropolarity in the vicinity of pyrene and it is used to detect the localization 
of pyrene in the system. EmPI for polar environment is in the range of 1.25 - 2.0 and indicate pyrene in aqueous 
solution. When pyrene is in the micellar solvent, EmPI is about 1.0 - 1.5. This value indicates that pyrene 
molecule is inside micelle, in palisade layer of micelle. EmPI for absolutely nonpolar solvent is about 0.5 - 0.6 
(for example hydrocarbon solvent or micelle inner core) [8, 9]. Particle size distributions of aggregates were 
obtained by dynamic light scattering measurements using Zetasizer Nano ZS (Malvern Instruments). All 
measurements were performed at laboratory temperature. 

3. RESULTS AND DISCUSSION 

3.1. Turbidimetry 

First, aggregation process of cationic 
micelles and hyaluronan was studied 
using turbidimetric titration. Turbidimetric 
titration was chosen as an indicator of 
the loss of intensity of 
transmitted light due to the scattering 
effect of particles associated from 
hyaluronan and surfactant in it. During 
the titration experiments components 
ratio was changed and a process of 
component interactions was studied. 
Turbidimetry results are displayed as the 
dependency of absorbance on the 
surfactant/hyaluronan ratio (T/D). The 
T/D ratio represents moles of surfactant 
per moles of binding sites on hyaluronan 
chain (carboxylic groups of hyaluronan).  

In Figure 1 are shown absorbance 
values depending on T/D ratio of 
components in the system. We can see 

Figure 1 Turbidimetric titration graph for adding hyaluronan 15, 
100 and 1500 kDa (0.3 g / L) to CTAB at initial concentration 3 

mmol / L 
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that hyaluronan molecular weight affects aggregates formation (turbidity increasing) slightly. In the case of 
hyaluronan molecular weight 1500 kDa, absorbance increases gradually from start of titration (T/D = 70). 
Opalescence and slight turbidity of sample were noticed. A steep increase of absorbance occurs at T/D = 2.3 
indicates intense aggregation for all studied molecular weights of hyaluronan. Phase separation (precipitation) 
was observed in the system after this T/D ratio also for 15 and 100 kDa. Acquired absorbance data shows a 
very similar trend for both surfactants (CTAB and Septonex).  

3.2. Fluorescence spectroscopy  

Presence of hydrophobic micellar 
domains during titration was study by 
measurement emission spectra of 
hydrophobic pyrene. EmPI values are 
very good parameter for evaluation of 
pyrene localization in the system. 
However, it is necessary to complete 
the results with other techniques for 
compact view of the system.  

EmPI values (1.0 - 1.2) in Figure 2 
indicate presence of micellar 
aggregates in the system during the 
whole of titration experiments. On the 
other hand, it is impossible to 
determine exact appearance of 
aggregates. Slight increase of EmPI 
values is caused by rearrangement of 
aggregates relating to reorganization of 
fluorescent probe in the system. 
Opalescence and turbidity of the sample 
were observed with decreasing T/D ratio 
under limit T/D = 6. A degree of turbidity depends especially on molecular weight of hyaluronan. Turbidity and 
phase separation of the system increase with increasing hyaluronan molecular weight. In Figure 3 are shown 
samples containing hyaluronan 1500 kDa with all degree of turbidity and phase separation.   

 
Figure 3 Samples prepared for fluorescence/DLS measurements based on titration of hyaluronan 0.3 g / L 

1500 kDa to CTAB 3 mmol / L 

Figure 2 EmPI depending on charge ratio of CTAB and 
hyaluronan carboxyl groups hyaluronan molecular weights 15, 

100 and 1500 kDa 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

442 

Increase of EmPI values indicates movement of pyrene molecules into more polar environment due to 
disintegration of aggregates leading to release of the probe molecules into bulk solvent or creation of opener 
structure of micellar aggregates to polar environment.  

It is important to note that pyrene concentration in the system decrease with decreasing T/D ratio from  
3.3 x 10-6 to 1.0 x 10-6 mol / L through a similar method of the samples preparation as in the case of 
turbidimetric titration. This can also influence localization of pyrene in the system although only slightly.  

3.3. Dynamic light scattering 

Using DLS method it was found that molecular weight of hyaluronan has important effect on polydispersity of 
the system. Polydispersity decreased from 15 kDa to 1500 kDa High polydispersity index of sample (greater 
than 0.7) indicates a very broad size distribution unsuitable for dynamic light scattering technique. In the case 
of hyaluronan molecular weight 15 kDa, samples were very polydisperse until T/D ratio = 3. After this limit, 
aggregates in the system were bigger and almost monodisperse. T/D ratio limit for molecular weight 100 kDa 
was 6 and in the case of 1500 kDa, all of samples containing hyaluronan were monodisperse and suitable for 
dynamic light scattering measurements.  

Effect of hyaluronan molecular weight on aggregates sizes is not significant. Monodisperse systems with 
T/D = 3 - 1.8 contain aggregates of sizes in the range 100 - 200 nm, while samples with T/D = 1.7 contain 
bigger aggregates (200 - 600 nm).  

4. CONCLUSIONS 

This study deals with interactions between hyaluronan and surfactant leading to formation of their 
nanoparticles that may be used as transport systems for hydrophobic substances. Turbidimetric titration 
provides information about hyaluronan-surfactant interactions and aggregates formation. Pyrene fluorescence 
spectroscopy is high sensitive method for determination of fluorescent probe pyrene localization in the system 
relating to characterization of aggregates form.  

Results of turbidimetry revealed that aggregates formation (turbidity increasing) depends especially on a 
charge ratio of surfactant molecules and hyaluronan carboxyl groups. It was found a difference in association 
of low molecular weight and high molecular weight of hyaluronan. Fluorescence results confirmed presence 
and stability of micellar aggregates in studied systems. Dynamic light scattering measurements provided 
information about aggregates sizes and polydispersity of the system in dependence on molecular weight of 
hyaluronan.  
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Abstract  

This paper deals with the fluorescence anisotropy study of hydrophobic nanodomains formed by interaction 
between hyaluronan (Hya) and cationic surfactant cetyltrimethylammonium bromide (CTAB) below critical 
micelle concentration in aqueous solution and the effect of sodium chloride addition to this system. Hyaluronan 
as negatively charged polyelectrolyte can interact with cationic surfactants via electrostatic interactions to form 
aggregates, which could be potential used for targeted drug delivery. Two fluorescent probes, which are 
solubilized in hydrophobic region, were used - perylene and diphenylhexatrien (DPH). The emission spectra, 
total intensity of fluorescence and steady-state anisotropy of fluorescence in the samples were measured. It 
was observed that initial addition of CTAB to hyaluronan aqueous solution leads to forming some small 
hydrophobic domains linked to hyaluronan chains. Then an increasing concentration of CTAB causes phase 
separation and formation of a condensed phase. Addition of sodium chloride to the samples leads to 
reorganization of this system - the condensed phase is dissolved and probably free micelles (possibly mixture 
of micelle linked to hyaluronan chain with free micelle) are formed in the solution. 

Keywords: Hyaluronan, surfactants, fluorescence spectroscopy, anisotropy 

1. INTRODUCTION 

Hyaluronan is a naturally occurring linear polysaccharide which is composed of two sub-units: D-glucuronate 
and N-acetyl-D-glucosamine linked by β(1-3) and β(1-4) bonds to unbranched chain [1]. This substance is 
common in connective tissues of vertebrates [2]. As a component of extracellular matrix, hyaluronan plays an 
important role in migration and proliferation of cells and immune response of organism, facilitates wound 
healing and acts as a lubricant and shock absorber in the synovial fluid. Its specific biological activity is 
influenced by its molecular weight, length and circumstances of its synthesis. Hyaluronan was found to be 
implicated in tumor cell behavior [3]. A high content of intracellular hyaluronan and its accumulation in the 
extracellular matrix was shown to be able to create a microenvironment appropriate for migration, proliferation 
and invasiveness of malignant cells [4, 5]. This fact contributes to the idea of using hyaluronan as a part of 
targeted delivery agent. Unfortunately, hydrophilic hyaluronan with massive hydration shell is not able to carry 
nonpolar substances. Because many molecules of drugs are hydrophobic, hyaluronan has been chemically 
modified to induce micelle-like properties or directly conjugated with hydrophobic drugs. But this process could 
change its biological activity and compatibility. Next way could be the physical interaction with suitable 
substance which allows solubilisation of hydrophobic molecules in presence of hyaluronan. For example, 
interactions between hyaluronan and surfactant may lead to formation aggregates in which the surfactant 
hydrophobic nanodomains can solubilize hydrophobic substances and hyaluronan has a role biocompatible 
carrier and targeted agent.   

The study of interaction between hyaluronan and surfactant were subject of several previous studies. Due to 
negative hyaluronan charge almost all of them used cationic surfactants. Phase behaviour of systems 
containing alkyltrimethylammonium bromides (8-16 carbons), hyaluronan, water and salt (mostly NaBr) were 

investigated by Thalberg et al [6-10]. The NMR, methods of phase separation, conductivity, solubilisation of 
dye was used. Thalberg found that there is a certain cationic surfactant concentration above it marked 
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formation of hyaluronan-surfactant complexes can be observed. Increasing salt concentration prefers free 
micelles in comparison than formation of hyaluronan-linked micelles. Fluorescence probes (pyrene, nile red) 
and tensiometry were used for determination of critical aggregation concentration of hyaluronan-surfactants 
system in physiological solution [11]. Yin et al. used pyrene fluorescence to investigate interactions of high 
molecular weight hyaluronan with anionic sodium dodecyl sulphate, nonionic Cremophor EL and Tween 80 in 
water [12]. 

In this paper, we report the results of fluorescence study of aggregates formed by interaction between 
hyaluronan (Hya) and cationic surfactant cetyltrimethylammonium bromide (CTAB) below its critical micelle 
concentration. We used two hydrophobic probes, which simulated behaviour of hydrophobic drugs. These 
aggregates were studied by fluorescence intensity and fluorescence anisotropy measurement which can be 
used for determining microviscosity and structural changes of surrounding of fluorescent probes.  

2. MAIN TEXT 

2.1. Materials, preparation of samples 

Hyaluronan (300 kDa) was purchased from Contipro Biotech s. r. o., Czech Republic. Cationic surfactant 
cetyltrimethylammonium bromide of the best available purity was purchased from Sigma-Aldrich and used as 
received. Fluorescence probes, perylene (Fluka) and DPH (Fluka) were also used without further purification.  

Hyaluronan (1 g / l) and CTAB (2mmol / l) stock solutions were prepared by slow addition of powdered 
substances into water under stirring, followed by 24 h stirring in closed vessel to ensure complete dissolution. 
Stock solutions of fluorescent probes were prepared in volatile solvent - acetone (10-4 mol / l). Further saturated 
solution of sodium chloride was prepared.  

Two series of samples were prepared - with hyaluronan concentration 0.01 g / l and 0.02 g / l, respectively. In 
the series, concentration of CTAB increased from 0.01 to 0.2 mmol / l. At first, stock solution of fluorescent 
probe was added to glass vials to obtain final concentration of perylen or DPH in samples equal to  
10-6 mol / l and acetone was evaporated under reduce pressure. Then the stock solutions of hyaluronan and 
CTAB were added to vials according to the required quantity. The samples were supplemented with mili-Q 
water to a total volume of 5 ml. Then they were left on a shaker for 12 hours at room temperature. Individual 
samples were blended three times. The emission spectra and steady-state anisotropy of the samples were 
measured. Fluorescence measurements were followed by addition of NaCl solution to vials to obtain sodium 
chloride concentration equal to 0.15 mol / l. The samples were left on shaker for next 24 hours and then 
fluorescence spectra and anisotropy were measured again.         

2.2. Methods and instrumentation 

All fluorescence measurements were recorded on Aminco BOWMAN Series 2 fluorescence spectrometer. 
Temperature of the sample chamber was set on 25 °C. In the case of perylene the excitation wavelength was 
410 nm, emission scan was acquired in the range from 420 to 520 nm. Anisotropy and total fluorescence 
intensity values were obtain at emission wavelength 442 nm. DPH was excited at 385 nm and emission spectra 
were recorded from 395 to 495 nm. Anisotropy and total intensity values were measured at emission 
wavelength 441 nm.  

The value of fluorescence anisotropy was determined as  

                                                                                                                                               (1) 

where the subscripts of the fluorescence intensity values (I) refer to horizontal (VH) and vertical (VV) orientation 
of polarizers. The G factor (instrumental correcting factor) was automatically determined by the software 
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supplied by the manufacturer. The integration time was chosen to 8 s. The anisotropy measurement on the 
one sample was carried out five times and the result was average value of anisotropy. 

Total fluorescence intensity of the sample was evaluated according to equation 

.                                                                                                                                              (2) 

2.3. Results and discussions 

Interactions in aqueous solution 

Because perylene and DPH are both very hydrophobic probes, increase in total fluorescence intensity 
indicates formation of hydrophobic domains, in which hydrophobic molecules can be solubilized. Acquired 
fluorescence intensity data shows a very similar trend for both probes. Differences between obtained 
anisotropy data is caused by different shape and size of molecules of DPH and perylene and their dissimilar 
rotational dynamics. 

 
Figure 1 Total fluorescence intensity of DPH (left) and perylene (right) as a function of CTAB concentration 

in the samples 

 

Figure 2 Steady-state fluorescence anisotropy of DPH (left) and perylene (right) as a function of CTAB 
concentration in the samples 

Figure 1 shows the results obtained for the total fluorescence intensity of DPH and perylene as a function of 
the concentration of CTAB in the system. As can be seen, the initial addition of CTAB to hyaluronan aqueous 
solution leads to forming some small hydrophobic domains immediately. In series with higher content of Hya, 

VHVV 2GIIIT +=
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the aggregates are formed in larger scale of CTAB concentration. The reduction of fluorescence intensity is 
caused by phase separation and formation of condensed phase on the wall of the vials. Saturation of critical 
number of binding sites on hyaluronan chain by surfactant molecules is probably origin of this condensation. 
The condensed phase exhibits fluorescence in UV chamber, so it contains a large amount of hydrophobic 
domains (Figure 3). This phenomenon clearly shows to present interaction between hyaluronan and CTAB. 
Because condensed phase wasn’t poured to cuvette together with liquid portion of samples, the fluorescence 
in these cases is lower than samples with a lower concentration of CTAB.  

Initial expand in steady-state fluorescence anisotropy of DPH indicates the beginning of aggregation and rises 
organization of the system. Perylene has lower values of anisotropy due to its smaller size. Where molecules 
of DPH stuck, molecules of perylene are allowed to rotate. In comparison to samples with NaCl, anisotropy 
values are higher in aqueous solution for both probes. Thus surroundings around perylene and DPH are more 
viscous which signalized smaller size of domains and formation of small hydrophobic domains linked to 
hyaluronan chains. 

 

Figure 3 The condensed phase on the wall of the vial. Left - natural light, right - UV 

Interactions in 0.15M NaCl 

Addition of sodium chloride (adequate to concentration of physiological solution) to samples causes dissolution 
of condensed phase, which signalized reorganization of this system and reduction of interaction between Hya 
and CTAB. Fluorescence intensity of both fluorescent probes in the samples with sodium chloride constantly 
increases which indicates the formation more or larger hydrophobic domains. Simultaneously values of 
fluorescence anisotropy are lower than samples with aqueous solution. Therefore we can deduce formation of 
free micelles in the solution.     

3. CONCLUSION 

One of the essential properties of drug delivery carrier is the ability to incorporate molecules of hydrophobic 
substances; therefore the presence of hydrophobic domains is important. For this reason the interactions 
between hyaluronan and CTAB were studied through the analysis of the photophysical response of two 
hydrophobic fluorescent probes. It was observed that the initial addition of CTAB to hyaluronan aqueous 
solution leads to forming some small hydrophobic domains linked to hyaluronan chains. Then an increasing 
concentration of CTAB causes phase separation and formation of a condensed phase with large amount of 
hydrophobic domains.  
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Addition of sodium chloride to the samples leads to reorganization of this system and reduction of electrostatic 
interactions between Hya and CTAB. The condensed phase is dissolved and probably free micelles, possibly 
mixture of micelle linked to hyaluronan chain with free micelle, are formed in the solution. This reorganization 
is not desirable for use Hya-CTAB aggregates like a targeted drug carrier.  
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Abstract  

The current work deals with preparation and characterization of electrically lossy ferrofluid which can be used 
as a mediator for radio frequency (RF) - capacitive hyperthermia method. To this end, ferrofluid that can absorb 
the energy of alternating electrical field at the frequencies commonly employed in RF-capacitive hyperthermia 
(13.56 and 27.12 MHz) has been prepared by co-precipitation method. This ferrofluid comprises of electrically 
conductive component with core-shell structure, i.e. magnetite nanoparticles (NPs) coated by dextran, 
organized in chain-like structure. The effect of RF - capacitive hyperthermia in the presence of mediator was 
studied on the series of tests performed on HaCaT and HepG2 cell lines using MMT test. The RF-electrical 
field (13.56 MHz) with controllable power output was applied using the EHY-110 SA (Oncotherm group) to 
increase the temperature of samples from 37 °C up to target temperature of 44 °C. The results of in-vitro test 
clearly indicate that the usage of capacitive heating of obtained ferrofluid substantially contribute to cytotoxic 
effect of hyperthermia treatment. 

Keywords: Iron oxide nanoparticles, Dextran, Core - shell nanoparticles, Hyperthermia 

1. INTRODUCTION 

Presently, the rationale for using hyperthermia, as a medical heat treatment of tumors in temperature range 

42 °C − 45 °C, is well established [1]. The molecular mechanisms for cell death by hyperthermia are understood 
now, with protein denaturation being the main mechanism among these. Simultaneously, the structural and 

enzymatic changes of proteins in temperature window between 42 °C and 45 °C cause an increase in 
sensitivity of tumor cells to radiation and chemotherapy drugs. It is considered now that the main intention of 
hyperthermia is to improve the results of the conventional treatment strategies within a framework of 
multimodal treatment: chemotherapy and radiotherapy followed by hyperthermia [2-5]. The existing 
hyperthermia systems (applicators) are based on the following methods: (i) impedance, inducting and 
capacitive heating in kHz and MHz regions; (ii) antenna (phase) array in 100 MHz region; (iii) microwave 
radiation over 200 MHz [6]. In hyperthermia, the final temperature of tumour is mainly dependent on the energy 
deposition and its localization that can be improved by embedding specific material into the tumor, so called 
mediator, which absorbs and subsequently dissipates energy of electromagnetic radiation into heat resulting 
in selective heat treatment of tumour on the microscopic level. Depending on the mediator type, different 
hyperthermia methods can be used: inducting heating by using of magnetic materials (Magnetic Hyperthermia, 
MH) [7] and capacitive heating by using electrically lossy materials [8, 9]. The lack of mass production of the 
alternating magnetic field applicator systems is one of the reasons that hinders the realization of the MH in 
clinical practice. However, capacitive heating of tumors using a radio-frequency (RF) electrical field has been 
adopted in practice worldwide. Examples of commonly employed RF-capacitive heating applicator systems 
are Thermotron RF-IV (Yokogawa ElectronicsCo., Tokyo, Japan) or Thermotron RF-8 (Yamamoto Vinyter Co., 
Osaka, Japan), and SYNCHROTHERM RF (Due.R Srl. Co, Italy) and Yacht-5 (Istok, Fryazino, Russia). 
Current work deals with synthesis and in-vitro study of ferrofluid (FFL) with high dielectric losses at basic 

frequency(ies) of actual RF−capacitive hyperthermia device with a view to enhance heating efficiency of 
treatment. 
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2. EXPERIMENTAL PART 

2.1. Synthesis of FFL 

FFLs were prepared by coprecipitation method in alkaline media starting from a mixture of FeCl3×6H2O and 

FeCl2×4H2O in twice distilled water; thereafter, an equal volume of stabilizer solution (dextran; 40 kDa;  
15 wt. %) in distilled water was added to the iron salts solution. Aqueous ammonia was used as a precipitating 
agent. An approximately equal volume of NH4OH (1 M) was added dropwise (1 drop/min) to an iron salts-
polymer mixture under permanent stirring up to pH = 10. After that, the solution was boiled for 15 minute at 60 
°C to form an almost black precipitate, which was dialyzed against unreacted iron salts during 48 hours with 

fourfold changing of water to maintain pH ≈ 6.5. Finally, the subsided iron oxide nanoparticles (NPs) were 
separated by ultracentrifugation and re-dispersed in distilled water by sonication. Substantially, seven types of 
FFLs (N1-N7) with different structures, dielectric and magnetic properties were prepared under the different 
Fe(III)/Fe(II) molar ratios (Table 1).  

Table 1 Characterisation of FFL samples 

Sample Fe (III) / Fe (II) 
a0, 

(Å) 

dTEM, 

(nm) 

dDLS, 

(nm) 

cFe, 

(g l-1) 

MS, 

(emu g-1) 

ε ″, 

[13.56 MHz] 

ε ″, 

[27.12 MHz] 

N1 1.7 : 1 8.325 8-15 60 5.44 0.39 20 9.8 

N2 1.4 : 1 8.315 8-15 60 5.70 0.39 10 5.1 

N3 1.25 : 1 8.333 8-15 70 5.60 0.39 7 3.2 

N4 1 : 1 8.320 8-10 80 6.00 0.39 140 73.8 

N5 1 : 2.9 8.350 8-15 70 4.26 0.39 10 4.2 

N6 2 : 1 8.319 8-15 70 4.60 0.39 30 14.7 

N7 2.5 : 1 8.355 8-15 100 5.81 0.39 45 21.5 

2.2. Characterization 

The iron concentration in magnetic liquids were determined by Energy Dispersive X-ray Fluorescence 
spectroscopy by ARL Quant’X EDXRF Analyzer, Thermo Scientific. The morpho-structural properties of FFLs 
and average NPs size (dTEM) were examined by Transmission Electron Microscopy (JEOL JEM - 2100F). 
Hydrodynamic size (dDLS) of NPs based aggregates were measured by Dynamic Light Scatering (DLS) and 
Laser Doppler Velocimetry by Zetasizer Nano ZS, Malvern Instruments. X-ray diffraction patterns of samples 
were obtained by using an X'Pert PRO X-ray diffraction meter with Co Kα radiation at λ = 0.179026 nm. Lattice 
parameter (a0) was refined with software package (HighScore Plus, PANanalytical, Netherlands). 
Magnetization curves and magnetization saturation (MS) were obtained using a Vibrating Sample 
Magnetometer (Lake Shore 7404) in the field up to 10 kOe. Dielectric properties of FFLs were investigated by 
impedance method in frequency range from 10 Hz to 100 kHz using LCR Hioki 3522, whereas in RF-range 
(from 10 MHz - 20 GHz), the open reflection method was performed by Agilent 2-Port PNA-L Microwave 
Analyzer N5230A. In last method, the samples were measured by immersing the open-ended coaxial probe 
into a FFL. In-vitro test of the effect of electrically lossy type FFL on the heating of malignant cells was 
performed in Biological Safety Cabinet: HERAsafe KSP (Thermo Electron LED Gmbh, Germany) by using a 
lab type RF-applicator, EHY 110 Oncontherm, operating on a fixed frequency of 13.56 MHz. Two different cell 
lines were used: human immortalized non-tumorogenic keratinocyte cell line (HaCaT) (Catalog No. 300493, 
CLS Germany), and human hepatocellular carcinoma cell line (HepG2) from ATCC (HB-8065). Cell viability 
was measured using the MTT assay (Invitrogen Corporation, USA). The absorbance of MMT assay was 
measured at 570 nm by Sunrise microplate absorbance reader (Tecan, Switzerlald). Hyperthermia treatment 
was designed in a following manner. FFL was mixed with cells suspension with the iron concentration of 3.5 
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g/l and 4.67 g/l in the tested volume. All samples were preheated to 37 °C. Further heating was realised via 
capacitive applicator; temperature was measured using a pair of thermocouples. Specific power employed 
during ramping was about 2.5 W/ml and 1.5 W/ml for steady state. Samples were heated from 37 °C up to a 
target temperature of 44 °C which was maintained for 30 minutes making sure it was not overshot. Microscopic 
observation of cell culture before and after treatment was carried out by Inverted phase contrast microscope 
Olympus CKX 41(Olympus, Japan), and Inverted fluorescent microscope Olympus IX51 (Olympus, Japan).  

3 RESULTS AND DISCUSSION 

FFLs have been developed that represent a stable colloidal dispersion of magnetic iron oxide NPs stabilized 
by a thin layer of biodegradable and biocompatible polymer, dextran. Among FFLs obtained, only one is 
characterized by high dielectric losses (Figure 1) resulting from its specific morphology, where NPs are 
organised into chain-like structures, which are interconnected to form an infinite cluster (Figure 2a). The 
microstructure of nanoparticles assembly of FFL is given by synthesis condition, namely polymer-stabiliser 
molecular weight (Mw) and its concentration, as well as corresponding molar ratio of ferrous chloride and ferric 
chloride. 

               

Figure 1 Dielectric spectra of FFLs with different microstructure (samples N1-N7) compared with the 
spectrum of distilled water 

  
(a) (b) 

Figure 2 TEM images of samples N4 (a) and N1 (b) 
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In accordance with TEM images, NPs size is ranging from 8 to 15 nm (Figure 2). According to X-Ray diffraction 
analysis, NPs are more probably nonstoichiometric magnetite as long as the value of lattice constant a0 is 
lower than for magnetite (a0 = 8.396 Å) (Table 1). NPs are superparamagnetic as it was determined by 
Mossbauer spectroscopy and magnetostatic measurements. Thus, Mossbauer spectra demonstrated that the 
superparamagnetic relaxation occurs at temperatures above 270 K according to the depression of the 
magnetically split signal (Figure 3a), and magnetization curve shows anhysteretic behavior (Figure 3b). 

Consequently, NPs have core-shell structure, where core consists of nonstoichiometric magnetite and shell 
comprises dextran. The choice of a dextran-type polymer and its concentration is a crucial item since it affects 
the thickness of the dextran overlayer (shell) which in turn determines nanoparticle size and interparticles 
interaction. It is known, that the increase of dextran molecular weight leads to increase of the dextran-shell 
thickness [10], and the increase of dextran concentration leads to the smaller particle size and formation of 
longer chain-aggregates [11]. Dextran with molecular weight of about 40 KDa promotes precipitation within a 
polymer random coil structure. The well folded polymer creates confined space within which iron oxide crystal 
growth is limited and thus resulting in roughly spherical particles with a size of about 10 nm were the polymer 
overlayer is about several nm. Each particle having magnetic moment is involved into interparticle interaction 
and consequently in creation of different types of aggregates (chain-like, globular, ring-like, etc.). According to 
DLS analysis, the mean size of aggregates varies from 60 to 100 nm (Table 1). It is established that, for 
15 wt. % of dextran with Mw = 40 kDa only molar ratio of FeIII/FeII = 1:1 yields particles organised into chain-
like structures forming an infinite cluster, contrariwise, other molar ratio of FeIII/FeII with the same concentration 
of dextran does not lead to said self-organized structures (Figure 2).  

Topological differences in FFLs microstructure in their turn influence the dielectric properties. When the 
particles are arranged into chains forming conducting network structure (sample N4), the dielectric losses are 
significantly higher than values recorded for other morphologies (Table 1). The enhancement of imaginary part 
of complex permittivity was observed in frequency range from 1 MHz up to 30 MHz (Figure 1), the frequencies 
adopted in RF− capacitive hyperthermia. The average length of chain-like aggregates is around 100 nm and 
thus, it is possible to consider these as nanowires with high aspect ratio. It is well known that the dielectric 
losses for such type of structure are significantly higher than for individual particles [12]. 

 

 

(a) (b) 

Figure 3 Mossbauer spectroscopy and magnetization curves of FFL (sample N4) 
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Electrically lossy FFl (sample N4) has been chosen for in-vitro study as a mediator for RF-capacitive 
hypethermia, since it can generate sufficient heat through dielectric losses by the application of RF field at the 
frequencies of 13.56 and 27.12 MHz. Obtained results confirmed that use of electrically lossy FFL has 
significant impact on cell proliferation, i.e. usage of capacitive heating in the presence of mediator substantially 
contribute to anti-proliferative effect of hyperthermia treatment. Thus, MMT test showed the significant regress 
of number of malignant cells during short period after treatment (Table 2). It should be noted also that effect 
increases with concentration of mediator: unlike 3.5 g/l concentration of mediator, the 4.67 g/l concentration 
leads to noticeable decrease in cells survival rate by 13 - 40 % depending on used cell line. Although the 
observed effect on cell viability can be mainly put down to the exposure of cells to enhanced temperature, we 
cannot exclude the influence of the factors such as interconnections between cells and mediator.  

Table 2 Results of in-vitro tests for two cell lines determined using MTT. The ratio of surviving cells. 

Cell line No. days after 
treatment 

Control Water bath Mediator 3.5 g / l Mediator 4.67 g / l 

HepG2 2 1.00 0.53 0.47 0.34 

8 1.00 0.86 0.66 0.32 

HaCaT 2 1.00 0.36 0.59 0.28 

8 1.00 0.53 0.75 0.34 

4  CONCLUSION 

FFL based on dextran-coated magnetite NPs with different dielectric properties were obtained by 
coprecipitation. A significant difference in dielectric properties of FFLs is attributed to their microstructure, 
namely, whether or not NPs form conductive network structure. Cluster formation is determined by magnetic 
dipolar interaction between NPs and thus can be controlled by changing of the ratio between average particle 
diameter and the thickness of dextran coating through synthesis conditions. This structured FFL exhibits high 
value of dielectric losses in frequency range from 10 to 30 MHz which makes it a promising heat-generating 
medium for RF-capacitive hyperthermia. In-vitro study of electrically lossy FFL on HaCaT and HepG2 cell lines 
under exposure to RF field at 13.56 at lower power output shows quicker attainment of the target temperature 

(44 °C) and significant regress of number of malignant cells during short period after treatment. 
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Abstract 

In this study, we prepared CdTe quantum dots using microwave synthesis method (300 W/4 min) and 
monitored the effect of CdTe on the germination of maize (Zea mays L.) at defined time intervals (24, 48, and 
72 h). All experiments were standardized to a single concentration of cadmium (Cd; 100 µM) and were carried 
out in three independent experiments (100 caryopses per variant, darkness, temperature 23 ± 2 °C, humidity 
55 ± 5%). The potential effect of solvent on the germination was also studied. Germination was 58.4 ± 6.1 % 
in the control variant (n = 3). Cd alone inhibited germination rate for 10 ± 1.5%; whereas, 18 ± 1.8 % and 14.8 
± 1.6 % germination rates were recorded for CdTe QDs in distilled water and tap water, respectively. The 
germinative energy and coefficient velocity germination were concluded as the most sensitive parameters for 
determining the effect of CdTe QDs on Z. mays. 

Keywords: Cadmium toxicity, germination, oxidative stress, quantum dots synthesis, solvent, nanomedicine 

1. INTRODUCTION     

Development of new nanotechnologies in recent years led the present research to focus on the materials with 
extremely small dimensions (such as carbon or iron nanoparticles, quantum dots, QDs). Functionalized QDs 
could be used to visualize and detect cancer cells, and may also represent a suitable tool for personalized 
medicine [1]. In fact, QDs may be used for mapping of tumour cells without the necessity of biopsy. Importance 
of these materials is expected to grow significantly over the time. Hence, together with their development, it is 
necessary to monitor their potential effects on non-target organisms because of the necessity to insure their 
safe use and also to maintain their long-term sustainability. It has been shown that nanomaterials are able to 
enter the ecosystems and food chain, where interact with individual abiotic factors such as water, soil and air. 
These interactions may lead to changes of their surface properties [2, 3]. These changes then influence the 
fate of nanoparticles in the environment and thus their (bio)availability to organisms. It is assumed that 
semipermeability of the cell wall allows the transport of small molecules, the transport of larger molecules in 
the case of aggregates of nanoparticles is limited by pore (plasmodesma) size (5 - 60 nm). Subsequently, 
nanoparticles enter the cells, where they may interact with various organelles (including endoplasmic 
reticulum, Golgi apparatus, lysosomes), and eventually influence major metabolic processes. Phytotoxicity of 
nanoparticles has been summarized in May reviews [3]. The size of nanoparticles is the most important factor 
that mainly controls their transport across the cell wall and plasma membrane. Cell wall contains both 
macropores (approximate size: 4.0 nm) and micropores (approximate size: 0.5 nm), which limit transport of 
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nanoparticles across the cell wall, and also prevent larger nanoparticles to enter the plant cells. Both apoplast 
and symplast transport of nanoparticles have been shown in horseradish (Armoratia rusticana). Transport 
across the epidermis (rhizodermis) and cortex of roots enables translocation of nanoparticles into aerial parts. 
Ability of nanoparticles to release ions of metals is next very important factor that contributes to their toxicity. 
Released metal ions contribute to a stress reaction via participation in generation of reactive oxygen species 
(ROS) [4]. The elimination of ROS is closely connected with glutathione-ascorbate cycle as well as enzymes 
closely associated with this cycle (e.g., superoxide dismutase, SOD; catalase, CAT; ascorbate peroxidase, 
APX; glutathione peroxidase, GPX; Figure 1). 

Earlier, our group has studied the effects of cadmium (Cd) on the course of stress reaction and role of thiol 
compounds in plants in our works [5-7]. Even with regard to a number of published works in the study of effect 
of nanoparticles on different plants species, this area is still open for extensive research. In the case of specific 
plants species such as maize (Zea mays L.), information about the potential effect of nanoparticles on and 
underlying mechanisms in plants is very limited [8]. 

 

Figure 1 A simplified scheme of biological effects of cadmium ions (and probably also quantum dots) on 
homeostasis in plants. Cadmium ions are able to induce generation reactive oxygen species (ROS) including 
both radical and non-radical forms. Plant antioxidant system focuses on the protection of plant cells against 
oxidative stress and participates on maintaining of redox balance inside cells. It consists of non-enzymatic 
and enzymatic “antioxidants”. Non-enzymatic antioxidants include flavonoids and generally polyphenols, 

thiols, and organic acids, lipid soluble compounds (α-tocopherol, β-carotene, lycopene) and also both water 
soluble antioxidant metabolites namely ascorbate and glutathione; whereas, superoxide dismutase (SOD), 
peroxidase (POX), catalase (CAT), ascorbate peroxidase (APX), and glutathione reductase (GR) belong to 
the list of enzymatic antioxidants. The highlighted above antioxidant system is closely connected with cell 

signalling and subsequently with gene expression 

2. METHODS 

Chemicals procurements, and nanoparticle synthesis and characterization 

All reagents for syntheses, standards, and other chemicals were purchased from Sigma-Aldrich (St. Louis, 
MO, USA) in ACS purity, unless noted otherwise. Solutions were prepared using Milli-Q water (Millipore) as 
solvent. The size and zeta potential of QDs were determined measured by Dynamic light scattering (Zetasizer 
Nano ZS90, Malvern instruments, Malvern, UK). QDs were further characterized within the meaning of their 
optical properties (fluorescence and absorbance) using multifunctional reader Infinite 200 (Tecan, Männedorf, 
Switzerland). To evaluate the electrochemical behavior of QDs was employed potentiostat 910 PSTATmini 
(Metrohm, Switzerland). Measurements in electrochemical cells were done in a volume of 1.0 ml; where the 
electrolyte was 0.2 M acetate buffer (pH 5). Parameters of voltammetry were as follows: initial potential −1.2 V; 
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end potential −0.3 V; potential step 3 mV; and potential deposition −1.0 V. QDs were synthetized according to 
[9, 10]. Briefly, a microwave system made by Samsung was used for the preparation of CdTe QDs. The system 
can operate at 2450 MHz frequency and work at 0−1000 W power. Cadmium acetate dihydrate 
Cd(OAc)2·3H2O (0.266 g) was dissolved in ACS water (50 ml). MSA (1.0 ml; 3.0 g /50 ml) was slowly added 
to the stirred solution. White precipitate was formed, which  disappeared after addition of 1.8 ml of 1M NH4OH 
(pH = 9.88) and 1.5 ml Na2TeO3 (0.2215 g / 50 ml) and 40 mg NaBH4. The obtained solution was stirred for 2 

h. Volume was adjusted to 100 ml with addition of water and after that it was heated in vials filled with 2.0 ml 
of the solution in microwave oven (300 W, 120 °C, 4 min). 

Plant exposure conditions and assays 

For the germination protocol, maize (Zea mays L. cv. Silien) caryopses were rinsed three times with deionised 
water and placed into plastic boxes with filter paper and tap water (100 ml). The experiments were performed 
from 01. 04. 2016 to 30. 07. 2016. Z. mays caryopses were kept in darkness at temperature 23 ± 2 °C, humidity 
55 ± 5 % in three independent triplicates. All the experiments were standardized to a single concentration of 
Cd (100 µM). Samples were collected in 24, 48, and 72 h time intervals, and were carefully washed three times 
with distilled water. The germination rate of 100 caryopses per variant was evaluated. All variants were photo-
documented and the parameters were determined and calculated for all experimental variants including 
control. 

3. RESULTS 

For the purpose of our preliminary pilot experiment, nanoparticles (CdTe quantum dots) were prepared using 
microwave synthesis protocol. Final concentration of Cd was 100 µM and the prepared CdTe QDs were 
designated as a batch 1550. Figure 2a shows typical appearance of the solution under the white light and the 
appearance of the solution after irradiation with UV light (300 nm); distinctive red fluorescence was well 
evident. Figure 2b shows a typical recording of absorption spectrum of CdTe QDs, batch 1550, maximum at 
594 nm, which probably corresponds to modification with mercaptoethanol. Increase in absorbance at 
wavelengths near to UV (about 300 nm) was also well evident. Fluorescence properties of CdTe QDs, batch 
1550, were also studied. These analyses helped in the determination of excitation and emission spectra  
(λexit = 250 nm; λem = 580 nm), see in Figure 2c. 

 

Figure 2 Microwave synthesis of CdTe QDs (concentration of cadmium: 840 µM). (A) appearance of solution 
under the white light and under UV (300 nm). (B) typical recording of absorption spectrum of CdTe QDs, 

batch 1550. (C) typical recording of fluorescence spectrum of prepared CdTe QD. For details, see Material 
and Methods section, batch 1550 

The prepared CdTe QDs, batch 1550, were applied in experiment that focused their effect on a process of 
germination of Z. mays. Z. mays is an excellent model plant system in experiments focused on stress reaction. 
In common experiments monitoring germination parameters, tap water is used as a typical solvent since it 
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contains common ions. Due to this fact, this study also monitored the effect of tap water on germination of Z. 
mays. Applied concentration of Cd was standardized to a single concentration of 100 µM. Dilution of the CdTe 
QDs, batch 1550, with distilled water maintained their fluorescence properties. On the contrary, tap water 
gradually quenched their fluorescence. The prepared working solutions (100 ml) were applied in experiments, 
where 100 caryopses were used per variant. The differences in germination rate after 72 h were as follows: 
58.4 ± 6.1 % for distilled water, 48 ± 5.1 % for Cd in the form of Cd (NO3)2, 40 ± 4.3 % for CdTe QDs in distilled 
water, and 44 ± 4.7 % for CdTe QDs in tap water. No differences between roots and aerial parts of experimental 
plants were observed. Obtained data are summarized in Figure 3. 

 

Figure 3 Study of effect of CdTe QDs (batch 1550) on germination of maize (Zea mays L.  cv. Silien) in a 
time-dependent manner (0, 24, 48, 72 h). Distilled water was used as control (a), Cd (NO3)2 in distilled water 
as sample 1 (b), CdTe QDs (batch 1550), in distilled water as sample 2 (c), and CdTe QDs (batch 1550), in 
tap water as sample 3 (d). All experiments were standardized to a single concentration of cadmium (Cd; 100 

µM) and were carried out in three independent experiments with 100 caryopses per each variant and 
experiment 

In order to better illustrate the effect of solvent on germination, values for solvents were subtracted from 
individual experimental variants (Figure 4). In the case of Cd (NO3)2 and CdTe QDs in tap water, very slight 
stimulant effect we observed on germination after 24 h of treatment (Figure 4a, c). After 48 h of treatment, 
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germination difference (GD) was 6.8 ± 0.3 % for Cd (NO3)2 compared to CdTe QDs GD (2 ± 0.1 % and/or 1.4 
± 0.07 %). This effect was probably caused by nitrate ions, which are transported together with water inside 
the cells. After 72 h, minimal GD (18 ± 0.9 %) was determined for CdTe QDs in distilled water; in the case of 
tap water, this value was 14.8 ± 0.7 % and for Cd (NO3)2 10 ± 0.5 %: For details, Figure 4 may be consulted. 

 

Figure 4 Changes in the germination of maize (Zea mays L., cv. Silien) after 0, 24, 48, and 72 h for different 
forms of cadmium and solvents (A) Differences were related to control (distilled water). For other 

experimental conditions, see Figure 3 and Material and Methods section 

It was possible to determine individual parameters for germination after 72 h of treatment. Details about the 
calculation of these parameters are highlighted herein. Caryopses were considered germinated when they 
exhibited radicle extension > 3 mm. Every 24 h after the washing, number of germinating caryopses were 
recorded daily during the course of the experiment to determine individual germination parameters. Number 
of germinated caryopses was recorded 4 days after the beginning. The Final Germination Percentage (FGP) 
was calculated according to (1): 

                                                                                                                                       (1) 

The Germination Index (GI) was calculated as described in [11] using following (2) formula:  

 
                                                          (2) 

Coefficient of Velocity of Germination (CVG, 3) determined by: 

                                                                                                                                       (3) 

Mean Daily Germination (MDG), which is index of daily germination, was calculated from (4): 

                                                                                                                                                  (4) 

Where FGP is final germination percentage and d is number of days to the maximum of final germination, see 
in [11]. Mean Germination Time (MGT) was calculated according to [11]. 
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Results are summarized in Figure 5. Control (distilled water) exhibited maximal germinative energy (GE) about 
24.1, the lowest mean germination time (MGT; 2.55) and the highest value of velocity of germination CVG 
(13.65). All parameters were significantly decreased in the case of CdTe QDs in distilled water; whereas, tap 
water showed protective effect. Value of GE was decreased (compared to the control - distilled water) in the 
case of Cd (NO3)2 (for -6.5), for -12.8 for CdTe QDs in distilled water, and for -12.2 for CdTe QDs in. Values 
of MGT were significantly increased compared to the control, for 0.11/0.02/0.01 in individual variants. Values 
of germination index GI were decreased in all variants in comparison with the control - for -0.16/-0.02 and -
0.01 in individual variants. Similarly, values of CVG were significantly decreased compared to the control - for 
-4.85/-7.35, and -6.95 in individual variants. 

 

Figure 5 Summary indexes (Germination energy, Mean germination time, Germination index and coefficient 
velocity germination) after 72 h for different forms of cadmium. For other experimental conditions, see 

Figure 3 and Material and Methods section 

4. CONCLUSION 

The work enlightened for the first time the information about the potential effect of CdTe QDs on the 
germination of Z. mays caryopses. Despite the fact that Z. mays is widely distributed crop used in human 
nutrition, nutrition of animals, and also in industry, our knowledge about effect of nanoparticles on germination 
processes is still very limited [8, 12, 13]. This study unveiled the ability of CdTe QDs to affect germination of 
Z. mays caryopses under defined experimental conditions. The germinative energy and coefficient velocity 
germination were concluded as the most sensitive parameters for determining the effect of CdTe QDs on crop 
plants such as Z. mays. 
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Abstract  

Nanoparticle visualization has extensive potential for their utilization in targeted drug delivery tracking through 
wide range of biological environments. In this regard, quantum dot nanoparticles may represent a suitable 
option as they are characterized by very good fluorescent properties. This study is focused on application of 
quantum dot nanoparticles for fluorescence imaging of plants. A series of in vivo experiments was carried out 
on leaves of sunflower plant (Helianthus annuus). Leaves were immersed in water solution of CdTe and 
CdTe/ZnS quantum dots and were monitored (ʎem 535 nm and 600 nm respectively) for 8 hours at time intervals 
of 60 minutes using In Vivo Xtreme Imaging System (Bruker, Massachusets, USA). Captured images were 
further processed and the intensity of fluorescence analyzed by Bruker Molecular Imaging Software. 
Fluorescence imaging of plants encounters difficulties due to autofluorescence of biomolecules present in 
plants, including chlorophyll, carotene and xanthophyll. However, this can be suppressed by using adequate 
excitation and emission filters for fluorescence images acquisition. Moreover, visualization of nanoparticles in 
plants can be enhanced by multispectral imaging and spectral modeling for autofluorescence unmixing. In this 
study, evaluation regarding optimal characteristics and modifications of quantum dot nanoparticles for 
fluorescence imaging in plants is provided as well as recommendations on image acquisition setting and further 
image postprocessing. 

Keywords: Quantum dot nanoparticles, in vivo imaging, fluorescence imaging, Helianthus annuus plant,  
                    nanoparticle transport visualization  

1. INTRODUCTION 

Nanomaterials gained immense popularity over the years in a wide range of biological applications, including 
the field of therapy, targeted drug delivery and diagnostics. Concerning this, semiconductor nanocrystals 
known as quantum dots (QDs) have been the centre of great recent interest [1]. They belong to a class of 
fluorophores that combine excellent fluorescence performance with a highly customizable surface for directing 
their bioactivity, producing a fluorescent probe that outperforms traditional organic dyes in many in vivo 
applications [2]. However, there is only a small body of literature dedicated to QDs use for transport tracking 
in plants. 

In vivo imaging of plant leaves may represent a special challenge because of rich pigmentation, light-scattering 
starch granules and multiple layers of cell walls. In leaf tissues, biomolecules such as chlorophyll, xynthophyll 
and carotene as well as stressed or photodamaged cells, are the main source of autofluorescence [3]. While 
chlorophyll fluorescence of chloroplasts occupies the red/far-red region of the spectrum (650-750 nm), 
fluorescence of lignin present in cell walls is obtained in a wide range of visible spectrum (490-620 nm) [4]. 
Autofluorescence of cell walls can also be beneficial to locate different cell types and cell borders. On the 
contrary, strong chlorophyll fluorescence limits the use of red fluorescent markers in green leaves. Hence, the 
unique photophysical properties of quantum dots represent a promising platform for in vivo fluorescence 
monitoring in plants, as due to their tunable characteristics, the emission spectra can be shifted toward the 
minor autofluorescence regions.  
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Several studies have been proposed regarding nanoparticles visualization and examination in plants, including 
upconversion nanoparticles in Phalaenopsis and Arabidopsis plants [5]; QDs nanoparticles for plant 
chromosomes visualization [6]; or their potential toxicity on ryegrass, onion and chrysanthemum plants [7]. 
However, the uptake of nanoparticles by plants and how they affect their biochemistry is not well investigated. 
Generally, the first stage of the experimental design is the plant soaking of the nanoparticles from the solution 
or soil, followed by root or stem cutting and examination whether the particles can be detected in different parts 
and lengths. For this purpose, confocal laser scanning microscopy is usually used. To our knowledge, in vivo 
fluorescence imaging had not been widely used for monitoring of nanoparticle uptake by plants. However, we 
assume that whole leaf fluorescence imaging of nanoparticle represent a great potential thanks to its 
noninvasiveness and possible long term experiment follow-up. 

In this study, we report on the uptake of CdTe quantum dot nanoparticles by Helianthus annuus L. plant.  
In vivo imaging by fluorescence scanner had been used for this experiment. Whole-leaf fluorescence images 
taken at periodic intervals confirm the uptake of the QDs nanoparticles to the petiole and main venation.  

2. MATERIALS & METHODS 

2.1. Quantum Dots  

CdTe QDs have been prepared according to published methods [8, 9]. Shortly, a solution of CdTe QDs was 
prepared by mixing of cadmium acetate dihydrate (53 mg in 76 mL of water) with mercaptosuccinic acid (MSA) 
(60 mg/mL) followed by addition of 1M NH3 (1.8 mL). Then, a solution of sodium tellurite (6 mg/mL) was added 
and sodium borohydride (40 mg) was poured into the stirred solution. Volume was adjusted with water to 100 
mL. Vials were heated at 60 °C in microwave oven Multiwave 300 (Anton Paar, Graz, Austria) (300 W, 10 min) 
to obtain green QDs. 

Spare solution of ZnS was prepared by mixing solutions of zinc acetate (22 mg), MSA (30 mg), 1 M NH3 
(0.9 mL) and 2.5 mL Na2S (0.24 g/50 ml) [10]. Water was added to 50 mL. 

Core shell CdTe/ZnS were obtained by mixing CdTe QDs with spare solution of ZnS in 1:1 ratio and heating 
in microwave oven at 60 °C. 

CdTe-PVP QDs were obtained by adding 100 mg polyvinylpyrrolidone (PVP 40 kDa) to 50 mL of green CdTe 
QDs, shaking overnight and filtering of solution through a frit. 

QDs were further characterized using fluorimeter Infinite M200 Microplate reader (Tecan, Switzerland) and 
dynamic light scattering (Zetasizer Nano ZS90, Malvern instruments, Malvern, UK).  

In selected cases, quantum dots were precipitated by isopropanol (1:1 ratio) to remove the unreacted 
precursors of the synthesis following the procedure published in [11, 12].  

2.2. Plant cultivation 

As an experimental plant, sunflower (Helianthus annuus L.) Kongo hybrid was used. The achenes were 
sterilized (20 minutes in 20 % SAVO solution) and planted in perlite substrate. Then the achenes were 
germinated for seven days at 22 °C with photoperiod day/night 16/8 hours. After that, the grown seedling plants 
were transplanted into the hydroponic container containing Murashige-Skoog medium including vitamins 
(Duchefa Biochemie, Netherlands) and grown for 6 weeks under standard conditions at 22 °C, day/night 16/8 
photoperiod and humidity of 55 %. 

2.3. In vivo Fluorescence imaging of qds distribution 

Monitoring of QDs distribution in sunflower leaf was performed using an In Vivo Xtreme Imaging System by 
Bruker (Massachusetts, USA). The parameters used for image acquisition were following: exposition time - 
2 s, binning - 4x4 pixels, fStop - 1.1, field of view - 15x15 cm.  
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Monitoring of CdTe/ZnS quantum dots has been performed using excitation filter of 550 nm and emission filter 
600 nm. Besides, CdTe-PVP QDs have been visualized by filters of wavelength ʎex 480 nm and ʎem 535 nm. 

For image postprocessing and analysis Bruker Molecular Imaging Software (Bruker, Massachusetts, USA) 
was used. This involved application of false color LUT to obtain pseudo-colored image for enhanced QDs 
visualization. Moreover, the image subtraction was used to register the QDs uptake over time. In Bruker 
Multispectral software (Bruker, Massachusetts, USA), the spectral modeling was performed in order to unmix 
QDs fluorescence and autofluorescence of the leaf. 

3. RESULTS & DISCUSSION 

In this study, the series of in vivo experiments has been done to evaluate the potential of CdTe-based quantum 
dots for monitoring of their distribution in sunflower plants. 

Leaves of 7 weeks old sunflower plant were first cut. The petiole was immersed in a tube filled with quantum 
dot solution. The first image was captured at time 0 and subsequently, the distribution of QDs has been 
monitored at 60 minutes intervals for 8-hour period. Additional image was usually acquired after 24 hours from 
the start of the experiment.  

When using crude CdTe QDs sample solution, a little uptake of the fluorophore through petiole and main 
venation was visible only for first 3 hours. After that, probably an obstruction in vascular bundle appeared and 
the soaking of QDs solution stopped.  

Additionally, CdTe QDs solutions diluted 10 times with Milli-Q water have been examined. As can be seen 
from the Figure 1, the fluorescence of CdTe-PVP QDs is clearly visible after 2 hours from the beginning of the 
experiment and the QDs uptake to the main venation is increasing in time. In this case, the false coloring 1000-
3000 counts was used. Moreover, the fluorescence image captured after 24 hours shows the QDs uptake also 
to the side venation of the leaf.  

 
Figure 1 CdTe-PVP QDs (ʎex 480 nm, ʎem 535 nm). Whole-leaf fluorescence images captured at time 

intervals as noted above pictures respectively 

The images were further analyzed using Bruker Molecular Imaging Software. The fluorescence intensity was 
evaluated in three regions of the main venation (Figure 2, left). From the graph (Figure 2, right) we can confirm 
the QDs uptake by growing trend of the mean fluorescence intensity in regions a and b. In region c, the mean 
fluorescence intensity remains relatively consistent during first 8 hours, thus there is no evidence of QDs 
uptake to this region. However, QDs uptake can be confirmed from the fluorescence image captured after 24 
hours, where the increased fluorescence intensity in region c is demonstrable. 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

465 

  

Figure 2 CdTe-PVP QDs (ʎex 480 nm, ʎem 535 nm). Fluoresence intensity was analyzed in 3 leaf regions 
(a-c) of the main venation as illustrated in the picture (left). Graph (right) shows the mean fluorescence 

intensity in these regions as a time-dependent variable 

Similarly, when using crude CdTe/ZnS QDs sample solution, the uptake was visible only for approximately 3 
hours from the start of the experiment. Nevertheless, the Milli-Q water diluted CdTe/ZnS QDs solution provided 
better outcomes, as QDs accumulated in the main venation when examined after 24 hours from the start of 
the experiment (Figure 3, left). 

 

Figure 3 Comparison of CdTe/ZnS (ʎex 550 nm, ʎem 600 nm) (left) and CdTe-PVP QDs (ʎex 480 nm,  

ʎem 535 nm) (right). Fluorescence images captured at 24 hours from the start of the experiment 

Furthermore, precipitation of quantum dots by isopropanol has been done and Milli-Q water solution of 
precipitated QDs has been examined in this set of experiments. Nonetheless, this procedure has not led to 
any visible plant uptake.  

4. CONCLUSION 

The fundamental aspect of this research was to evaluate the potential of CdTe-based QDs for monitoring of 
their distribution in plants by in vivo fluorescence imaging. For this purpose, core shell CdTe/ZnS and 

0

1000

2000

3000

4000

5000

6000

0 1 h 2 h 3 h 4 h 5 h 6 h 7 h 8 h 24 h

F
lu

o
re

s
c

e
n

c
e

 i
n

te
n

s
it

y
 

(c
o

u
n

ts
) a

b

c



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

466 

CdTe-PVP quantum dots have been examined in leaves of sunflower plant. The most promising results were 
obtained by monitoring of CdTe-PVP QDs diluted with Milli-Q water as after 24 hours from the beginning of 
the experiment QDs were visible in the petiole, main venation and side venation of the leaf. These particular 
quantum dot nanoparticles have several unique properties including average size of 5.6 nm and their emission 
spectra in the green region of visible spectrum, so the chlorophyll autofluorescence of the leaf can be 
appropriately suppressed. 

Results of our preliminary experiments on young whole plants of sunflower encourage us for further 
examination of these particular quantum dot nanoparticles and in vivo QDs distribution monitoring. Quantum 
dots may represent a stable platform for targeted drug delivery and visualization to be used in agriculture. 
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Abstract 

Antibacterial nanocomposites containing functional zinc oxide were prepared via mechanochemical process. 
Applying calcination process at 350 and 650 °C for 1.5 hour at prepared nanocomposites having different 
concentrations of zinc oxide on vermiculite matrix was further characterized. Nanocomposite particles 
morphology and shape were studied using scanning electron microscopy (SEM). Elemental chemical 
composition was determined using X-ray fluorescence analysis (XRFS). Structural and phase analysis was 
performed using X-ray diffraction method (XRD). Morphological and structural differences of vermiculite 
nanocomposites are depending on grow of zinc oxide in interlayer spaces or on surface of vermiculite particles. 
The nanocomposite particles size was characterized by the d10 and d90 diameters, volume-weighted mean 
diameter (d43) and span value. The surface changes were evaluated using zeta-potential measurements as a 
function of particle electrophoretic mobility (µ). Antibacterial activity was tested on Staphylococcus aureus and 
Klebsiella pneumoniae bacterial strains. The samples under antibacterial testing showed identical minimum 
inhibitory concentration values (MIC) in different effective times. 

Keywords: ZnO nanoparticles, vermiculite particles, zeta potential, antibacterial nanocomposite 

1. INTRODUCTION 

Antibacterial nanomaterials on the base of clay minerals have attracted significant attention in recent years. 
The clay nanocomposites are particulate materials with defined particle size and surface. Their layered 
structures, various morphologies and specific surface properties are investigated in many application areas for 
a long time [1]. Vermiculite-based nanocomposites are used for their antibacterial, biocompatibility, 
osteoconductive and nontoxic properties in various medical applications [2]. Their important and desirable 
properties are additionally supported by their low density, chemical stability and mainly their compositional 
similarity with the mineral phase of biological (human) tissue. The surface charge is one of the most important 
characteristic for clay particles, for further application and modification. Zinc oxide nanoparticles are very 
interesting for antimicrobial utilization. Until recently, these nanomaterials with zinc oxide nanoparticles were 
used in photocatalysis, solar cells, gas sensors, chemical absorbents; but also in cosmetics or food industry 
as antibacterial nanomaterials. In recent years, antibacterial properties were intensively studied in association 
to morphology of the zinc oxide nanoparticles and were checked for antimicrobial activity of: Escherichia coli, 
Enterococcus faecalis, Pseudomonas aeruginosa, Staphylococcus aureus or Bacillus Subtilis [3-8]. 

For preparation of nanostructured materials and nanocomposite materials especially are often used various 
physico-chemical methods. One of the solid-state reaction methods is milling process combined with the 
chemical reaction - mechanochemical process [9]. It is mostly applied to the synthesis of metal oxide 
nanoparticles such as zinc oxide, cobalt oxide, tin oxide or nickel oxide. This method appears to be a significant 
process for the production ultrafine nanocomposite materials by grinding solid reactants without or minimal 
amount of solvent as efficient and economical way. The friction forces accompanying the milling process 
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contribute to the higher agglomeration of particulate materials [10]. The zeta potential (ξ-potential) is very 
important parameter which can describe the particulate surface property, provide information about total 
surface changes, and predict the degree of the agglomeration nanocomposite particles and their subsequent 
utilization [11]. 

The objective of this work was to prepare the antibacterial nanocomposite material on the base of zinc oxide 
nanoparticles (in different concentration) on vermiculite substrate via mechanochemical process. Until now, 
there is one study focused on the preparation (using sol-gel method) and characterization of the photocatalytic 
behavior of the nanocomposite zinc oxide/vermiculite particles [12]. In our case desirable antibacterial activity 
was tested on the two bacteria strains: the Gram negative (G-) Klebsiella pneumoniae and the Gram positive 
(G+) Staphylococcus aureus. K. pneumoniae resides in the normal flora of the mouth, skin and intestines. S. 
aureus is a constituent of the skin flora that is frequently found in the nose and on the skin. Both mostly 
associated with nosocomial infections, and may be life threatening in immunodeficient conditions especially in 
immunocompromised patients and patients hospitalized for a long time. 

2. MATERIALS AND METHODS 

2.1. Materials 

Natural vermiculite from Brazil (supplied by Grena Co., Czech Republic) was used as starting material. 
Vermiculite was milled in planetary ball mill (Retsch PM4) and then sieved through a 0.040 mm sieve (sample 
was named V). The structural formula of V sample was established on the base of elemental chemical analysis: 
(Si6.32Al1.58Ti0.1) (Mg4.75Ca0.34Fe0.91)O20(OH)4 (Ca0.04 K0.38). Anhydrous sodium carbonate (Na2CO3) and sodium 
chloride (NaCl), were used as catalyst reaction agents; anhydrous zinc chloride (ZnCl2; A) and dihydrate zinc 
acetate (Zn(CH3COO)2.2H2O; O) were used as two different precursors for zinc oxide/vermiculite (ZnO/V) 
nanocomposites preparation (all supplied from Sigma-Aldrich, Co.). 

2.2. Preparation of vermiculite nanocomposite samples 

V sample, catalyst (Na2CO3, NaCl) and oxides precursors (ZnCl2 or Zn(ac)2) were mixtures in the powder mass 
ratio 1:1:1:1. These mixtures were ground in planetary ball mill Fritsch Pulverisette 7 equipped with carbide 
wolfram container for 15 min using 3 wolfram carbide balls (10 mm diameter) in milling process. The milled 
samples were washed out with distilled water and dried in oven at 75 °C overnight. Heat treatment of the 
samples was carried out in air atmosphere in a porcelain crucible at 350 or 650 °C for 90 min. The ZnO/V 
nanocomposite samples were named: VO350 and VO650 prepared from Zn(ac)2.2H2O precursor and VA350 
and VA650 prepared from ZnCl2. 

2.3. Characterization methods 

The chemical composition of V and nanocomposite samples was obtained from elemental analysis by the X-
ray fluorescence spectroscopy (SPECTRO XEPOS) and atomic absorption spectrometry (UNICAM 989 QZ). 
Structural and phase analysis was performed using X-ray diffraction (XRD) method using the diffractometer 
RIGAKU Ultima IV (scintilation detector, CuKα radiation, NiKβ filter, Bragg-Brentano arrangement). Samples 
in standard holder were measured in ambient atmosphere (40 kV, 40 mA, 2 °/min). The morphology of V and 
nanocomposite particles was examined using scanning electron microscope (SEM) Philips XL 30. The 
samples were plated with Au/Pd conducting coats and SEM images were obtained using a secondary electron 
detector (SE). The particle size (PS) of V and nanocomposite samples was determined by the HORIBA Laser 
diffraction particle size analyzer (LA-950 instrument) with a two short-wavelength blue and red light source in 
conjunction with forward and backscatter detection. The parameters used from the PS analysis were: the 
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volume-weighted mean diameter (De Brouckere mean diameter (d43)), median diameter (d50) and the span 
value. The span value represent the width of the particle size distribution (d90 - d10)/d50), where the d10 or d90 
values represent the 10th or 90th percentile of total volume assuming a spherical shape of particles. Zeta 

potential (ξ-potential) was measured by a nanoparticle analyzer (HORIBA Nanopartica SZ-100) equipped with 

a microprocessor unit to directly calculate the ξ-potential. The c was measured at natural pH. Each data point 
is an average of approximately 8 measurements. All measurements were made at ambient temperature 
(24.9°C), conductivity (0.19 mS.cm-1), suspension viscosity (0.89 mPa.s) and electrode voltage constant 
(3.4 V). 

2.4. Antibacterial test 

The antibacterial activity of V and ZnO/V nanocomposites were tested on two bacteria strains: the Gram 
negative (G-) Klebsiella pneumoniae (K. pneumoniae) and the Gram positive (G+) Staphylococcus aureus (S. 
aureus). The results were determined using standard microdilution method with 96 hollows which enabled to 
determine the minimum inhibitory concentration (MIC) that completely inhibits bacterial growth in accordance 
with their lowest concentration. The first set of hollows on the plate contained 10% (w/v) sample water 
dispersions. These dispersions were further diluted by a threefold diluting method in glucose stock in such a 
manner that the second to seventh set of hollows contained sample dispersed in concentrations of 3.33%, 
1.11%, 0.37%, 0.12%, 0.04% and 0.01%. The eighth set of hollows contained pure glucose stock as a control 
test. A volume of 1 μl of glucose suspensions of K. pneumoniae CCM 4415 (1.2×109 CFU ml-1) and S. aureus 
CCM 3953 (1.1×109 CFU ml-1), provided by the Czech collection of microorganisms (CCM), was put into the 
hollows. Bacterial suspensions were after the elapse of 30, 60, 90, 120, 180, 240 and 300 min, and then during 
5 days in 24 h intervals, transferred from each hollow to 100 μl of the fresh glucose stock and bacteria, and 
incubated in a thermostat at 37 °C for 24 and 48 h. Antibacterial activity was evaluated by turbidity, which is a 
display of bacterial growth. 

3. RESULTS AND DISCUSSION 

The V particles of irregular prolonged shape with smooth lamellar morphologies (Figure 1) were used as solid 
substrate for ZnO nanoparticles anchoring. The V particle size was determined in interval values from 9.12 µm 
(d10) to the 41.83 µm (d90) with mean diameter 22.38 µm (d43) and span value 1.80. The very small V particles 
were segregated on bigger V particles. 

Using two types of Zn-precursors the nanocomposite with different concentration and crystallite size of ZnO 
nanoparticles were prepared. The ZnO concentration is 21.29 wt% (VO350), 30.67 wt% (VA350), 22.59 wt% 
(VO650) and 29.62 wt% (VA650).The reaction between the Zn-precursor and catalyst depends on starting 
condition of reaction. The Zn2+ ions from Zn(ac)2 precursor form the coordination compound as ZnO 
precipitates which is indicating release of CO2 and H2O. The OH− groups decompose to H2O and oxygen. Five 
oxygens not released in the heat treated process give to synthesis ZnO. Anhydrous ZnCl2 precursor has only 
starting role during the preparation process and does not have any important effect on final size of ZnO 
nanoparticles [13]. The average crystallite size of ZnO obtained from the ZnCl2 precursor was bigger than of 
those obtained from the Zn(ac)2 precursor. 

The lamellar morphology of V matrix is remaining through process (Figure 1). It can be observed un-singular 
shape with a rugged surface and round edged of the V matrix as a result of milling process [10] and the 
dehydration of V structure as results of heat treatment. The ZnO nanoparticles homogenously decorated the 
edges of V matrix. In V0350 nanocomposite the ZnO nanoparticles agglomerated or grew together on the V 
edges. 
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Figure 1 SEM images and particle size distributions (lognormal distributions) of the V matrix and ZnO/V 
nanocomposite samples 

The mechanochemical process contributed to the 
reduction of the particles size parameters and to the re-
arrangement of particle size distributions of all 
nanocomposite samples (Figure 1). The average 
nanocomposite size was determined in interval values 
from 7.42 µm (d10) to the 39.05 µm (d90) with mean 
diameter 18.43 µm (d43) and span value 1.86. VO350 
and VA350 samples exhibited very narrow particle size 
distributions compared to V matrix and VO650 and 
VA650. The particle of VA650 and V0650 
nanocomposites tended to agglomerate. The rate of 
agglomeration is in agreement with the values of the 
surface charge, ξ-potential value is -52.3 mV for V matrix 
and for both nanocomposites reaches -59 mV (VA650) 

and -56 mV (VO650). The ξ-potential for VA350 is -26.6 
mV and -34.5 mV for VO350. 

XRD pattern of V350 (Figure 2a) shows that original V 
structure partly remained preserved what confirmed the 
basal reflections with characteristic values d002 = 1.440 nm, d008 = 0.360 nm and d0010 = 0.288 nm. Further 
reflections with d = 1.00 nm and d = 0.325 nm are present as a result of loss of hydration water from the 
hydrated cations in the V interlayer [14]. The XRD pattern of V650 (Figure 2d) shows dehydrated V structure 
with d = 0.988 nm and d = 0.327 nm [15,16]. 

ZnO nanoparticles preparation by dry milling with V affected the V structure. At samples prepared at 350 °C 
(Figure 2b,c), reflection with d = 1.132 nm (VO350, VA350) correspond to the one water layer hydrate in the 

Figure 2 XRD patterns of samples  
(range 4-11.5° and 23.5-38° 2θ): a) V350,  
b) VO350, c) VA350, d) V650, e) VO650,  

f) VA650 
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V interlayer [17]. Further reflections with d = 1.220 (VO350) nm and d = 1.219 nm (VA350) are observed. At 
samples prepared at 650 °C (Figure 2e, f), reflections of dehydrated V structure is present with correspond d-
values 0.988 nm and 0.330 nm (VO650) and 0.994 nm and 0.330 nm (VA350) [15,16]. Moreover, reflections 
with d = 1.217 nm (VO650) and 1.222 nm (VA650) are observed, similar as in samples at 350°C. These could 
be ascribed to the ZnO partly intercalated into the V structure [18]. 

The XRD patterns of nanocomposites show reflections of ZnO (PDF card no. 01-079-2205) on the V surface. 
The ZnO crystallite size calculated based on (101) reflection according the Scherrer equation [19] is 13.46 nm 
(VO350), 9.54 nm (VA350), 18.66 nm (VO650) and 23.22 nm (VA650). The calculated values confirm that 
crystallinity of ZnO increased at samples prepared at higher temperature (650°C). 

The antibacterial activity (expressed as the MIC values) was evaluated using two bacterial strains at different 
period times (Table 1). The V matrix did not exhibit antibacterial activity. The MIC values show that all 
nanocomposite samples were very effective against S. aureus, primarily VA350 and VO350 after 120 min and 
more. Samples VA650 and VO650 were more active after 2 days. The MIC values of VO350 indicated also 
inhibition effect against K. pneumoniae after 1 day and more, while VA350, VO650 and VO650 were more 
active after 3 days. VA350 had lower antibacterial activity against K. pneumoniae. The Gram-positive bacteria 
S. aureus were generally more sensitive to all nanocomposites than Gram negative bacteria K. pneumoniae. 

Table 1 The antibacterial test. Minimum inhibitory concentration values (MIC; %, w/v). 

 Staphylococcus aureus CCM 3953 (MIC) 

Samples 
30-90 

min 

120-300 

min 

1 

day 

2 

days 

3 

days 

4 

days 

5 

days 

V 

>10 

>10 >10 >10 >10 >10 >10 

VA350 3.33 3.33 0.37 0.12 0.12 0.041 

VA650 10 10 1.11 1.11 1.11 0.37 

VO350 3.33 3.33 0.37 0.37 0.37 0.37 

VO650 10 10 1.11 1.11 1.11 1.11 

 Klebsiella pneumoniae CCM 4415 (MIC) 

Samples 
30-90 

min 

120-300 

min 

1 

day 

2 

days 

3 

days 

4 

days 

5 

days 

V 

>10 

>10 >10 >10 >10 >10 

VA350 10 10 10 10 10 

VA650 10 10 3.33 3.33 3.33 

VO350 3.33 3.33 3.33 3.33 3.33 

VO650 10 10 3.33 3.33 3.33 

4. CONCLUSIONS 

Two precursors were used for the zinc oxide/vermiculite nanocomposites preparation by the solid-state 
reaction method. It was found that the mechanochemical process affects the vermiculite morphology and 
structure. New nanocomposite samples with different concentration and crystallite size of ZnO nanoparticles 
have strong antibacterial activity with relatively fast and long-acting. The results of nanocomposites 
antibacterial activity suggest their potential usage in medicine or in food industry as prophylactic and anti-
inflammatory agent. 
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Abstract 

This study deals with modifications of inorganic-organic nanofibers to optimize the manufacturing process and 
to ensure long-term antibacterial activity of the nanofibers. The nanofibers material is combination  
of poly(vinyl alcohol) and silica. There are presented two methods of nanofibers´ structure modifications:  
i) surface functionalization of the nanofibers by silver and copper nanoparticles, and ii) modification of initial 
sol by antiseptic additive. The both modifications methods ensure significant antibacterial activity  
of inorganic-organic nanofibers, which was proven by in-vitro antibacterial tests. This novel material shows  
a big potential for wound dressing applications. 

Keywords: Silica nanofibers, antibacterial activity, wound dressing, silver ions, copper ions 

1. INTRODUCTION 

For successful tissue regeneration, the living human cells should be effectively proliferated and organized into 
a special support structure - scaffold with physiological and morphological features mimicking their natural 
environment. Electrospun nanofibers have this potential; they are very similar to extracellular matrix with their 
structure. Nanofibrous scaffolds are produced from organic or inorganic materials, and a few studies 
considering use of inorganic-organic materials combination [1, 2, 3]. 

Nanofibers produced by electrospinning have found application in many biomedical areas, e.g. drug delivery, 
tissue engineering, or wound dressing. Regarding wound dressing application, an important role of the 
nanofibers is to prevent bacterial growth or infection. Suitable modified nanofibers provide possibility  
of functionalization by metal particles or various types of biomolecules (enzymes, peptides, and antibiotics) to 
adjust its properties for specific application [4]. 

This research presents two methods of inorganic-organic nanofibers modifications to ensure long-term 
antibacterial activity of the nanofibers. As the nanofibrous mat material, combination of silica and poly(vinyl 
alcohol) was chosen. Silica has a big potential for production of nanofibers for medical applications because it 
is able to meet a number of strict criteria (low toxicity, biodegrability, and biocompatibility) and provide suitable 
surface for functionalization thanks to the Si-O bonds on the surface.    

As antibacterial agents, silver nanoparticles and antiseptic etyltrimethylammonium bromide (CTAB) were 
chosen. Today, silver ions are widely used to control bacterial growth in number of medical devices and 
materials. Silver ions and nanosilver are able to kill a wide range of bacteria including those which are resistant 
to antibiotics [5]. CTAB contains the cetrimonium (hexadecyltrimethylammonium) cation which is an effective 
antiseptic agent against bacteria and fungi. It is one of the components of the topical antiseptic cetrimide [6]. 

Copper was described as an essential component of the angiogenesis process in skin layer and plays a critical 
role in the cells formation and differentiation leading to blood vessel formation [7]. Based on these facts, copper 
nanoparticles were also immobilized onto PVA/silica nanofibers and their effect is assumed  
to support the cell proliferation in the next phase of material testing. In this research, there is also observed 
the influence of copper nanoparticles presence on the antibacterial activity of nanofibrous material modified by 
silver ions and CTAB.  
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2. EXPERIMENT 

2.1. Material 

The PVA/silica nanofibers were prepared from tetraethyl orthosilicate (TEOS, ≥ 99%, Sigma Aldrich), 
hydrochloric acid (HCl, min. 35%, Penta chemicals), (3-mercaptopropyl)trimethoxysilane (MPS, 95%, Sigma 
Aldrich) and poly(vinyl alcohol) (PVA, 16%, Sloviol R). Ethanol (Penta chemicals) was used as a solvent. 
Cetyltrimethylammonium bromide (CTAB, Acros Organics), silver nitrate (AgNO3, p.a., Penta chemicals), and 
copper nitrate trihydrate (Cu(NO3)2  3H2O, p.a. 99-104%, Sigma Aldrich) were used for different methods of 
antibacterial modification of the nanofibers. 

For antibacterial tests, the Gram-negative Escherichia coli (E. coli, ATCC 9637) and the Gram-positive 
Staphylococcus Aureus (S. aureus, ATCC 12600) were purchased from the Czech Collection of 
Microorganisms, Masaryk University in Brno. The base medium for antibacterial tests was nutrient agar 
(Nutrient Agar No. 2, Himedia). 

2.2. Preparation of Nanofibers 

Preparation of the nanofibers was processed as described in [8]. The PVA/silica nanofibers were produced 
from silica sol prepared by sol-gel method, the sol was electrospun. The electrospinning was performed  
on laboratory instrument Nanospider (Elmarco Liberec Company). Prior to nanofibers surface antibacterial 
functionalization, the PVA/silica nanofibers were thermally stabilized at 150 °C, respectively 180 °C for 2 hours. 

2.3. Functionalization of Nanofibers 

Antibacterial modification of the PVA/silica nanofibers was performed by two methods: modification of initial 
sol by antiseptic additive and functionalization of the nanofibers surface by silver and copper nanoparticles. 

The first modification method was based on modification of initial sol. CTAB was added into the initial silica sol 
and the mixture was gently stirred for 60 min. Consequently, the sol was electrospun as described and 
prepared PVA/silica nanofibers were thermally stabilized at 150 °C, respective 180 °C for 2 hours - samples i-
t150, i-t180. 

The second method involves functionalization of the prepared PVA/silica nanofibers´ surface by only silver 
nanoparticles or silver and copper nanoparticles together. AgNO3 and Cu(NO3)2∙3H2O were dissolved  
in a solution of ethanol and distilled water. The samples of nanofibers (cca 10 x 10 cm) were immersed into 
the solution with silver ions for 60 min - samples A-t150, A-t180. Specified samples with silver ions were then 
immersed into the solution with copper ions for next 60 min - samples CA-t150, CA-t180. Finally, all samples 
were rinsed in distilled water and dried in thermostat at 35 °C.  

2.4. Characterization 

The morphology of the electrospun nanofibers was observed by field emission scanning electron microscopy 
(FE-SEM) Zeiss Ultra Plus. Prior to the analysis, the samples were coated with 2 nm of platinum to achieve 
sustainable surface conductivity. An InLens secondary electron detector operated at accelerating voltage  
of 2 kV was used for the imaging of topographical contrast. For a local chemical analysis was used EDS 
detector Oxford X-MAX on SEM; applied accelerating voltage was 15 kV. 

2.5. Antibacterial Activity Test  

The antibacterial tests were carried out by standard test method of bacterial spreading on the nutrient agar 
plate (according to CSN EN ISO 20645 - antibacterial activity testing of fabrics), where the inhibitory zone H is 
measured and evaluated. Antibacterial activity of modified PVA/silica nanofibers were tested against Gram-
negative bacteria E. coli and Gram-positive S. aureus. 1 ml of inoculum in concentration of 108 CFU/ml was 
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applied on the nutrient agar plate and sterile sample (1.8 x 1.8 cm) was placed on this nutrient agar plate. The 
samples were incubated in a thermostat at 37 °C for 24 hours [8]. Pure silica nanofibers were considered as 
control sample, where no antibacterial activity was expected. The testing was processed in triplets and results 
were averaged. 

3. RESULTS AND DISCUSSION 

3.1. Morphology of PVA/silica Nanofibers 

The influence of thermal stabilization temperature on the PVA/silica nanofibers´ morphology was not observed. 
The nanofibrous layer as well as single fibers keeps their morphology after thermal stabilization at 150 °C, 
respectively 180 °C. The nanofibrous layers were compact and uniform, the mean fiber diameter was 362 nm 
and the mean nanoparticles diameter was 88 nm. 

3.2. Antibacterial Modification of PVA/silica Nanofibers by Metal Nanoparticles 

PVA/silica nanofibers thermally stabilized at 150 °C, respectively 180 °C were functionalized by silver and 
copper nanoparticles. Samples A-t150 and A-t180 were functionalized only by silver nanoparticles. Samples 
AC-t150 and AC-t180 were functionalized both silver and copper nanoparticles. Nanoparticles were attached 
on the surface of PVA/silica nanofibers in constant density thorough the bulk of the sample, as shown in 
Figure 1. That is very important factor for long-term antibacterial activity of the samples corresponding with 
the nanofibers degradation and gradual releasing of Ag.  

 

 

 

 

 

           

Figure 1 SEM pictures of PVA/silica nanofibers, fiber and particles size distribution - samples a) i-t150 (given 
scalebar 2 μm), b) AC-t150 (given scalebar 1 μm), c) AC-t150 - BSE detector imaging  

(given scalebar 1 μm) 

According to EDS analysis results (Table 1), temperature of thermal stabilization does not significantly affect 
quantity of immobilized metal nanoparticles onto the nanofibers´ surface. The samples´ specification and EDS 
analysis results are presented in Table 1. The quantity of immobilized Ag nanoparticles for the samples A-
t150 and A-t180 was 5.1 At%, respectively 5.4 At%. For the samples AC-t150 and AC-t180, the quantity of 
immobilized Ag nanoparticles was 2.3 At%, respectively 2.0 At%. The quantity of immobilized Cu nanoparticles 

a b c 
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was determined identical for both AC-t150 and AC-t180 samples - 0.2 At%. Based on these facts, we can 
expect intensive antibacterial activity of all samples with Ag nanoparticles.  

Table 1 PVA/silica nanofibers samples´ specification and EDS analysis results 

Sample Si i-t150 A-t150 AC-150 i-t180 A-t180 AC-t180 

Thermal stabilization 
temperature (°C) 

180 150 150 150 180 180 180 

Ag content (At%) - - 5.1 2.3 - 5.4 2.0 

Cu content (At%) - - - 0.2 - - 0.2 

Ø Halo zone (mm)  
S. aureus 0 8.6 1.7 4.1 5.6 1.8 5.1 

Ø Halo zone (mm)  
E. coli 0 2.5 3.0 3.8 3.2 3.4 5.1 

3.3. Antibacterial Activity Test Results 

The antibacterial activity of the modified PVA/silica nanofibrous mats was tested against E. coli Gram-negative 
bacteria and S. aureus Gram-positive bacteria. The resulting diameters of halo zones for each sample are 
stated in Table 1. It was concluded that the inhibition zone diameters differ according to the type of antibacterial 
modification method, but very significant antibacterial activity is presented for all samples (Figure 2). The 
inhibition zone diameter of the samples is ≥ 1 mm; that is evaluated as a good antibacterial activity according 
to the CSN EN ISO 20645 standard evaluation. The both modifications methods ensure significant antibacterial 
activity of PVA/silica nanofibers. This novel material shows a big potential for wound dressing applications. 

 

Figure 2 Antibacterial activity of the modified PVA/silica nanofibers against S. aureus (S.A.) 
and E. coli (E.C.) 

The highest antibacterial activity against S. aureus had the samples i-t150 and i-t180. It was caused by CTAB, 
which exhibits an antibacterial effect. However, some degree of cytotoxicity is expected for this sample; it will 
be the subject of further research. The inhibition zone diameters highly above the limit in accordance with the 
standard were evaluated also for samples AC-t150 and AC-t180. These results are very promising in 
association with cytotoxicity tests, because copper nanoparticles do not affect negatively the antibacterial 
activity. 
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4. CONCLUSION 

This research is focused on antibacterial modification of PVA/silica nanofibers. The first modification method 
was using antiseptic additive which was added into the initial sol prior to electrospinning. The second 
modification method was aimed at immobilization of silver and copper nanoparticles onto PVA/silica 
nanofibers´ surface. Both methods were proven as very effective, the antibacterial activity of all tested samples 
was highly above the limit in accordance with the CSN EN ISO 20645 standard evaluation. The antibacterial 
activity of the samples is caused by CTAB and silver nanoparticles application. It was verified that copper 
nanoparticles do not affect negatively the antibacterial activity. Copper nanoparticles´ effect is assumed to 
support the cell proliferation in the next phase of material testing. 
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Abstract 

Potential application of nanofibers in drug delivery has attracted a huge attention recently highlighting their 
properties including increased surface reactivity, high specific surface and improved drug bioavailability. 
Cardiac regenerative therapy, whereby pro-regenerative cells, drugs or growth factors are administered to 
myocardium has demonstrated significant potential in post-operative therapy. One of the main conditions 
applied on drug delivery system materials are cardiac biocompatibility, tolerability, treatment efficacy.  

Our objective in this study was to develop a nanofibrous patch with a short degradation time for cardiac drug 
delivery and evaluate its properties relevant for the application site. Silk fibroin based nanofibres were 
manufactured from Bombyx mori raw cocoons by degum procedure, ionic liquid dissolution and subsequent 
needle-less electrospinning. The electrospun nanofibres were crosslinked by alcohol dehydration. Stabilized 
and unstabilized nanofibrous patches were characterized in terms of morphology, chemical composition and 
degradation kinetics. The main objective was focused on cardiac cytotoxic effect of nanofibres and its 
evaluation on H9C2 rat myoblastic cell line. 

Keywords: Cardiac drug delivery, nanofibres, silk fibroin, biocompatibility, biodegradability 

1. INTRODUCTION  

Cardiovascular disease, such as ischemic impairment, abnormalities in the morphogenesis, muscle function 
and cardiac rhythm, is an important cause of morbidity and mortality worldwide. A promising solution to heart 
disease and postoperative stress reduction is direct cardioprotective drugs delivery into the infarcted 
myocardium and cardiovascular system. The conventional application of drugs is limited by several hurdles, 
such as weak effectiveness, poor biodistribution and low selectivity. All of these drawbacks drive researchers 
forward to further develop and optimize new drug carriers. Targeted drug delivery enhances the specific 
deposition of drugs in the abnormal foci after administration. [1] Unlike the recent therapeutic approaches to 
prevent heart failure after myocardial infarction, which are based on systemic injection of proangiogenic 
peptides and stem cell therapy, novel therapeutic methods based nanoparticle systems show advantage of 
longer half-life and better stability of biomacromolecules and increased effectiveness of the treatment. [1-3]  

Very potent nanomaterials for this heart-targeted drug delivery include liposomes [4], inorganic and biopolymer 
based nanoparticles [5] and nanofibres [6, 7] able to bind specific ligands, drugs and beta-blockers and/or 
serve as a potential proangiogenic protein source. Silk fibroin nanoparticles (NPs) and nanofibres (NFs) 
possess a very high potential in this therapeutic field as non-immunogenic protein based system. [8, 9] 
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2. MATERIALS AND METHODS 

2.1. Materials 

Thai silk cocoons of Bombyx mori Linn. Silkworms (Nang-Noi Srisakate 1) were obtained from Amphoe 
Mueang Chan, Si Sa Ket Province, Thailand. Sodium carbonate, formic acid and ethyl alcohol were purchased 
from Penta, Czech Republic. Myoblastic cell line (H9C2) was obtained from ATCC/LGC Standards, UK. 
Chemicals used for cell cultivation (DMEM, FBS), metabolic activity evaluation (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT)) and staining (3,3'-dihexyloxacarbocyanine iodide (DiOC6(3)) and 
propidium iodide (PI)) were purchased form Sigma-Aldrich, USA.    

2.2. Silk fabrication, electrospinning and stabilization 

Bombyx mori raw silk cocoons were degummed with 1% sodium carbonate (100°C, 30 minutes). After the 
sericin removal, the silk fibre was dissolved in calcium chloride solution, dialyzed and dried. The silk fibroin 
(SF) spinning solution was prepared by dissolving the obtained product in 98% formic acid at final 
concentration of 10%. The electrospinning process was performed using wire electrode with applied voltage 
of 50 kV on NanoSpider NS 1WS500U device (Elmarco Ltd.). Electrospun silk fibroin nanofibres of a basis 
weight 9.5 g/m2 were consequently stabilized in ethanol for 1 hour. Part of the nanofibrous sheet remained 
unstabilized for further analyses.  

Properties of the electrospun nanofibres were evaluated in terms of morphology, chemical structure and 
degradation kinetics. Morphology prior and after the stabilization process was analyzed using electron 
microscopy (Vega3 SEM, Tescan Ltd., Czech Republic). Changes in fibre diameter were evaluated by a 
statistical analysis of the data (n = 100) measured for each sample. Effect of the stabilization procedure on the 
chemical structure was studied using FT-IR spectrometry (Nicolet iZ10, Thermo Fisher Scientific, USA). The 
short-term degradation kinetics of the stabilized and unstabilized SF nanofibres in simulated body fluid [10] in 
vitro were documented under high resolution using electron microscopy (UHR FE-SEM ULTRA Plus, Carl 
Zeiss Ltd., Germany) and complemented by weight loss measurements. 

The cardio biocompatibility was evaluated according to the ISO 10993-5: 2009 on H9C2 myoblastic cell line 
as an appropriate model for cardiac cells. Cells were cultured under standard conditions (37°C, 5% CO2) in 
DMEM supplemented with 10% FBS. Biocompatibility tests in direct and indirect contact were performed. For 
both the tests, cells were pre-cultured in vessels prior the exposition. For the test in direct contact, each sample 
covered one tenth of the pre-cultured cell layer. For the test in indirect contact, the eluates of tested samples 
in various concentrations (0.5, 1, 2 μg / ml) were prepared for 24 hours prior the exposure to cells. The cell 
viability was evaluated after 24 hours of exposure via standard mitochondrial oxidoreductases metabolic 
activity test. Degree of reduction of MTT was determined spectrophotometrically by reading at 570nm 
(background subtracted at 650nm). Each test was performed in triplicate. 

3. RESULTS  

3.1. Structure of nanofibres  

Analysis of morphology showed fibrous structure with randomly oriented nanofibrous and high porosity, which 
remained after the dehydration. Slight changes in the structure of the SF nanofibrous sheets after the 
stabilization procedure were revealed. The mean diameter decreased after the stabilization to (320 ± 87) nm 
from the original (346 ± 106) nm. This change could appear due to effect of the dehydration and drying leading 
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to closer rallying of molecular chains. Comparison of the morphologies prior and after the stabilization process 
is shown in Figure 1.  

Analysis of the chemical structure performed via FTIR spectroscopy showed absorption peaks at 
approximately 1625 cm-1 (amide I) and 1530 cm-1 (amide II), which are typical for silk fibroin structural vibrations 
and are related to its ß-sheet structure. [11] Moreover, peak related to the -OH group vibrations appeared at 
3200 cm-1. Intensity of this peak decreased after the stabilization process leading to partial elimination of 
hydroxyl groups. 

 

Figure 1 Morphology of SF nanofibres (A) prior the stabilization and (B) after the stabilization. SEM under 
magnification 5.000 and 25.000 (bar1 = 10 μm, bar2 = 2 μm), histogram of relative frequency of the fiber 

diameters, mean ± S.D. (n=100) 

3.2. Degradation characterization 

The in vitro degradation analysis under static conditions showed intense differences between unstabilized and 
stabilized silk fibroin nanofibres. Swelling of the nanofibres was observed in both the cases, but it was 
confirmed that the performed dehydration stabilization led to decrease of swelling and kinetics of the 
degradation process was confirmed to be slowed down. Whereas, the unstabilized nanofibres showed weight 
loss of 92% of the original mass and complete loss of the original porosity and specific surface area, the 
stabilized nanofibres only increased their diameter slightly due to swelling, but their mass remained almost 
unchanged (- 3.2 %). The weight loss was recorded after 72 hours of the degradation process. 
Those results were supported by the SEM observation shown in Figure 2.  
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Figure 2 Morphological changes observed after 72 hours of degradation in vitro in SBF. (A) Unstabilized 
and (B) stabilized Silk fibroin nanofibres. SEM under mag. 2.500 and 10.000 (bar1 = 10 μm, bar2 = 1 μm) 

3.3. Biocompatibility evaluation 

Biocompatibility of the stabilized and unstabilized SF nanofibres was tested on H9C2 cell line as accurate 
cardiac tissue model. According to results (shown in Figure 3), both types of the samples reached viability of 
the exposed cells higher than 80 % compared to the cell control (CC) as a blank and can be claimed and 
cytocompatible to cardiac muscle tissue. In both the tests performed, tested samples were compared to 
approved biocompatible negative control (NC, RM-C foil by Hatano Research Institute, Japan) and approved 
cytotoxic positive control (PC, PM-A foil by Hatano Research Institute, Japan) to verify cell sensitivity. In the 
case of the test in direct contact, for the unstabilized nanofibres the cell viability reached (104.6 ± 3.15) % of 
CC and (91.2 ± 4.9) % of CC for the stabilized nanofibres (Figure 3d).  

For the test in indirect contact, viability of cells exposed to the unstabilized SF ranged from (100 ± 3.4) % up 
to (102.7 ± 2.7) % and increased with the SF concentration. Viability of cells exposed to stabilized SF ranged 
from (96.2 ± 4.1) % up to (98.6 ± 2.2) % and showed the same trend. Graphical representation of results is in 
Figure 3e. The significant increase of cell viability after interaction with unstabilized silk nanofibres can be 
attributed to their quick degradation leading to protein release resulting in cell proliferation and increased 
metabolic activity. Microscopic analysis of H9C2 showed no significant change in cell morphology in terms of 
shape and size.  
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Figure 3 Results of the biocompatibility evaluation. Fluorescent microscopy of the H9C2 cells after exposure 

to the (A) pure complete medium, (B) unstabilized SF nanofibres eluate and (C) stabilized SF nanofibres 
eluate. Results of biocompatibility test (D) in direct contact and (E) indirect contact performed in complete 

culture medium. Concentrations of SF for (E) are a: 2 μg / ml, b: 1 μg / ml and c: 0.5 μg / ml. Abbreviations: 

(CC) cell control, (NC) negative control, (PC) positive control. For A - C magnification is 100x 

4. CONCLUSION  

Bombyx mori originated silk fibroin nanofibres were confirmed to have a high potential in heart-targeted drug 
delivery and the stress therapy as biocompatible matrix for drug releasing system construction. The 
degradation test in vitro showed an important effect of the stabilization procedure on the degradation kinetics 
and the protein mass release. The degradation period can be modified by the stabilization procedure used and 
affect the drug releasing period itself. The biocompatibility testing performed on H9C2 myoblast cell line used 
as a cell model confirmed the stabilized and unstabilized silk fibroin nanofibres as cardiac tissue compatible. 
No tested silk fibroin NFs concentration resulted in cell viability decrease below the 80% which the ISO EN 
recognized mandatory biocompatibility limit.  

Based on results of the study presented, we believe silk fibroin nanofibres are an interesting candidate for a 
short-term post-operative drug delivery.   
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Abstract  

Pure silica nanofibers prepared by electrospinning from the sol-gel were reported to be successfully used in 
tissue engineering due to their biocompatibility, non-toxicity and biodegradability. This study deals with the 
possible mechanical degradation of silica nanofibers in vitro that have been pulverized down to the size of 
nanoparticles. The resulting fragments prepared in distilled water were compared to those that were removed 
up after two weeks of dissolution in saline adjusted to pH 7.4 and at 37 °C (values simulating the environment 
of some body fluids). The nanoparticles were measured using the Zetasizer device and compared to the data 
obtained by scanning electron microscope (SEM) and optical microscope. 

Keywords: Silica nanofibers, silica nanoparticles, degradation, aggregation 

1. INTRODUCTION 

Silica nanofibers are relatively new inorganic material prepared by various methods. One of them is the sol-
gel method that uses electrospinnig [1] [2]. Depending on the method of production, their diameter ranges from 
70 to 1500 nm. Fibers of micrometer dimensions (tens to hundreds of micrometers) could be prepared by the 
melt-spinning approach. The silica fibers are utilized in diverse fields, such as electronics, optics, and most 
recently, also in medicine and tissue engineering. Glass and ceramic materials find application in the form of 
bones and joint implants [3], even though, the responses are not consistent and some works report high toxicity 
of the released silica [4]. There is an ongoing research of the possible use of silica nanofibers in wound healing 
[5] [6]. 

Silicon is a trace element that is important to nail, hair, bone and skin health. It assists synthesis of elastin and 
collagen, which are present in blood vessel walls and hence considered beneficial for the cardiovascular 
system. It is mainly a natural part of vegetable nutrition. The excess of dissolved silica is usually eliminated 
from the body by kidneys. Silicon, respective the silica, has been studied for many decades in connection with 
the disease silicosis that develops from the chronic exposure to the silica dust (e.g. miners). Inhalable silica 
particles (max. size about 10 micrometers) [7] can pass through into the pulmonary alveoli, where a prolonged 
irritation causes a chronic inflammation, and in the end, extensive nodular fibrosis. A way of removing silicon 
from the body can be illustrated by experiments performed in laboratory dogs [8]. After the application of silica 
into the lungs of dogs, the  renal excretion increased. Application of the soluble form (silicic acid) led to the 
rapid increase of silicon in the urine, and 66% of its elimination by the kidneys within 24 hours. When silica 
was applied to the lungs in the insoluble crystalline form (particle size about 3 microns), it resulted in only 2% 
increase of the silica content in the urine, which is attributed to the possible content of the low proportion of 
very small particles in the suspension. Nevertheless, increased silica content in the urine of miners after one 
week without any contact with dusty environments (compared to volunteers) suggest that larger silica particles 
captured in the lungs gradually dissolve and are removed from the body. [8] 

The health hazard of particles that penetrated to the alveoli may depend not only on their chemical composition, 
but also on the dose, exposure time, size, shape and overall surface area. For example, the structures 
contributing to the lung tumor risk appear to be long (>5 μm) and thin (0.4 μm) fibers whose potency appears 
to rise with increasing length [9]. The study [10] demonstrated that the cytotoxicity of monodisperse amorphous 
silica nanoparticles with the same morphology was strongly related to their particle size. The smaller particles 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

485 

showed significantly higher toxicity than the bigger ones in the contact with human endothelial cells [11]. 
Several studies have shown translocation of ultrafine particles from the lungs to extrapulmonary organs via 
the systemic circulation [12].  

Prevailing theories suggest that acicular, or fiber-like, particles induce enhanced toxicity over isotropic 
materials through barrier of phagocyte-mediated clearance mechanisms and through the mechanical 
interactions with cells. It is generally agreed that thinner and longer fibers are typically more toxic to pulmonary 
cells as well as more persistent in the lungs [13]. Currently, the degree to which either of these mechanisms 
operates is not well understood. It appears that the important factor in the particles' toxicity is the area of their 
surface because the cytotoxicity in experiments was dependent on the cell contact with the surface of particles, 
while the effect of the shape was not so significant [14]. The results indicate that particles induced an increased 
lactic acid dehydrogenase release and interleukin (IL) - 8 expression from mesothelial cells as markers of the 
cytotoxicity and inflammation, regardless of the shape. The decreased particle size seems to attenuate the 
effect of particle shape regarding phagocytosis resistance [15]. The studies showed a strong relationship 
between toxicity and biopersistence of fibers in lungs [16]. When inhaled, high biopersistence of inorganic 
particles and fibers in lung can cause a range of chronic fiber-related lung diseases like silicosis, chronic 
bronchitis, asthma or tumors [17]. Besides other factors, the shape can affect the particle aggregation and play 
a significant role in their removal and degradation (phagocytic clearance) [14]. 

It seems that the biopersistence of silica nanofibers can be affected already during their production, when their 
thermal stabilization (up to 500 degrees) leads to the faster degradation. According to the in vitro tests, the 
half-life of silica nanofibers in saline solution at 36 °C was for about 20 days [6]. Also study [18] concluded that 
pure silica nanofibers with the mean value of fibers diameter about 170 nm (stabilized for 2 hrs. at 180 °C and 
dissolved in the fluid that imitated pulmonary fluid with its pH 7.6), could be relatively safe because of the 

dissolution rate, which was determined by the order in the tens ng⋅cm-2⋅h-1. Even in the dynamic test of solubility 
fibers silica dissolved completely within 7 days. The safety criterion is based on recommendations of the study 

[16] that the fiber dissolution rate in the tens and hundreds ng⋅cm-2⋅h-1 can be considered safe. 

Tests of the solubility of pure silica nanofibers prepared by electrospinning (mentioned above [6] [18]), that 
demonstrate their high degradability, short half-life and thus a relative safety and non-toxicity, do not take into 
account other physico-chemical factors in which fibers are subjected to addition of enzymes in vivo, mainly pH 
and interaction with a variety of other chemical substances in the body fluid. The saline solution of body 
temperature [6] simulates only the osmotic environment and the presence of main extracellular cation 
(sodium). The „simulated lung fluid" used in [18], in infact, does not simulate any other attributes besides the 
elevated pH (7.6). he lungs have unique features such as the lung surfactant and a negligible amount of the 
aqueous fluid that are difficult to replicate in vitro. The lung surfactant consists of lipid-rich lipoproteins with the 
lipid composition dominated by phosphatidylcholine. Therefore considering the high dipalmitoyl content, 
designing a standardized dissolution method applicable to the lungs is not easy. A majority of lipids in the 
surfactant form phosphoglycerols with cholesterol. Also, proteins (albumin, apoproteins), ions and a number 
of other substances are present as well [19]. However, considered these solutions were sufficient for the basic 
and very simplified idea of the potential behaviour of silica fibers in a living system and therefore, our 
mechanical in vitro tests were carried out under the similar conditions. 

This study is based on the assumptions that silica nanofibers, which come into direct contact with tissues and 
blood (either in an inhalation form of individual fibers into the lungs, or as a covering material for wound 
treatment in the form of fibrous layers), are exposed to the combination of physicochemical and immune 
factors, in addition to the mechanical strain and stress in the presence of a slightly alkaline pH of pulmonary 
fluid or blood plasma. The larger fibers are fragmented and eroded into smaller fragments and particles, which 
are finally completely dissolved or phagocyted. In this study, a layer of pure silica nanofibers prepared by the 
sol-gel electrospinning was used. These fibers were pulverized in an aqueous environment for different periods 
of time using high speed impeller and sonication. The size and stability of the resulting fragments were 
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measured using Zetasizer device and their shape was evaluated by use of an electron microscope. This 
procedure was also performed on the silica nanofibrous layer which was previously dissolved for 2 weeks at 
37 °C in the saline solution with the pH adjusted to 7.4. This should, in accordance with [6] [18], simulate 
osmotic and pH conditions in the lungs or in the contact with body fluid, assuming their partial dissolution or 
erosion to the safe form for contact with the organism. The dependence of fragments size on the breaking time 
was studied and both types of fragments were compared. The results were summarized in the discussion. 

2. EXPERIMENTAL PART 

2.1. Material    

The layer of silica nanofibers which was prepared by electrospinning of a sol-gel formed by hydrolysis and 
polycondensation of tetraethoxysilane and then stabilized at 180 °C for 2 hours; NaCl, Na2CO3 (Lach-Ner). 

2.2. Methods   

The distribution of pure silica nanofibers (Figure 1) was observed using image analysis of pictures from the 
scanning electron microscope (Tescan Vega TS 5130). Five mg of silica nanofibers layer were immersed in 
25 ml of saline and adjusted with sodium carbonate and acetic acid to pH 7.4. This sample was incubated at 
37 °C for 14 days (static dissolving). After 14 days, this fibrous layer was mechanically crushed using the high 
speed impeller (Ultra Turrax T25 basic, IKA WERKE) at a the rotation speed 17 500 rpm for 1, 3, 5 and 10 
minutes, subsequently at 24 000 rpm for 10 minutes and then sonicated for 10 minutes. In these time intervals, 
the samples were taken for measurements on Zetasizer device and SEM. Simultaneously, this procedure was 
also applied to the 5 mg of pure silica nanofibers without previous dissolution; these fibers were inserted into 
25 ml of distilled water without pH adjustment. The size and stability of the broken silica particles were 
measured on the Zetasizer device, which evaluates these values on the principle of dynamic light scattering 
and laser Doppler electrophoresis. A colloidal system with the absolute value of the zeta potential less than 30 
mV is considered unstable due to the low repulsion of particles with a low surface charge that occurs in such 
a system it leads to an easy aggregation and agglomeration of the particles. Pulverized fractions were 
evaluated with optical microscope Bresser Biolux. 

2.3. Results and discussion 

 
Figure 1 Silica nanofibers                               Figure 2 Length distribution of silica nanofibers 

As seen in Figure 2, most fibers had a diameter of about 250 nm. However, this fibrous layer also contained 
a low percentage of fibers with the diameter of about 1-2 microns, as well as fibers having the diameter of less 
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than 100 nm. According to testing of statistical software (QC.Expert), the data correspond to lognormal 
distribution. 

Table 1 Size of pulverized silica particles 

Sample 17 500 rpm 24 000 rpm Sonicator 

1 min. 3 min. 5 min. 10 min. + 10 min. + 10 min. 

SiO2 
(dist.water) 

1 305 nm 1 256 nm 1 215 nm 1 135 nm (87 %)       
169 nm (13 %) 

716 nm (91 %) 
82 nm (9 %) 

192 nm 

SiO2            
(saline) 

1 386 nm 1 290 nm 1 278 nm 967 nm 712 nm 241 nm 

The measurement results from the Zetasizer showed that the size of silica particles decreased (Table 1) with 
continuing mechanical stress of silica fibers (time exposure increase of impeller, further increase of revolutions 
and subsequent ultrasonic shattering) to 192 nm or 241 nm. It is evident from Table 1 that the particle size of 
individual fractions did not differ much in either of the sample (silica fibers in distilled water vs. silica fibers after 
14 days in saline, pH 7.4, at 37 °C) as if the dissolution in the "simulated body fluid" had practically no effect 
on their strength.  

The comparison with the actual appearance of particles under the microscope (Figure 3) and use of the SEM 
made it evident that the sizes measured with the Zetasizer are greatly distorted and inaccurate in this case. 
As a matter of fact, the heterogeneous mixtures of fragments with lengths of up to tens of micrometers were 
formed. Even with the increasing mechanical stress, the fibers were still breaking more and particles thus 
diminishing. However, even in the most pulverized fraction (after 20 minutes exposure to Impeller and 10 
minutes of sonification) when the Zetasizer indicated 100% of particles with size corresponding to a mean 
diameter of the original nanofibers, we were still finding fragments and needles with a length of 10 to 40 microns 
(Figure 4) and individual fibers with a length more than 100 microns on SEM images (Figure 5). 

Impeller 3 min. Impeller 10 min. Impeller 20 min. 

and sonication 10 min. 

 

A 

 

 

B 

 

Figure 3 Gradual fragmentation of silica fibers in distilled water (A) and after 2 weeks in saline,  
pH 7.4 and 37 °C (B),(zoom 200x). Samples B were 10 times diluted because a lot of salt in 

 field of vision 
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The zeta potential values of silica nanoparticles and fragments in buffered saline were around -28 mV, which 
does not indicate very high stability of this suspension. The value was measured in suspension of particles 
after the first 3 minutes of exposure to the impeller (-28.7 mV) and in the finest fraction after 20 minutes of 
exposure to the impeller and 10 min of sonification (-28.4 mV). The measurements indicated that the change 
in shape and particle size (by Zetasizer 1290 and 241 nm) had no influence on the surface charge of silica 
fragments. The visible agglomeration occurred very quickly in all suspensions after the mechanical stress 
ended. 

3. CONCLUSION 

It is clear that the interaction of silica nanofibers with tissues and their subsequent elimination from the body 
is a complex process influenced by a number of physical, chemical and biological factors. In this research, we 
examined mainly the mechanical aspect of the possible fiber degradation with regard to physico-chemical 
effect of the prolonged exposure to body fluids and body temperature. Those are the influences to which silica 
nanofibers are exposed in the body, where they can appear accidentally (for example inhaled into the lungs) 
or deliberately (in the form of fiber layer used for the treatment of wounds or burns). The removal of foreign 
particles from the tissues ensures the immune phagocytal system, particularly macrophages. The size of 
particles absorbed by macrophages was limited by the size of macrophages (about 20 microns). Our results 
indicate that two weeks of interaction of body temperature, pH and osmotic conditions simulating the blood 
plasma with silica nanofibers (average diameter of about 250 nm) were not sufficient even for the strongly 
mechanically stressed silica nanofibers in aqueous media to reach the size and shape that would be safe and 
theoretically favourable for the absorption by macrophages. Fibrous suspension dissolving for two weeks 
dissolving in simplified simulated body conditions, and after the maximum mechanical stress, still contained 
many fragments with a length of more than 100 micrometers. At the same time, the silica (nano)particles and 
fragments showed a strong tendency to aggregate (aggregation or agglomeration) due to their low zeta 
potential. This is another possible challenging aspect which makes it difficult to remove them. It is evident that 
the issue of the interaction of inorganic silica nanofibers, layers, scaffolds, grafts and other carriers with living 
organisms is a complex process and therefore, it is necessary to study the behaviour of silica nanomaterials 
from different aspects. 

 

Figure 4 Silica fragment between the crystals  
of salt (SEM, 3 000x) 

Figure 5 Silica fiber between the salt  
(SEM 1 000x) 
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Abstract 

The electrospinning process was employed for the preparation of nanofiber substrates based on hydrophobic 

poly(ε-caprolactone) (PCL), hydrophilic poly(ethylene glycol) (PEG) and amphiphilic PCL/PEG linear 
polyurethane (PUR). The used polymer solution and electrospinning process influenced the structure and 
biodegradability of resulting nanofibers. While nanomaterials processed from PCL and PEG dissolved in acetic 
and formic acid mixture solvent showed well-structured nanofiber meshes, the electrospinning of PUR acidic 
solution resulted in electrosprayed film due to the insufficient molecular weight of PUR. In order to improve the 
biocompatibility of nanofibers a thin amine layer by means of the cyclopropylamine plasma polymerization in 
radio frequency capacitively coupled discharge was deposited on prepared nanofibrous meshes. The 
presence of the amine groups on the surface of nanofibrous substrate supposed to enhance the adhesion and 
proliferation of cells. The possibility for further functionalizing by grafting with chitosan biopolymer through 
carbodiimide-mediated coupling via citric acid has been tested on a model PCL/PEG PUR foil. Infrared 
spectroscopy confirmed successful grafting of chitosan onto the PUR surface. Optimizing PUR nanofibers 
processing can open possible use of the material in wound healing applications exploiting antibacterial 
properties of chitosan and excellent elasticity, controlled biodegradability and optimal stiffness of PUR.  

Keywords: Electrospinning, polymer nanofibers, biodegradable polyurethanes, plasma amine coatings 

1. INTRODUCTION 

Studies have shown that naturally derived biomaterials such as decellularized matrices have superior 
functional attributes due to their extracellular matrix (ECM) composition. [1] In addition to biomechanical 
compatibility with the host, these implants also attract cells from the recipient and promote efficient scaffold 
remodeling. [2] However, these biologically derived substitutes have not found yet their way into clinical 
practice because of safety issues and the lack of regulatory approval. Electrospun nanofibers can mimic the 
desirable properties of decellularized matrix grafts. The ECM graft wall is a web of randomly orientated micro 
and/or nanofibers, which can be successfully imitated by appropriate nanofibers processing. 

Many groups have spun a variety of biodegradable polymers. [3] Those consist of either natural (gelatin, 
elastin, cellulose derivatives etc.) or approved synthetic polymeric materials such as poly(lactic acid), 

poly(glycolic acid) or poly(ε-caprolactone) (PCL). However, those materials are very hydrophobic for e.g. 
wound dressings or tissue engineering grafts. Recently, electrospun polyurethanes (PURs) that have 
mechanical properties similar to the natural hydrogels such as collagen or epithelium in small diameter vessels 
have been evolved. [4] The PUR represent a diverse family of materials ranging from cast and thermoplastic 
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elastomers to flexible and rigid foams. Due to their toughness, durability, biocompatibility, and improved 
biostability, they have been incorporated in a wide variety of implantable biomedical devices. [5, 6].  

Although a lot of publications have shown certain growing of the cells on the PUR, their biocompatibility is 
often low due to their artificial nature. The plasma deposition of functional coatings is the method of choice for 
the adjustment of surface composition and morphology of materials without affecting their bulk properties. [7] 
It was shown that stable amine-rich plasma films can be deposited by low pressure plasma polymerization of 
non-toxic cyclopropylamine (CPA) by using radio frequency capacitively coupled discharge plasma 
polymerization. [8 - 10] Choi et al. demonstrated that PCL or PCL/PEG electrospun nanofibers can be applied 
for in vivo wound healing of diabetic ulcers after grafting of amine groups and immobilization of recombinant 
human epidermal growth factor. [11] Furthermore, treated surface can be also functionalized by biologically 
active substances to provide certain role, e.g. in case of wound dressings, an antimicrobial substance, which 
can protect from the environment and facilitate the healing process. Chitosan is promising material for its 
antibacterial, antifungal and antitumor activity and has already been utilized in some applications in 
combination with PUR. [12, 13]. 

Our main aim is to provide biodegradable hydrogel-like (amphiphilic) nanofibrous layer with enhanced 
biological activity and also with certain biomechanical properties. For that purpose, we investigated the 
electrospinning of nanofibrous meshes and thereafter focused on grafting chitosan onto the surface to provide 
biologically active properties of the material. For our preliminary experiments, nanofibers from either PCL or 
PEG or PCL/PEG polyurethane were prepared and chitosan-grafting was applied on model amphiphilic PUR 
elastic foil (instead of nanofibers) based as well on PCL/PEG. The strategy for grafting of chitosan on PCL/PEG 
PUR is based on carbodiimide chemistry in combination with PUR’s surface plasma treatment by 
cyclopropylamine (CPA) plasma. [14] 

2. EXPERIMENTAL 

Materials  

Argon (99.998 %) was supplied by Messer. Acetic acid (99%, p.a. grade) and Formic acid (98%, p.a. grade) 
were purchased from Penta s.r.o. (Czech Republic). Cyclopropylamine (98%), poly(ε-caprolactone) flakes (Mn 
= 80 000 g·mol-1) and poly(ethylene glycol) (Mn = 100 000 g·mol-1) were purchased from Sigma-Aldrich 

(Germany). For PUR synthesis poly(ε-caprolactone) diol (Mn = 530 g·mol-1,) and poly(ethylene glycol) (Mn = 
400 g·mol-1,) were degassed at 130 °C for 3 hours under the vacuum prior the synthesis. 1,6-
diisocyanatohexane (HDI, 98%, Sigma-Aldrich) was degassed under the vacuum at the laboratory temperature 
for 3 hours. Tin(II) 2-ethylhexanoate (95%, Sigma-Aldrich) and gaseous nitrogen (99.999 %, SIAD Czech spol. 
s r.o.) were used as received. For coupling the chitosan onto the PUR chitosan from shrimp shells, 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS) (all three purchased 
from Sigma-Aldrich) and citric acid (99.8 %, Lach-Ner s.r.o.) were used. Ultrapure water (UPW) of type II 
(according to ISO 3696) was prepared on Elix 5 UV Water Purification System (Merck Millipore). 

Preparation of polyurethane solution 

The polyurethane (PUR) synthesis was carried out under nitrogen atmosphere. Macrodiols with the PCL/PEG 
= 75/25 weight ratio were degassed at 130 °C for 3 hours prior the synthesis. After cooling down to the 
laboratory temperature 0.03 mol.% of tin(II) 2-ethylhexanoate catalyst (related to moles of -OH groups in the 
mixture) were added followed by vigorous stirring for 1 hour to maximize dispersion. Finally, HDI in the molar 
ratio of NCO/OH = 1.0 was dosed into the diol mixture under nitrogen and the system was let to react for 15 
minutes. Subsequently, the polyurethane polymer was dissolved in calculated amount of solvent (mixture of 
acetic and formic acid with the weight ratio 2:1) for 24 hours and used for electrospinning.  
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Electrospinning of nanofibers 

The PCL and PEG electrospun nanofibers were prepared by electrospinning of the polymer solutions (9 wt.% 
and 11 wt.%) dissolved in a mixture of acetic acid and formic acid (2:1). Prepared solutions were stirred for 
24 hours at room temperature followed by the electrospinning process using the Nanospider™ NSLAB 500 
(ELMARCO). The polymer solutions were electrospun with a 20 cm long wired electrode by voltage from 40 
up to 60 kV with interelectrode distance between 100-120 mm. The high-voltage electrode rotated at 5 rpm 
and the fabric collector at the grounded electrode moved at 12 mm.min-1. Resulting polymer foils were compact 
and flexible with a thickness in a range of 30-40 μm. They were cut into 5×5 cm2 pieces and modified in plasma 
discharge as described below. 

Plasma Polymerization  

The CPA plasma polymers were prepared in a stainless steel parallel plate reactor as depicted in Figure 1.[8] 
The bottom electrode, 420 mm in diameter, was capacitively coupled to a RF generator (13.56 MHz). The 
gases were fed into the chamber through a grounded upper showerhead electrode, 380 mm in diameter. The 
distance between the electrodes was 55 mm. The bottom electrode with substrates was negatively DC self-
biased due to an asymmetric coupling. The CPA was polymerized in pulsed wave (PW) CPA/Ar plasmas at 
pressure of 50 Pa. The pulse duty cycle and repetition frequency were 33 % and 500 Hz, respectively. The 
flow rate of Ar was set to 20 sccm and regulated by an electronic flow controller Hastings whereas the flow 
rate of CPA vapors was set to 3 sccm by a needle valve. The deposition time was 30 min. The substrates were 
sputter-cleaned by pulsed Ar plasma for 10 minutes prior to the deposition.   

 

Figure 1 Schematic drawing of the plasma set-up [8] 

Chitosan grafting onto the polyurethane foil 

The PUR foils based on PCL/PEG (1:1) for further functionalization with chitosan were processed according 
to our previously evolved method. [14] Subsequently, the PUR foils were activated by CPA plasma via the 
procedure described in chapter 2.4 providing -NH2 groups on the surface. The grafting was performed in two 
steps, both through carbodiimide-mediated coupling of the amine groups to carboxylic groups.[14] In the first 
step, citric acid (0.5 M solution) was grafted onto the PUR utilizing solution of 50 mM EDC and 20 mM NHS in 
ethanol at laboratory temperature. The PUR sample grafted by citric acid was transferred to the chitosan 
solution in 0.01 M hydrochloric acid with 50 mM EDC and 20 mM NHS and left there for 3 hours for coupling 
the chitosan to citric acid via amide bonding on PUR. Chitosan-grafted PUR samples were immersed in 
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ultrapure water (UPW) at room temperature for 1 hour and subsequently washed in new UPW for next 10 
minutes to remove physically adsorbed chitosan on the surface. Finally, chitosan grafted PUR sample was 
dried in vacuo at 30 °C until the constant weight was reached. 

Scanning Electron Microscopy 

The surface of the samples was imaged by SEM Tescan LYRA3 in secondary emission mode (10 kV 
acceleration voltage, working distance 8-10 mm). The samples were coated with a 10 nm thick gold film 
deposited by RF magnetron sputtering prior to the imaging in order to avoid charging of surface. 

Hydrolytic degradation tests 

The stability in water was investigated by hydrolytic degradation tests carried out in an incubator at 37 °C in 
ultrapure water (UPW). Nanofibrous mats were cut into 1 × 1 cm pieces, immersed in UPW and removed at 
the given time from vials with UPW. Finally, the mats were dried at 30 °C in vacuo until the constant weight 
was reached. Mass loss was calculated according to formula (1): 

Mass loss (%) = $wm − wÏ& wm⁄ × 100  (1) 

where w0 is the weight of the sample and wt is the weight of the dried sample after the given in from incubator. 
Each measurement was an average of 3 specimens and data were expressed as mean ± standard deviation. 

Attenuated total reflection infrared spectroscopy 

Attenuated total reflection infrared spectroscopy (ATR-IR) was performed on Fourier-transformed infrared 
spectrometer (Bruker Tensor 27, USA) equipped with a germanium crystal for ATR over the spectral range 
from 4000 to 600 cm-1 at the resolution of 4 cm-1 and 32 scans. 

3. RESULTS AND DISCUSSION 

The electrospinning process 

The effect of electrospinning process on the resulting polymer nanofibers was studied in order to obtain 
suitable substrates for further plasmo-chemical depositions. The SEM micrographs (Figure 2) illustrate the 
effects of the main electrospinning parameters influencing the resulting structure and homogeneity of the 
fibers, which are the polymer concentration, the interelectrode distance and applied voltage and molecular 
weight of the used polymer.  

 

Figure 2 SEM micrographs of electrospun substrates at the magnification of 10 000 (A) PCL, polymer 
concentration of 11 wt.%, applied voltage of 60 kV (B) PEG, polymer concentration of 9 wt.%, applied 

voltage of 40 kV, (C) PUR, polymer concentration of 18 wt.%, applied voltage of 60 kV 
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Comparing SEM micrographs, it can be seen that a highly porous network of the fibers was observed for PCL 
and PEG polymers (Figure 2A and 2B, respectively) and a porous substrate (Figure 2C) was observed for 
PUR polymer after the electrospinning process. The PCL fibers uniformity and higher regular morphology was 
likely affected by the electrospinning parameters, like high applied voltage, while the beaded fibers of PEG are 
more likely formed for less concentrated solutions, as viscosities are low and thus making the jet formation 
unstable. [16] In dependence on the combination of process parameters, it is possible to obtain PCL and PEG 
substrates with fine homogenous nanofibers. The preparation of PUR nanofibers was not very successful and 
the resulting substrate were formed by porous matrix, but not formed by separate fibers. This effect is likely 
caused by too low molecular weight of the prepared polymer solution. For each polymer the appropriate 
electrospinning condition have to be investigated with respect to desired resulting properties.  

Hydrolytic degradation 

The hydrolytic degradation tests of the prepared nanofibers were performed at 37 °C in UPW. The time 
dependence on the mass loss in the timescale of 14 days is presented in Table 1. Non-treated nanofibers 
behaved according to the nature of their composition consisted of hydrophilic PEG and hydrophobic PCL. The 
PEG nanofibers dissolved immediately in water, whereas nanofibers made of neat PCL lost only around 4 % 
of their initial weight during the given period of testing. Certain deviations from the weight representation of 
PCL and PEG polymers in nanofibers might be caused by slight inhomogeneities of samples. Treatment of 
nanofibers by CPA plasma had an impact on their hydrolytic stability. Neat PEG nanofibers did not completely 
dissolve after the first contact with water and a thin layer of the nanofibers remained stable for 4 days 
suggesting that the treatment by CPA increased the stability of the nanofiber mats in water. 

Table 1 Hydrolytic stability of the nanofibers in the period of 14 days 

  Weight loss non-modified (%) Weight loss CPA-modified (%) 

  1 day 4 days 7 days 14 days 1 day 4 days 7 days 14 days 

PCL 4.1 ± 2.0 3.6 ± 0.8 4.4 ± 1.7 3.2 ± 0.7 2.3 ± 1.9 2.3 ± 0.7 1.0 ± 1.7 1.7 ± 2.1 

PEG dissolved immediately in water 82.0 ± 2.2 90.7 ± 2.9 degraded degraded 

ATR-IR analysis of chitosan grafting onto PUR surface 

The grafting of chitosan onto the PUR‘s surface was qualitatively evaluated using ATR-IR spectroscopy as 
showed in Figure 3. The spectrum of chitosan is characterized by broad band between 3650-2450 cm-1 
attributed to stretching vibration of -OH groups, small peak localized on top of the broad -OH vibration band at 
3368 cm-1 represents amine N-H symmetric stretching vibration. The absorption bands localized at 2880 cm-1 
is attributed to -CH2 stretching, absorption bands at 1377 cm-1 and 1152 cm-1 belong to furan C-H groups. The 
absorption bands at 1654 and 1594 cm-1 were assigned to C-C stretching of furan ring and the absorption 
bands with maxima at 1068 cm-1 and 1034 cm-1 are attributed to C-O stretching vibration. Characteristic 
absorption bands for the neat PUR are represented by amide II (urethane N-H stretching) vibration at 3322 cm-

1, the absorption of amide II (urethane N-H bending and C-N stretching) is located at 1536 cm-1 and strong 
absorption of C=O band at 1714 cm-1 was attributed to carbonyl of urethane together with carbonyl groups of 
PCL used as a feedstock for PUR. Other peaks presented in the spectra were assigned to asymmetric and 
symmetric CH2 stretching located at 2935, 2863 cm-1 and further at 1463 cm-1. The bands at 1250 and 1100 cm-

1 were ascribed to C-O-C bond. The major difference between the spectra of neat PUR and PUR grafted with 
chitosan is manifested by broad band between 3660 cm-1 and 2390 cm-1 (red-dotted rectangle, Figure 3) 
attributed to stretching vibrations of free -OH groups of chitosan. Small differences can be seen as a shoulder 
between 1660-1610 cm-1 (red arrow in Figure 3) assigned to furan base of chitosan and also at 1033 cm-1 
(inset in Figure 3) ascribed to C-O stretching of furan ring in chitosan. 
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Figure 3 Infrared spectra of neat chitosan, polyurethane foil and polyurethane foil grafted with chitosan 

CONCLUSION 

Prepared electrospun PCL/PEG nanofibers were successfully plasma-coated in Ar/CPA mixtures by low 
pressure CCP discharge. Stability of nanofibers after immersion in water at 37°C is higher for amine-coated 
foils. Polyurethane foils were successfully activated by CPA providing -NH2 layer for further coupling of 
biologically active substances (RGD, chitosan). 
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Abstract  

This article deals with the development of fibrous non-biodegradable drainage device for the treatment of 
glaucoma disease. Currently produced implants are often associated with hypotony, undesired fibrosis, tissue 
damages around the implant and many others [1]. Nanofiber implant has great potential to alleviate or 
completely eliminate these problems. The main goal of this work was a creation of the drain for safety drainage 
of intraocular fluid from the patient eye to achieve a normal intraocular pressure. The small-diameter tubular 
implant (<1 mm) was developed by the use of the electrospinning technology. The structure was composed of 
two parts, by using special types of collectors. The outer part was formed of non-biodegradable material that 
is resistant to cell growth. The inner supporting part was formed of hydrophilic material which is also resistant 
to cell growth. This part prevents the compression of the outer material and a total blockage of the drain. The 
special structure supports the drainage of fluid. Material was subjected to morphological structures, liquid 
transport tests and in-vitro cell adhesion tests. First results show great potential in the use of the implant in 
treatment of glaucoma disease. 

1. INTRODUCTION 

Glaucoma is the leading cause of blindness worldwide, especially in developing countries. The main risk factor 
is primarily elevated intraocular pressure [2]. Consequently, it can lead to damage the optic nerve or to 
complete blindness. Several ways of glaucoma treatment exist but this paper heads toward a surgical method. 
Glaucoma that does not respond to medical or conventional surgical treatment is called refractory glaucoma 
(RG). The most common surgical method for RG is trabeculectomy with or without anti-fibrotic agents. 
Alternative and highly effective method of treatment RG are drainage implants [3]. It is basically a modification 
of trabeculectomy with the same efficiency, but with several of postoperative complications such as hypotonia, 
of postoperative inflammatory reactions or the need for local application glaucoma therapy postoperatively. 
Drainage implant allows drainage of aqueous humor from the anterior chamber into the suprachoroidal space 
[4]. 

2. EXPERIMENTAL PART 

2.1. Materials  

Chemicals and preparation of solutions: Polyvinylidenfluorid (PVDF; Mw: 180 000 g/mol), polyvinyl alcohol 
(PVA; Mowiol 8-88, Mw: 67 000 g/mol), glyoxal (40wt.% in water) were obtained from Sigma Aldrich. Acetone 
(purity ≥99.5%), dimethylacetamide (DMAC; purity ≥99%), phosphoric acid (purity 84-87%) were obtained from 
Penta Chemicals. Polymer solutions were prepared as follows: PVDF 26wt.% was dissolved in DMAC/Acetone 
(in ratio 8:2), PVA 20wt.% was dissolved in distilled water.  
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Solution was cross-linked by using 4wt.% of phosphoric acid and 3wt.% of glyoxal to provide water-insolubility. 
The polymer solutions were magnetically stirred at room temperature to allow complete dissolution before 
electrospinning. 

2.2. Electrospinning  

Outer and inner part of drain were prepared separately. Outer part from PVDF was prepared by electrospinning 
technology from special rotation collector. PVDF solution was electrospun from 10 ml syringe with a needle 
having internal diameter 1.2 mm to rotation bar with 1 mm diameter, 10 cm length for 60 minutes. The syringe 
was shifted equally over the entire length of the collector by pneumatic shift of linear pump (KDS 100, KD 
Scientific). Voltage on the needle was 10 kV positive, powered by DC high voltage supply (Spellman SL 150). 
The speed of rotation of the collector was 500 rev./min. The distance between the end of the needle and the 
collector was 15 cm. All experiments were carried out at 19°C and relative air humidity 60%. Device is shown 
on Figure 1. 

 

Figure 1 Electrospinning device for production of PVDF outer part of fibrous drain 

Inner part from PVA was prepared also by 
electrospinning technology to another rotation type of 
collector with specially shaped arms (Figure 2). This 
rotation collector allows the production of parallelized 
fibers. Solution was pushed from syringe to an 
opposite charge rotation collector for 20 minutes. The 
voltage on the tip of needle was 22kV positive and on 
the collector was 3kV negative. The distance between 
needle and collector was 15 cm and the distance 
between arms of the collector was 10 cm. The speed 
of rotation of the collector was 60 rev./min. Collector 
was powered by DC Regulated Power Supply (model 
RXN-302D-3). All experiments were carried out at 
23°C and relative humidity of 38%. Fibers were caught 
between the arms of the collector and subsequently 
twisted into yarn. After remove of the fibers the 
crosslinking procedure for 7 minutes at 130°C followed.  

 

Figure 2 Special type of rotating collector for 
production of PVA inner part of fibrous drain 
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2.3. Characterization  

The morphology of produced fibers was studied to achieve best structure of the fibrous layer. Fibers were 
sputter coated by 7 nm of gold. Morphological structure was observed by scanning electron microscopy (SEM; 
Tescan Vega 3SB Easy Probe). Fiber morphology evaluation was carried out a software program NIS 
Elements AR 3.2. Images of fibrous layers are shown in Figure 3. 

                

(a)                                                          (b) 
Figure 3 Morphology of fibrous structures: (a) 26wt.% PVDF in DMAC/Aceton (8:2); (b) 20wt.% PVA in 

water. SEM microscopy, magnification: (a) 5.000x; (b) 1.000x 

Planar samples of electrospun materials were tested in vitro for biocompatibility and resistance to cell growth. 
Materials were cultured with 3T3 mouse fibroblast for 8 days. Samples of 6 mm diameter were sterilized by 
immersion in 70% ethanol for 30 minutes, then washed twice with phosphate buffered saline (PBS, Lonza) 
and incubated for 30 min in complete medium (DMEM + 10% FBS + 1% antibiotic + 1% glutamine, Biosero). 
Materials were tested in 96-well plates. Cell growth was investigated by fluorescent microscopy (NIKON 
Eclipse Ti-E) for 1 and 8 days. The cells on the materials were fixed by the frozen methanol and twice washed 
in PBS. Samples were then stained by DAPI in the dark, washed in PBS again and analyzed by fluorescence 
microscopy.  

2.4. Liquid transport  

The capillarity of liquids through the tubular drain was measured on 
the device Microtensiometr Krüss K121. The sample was immersed 
into the ethanol and the increment of the liquid was measured. Also 
the fibrous tubular drain was evaluated for the liquid flow. The 
laboratory constructed equipment is shown in Figure 4. The 
container was filled with 0.8% sodium chloride.  

RESULTS AND DISCUSSION 

2.5. Electrospinning 

Both materials have been electrospun with various concentrations. 
The best results showed 20wt.% PVA and 26wt.% PVDF. Morphology 
and fibrous structure, include fiber diameters were studied by SEM. 
The average fiber diameter of PVA was 275±78 nm and PVDF was 

352±103 nm. The thickness of outer PVDF drain was 100 µm and 
inner diameter was 1 mm. PVA nanofibrous yarns were manually 

Figure 4 Scheme of the device for 
measuring of liquid flow. Dosing pump 
holds the fluid at the same level. Red 
color represents the drainage device 
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inserted into the PVDF channel. Optimal number of yarns into the channel was three. Figure 5 shows the 
resulting composite fiber drain composed of an outer PVDF channel and an inner PVA nanofiber yarns. 

       

Figure 5 Composite fiber drain composed of an outer PVDF channel and an inner  
PVA nanofiber yarns; SEM microscopy, magnification 100x 

2.6. In vitro tests  

Materials were tested for resistance to cell growth. Resistance to the growth of cells is very important for the 
possible blockage of the drain by cells. Material must be resistant to growth of the cells to ensure safe drainage 
of fluid from the posterior chamber of the eye to the front chamber. Both of materials were seeding by 3T3 
mouse fibroblasts. Results are shown on the Figure 6a and 6b. 

      

(a)     (b) 

Figure 6a PVA images of fluorescence microscopy after staining of cell nuclei with DAPI  
after 1 and 8 days of culture (magnification 10x): (a) PVA after 1 day of cultivation;  

(b) PVA after 8 days of cultivation 

PVA 1d PVA 8d 
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(a)     (b) 

Figure 6b PVDF images of fluorescence microscopy after staining of cell nuclei with DAPI after 1 and 8 days 
of culture (magnification 10x): (a) PVDF after 1 day of cultivation; (b) PVDF after 8 days of cultivation 

Nanofibrous materials made from PVA and PVDF are partially resistant to the growth of 3T3 mouse fibroblasts. 
Nanofibrous materials may not have ideal surface properties for cell adhesion, however, does not exhibit 
cytotoxic effects on fibroblast cell line used. Cells adhered poorly to the test material but gradually there was 
a proliferation of cells, which was very slow. For a complete resistance to growth of the cells would be 
appropriate to use anti-fibrotization agents. 

2.7. Liquid transport  

Fibrous drain with inner diameter of 1 mm, length 15 mm and three yarns inside the channel was used. The 
level in the tank was maintained at 19.5 cm (which simulate normal intraocular pressure about 15mm Hg or 
pressure 2 kPa) length of the drain was 1.5 cm. The flow rate was measured twenty times for each sample. 
Measurement results show good ability to drain the intraocular fluid, see in Table 1.  

Table 1 The amount of fluid filtered through the drain 

Sample Liquid flow (ml/hr) 

Device without the drain  315±25 

Empty drain  80±12 

Drain with three yarns  2±0.8 

Average value secretion per day for a healthy patient is about 2.2 mm3/min (0.4 ml/hr). Fibrous drain showed 
higher secretion of the fluid which is possible to influence by the size of the drain or by number of the yarns 
inside the channel. 

3. CONCLUSIONS 

Fibrous tubular drainage device allowing flow of intraocular fluid in glaucoma disease was created. Very simple 
method - electrospinning technology to produce the drain was used. For production have been developed a 
new rotary collectors enabling the production of very small tubular (<1mm) and yarns formations. The material 
exhibits good resistance to cell growth.  

PVDF 1d PVDF 8d 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

502 

ACKNOWLEDGMENTS 

The research was supported by the SGS - 21150 project for financial support and cooperation with 
prof. David Lukas (KNT). We would also like to thanks Petr Bulir, the chiefs of the Department of 

Ophthalmology at the Regional Hospital in Liberec. 

REFERENCES 

[1] WISCHKE CH, NEFFE A T, HANH B D, KREINER CH et al. A multifunctional bilayered microstent as glaucoma 
drainage device. J Control Rel 2013; 172: 1002-1010,  

[2] QUIGLEY HA, BROMAN AT. The number of people with glaucoma worldwide in 2010 and 2020. Br J Ophthalmol 
2006;90:262-7. 

[3] DUBEY S, et al. Safety and efficacy of Ahmed glaucoma valve implantation in refractory glaucomas in Northern 
Indian eyes. Saudi Journal of Ophthalmology 2014; Volume 29, Issue 2, Pages 103-108 

[4] MINCKLER DS, HILL RA. Use of novel devices for control of intraocular pressure. Exp Eye Res. 2009 
Apr;88(4):792-798. 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

503 

ANTIFUNGAL PROPERTIES OF COTTON FABRIC WITH COPPER (I) OXIDE 

NANOPARTICLES PREPARED VIA GREEN SYNTHESIS 

KŘÍŽOVÁ Hana, WIENER Jakub  

Technical University of Liberec, Faculty of Textile Engineering, Liberec, Czech Republic, EU 
hana.krizova@tul.cz, jakub.wiener@tul.cz  

Abstract  

Two antioxidants with relatively strong reducing properties, tannic acid and ascorbic acid, were used for the 
preparation of the cotton fabric with copper (I) oxide (Cu2O) nanoparticles from cupric ions sorbed into the 
cotton fabric. Different reducing power of tannic acid and ascorbic acid had an influence on the size of resulting 
nanoparticles and also on the resulting color of the fabric. The antifungal properties were investigated with the 
use of mixture of several fungi (genus Penicillium, Rhizopus, Cladosporium and Chaetomium). 

Keywords: Tannic acid, ascorbic acid, copper oxide nanoparticles, antifungal properties, molds 

1. INTRODUCTION 

The technical textiles are subject to different requirements according to their applications. E.g. fabric used as 
building insulation materials or packaging materials for transporting and storage of crops should resist the 
mildew and rot besides having good mechanical properties. This is one of the reasons why the packaging from 
natural materials used in the food and agriculture (mainly cellulosic fibers, such as jute, flax or cotton) are 
being replaced by synthetic ones (polypropylene, polyester, polyamide). The production of synthetic fibers, 
however, is largely dependent on the oil and brings with it a number of adverse environmental impacts - such 
as secondary effluents, and especially, the worsening of the global problem of poorly degradable waste. Return 
to natural materials in connection with practices of the so-called green chemistry is a good way to minimize 
the impact of civilization on the environment. 

The aim of this study was to design a simple way of antifungal treatment of plant (cellulose) fibers with copper 
oxide nanoparticles and then test their ability to resist the growth of mildew. 

Metal nanoparticles can be prepared from precursor metal salts by different chemical and physical methods, 
but the green synthesis of nanoparticles has several advantages over the chemical or physical synthesis, such 
as th simplicity and eco-friendliness. Cuprous oxide nanoparticles on the cotton fabric were synthesized from 
precursor (cupric ions in the aqueous solution) and reduced on the fibers using two natural antioxidants - tannic 
acid and ascorbic acid. 

1.1. Tannic acid 

Tannic acid (TA) is a natural oligomeric polyphenolic substance with astringent effects (tannin). It is usually 
formed by 2 to 12 monomer units of gallic acid or quinic acid connected by ester bonds that are subject to 
relatively easy hydrolysis. The chemical formula for commercial tannic acid is often given as C76H52O46, with 

molar mass 1701.1 g⋅mol, which corresponds to decagalloyl glucose, but in fact, it is a mixture of polygalloyl 
glucoses or polygalloyl quinic acid esters. The tannic acid is present especially in wood, bark, leaves and gall 
nuts and it is usually extracted from Aleppo oak (Quercus infectoria) or Sicilian Sumac (Rhus coriaria). The 
tannic acid is soluble in water, is moderately acidic, and forms numerous hydrogen bonds with many 
substances due to the large amount of phenol groups. This is e.g. the cause of protein denaturation, astringent 
properties or cross-linking of polymers. Additionally, the tannic acid forms complexes with metal ions. It acts 
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as an antioxidant and scavenger of free radicals when the original polyphenol is oxidized to the different quinoid 
or semiquinoid structures.  

1.2. Ascorbic acid 

Ascorbic acid (AA) is a water-soluble organic compound with strong antioxidant properties. It is present in 
plants, especially in fruits and vegetables. Its regular dietary intake is vital for humans and some animals 
whose bodies are unable to synthesize it. It plays an important role in number of tasks in the organism: the 
ascorbic acid acts as cofactor for the biosynthesis of collagen, catecholamines, amino acids, and various 
peptide hormones [1]. As a strong antioxidant it is able to deactivate the reactive oxygen species (ROS) that 
attack nucleic acids, proteins, lipids, and cell structures at the molecular level. The ascorbic acid is oxidized 
by the loss of one electron to form a radical cation and then by the loss of a second electron to form the 
dehydroascorbic acid. [2] 

1.3. Copper (I) oxide  

Copper (I) oxide (cuprous oxide) is found in nature as a cuprite. It is commonly used as an inorganic red 
pigment. More precisely, depending on the size of pigment particles, its color appears in a range from yellow, 
yellow-green, orange to red. In contrast to the copper (II) oxide nanoparticles, which are widely studied, used, 
and described in the scientific literature, the copper (I) oxide is studied less, although some properties of both 
copper oxides are similar. The biological properties of copper compounds play an important role as fungicides 
in agriculture and biocides in antifouling paints for ships and wood preservations [3] [4] [5]. Copper (I) oxide is 
used as an anti fungal agent for marine paints as an alternative of Tributyltin compounds (toxic organic tin 
compounds that threaten the water ecosystems) and Cu2O nanoparticles has been widely utilized in anti fungal 
coatings [6] or for the fabrication of nanocomposites with strong antimicrobial activity [7].  

2. EXPERIMENTAL PART 

2.1. Material and chemicals 

Cotton fabric Sara (Licolor), area weight 135 g⋅m-2; suspension of four kinds of fungi in water of concentration 
107 CFU/ml: Penicillium chrysogenum (CCM F-362), Rhizopus stolonifer (CCM F-445), Cladosporium 
sphaerospermum (CCM F-351), Chaetomium globosum (CCM F-275); ascorbic acid, tannic acid, copper(II) 
sulfate pentahydrate (blue vitriol), potassium sodium tartrate tetrahydrate, sodium hydroxide (all chemicals 
from Lach-Ner, Czech); trypto-casein soya agar (TSA) (Biovendor, Czech), laboratory-prepared sucrose agar 
(SA); water soluble glue Planaxol (Planatol Wetzel, Germany) based on PVA; cardboard, area weight  

200 g⋅m 2. 

2.2. Preparation of textile with copper (I) oxide nanoparticles 

Fehling´s reagent was prepared by mixing solutions of Fehling I (6.9 g of copper sulfate pentahydrate in 100 
ml of distilled water) and Fehling II (34.5 g of potassium sodium tartrate and 12.0 g of NaOH in 100 ml of 
distilled water). The solutions of AA and TA were prepared, both in a concentration of 1.5 g⋅l-1. Four grams of 
cotton fabric was immersed in 200 ml of Fehling's reagent for 10 minutes. After removal from the solution, the 
fabric was wrung and dried at 50 ºC. Subsequently, these fabrics were inserted into solutions of AA or TA at 
50 ºC (with the bath ratio of 1 g cotton to 50 ml of solution) while gently stirring for 15 minutes. The formation 
of nanoparticles of copper (I) oxide from Cu+2 ions is carried out in the alkaline environment of Fehling reagent 
in the presence of these reducing agents spontaneously:  nanoparticles are formed on, or in, the fiber of the 
fabric „in situ“. Afterwards, the fabrics were gently washed in the distilled water, wrung out and dried again at 
50 ºC. As blanks were prepared the samples of cotton fabrics that were dipped in a solution of AA or TA at 
50 ºC for 15 minutes and then wrung out and dried.  
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2.3. Tests of the antifungal effect 

Samples of fabrics of size 6 cm2 were dipped in the test tubes each with 5 ml of mixture of four fungi with 

concentrations of 104 CFU⋅ml-1 for 8 hours constantly shaking lightly. A half ml of each suspension of fungi was 
inoculated to half of the Petri dish with TSA. A half of samples were then removed from test tubes, placed 
directly on the plates with SA and incubated at 22 °C for 9 days. The second half of the samples was left in 
dynamic contact with the suspension of fungi for 3 days. Then samples were removed, and each was strongly 
agitated in 10 ml of sterilized distilled water. These solutions were plated onto SA and incubated at 22 °C for 
9 days. Other samples (cotton fabric, fabric with AA or TA only, fabric with Cu2O nanoparticles) were fixed on 
a cardboard with PVA based adhesive and subsequently stitched on. The mixture of fungi was applied to them 
by spraying. Their incubation took place in a glass box with a high relative humidity for 6 weeks. After incubation 
times, the colonies of fungi grown on agar and fabrics were counted and compared. The relatively large 
colonies of fungi on TSA were counted macroscopically; the very small colonies on the fabric put on SA were 
counted by use of a photographic zoom (10x). 

3. RESULTS AND DISCUSSION 

Figure 1 Cu2O nanoparticles reduced from 
Fehling´s reagent using ascorbic acid 

 (25 000x) 

Figure 2 Cu2O nanoparticles reduced from                
Fehling´s reagent using tannic acid  

(2 500x) 

The SEM images in Figures 1 and 2 show Cu2O nanoparticles on cotton fibers that originated from the Cu+2 
ions by the reduction effect of AA or TA. A different reducing power of these two substances is reflected in the 
size of resulting nanoparticles: AA works as a very strong and rapid antioxidant and the resulting particles have 
a diameter of about 400-500 nm. On the contrary, even though TA has an equivalent antioxidant capacity, its 
reducing power is manifested by a much lower acceleration and for a longer period of time. In this case, it led 
the slow growth of Cu2O crystals. Cu2O particles had a diameter of about 3-4 microns, which is about 10 times 
larger than the particles made by AA. The cubic crystalline structure of Cu2O and the layered growth of crystals 
are clearly seen on these particles. The size ratio of the particles formed by the reduction of AA and TA 
correlates well with the antioxidant properties of both substances. Previously, we completed their comparison 
with the finding that the reduction (antioxidant) capacity of TA is about 6 times higher than the capacity of AA 
(at the same molecular ratio of both compounds) [8]. A lot of small Cu2O nanoparticles with reducing effect of 
TA are visible on cotton fibers, but there is also a significant number of crystals of size up to 10 microns 
(Figure 2). Also, the variety of particles sizes on cotton fibers resulted in different colors of fabrics: bright 
orange (fabric CO/AA/Cu) and yellowish with a slight green tinge (fabric CO/TA/Cu). 
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Figure 3 Cotton fibers with Cu2O nanoparticles 
prepared with ascorbic acid 

Figure 4 Cotton fibers with Cu2O nanoparticles 
prepared with tannic acid 

Table 1 provides an overview of the number of grown fungal colonies (colony forming units, CFU) on TSA 
(suspension of fungi after 8 hours of dynamic contact with treated fabrics), and on SA (colonies grown on 
fabrics after 8 hours of the dynamic contact with fungi suspension): CO is untreated cotton fabric; CO/AA and 
CO/TA are cotton fabrics that contain only ascorbic acid or tannic acid; CO/AA/Cu and CO/TA/Cu are cotton 
fabrics with particles of cuprous oxide prepared by reduction of ascorbic acid or tannic acid.  

Table 1 Number of CFU of fungi grown on agars and fabrics with or without effect of Cu2O   

 Suspension 
of fungi 

CO CO/AA CO/TA CO/AA/Cu CO/TA/Cu 

CFU in 1 ml     
of suspension 

5⋅103 4⋅103 6⋅102 4⋅102 50 sporadic 

CFU on 1 
cm2 of fabric 

- 140 250 160 65 0 

It is evident from the Table 1 that both fabrics with Cu2O nanoparticles (CO/AA/Cu and CO/TA/Cu) exhibited 
a significant antifungal effect, while the fabric with Cu2O particles prepared by the reduction of TA was more 
effective than fabric with particles prepared by reduction with AA. This is interesting, because considering the 
small size of particles formed in the presence of AA we would expect the opposite result. The assumption is 
that if two fabrics contain at the beginning the same amount of Cu+2 ions from Fehling's solution, then a large 
number of small nanoparticles represents a greater surface area that comes into contact with fungi and thus 
higher antifungal efficiency, rather than the fabric on whose surface of the part of copper is bound in the form 
of larger microcrystals! The reason could be the presence of residual AA, which increased the grow of fungi in 
fabric CO/AA a it can be assumed that ascorbic acid supports the growth of mold.  

This assumption corresponds to the growth of fungi sprayed on fabrics fixed on cardboard. Figure 5 shows 
that after 3 weeks the fabric with the content of AA (far left) starts to get moldy first, while the untreated cotton 
fabric Sara (far right) does not have, macroscopically, any mildew. After 6 weeks of incubation (Figure 6), the 
most molds are evident on the fabrics with AA, TA (the first two from left), besides that on also on the cotton 
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fabric Sara (far right). At the same time a slight grow of mold startedm on the sample with lower (approximately 
half) concentration of Cu2O, which was prepared by reduction with AA from the fabric immersed in the Fehling's 
solution of about a half initial concentration (third from right). It is therefore evident that the antifungal activity 
of cotton fabric with Cu2O nanoparticles is also influenced by the concentration of particles on the fabric 
surface. Fabrics on cardboard that contained nano- and microparticles of Cu2O prepared by reduction with AA 
and TA from Fehling's reagent of the original concentration were not apparently attacked by fungi neither after 
6 weeks of incubation in a wet environment at 22 °C (second from right and the third from left). 

 

Figure 5 Cardboard with samples sprayed with suspension of fungi after 3 weeks of incubation 

 

Figure 6 Cardboard with samples sprayed with suspension of fungi after 6 weeks of incubation 
(from left to right: CO/AA - CO/TA - CO/TA/Cu - CO/AA/Cu (half concentration) - CO/AA/Cu - CO) 

4. CONCLUSION 

We have demonstrated in several ways that cotton fabric with Cu2O nanoparticles on the surface, which were 
prepared by the reduction of Cu+2 ions with the ascorbic acid or the tannic acid, exhibited an excellent 
resistance to the mixture of four fungi (Penicillium chrysogenum, Rhizopus stolonifer, Cladosporium 
sphaerospermum and Chaetomium globosum). Nanoparticles of copper (I) oxide on the fabric surface 
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prepared with the tannic acid showed better antifungal effect than nanoparticles prepared with the ascorbic 
acid, since tests suggested that the presence of ascorbic acid stimulates the growth of fungi. The cotton fabric 
with Cu2O nanoparticles prepared by use of the  tannic acid showed the excellent resistance to mold growth 
in the direct contact with nutrient medium (sucrose agar), simulating the presence of moisture and nutrients 
(sugar). Hence, it could be used e.g. as packaging, shipping and storage material for fruit or other agricultural 
crops. 

In regards to the fabrics fastened with glue and stitched to the cardboard, there was no visible growth of mold 
on the surface of either fabric with the Cu2O nanoparticles, not even after 6 weeks in the environment with 
high relative humidity. Therefore, those could be appropriate to use, for example, as bookbinding canvasses 
resistant to the fungi in library archives. 
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Abstract  

For burns and necrotic wounds, removal of the necrotic tissue is the first step to successful treatment. Effective 
wound cleansing and debridement are essential for granulation and re-epithalisation. Now it is possible to 
replace a current very painful surgical removal with the enzymatic or autolytic debridement. Especially 
enzymatic debridement is a highly selective method that utilizes naturally occurring proteolytic enzymes. The 
reasons why the surgical removal has not yet been replaced by painless enzymatic debridement are low 
enzyme stability and many factors affecting enzymes activity (type of substrate, pH, temperature, etc.). 

The possibility to solve this problem is the enzyme immobilization on the suitable material - e.g. nanofibers  
with a lot of functional groups for covalent binding of the enzymes. As a supporting biocompatible  
and biodegradable material for immobilization of several enzymes types, the electrospun silica nanofibers were 
chosen. Proteolytic activity of immobilized enzymes was tested under different conditions. 

Keywords: Silica nanofibers, proteolytic enzymes, burns, immobilization 

1. INTRODUCTION 

Deep partial thickness and full thickness of burns are characterized by the presence of necrotic tissue - the 
eschar. The eschar makes accurate diagnosis of burn depth difficult and contributes to local and systemic 
complications. Therefore, early burn eschar removal (debridement) is essential for the proper treatment  
of burns [1]. The most commonly used surgical debridement is very painful and damages the surrounding 
healthy skin tissue. Besides surgical removal, painless types of debridement exist - autolytic  
or enzymatic debridement, which don't cause further wound damage. Especially proteolytic enzymes are 
chosen for enzymatic debridement, because they catalyze proteolytic reactions (hydrolysis of the peptide 
bonds that link amino acids together in a polypeptide chain). Enzymes digest a necrotic tissue. Proteolytic 
enzymes are already used in the treatment of burns; however, they are usually mixed in gels  
or ointments (e.g. mixing of NexoBridTM with bromelain in an inert carrier gel [2], Iruxol Mono with collagenase 
from Clostridium histolyticum in white petrolatum [3] or Accuzyme oitment with papain-urea [4].  

Low stability of the enzymes, their temperature dependence and pH dependence are restrictions, why they 
aren't commonly used for painless treatment of burns. Silica nanofibers appear to be a very good material  
for the immobilization of enzymes on silica surface. They are biocompatible, biodegradable and they have  
a number of active functional groups for covalent binding of enzymes. Electrospun nanofibers are structurally 
similar to the extracellular matrix and they are able to support the epithalisation of new skin tissue after necrosis 
removal.  

For immobilization of proteolytic enzyme, it is necessary to functionalized silica nanofibers surface. As a 
silanization reagent, 3-Aminopropyl triethoxysilane was chosen. For carboxylation of amino groups of 3-
Aminopropyl triethoxysilane, succinic anhydride was used. The final step was reaction of mentioned chemicals 
with N-Hydroxysuccinimide ester.  
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After functionalization of silica nanofibers, following proteolytic enzymes were immobilized on silica nanofibers: 
protease from Aspergillus oryzae, trypsin from hog pankreas and bromelain from pineapple stem. Their 
proteolytic activity was measured by using casein as a substrate. This research examines  
the temperature influence on the activity of immobilized proteolytic enzymes on the silica nanofibers.    

2. EXPERIMENT 

2.1. Material  

Nanofibers were prepared from tetraethyl orthosilicate (TEOS, Sigma-Aldrich, 98 wt.%), propan-2-ol (Penta 
CZ, p.a. 99.9 wt.%), distilled water, hydrochloric acid (Sigma-Aldrich-Fluka, 2 mol/L). For functionalization of 
the nanofibers surface, ethanol absolute (Penta) and the following chemicals and enzymes purchased  
in Sigma-Aldrich were used: 3-Aminopropyl triethoxysilane (APTES, 98 wt.%), succinic anhydride  
(SU, 99 wt.%), N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC, 98 wt.%),  
N-Hydroxysuccinimide (NHS, 98 wt.%), 4-Morpholineethanesulfonic acid monohydrate (MES, 99 wt.%), 
Tris(hydroxymethyl)aminomethane (TRIS, 99.8 wt.%), protease from Aspergillus oryzae (4.3 U/mg), trypsin 
from hog pankreas (1670 U/mg) and bromelain from pineapple stem (3.2 U/mg). For enzyme activity assay, 
casein from bovine milk and tricloracetic acid (TCA, 99 wt.%) were used (both Sigma-Aldrich). 

2.2. Preparation of Silica Nanofibers 

Silica nanofibers were prepared according to [5] by sol-gel method and subseqently electrospun. TEOS  
(300 mL) and propan-2-ol (330 mL) were added into an Erlenmeyer flask and mixed together for 15 minutes 
at ambient temperature. Subsequently, a solution of propan-2-ol (200 mL), 2M HCl (8 mL) and distilled water 
(60 mL) was prepared and added into the mixture under continuous stirring. In the next step, the solution was 
gently cooled to ambient temperature and then was stirred again, refluxed and heated in an oil bath 
(temperature 200 °C) for 2 hours. Finally, the propan-2-ol was distilled off the prepared sol. 

Silica nanofibers were electrospun from free liquid surface on the needleless NanospiderTM device (Elmarco). 
Electrospinning process ran under standardized conditions (electrode distance: 140 mm, string speed: 0.2 
mm/s, head speed: 350 mm/s in 500 mm, tow: 90/100m3/h, voltage: 57 kV, air humidity 33 %, laboratory 
temperature 23 °C). Silica nanofibrous sheet of specific weight (32 g.m-2) and mean fiber diameter 
(approximately 200 - 700 nm) was obtained. Subsequent thermal stabilization of the silica nanofibers  
was performed at 180 °C for 2 hours [6]. 

2.3. Functionalization of the Pure Silica Nanofibers 

For silanization reaction of pure silica nanofibers, 2% APTES in propan-2-ol and distilled water (for 1 hour at 
room temperature) was applied. The silica nanofibers were rinsed with distilled water twice. Succinic anhydride 
was chosen as a reagent for carboxylation of amino groups from APTES. SU was dissolved  
in absolute ethanol with concentration of 2 mg/ml. The samples were then immersed  
into the prepared solution at ambient temperature for 2 hour. NHS ester was created using EDC and NHS. 
This ester reacted with the carboxyl groups of SU at one end and with amino group of enzymes  
at the other end (Figure 1). The zero-length crosslinker EDC (1 mg/ml) and NHS (1.25 mg/ml) reagent  
(each dissolved in 0.1 M MES buffer with pH=6) were quickly added to the nanofibers (20 minuts, room 
temperature, shaking). After fuctionalization, nanofibers were rinsed twice with MES buffer. The nanofibers 
were divided into three parts for immobilization of trypsin, bromelain and protease enzyme.    
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Figure 1 The scheme of the enzyme immobilization on the silica nanofibers 

2.4. Immobilization of the Enzymes on Functionalized Silica Nanofibers 

Protease from Aspergillus oryzae, trypsin from hog pankreas and bromelain from pineapple stem  
were immobilized on functionalized silica nanofibers as a model of proteolytic enzymes. Protease  
was chosen as type of the bacterial proteolytic enzyme, trypsin as animal enzyme and bromelain  
was chosen as a typical vegetal proteolytic enzyme. Each of these enzymes was separately dissolved  
in 0.1 M phosphate buffer with pH=7.3 in a concentration of 10 mg enzymes per ml. Immobilization  
of enzymes on silica nanofibers was carried out for 2 hours under gentle shaking at room temperature.  
Then, the nanofibers were rinsed once in the phosphate buffer. The final step was reaction of unreacted NHS 
esters with 30 mM TRIS in distilled water. Samples (cca 1x1 cm) were slowly dried at 36 °C for 3 hours and 
weighed. 

2.5. Visualization of Nanofibers by Scanning Electron Microscope - SEM 

Images were taken with the scanning electron microscope Carl Zeiss ULTRA Plus. The samples (magnified 
25000x) were gold-dusted in advance and observed (through the In-Lens detector) in the form  
of secondary electrons SE1. 

2.6. Enzyme Activity Assay  

Proteolytic assays of immobilized enzymes were performed using casein as substrate. Caseinolytic activity 
was measured at three different temperatures: 4, 23 and 37 °C. The nanofiber sample with immobilized 
enzyme was inserted to the casein in MES buffer (0.65 %, pH = 5.5). The enzyme-casein reaction  
was stopped after 20 min by addition of TCA (110 mM). This solution was incubated for 30 min. Then each  
of samples was filtered by using a 0.45 µm polyethersulfone syringe filter. To the defined volume of filtrate, 
500 mM of sodium carbonate solution and 0.5 M of Folin's reagent were added [7]. The reaction was carried 
out for 30 min and then absorbance was measured at 750 nm. 
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3. RESULTS AND DISCUSSION 

Silica nanofibers were visualized by SEM and proteolytic activity was measured by Lowry method with minor 
modifications at 4, 23 and 37 °C.  

Selected SEM images of the silica nanofibers with and without immobilized trypsin enzyme are shown in 
Figures 2A and 2B. In the case of the trypsin enzyme immobilization, the surface of the silica nanofibers 
changed and was not smooth (see Figure 2B at a magnification of 25000x) - there were clearly visible 
structures covering the whole surface of the silica nanofibers continuously. In the case  
of non-modified silica nanofibers (Figure 2A), we can clearly see a smooth surface without any artefacts.  
The nanofibers have different thickness in both cases (Figures 2A, 2B). 

 

Figure 2 SEM images of non-modified silica nanofibers (A) and silica nanofibers with immobilized trypsin 
enzyme (B) 

Proteolytic activity of immobilized trypsin, bromelain and protease on the silica nanofibers was measured  
at pH = 5.5 by the method described above. The pH value of 5.5 was chosen because the pH of skin ranges 
from about 4.8 to 6.0. Because the amount of immobilized enzyme was unknown, the proteolytic activity  
was converted to micrograms of enzyme per miligrams of nanofibers. The results are shown in Figure 3. Each 
of samples was prepared and measured in triplet.  

 

Figure 3 Activity of the immobilized bromelain, trypsin and protease at the different temperatures 
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Effect of temperature on enzyme activity was observed in the case of trypsin and protease. Higher temperature 
influence on the proteolytic activity was demonstrated for nanofibers with the protease where the difference 
between the activity at 4 °C and 37 °C was more than doubled. Conversely, bromelain seemed to be 
temperature independent in this temperature range. For the temperature of human body  
(37 °C), the highest activity was measured for the nanofibers with immobilized protease, therefore this sample 
has potential to be the most effective for necrotic tissue removal.  

4. CONCLUSION  

In this study, bromelain, trypsin and protease were immobilized on the silica nanofibers through APTES, 
succinic anhydride and NHS ester. Proteolytic activity of the immobilized enzymes was measured at  
pH = 5.5 by casein as a substrate. The effect of temperature on the immobilized proteolytic enzymes activity 
was tested at three different temperatures (4, 23 and 37 °C).   

All enzymes retained their activity after immobilization on the silica nanofibers. The highest temperature 
dependence was demonstrated in the case of immobilized protease from Aspergillus oryzae on the silica 
nanofibers. These nanofibers also showed the highest proteolytic activity at 37 °C. 

Because pH value of damaged skin is slighty higher than pH value of intact skin, it is necesarry to test 
immobilized enzymes activity for other specific pH values. It is also planned to replace the succinic anhydride 
with another more biocompatible heterobifunctional reagent.  
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Abstract 

Collagen makes up one of the most important parts of the extracellular matrix and connective tissue. Collagen 
type I accounts for up to 90% of the collagen found in the body and it can be isolated and purified in large 
quantities and processed into a variety of forms. With respect to the process of the treatment of collagen into 
the nano-fibrous and submicron-fibrous forms, severe conditions leading to the denaturation of the collagen 
and thus the gelatin content should be avoided. Centrifugal force spinning and electrospinning processes 
appear to present promising methods for the spinning of collagen solutions. This paper deals with a 
comparison of the various methods applied in the processing of collagen, i.e. principally needle and needleless 
centrifugal spinning technology and electrospinning technology. In addition, the effect of process parameters 
and collagen solution conditions on the final form of the material was analyzed. Spun layers were prepared 
based on collagen type I isolated from calf skin. Nano-structured layers were prepared employing the spinning 
of 4-16 wt% collagen solutions in phosphate buffer saline and ethanol. The layers thus prepared were 
characterized by means of scanning electron microscopy and Fourier transform infrared spectroscopy. 

Keywords: Collagen, electrospinning, centrifugal force spinning, triple-helix 

1. INTRODUCTION 

Collagen consists of a molecule with a complex hierarchical arrangement which means that even subtle 
changes in its structure may have unforeseen consequences in terms of its function. In the course of collagen 
treatment, from isolation to processing into a variety of forms, many of the methods employed represent a 
compromise between the degree of disruption/modification of its native structure and the conservation of its 
biological functions to the maximum extent. Moreover, no non-invasive method is yet available for the 
processing of collagen while fully preserving its native structural properties. Indeed, the question arises as to 
whether this is even possible. It is, however, possible to apply various spinning methods in the preparation of 
collagen submicron fibers and nanofibers. Similarly, differing conditions may be applied with respect to their 
preparation, i.e. different solvent systems [1], solution parameters [2], spinning conditions, types of emitters 
and collectors etc. Moreover, it is difficult to maintain the delicate balance between the successful 
dissolution/dispersion of the collagen and the preservation of its structure (in the absence of denaturation) 
during the preparation process and it is still unclear as to whether the spinning process influences the structure 
of collagen. To make matters more complicated, natural polymers are difficult to spin due to their variable and 
high molecular weight, viscosity, rigid chain conformation, etc. Some polymers cannot be spun in a single 
solvent system; however, it is possible that the addition of other miscible polymers, the functionalization of 
reactive groups on the surface and the introduction of co-solvents into the electrospinning process will 
overcome this problem [3]. This paper provides a comparison of needle and needleless centrifugal force 
spinning and the electrospinning of collagen solutions with different concentrations and with or without the 
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addition of polyethylene oxide (PEO). In addition, the paper provides an analysis of the effects of process 
parameters and collagen solution conditions on the final form of the material.  

2. MATERIALS AND METHODS 

Submicron- and nanofibrous materials were prepared based on collagen (type I, VUP Medical, Czech 
Republic) and fibrous mats were prepared employing the spinning of 4, 6, 8, 12 and 16 wt% collagen solutions 
in phosphate buffer saline and ethanol with (ES+P) and without (ES-P) the addition of 8 wt% PEO (Sigma-
Aldrich, Germany). Electrospun mats were prepared using a high voltage level of 45 kV (4SPIN, Contipro, 
Czech Republic). Two methods were employed for the centrifugal force spinning of collagen solutions with 8 
wt% PEO, i.e. needle (N) and needleless (NL) spinning using laboratory-made equipment and two different 
circumferential velocities were applied, namely 15 (N15 and NL15) - 35 m.s-1 (N35 and NL35). For the 
purposes of this study, none of the spun mats were cross-linked following preparation.  

The prepared layers were characterized by means of both scanning electron microscopy (SEM) and Fourier 
transform infrared spectroscopy and the samples were characterized using scanning electron microscopy 
(QUANTA 450, FEI, USA and TESCAN Vega 3SB Easy Probe, Czech Republic). Further, image analysis was 
employed in order to characterize the fiber size distribution of the spun samples from SEM pictures using NIS 
Elements software (LIM s.r.o., Czech Republic) or ImageJ software (Rasband, W.S., ImageJ, U. S. National 
Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997-2016). Fourier-transform infrared 
spectroscopy (FTIR) was applied so as to evaluate the extent of the disruption/modification of the collagen 
native structure; a Protégé 460 E.S.P. infrared spectrometer (Thermo Nicolet Instruments, USA) equipped with 
an ATR device (GladiATR, PIKE Technologies, USA) with a diamond crystal was used for this purpose. All the 
spectra were recorded in absorption mode at a resolution of 4 cm−1 and 128 scans. The areas of the bands 
(integral absorbencies) were determined using OMNIC 7 software. Collagen lyophilisate (type I, VUP Medical, 
Czech Republic) served as a positive control. Statistically significant differences were investigated principally 
by means of nonparametric methods (STATGRAPHICS Centurion XV, StatPoint, USA) due to the problematic 
nature of the verification of the normality of the assessed data (Shapiro-Wilk test) or the violation of 
homoscedasticity (Leven's tests); the Kruskal-Wallis test was used for this purpose and the Mann-Whitney W 
test was used for the conducting of post hoc analysis. All the variance analyses were performed at a 95% 
confidence level (p values <0.05 were considered to be significant). 

3. RESULTS AND DISSCUSION 

The electrospinning process was optimized by means of changing the concentration of the collagen solution. 
Figures 1 and 2 provide representative SEM images of electrospun collagen from solutions with different 
concentrations.  

 

Figure 1 Representative SEM images of samples electrospun from collagen solutions (without PEO) with 
concentrations of (from left) 4, 8 and 16 wt% (mag. 20,000x) 
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In the case of solutions with no PEO, fibers were formed only from a solution with a concentration of 16 wt% 
(Figure 1). Following the addition of PEO, fibers were formed from collagen solutions with a lower 
concentration of 8 wt% (Figure 2).  

 

Figure 2 Representative SEM images of samples electrospun from collagen solutions (with PEO) with 
concentrations of (from left) 4, 6 and 8 wt% (mag. 10,000x) 

In the case of needle and needleless centrifugal force spinning, the production process was optimized by 
means of changing both the concentration of the collagen solution and the circumferential velocities. Fibers 
were formed from collagen solutions with concentrations higher than 12 wt% following the application of both 
methods (see Figure 3). Droplets present within the centrifugal spun layers and the broad range of fiber 
diameters were caused by the Rayleigh instability of the polymer jet and the velocity of the evaporating solvent 
[4]. 

 

Figure 3 Representative SEM images of samples prepared employing the needleless (A, B) and needle (C, 
D) centrifugal force spinning of the collagen solutions (with PEO) with a concentration of 12 wt% and 

circumferential velocities of 15 m.s-1 (A, C) and 35 m.s-1 (B, D) (mag. 2,000x)  
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Nevertheless, the main complication issuing from the centrifugal force spinning of the solutions consisted of 
the rate of production; consequently, only the 12 and 16 wt% collagen solution samples spun at velocities 
of 15 m.s-1 and 35 m.s-1 were subjected to further analysis. Figure 4 illustrates the effect of solution 
concentration and the applied technology on the diameter of the fibers. 

 

Figure 4 Graph illustrating the effect of solution concentration and the applied technology on the diameter  
of the fibers 

Figure 4 shows that there was no significant dependence between fiber diameter and circumferential velocity. 
It is possible to observe that the fibers produced by means of needle centrifugal spinning were thinner than 
the needleless spun fibers and that higher concentration collagen solutions led to a smaller fiber diameter. 
Electrospun collagen solutions provided both a narrow fiber diameter distribution and the finest fibers. 

 

Figure 5 Comparison of the ratio of the integral absorbances of materials prepared using different spinning 
technologies. N15 and N35 - needle centrifugal spinning with a concentration of 12 wt% and circumferential 
velocities of 15 m.s-1 and 35 m.s-1; NL15 and NL35 - needleless centrifugal spinning with a concentration of 
12 wt% and circumferential velocities of 15 m.s-1 and 35 m.s-1; ES+P and ES-P - electrospun from collagen 

solutions with a collagen concentration of 16 wt% (with and without PEO) and their comparison with 
lyophillized collagen (LYO). * denotes statistically significant differences (Mann-Whitney, 0.05)  
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The amide I region of the native collagen spectrum (∼1650 cm−1) could be deconvolved into three distinct 
bands with maxima at ∼1660, ∼1640 and ∼1630 cm−1 [5]. Following denaturation, the bands did not shift 
appreciably in terms of position; however, the relative intensities of the 1660 and 1630 cm−1 bands shifted from 
>1 to <1, in other words, the component positioned at around 1630 cm−1 increased and the component 
positioned at around 1660 cm−1 decreased in intensity. The ∼1660 cm−1 band was assigned to the triple helix 

with contributions from the α-helix and β-turns [5], while the ∼1630 cm−1 band was assigned to imide residues 

(and partly to the β-sheet) [6]. 

The quantitative band-fitting analysis of the amide I area (expressed as a ratio of the areas of the 1660 and 
1630 bands) of the materials prepared using different spinning technologies and their comparison with 
lyophillized collagen is summarised in Figure 5. Lyophillized collagen (LYO) demonstrated the highest 
1660/1630 ratio value and demonstrated statistically significant differences compared to the materials 
prepared using other spinning technologies, which suggests that LYO contained a high proportion of the 
component related to the triple helical structure. The NL35 material embodied no further statistically significant 
differences compared to the materials prepared by means of electrospinning; it contained the lowest proportion 
of the component related to the triple helical structure (∼1660 cm-1) and the highest area contributed by the 
1630 component related to imide residues. The other materials were mutually comparable. 

 

Figure 6 Comparison of the deconvoluted ATR-FTIR spectra of lyophilized collagen (LYO)  
and the NL35 material  

Figure 6 provides examples of the deconvoluted ATR-FTIR spectra of the LYO and NL35 materials. The 
spectra also contained other components corresponding to other structural states. The component  
at ∼1615 cm−1 is related to gelatin, the band at ∼1650 cm−1 corresponds to random coils and the component 
at ∼1690 cm−1 can be attributed to helices of aggregated collagen-like peptide [6]. As is apparent from 
Figure 6, the LYO material contains a proportionally large area related to the triple helical structure (∼1660 
cm−1) compared to the other structural states (∼1615 cm−1, ∼1650 cm−1 and ∼1690 cm−1) whereas the NL35 
sample exhibits the opposite behavior. The further processing of lyophillized collagen (dissolution and 
spinning) was found to lead to spectral changes in the amide I region which corresponded to changes in the 
secondary structure of the collagen. 

4. CONCLUSION 

The paper presents an analysis of the effect of process technology, process parameters and collagen solution 
conditions on the final form and structure of collagen. The processes concerning both the isolation of collagen 
to its dissolution and from solution to the artificially-produced fibrous form are complex. Solvent systems are 
capable of breaking down most of the hydrogen bonds within the adjacent collagen molecules; on the other 
hand, certain inter/intra molecular bonds within the collagen must be maintained so as to stabilize its triple 
helix. It is clear therefore that it is difficult to maintain the balance between the successful processing of 
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collagen and the preservation of its structure without denaturation. Our results indicate that centrifugal force 
spinning and electrospinning lead to the preparation of collagen fibers with very similar properties but that, in 
general, spinning processes (or the preparation of collagen solutions) influence the structure of the collagen, 
which was illustrated by the occurrence of spectral changes corresponding to changes in the structure of the 
collagen. The denaturation rate of collagen and the potential for the improvement of the partially damaged 
native structure of collagen (e.g. by cross-linking) remain to be specified.  
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Abstract  

Magnetic multicore iron oxide particles are nowadays intensively studied for application in magnetic 
hyperthermia. These particles compose of superparamagnetic iron oxide cores densely packed due to 
magnetic interactions. The magnetic interaction leads to the increase of energy barrier of magnetization 
reversal and therefore the heating losses in alternating magnetic field can be enhanced. However, the 
magnetization dynamics of such systems in alternating magnetic field remains still unclear. Apparently, the 
main parameters influencing the interaction with magnetic field are the morphology of single cores and 
multicore particles as well as the intercore and interparticle magnetic interactions. In the current work, we 
investigate the effect of interparticle interactions between the multicore particles on the heating efficiency of 
magnetic dispersions in alternating magnetic field. Two types of multicore particles were prepared: naked 
multicore particles displaying dipole-dipole interactions and multicore particles with surface coating preventing 
the interaction of multicores. Both types of multicore particles were composed of 13 nm iron oxide cores and 
have the hydrodynamic size of about 85 nm. To study the absorption of AMF energy, multicore particles were 
dispersed in media with different viscosity (water and agarose). It was demonstrated that covered multicore 
particles display significantly higher heating efficiency in both media than naked particles, which is associated 
with the elimination of dipole-dipole interaction between multicores.  

Keywords: Iron oxide nanoparticles, multicore particles, magnetic interaction, specific loss power, 
                     hyperthermia 

1. INTRODUCTION 

Magnetic multicore iron oxide particles (MCPs) have recently received much attention from the viewpoint of 
their application for magnetic hyperthermia cancer treatment [1-4]. These MCPs represent dense aggregates 
of superparamagnetic iron oxide nanoparticles. The magnetic interaction between nanoparticles in aggregate 
increases the energy barrier of magnetization reversal and as a result, the material may generate large amount 
of heat when exposed to radiofrequency alternating magnetic field (AMF) of low intensity. This feature makes 
MCPs a promising candidate for magnetic hyperthermia treatment of cancer, when the tumor with embedded 
magnetic material is heated up to 42 - 45 °C under exposure to AMF of moderate amplitude and frequency. 
The heating efficiency of the magnetic material is quantified by specific loss power (SLP) that is the amount of 
heat generated by unit mass of magnetic material. 

The heat loss of magnetic particles in AMF is determined by the high of the energy barrier of magnetization 
reversal, which in turn depends on material intrinsic properties (magnetic anisotropy, magnetization saturation) 
and on interparticle magnetic interactions. Several heating mechanisms are possible, associated with Neel 
and Brown relaxation losses and hysteresis loss [4]. Non-interacting spherical superparamagnetic 
nanoparticles of magnetite/maghemite (diameter, d, less than 12 nm) showed very low SLP value because of 
a low relaxation loss power due to low energy barrier. With the increase of nanoparticles size, the energy 
barrier and coercivity increase reaching maximum at d of about 15 nm and then again decreases after transition 
to  multi-domain state (d > 80 nm) [4, 5]. As to the effect of magnetic interparticle interactions on heating 
efficiency, non-monotonic dependence of SLP on nanoparticles concentration and aggregation state, i.e. on 
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hydrodynamic size, is reported [3]. It is explained by the competition between short-distance (intercore) and 
long-distance (multicore-to-multicore) magnetic dipolar interactions on energy barrier. Therefore, there are two 
pathways to increase the losses: either to search for the optimal size of single non-interacting nanoparticles or 
to take under control the effect of interparticle interactions on magnetization dynamics. Though, the second 
pathway seems to be effective, there is no quantitative theory describing the magnetization dynamics in the 
system of interacting nanoparticles in AMF. According to the recent published results, SLP value is related to 
the system dependent demagnetizing effects, which in turn depend on the internal properties of MCPs, such 
as core size distribution, their spacing inside the aggregate, hydrodynamic size of the MCPs as a whole, 
magnetic interaction between the individual cores within the aggregate, as well as on multicore-to-multicore 
dipolar interaction in dispersive media [1-3, 6-8]. In the current work, we investigate the effect of multicore-to-
multicore interactions on the magnetization dynamics of MCPs. To this end, two types of MCPs were prepared: 
naked MCPs displaying dipole-dipole interactions and MCPs with citric acid surface coating preventing the 
interaction of multicores. 

2. EXPERIMENTAL PART 

2.1. Synthesis of magnetic cores 

Magnetic cores that form MCPs represent iron oxide magnetic nanoparticles prepared by coprecipitation 
method according to the previously elaborated protocol [9, 10]. Briefly, solution of iron (II) and iron (III) chlorides 
with molar ratio Fe2+ : Fe3+ = 1 : 2 was slowly added into the ammonia solution (0.38 M) heated up to 70 °C 
and stirred at 700 rpm in argon atmosphere. After the whole salts solution was added, the mixture was kept at 
70 °C and stirred for one hour. The prepared dark-brown sediment of magnetic nanoparticles was then 
decanted and washed with demineralized water.  

2.2. Synthesis of naked MCPs 

In order to obtain naked MCPs the peptization method was applied. The sediment of iron oxide nanoparticles 
obtained by coprecipitation was treated with 0.001 M HCl until the pH of the dispersion was around 2.5 and 
ultrasonicated. After this, dark-brown supernatant comprising MCPs was observed and collected by holding 
the remaining sediment with magnet.  

2.3. Synthesis of MCPs with surface coating 

Preparation of MCPs with surface coating was done by the modification of naked MCPs obtained by 
peptization. Citric acid was used as a modification agent. The solution of citric acid with concentration providing 
the formation of monolayer on the particles surface was mixed with the particles dispersion and heated to 80 
°C under continuous stirring. Coated multicore particles were separated by permanent magnet and dispersed 
in demineralized water at different concentrations. 

2.4. Characterization 

The morphology of iron oxide nanoparticles was evaluated from transmission electron microscopy (TEM) on 
JEOL JEM - 2100F. Hydrodynamic size and zeta potential of MCPs were measured by Dynamic Light 
Scattering (DLS) and Laser Doppler Velocimetry by Zetasizer Nano ZS, Malvern Instruments. The 
concentration of iron oxide in dispersions and iron content was determined by Energy Dispersive X-ray 
Fluorescence spectroscopy by ARL Quant’X EDXRF Analyzer, Thermo Scientific. To evaluate the heating 
efficiency of MCPs in dispersion, a home-made device was used that is able to generate AMF of 1048 kHz 
frequency and 5.9 kA / m amplitude. The device consists of a signal generator Agilent 33521A, RF broadband 
amplifier AR RF/Microwave Instrumentation 800A3A, induction coil (90 mm diameter), interchangeable 
capacitors and magnetic field sensor. The heating efficiency was evaluated for the aqueous dispersions of 
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MCPs as well as for the dispersions in viscous agarose (3 wt.  % of agar). The test tube with the dispersion 
was placed inside the coil in a polystyrene sample holder. The temperature was measured with monitoring 
system ReFlex 4, Neoptix and fiber optic temperature sensor T1S-03-PT06 inserted directly in the dispersion. 
SLP was calculated according to equation: SLP = dT / dt · c / m, where T is temperature, t is time, c is heat 
capacity and m is mass of iron in the dispersion.  

3. RESULTS AND DISCUSSION 

Iron oxide nanoparticles that constitute MCPs were obtained by coprecipitation method under the synthesis 
conditions previously established in our laboratory. Rapid homogeneous nucleation and diffusion-controlled 
growth of nanoparticles was ensured during the synthesis that provide uniform, highly crystalline nanoparticles 
of 13 nm with polydispersity of 0.3 [10, 11]. Bare iron oxide nanoparticles obtained easily aggregate due to 
magnetic interaction forming aggregates with different hydrodynamic sizes. Though according to their size 
nanoparticles should be superparamagnetic, they display ferromagnetic like behavior with non-zero hysteresis 
and sextets on Mossbauer spectra [9]. Interparticle magnetic interactions account for ferromagnetic-like 
behavior and thus influence considerably on the heat generation in AMF. As-synthesized nanoparticles 
dispersed in viscous agarose display SLP of 8 ± 1 W / gFe. Although the heating rate is high and hyperthermia 
temperatures can be reached within tens of seconds, the SLP value is rather low. To increase the SLP, the 
elimination of aggregates (MCPs) with certain diameter is required. This was done by peptization method. 
Treatment of as-synthesized nanoparticles gathered in aggregates with diluted hydrochloric acid results in 
protonation of the particles surface and MCPs with certain size, depending on the medium pH, peptize forming 
stable aqueous dispersion [12]. In the current work, two types of iron oxide MCPs were prepared: (a) naked 
MCPs, obtained by peptization of coprecipitated iron oxide nanoparticles and (b) MCPs with surface coating, 
obtained by modification of naked MCPs with citric acid (Figure 1).  

 
Figure 1 Schematic representation of electrostatic stabilization of (a) naked MCPs and (b) citric acid covered 

MCPs in aqueous dispersions 

Citric acid chemically binds to the iron oxide surface by one of its carboxyl groups and other two provide 
negative surface charge and electrostatic stabilization [13]. As the molecule of citric acid is rather small, 
modification does not considerably effect on the hydrodynamic size of MCPs and only changes the surface 
zeta potential (Table 1). However, the presence of surface coating on MCPs significantly effects on its heating 
efficiency in AMF. 
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Table 1 Colloidal properties and SLP of the MCPs dispersions 

Sample 
Hydrodynamic 
size, nm 

Zeta 
potential, 
mV 

Concentration of iron 
oxide in dispersion, 
wt. % 

SLP in aqueous 
dispersion, 
W / gFe 

SLP in agarose 
dispersion, 
W / gFe 

Naked 
MCPs 

85 +45 

0.06 42 ± 5 28 ± 6 

0.2 44 ± 2 29 ± 3 

1 48 ± 1 21 ± 1 

Citric acid 
coated 
MCPs 

 

85 -20 

0.06 61 ± 3 54 ± 2 

0.2 52 ± 1 48 ± 4 

1 51 ± 2 43 ± 1 

5 46 ± 1 41 ± 3 

6 40 ± 4 32 ± 4 

In addition to magneto-structural properties of MCPs and magnetic interactions, magnetization dynamics is 
also dependent on the medium viscosity. Therefore, the heating efficiency of MCPs was studied on their 
dispersions in media of low and high viscosity, i.e. in water and in agarose. As can be seen from Table 1, the 
SLP for naked MCPs significantly decreases when they are immobilized in high viscosity medium that can be 
explained by inhibition of Brown relaxation. Increase of the concentration of iron oxide in dispersion up to 1 wt. 
% does not significantly effect on the heating efficiency. Further increase of concentration results in particles 
sedimentation.  

When naked MCPs were coated with citric acid, their heat outcome visibly increased, thus displaying that 
elimination of multicore-to-multicore interaction leads to the increase of heating efficiency. In contrast to naked 
MCPs, concentration of coated MCPs could be increased up to 6 wt. % keeping the dispersion stability. 
However, with the increase of concentration, SLP decreases indicating that multicore-to-multicore interactions 
become stronger. It should be also noted, that there is no such a significant drop of SLP for coated MCPs in 
agarose. Therefore, it is possible to conclude, that the main mechanism responsible for the magnetization 
dynamics of coated MCPs in AMF is the Neel relaxation.  

4. CONCLUSION 

To demonstrate the effect of magnetic dipole-dipole interaction on magnetization dynamics of MCPs in AMF, 
two types of MCPs were prepared: naked MCPs exhibiting dipole-dipole interactions between them and MCPs 
with citric acid coating preventing this type of interactions. It was verified that dipole-dipole interaction impairs 
the heating ability. Coated MCPs display better heating than naked MCPs both in aqueous and viscous 
agarose media. However, the heating ability of coated MCPs decreases with the increase of concentration in 
dispersion due to strengthening of multicore-to-multicore interactions. 
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Abstract  

Herein we report a theranostic system based on iron oxide-gadolinium nanoparticles coated by chitosan as a 
dual contrast agent for magnetic resonance imaging and controlled delivery application. Iron oxide 
nanoparticles were prepared by reduction of iron (III) chloride followed by surface modification using 
arenediazonium tosylate and diethylenetriaminepentaacetic acid for Gd(III) complexation. Nanoparticles were 
loaded with the anticancer drug doxorubicin and coated by low molecular weight chitosan to improve stability 

in solution and control the release of the drug. Dynamic light scattering, ζ-potential, thermogravimetric analysis, 
attenuated total refraction infrared spectroscopy and magnetic hysteresis curves reveal the success of surface 
modification and coating process. The amount of Gd(III) complexed and doxorubicin loaded were assessed 
by UV-Vis. Release studies were carried out in simulated physiological conditions. Results indicate that the 
obtained iron oxide-Gd(III) nanoparticles coated by chitosan are stable up to one month in physiological 
conditions and magnetic response is slightly decreased. The MRI analysis, doxorubicin high encapsulation 
efficiency and sustained release trend suggests that the presented system represents an interesting platform 
for the development of future theranostic agents. 

Keywords: Iron oxide nanoparticles, gadolinium, chitosan, theranostic, controlled release, doxorubicin 

1. INTRODUCTION   

Magnetic resonance imaging (MRI) has been recognized as a powerful non-invasive diagnostic technique to 
visualize in high spatial resolution tissue morphology and anatomical details [1]. To obtain contrast 
enhancement and signal amplification different contrast agents have been developed and are divided into T1 

and T2. T1 agents alter the longitudinal relaxation times of water protons to produce bright positive signal 
intensity while T2 alter the transverse relaxation times providing dark negative signal intensity [2, 3]. Gd(III) 
based complexes demonstrate high T1 relaxivity while superparamagnetic iron oxide nanoparticles (NPs) 
present strong T2 shortening effect [4]. The development of a dual contrast agent that can reduce T1 and T2, 

and simultaneously carry bioactive molecules for therapeutic applications has been gained a great interest in 
the last years. 

Magnetic iron oxide NPs with a prolonged blood retention time, biodegradability and low toxicity have emerged 
as one of the prominent materials for contemporary diagnostic and therapeutic applications. Despite the 
advantages of iron oxide NPs two main drawbacks have to be solved. The first is related to the presence of 
dark areas in MRI which can be attributed to low signal causing artefacts, while the second is related to the 
low stability of iron oxide NPs in physiological solution, which causes formation of clusters that can become 
dangerous in case of IV administration. To overcome the first one, several studies have described an 
improvement of the sensitivity by combining iron oxide NPs and Gd(III) chelate making a dual contrast agent 
[2], while to avoid the formation of cluster and improve the stability in physiological solution, iron NPs are 
surface modified or coated, in particular by polymers. 
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The aim of this study was to develop a system, which could be used simultaneously for diagnostics and 
therapy. The presence of iron oxide and Gd(III) allows having a MRI contrast agent which could act 
simultaneously on T1 and T2 relaxation time while the coating enables the drug load and control the release. 
Iron oxide NPs were prepared by reduction of iron (III) chloride aqueous solution followed by surface 
modification using arenediazonium tosylate chemistry. The surface modification allowed the conjugation of 
diethylenetriaminepentaacetic acid (DTPA) as complexed agents for Gd(III) chloride. Obtained product was 
loaded with doxorubicin (DOX) and coated by chitosan (CS). 

2. MATERIALS AND METHODS 

2.1. Materials 

Low molecular weight chitosan (CS), (Mw < 104 g/mol, D.D 75-85%); N,N-Diethylformamide 99%, tert-Butyl 
nitrite, 4-toluenesulfonic acid (p-TsOH),4-nitroaniline, iron trichloride (FeCl3), sodium borohydride, 
diethylenetriaminepentaacetic acid  (DTPA), Gadolinium (III)chloride, doxorubicin hydrochloride (DOX),  
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide and N-hydroxysuccinimide were supplied by Sigma Aldrich.  

2.2. Preparation of iron oxide-Gd based NPs 

 
Figure 1 Schematic representation of iron-Gd(III) based NPs 

As reported in Figure 1 iron oxide-Gd based NPs were prepared in three main steps. In the first one, FeCl3 
was reduced by NaBH4 under vigorous mechanical stirring. The shift from yellow to dark colour indicated the 
NPs formation. In the second phase an aqueous solution containing 4-aminobenzenediazonium tosylate was 

added and stirred for 30 minutes. The completion of the reaction was detected by the β-naphthol test. The NPs 
were recovered by magnet, washed several times by water, ethanol and acetone and dried at 40 °C [5]. In the 
last step DTPA was conjugated by reaction between amino groups on the iron oxide NPs surface and 
commercially available DTPA anhydride. Afterwards, the NPs were separated by magnet, washed and dried. 
The obtained product was dissolved in water and mixed with GdCl3 solution for 24 h. The weight ratio between 
Gd(III) and iron was set to 15. NPs were recovered by centrifugation and dried under vacuum. FTIR-ATR TGA, 
UV-Vis analysis revealed the presence of surface organic layer due to modification and the Gd(III) 
complexation. 

2.3. CS coating, DOX encapsulation and release 

Surface modified iron oxide-Gd NPs was coated by CS to improve the stability in solution and avoid cluster 
formation. Briefly, CS was dissolved at 5mg/ml in aqueous solution containing 1 % v/w acetic acid. Afterwards, 
iron oxide-Gd NPs were added to CS solution (CS to iron weight ratio range from 1/5 to 5), stirred for 24 hours 
under slight warming and treated in ultrasound bath for 30 minutes at room temperature. Final product was 
recovered by magnet, accurately washed and freeze dried.  
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Dynamic light scattering (DLS) and ζ-potential analysis (Nano ZS Malvern Instruments) were carried out on 
coated and uncoated iron oxide and iron oxide Gd NPs in preparation media to evaluate stability, dimension 
and surface properties. 

DOX was encapsulated during the coating process and the encapsulation efficiency evaluated by UV-Vis 
analysis.  

In-vitro DOX release trend was investigated in simulated physiological media at 7.4 in thermostable condition 
(37o C) under orbital shake. The amount of drug released (DR) was determined by UV-Vis analysis as reported 
in our previous work [6]. 

3. RESULTS AND DISCUSSIONS 

3.1. Nanoparticles characterization 

The presence of the surface organic functional groups (OFGs) and coating were demonstrated by FTIR-ATR 
and TGA analysis. DTPA surface modified NPs showed peaks at 3350 cm-1 (O-H stretch of carboxylic groups), 
1573 cm-1 (C-H stretch in aromatic ring) and at 686 cm-1 corresponding to Fe-O. In the spectra relative to iron 
NPs coated with CS the following peaks were observed: 664 cm-1 ( Fe-O), 1018 cm-1 (C-O-C), 1400 cm-1 (C=C 
stretch in aromatic ring), 1578 cm-1 (C-H stretch in aromatic ring), 1707 cm-1 (C=O stretch in carboxylic acid) 
and a wide band at 3191cm-1 related to O-H stretch which indicates the presence of hydrogen bond. 

Thermogram of uncoated NPs presents an initial weight loss due to the presence of volatile substances 
residual from the preparation, moisture and functionalization group. As the combustion takes place, Fe3O4 is 
transformed to γ-Fe2O3; although the associated weight gain was observed in the range 380-800°C. In case 
of CS coated NPs, CS began to degrade at near 250°C and the final decomposition temperature is close to 
750 °C. In the obtained thermogram CS presents an 8% initial weight loss within 150 °C associated with the 
loss of the water molecules. The general trend of CS and CS-Fe is comparable with thermograms reported in 
the published work [7]. 

The average diameter of the NPs in solution after each modification is reported in Figure 2A. In contrast to 
DTPA, which does not affect the NPs dimension, the CS coating noticeably increases the diameter shifting 
from range 10-25 nm (uncoated) up to 180 nm (coated). Both formulations are in agreement with the previous 
studies [5, 6] indicating the reproducibility of the process. The presence of DOX also caused an increase in 
the average diameter, but less than -10% in presence of coating while over 50 % in the uncoated system. This 
is related to the different DOX allocation in the system and the forces involved [8]. In case of surface modified 
NPs, DOX is adsorbed on the surface by physical and electrostatic interactions with -COOH groups of DTPA 
while in presence of CS is entrapped inside the polymeric network by electrostatic and H-bond. 

In Figure 2B the effect of CS coating on the magnetic response is reported. Different iron to CS weight ratio 
(range 15 to 0.05) have been tried to find the optimal compromise between efficacy of coating enhancement 
of stability, DOX loading and acceptable magnetic response. Results indicate that at iron to CS weight ratio of 
1 and2, NPs possess good stability in preparation media up to 1 month with a reduction of magnetic response 
of 15%.  

At iron to CS weight ratio 2 over 30 % of the initial amount of DOX has been loaded. In case of uncoated 
system, less than 10 % of DOX was adsorbed on the surface and directly exposed to external environment. 

MRI analysis reveals that in iron-Gd NPs the presence of Gd reduce the T1 relaxation time resulting in the 
increased signal intensity due to the seven unpaired electrons of Gd. Moreover, the presence of Gd(III) 

reduced the T2 relaxation time related to the iron oxide core [3].  
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Figure 2 A) Average dimension of iron oxide NPs surface modified and coated by CS; B) magnetic 
hysteresis curve of the initial and final formulation of iron oxide based NPs 

3.2. Release kinetics 

The release rate of DOX from the system was monitored by collecting aliquots of the release media (pH 7.4; 
37°C) and measuring the amount of DOX by UV-Vis analysis at 480 nm. Results demonstrate a light initial 
burst where up to 9% of the total loaded amount of drug is released within 1 h after contact with the media. 
This initial phase is followed by a sustained trend, which stand for one week and where 90% of the drug is 
released. Gd(III) release was monitored as well by reaction with arsezano (III) and UV-vis detection at 660 nm. 
Less than 30% of the loaded Gd(III) is quickly removed after contact with the media representing the not 
complexed fraction of Gd. Afterwards, a stationary phase, where 50% of the Gd(III) loaded was released after 
one month, took place. It suggests indicating the high stability of DTPA-Gd complex. As reported in the 
previous work [9], in contrast to DOX the slower release rate of Gd(III) could be related to the hydrogen bond 
between Gd(III) and DTPA -COOH groups. Moreover, the presence of CS coating could also play a certain 
role in improving the stability of Gd(III) inside the system. 

Comparing the release trend to our previous studies [6, 9] the pH of the media (pH 7.4) clearly affects the 
trend, in particular in the first hours after immersion. It could be explained by the swelling properties of CS, 
which are strongly influenced by the external pH, as reported [9].  
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CONCLUSION 

In summary, we report a system based on iron oxide-Gd NPs coated by CS as platform for future development 
of theranostic agents. Simultaneously, the presence of iron oxide and Gd(III) demonstrates T1 and T2 relaxation 
time reduction in MRI while the presence of CS coat allows encapsulation and controlled release of the 

anticancer drug DOX. Obtained system showed dimension in the range 150-180 nm, positive ζ-potential and 
long-term stability in physiological solution, up to one month at room temperature. CS coating at the optimal 
iron to CS weight ratio improves the NPs stability and DOX loading efficacy causing only a slight reduction in 
magnetic response. Presented results point out to the opportunity to develop inorganic-organic nanoparticles, 
which can deliver both contrast medium and drug, allowing monitoring and therapeutic activity simultaneously.   
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Abstract  

Biopolymers such as polyhydroxybutyrate (PHB) occupy an important place in regenerative medicine and 
pharmacy and appropriate material treatment may contribute to application improvement and expansion. We 
have modified PHB foils by plasma treatment for the purposes of tissue engineering. The substrates were 
treated by high power plasma under different conditions (plasma power, time exposure and working gas).  The 
applied plasma power was from 50 to 200 W and as a working gas argon and oxygen was employed. Another 
important part of the work was the investigation of surface changes caused by the plasma treatment. The 
changes of morphology were studied by AFM and SEM, and also the roughness and the contact angle were 
determined. It was observed that interesting formations with spongy structure visible on SEM scans were 
created by high power plasma modification. The treatment caused also the significant increase of roughness. 
The chemical analyses were performed by FTIR for the detection of new functional groups creation and XPS 
for the detection of surface element concentration.  

Keywords: Polyhydroxybutyrate, plasma, nanostructuring, morphology, surface   

1. INTRODUCTION 

Plasma is an excellent and cheap tool of surface modification for a wide range of materials which can be 
applied for various purposes. Plasma can replace numerous conventional wet-chemical methods in high-tech 
laboratories and industries, with a huge impact in renewable energy, environmental protection, biomedical 
applications, nanotechnology, microelectronics, and other fields [1]. It may be used from the substrate cleaning 
[2] or adhesion adjustment [3-5] to the actual modification or surface structuring [6]. Plasma treatment can 
modify the surface properties of the material without any changes of the bulk [7-9]. The final effect of the 
modification can be adjusted by setting of working atmosphere, plasma power and pressure or time of 
exposure [10]. 

Polyhydroxybutyrate (PHB) is a resorbable biomaterial what makes it a very good candidate for healthcare 
applications. It is widely used in a form of nanoparticles for drug delivery system [11, 12] or in orthopedics 
applications for bone and cartilage substitution and repair in a form of sutures, rods, screws, pins and plates 
[13, 14] or supported scaffold for tissue engineering [13]. PHB is also commercially used as a packaging 
material. Polyhydroxybutyrate belongs to the family of polyhydroxyalkanoates, linear polyesters produced by 
bacterial fermentation. PHB homopolymers are highly crystalline, extremely fragile, and degrade near its 
melting point. These properties complicate the manufacturing process and the use of product; therefore, it is 
usually produced as a copolymer of PHB with polyhydroxyvalerate (PHV) [15].  

In this paper, we have used the interaction of plasma treatment with foils of polyhydroxybutyrate for new 
surface structures creation. The changes caused by plasma modification were investigated by various 
analytical methods. For morphological observation and roughness measurement were employed AFM and 
SEM, chemical composition of surface was determined by XPS, changes in functional groups were detected 
by FTIR, and also goniometry was employed to obtain information of wettability. 
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2. EXPERIMENTAL: MATERIAL, MODIFICATION AND CHARACTERIZATION 

For experiments we used polymer foils of polyhydroxybutyrate (PHB) with 8% polyhydroxyvalerate (thickness 
50 μm, density 1.25 g cm−3, supplied by Goodfellow Ltd., Cambridge). The foils were modified in argon (20 
sccm) or in oxygen/argon plasma (20/10 sccm) (OXFORD instruments, Plasmalab80Plus) for 240 s, by plasma 
power of 50 or 200 W under pressure of 150 mTorr.  

For characterization we used Contact angle measurement, Atomic force microscopy (AFM), Scanning Electron 
Microscopy (SEM), X-ray photoelectron spectroscopy (XPS), and Fourier transform infrared spectroscopy 
(FTIR). The contact angles of water were measured next day after treatment at room temperature at least at 
six positions using a drop shape analyzer (DSA 100, KRÜSS GmbH, DE). Drops of distilled water of the volume 
of 2.0 ± 0.2 µl were deposited on the tested samples and evaluated by the ADVANCE System. The error of 
contact angle measurement was below 10 %. AFM (instrument VEECO CP II in tapping mode and a Si probe 
RTESPA-CP with the spring constant 20-80 N m−1) and SEM (FIB-SEM, LYRA3 GMU, Tescan, Czech 
Republic) were employed for surface morphology investigation and AFM was also used for roughness 
measurement. For visualization, necessary for SEM characterization of the samples, the conductive Au layer 
was applied by sputtering technique (BAL-TEC SCD 050 equipment). The chemical changes of the PHB 
surface layer were studied by XPS (Omicron Nanotechnology ESCAProbeP spectrometer with X-ray source 
monochromatic at 1486.7 eV and CASA XPS program for evaluation). Changes in the surface chemical 
structure of polymer samples were examined by FTIR using Bruker ISF 66/V spectrometer NICOLET 6700 
(Thermo, Nicolet, USA) with diamond ATR extension GladiATR. The difference FTIR spectra, which are 
discussed in this work, were determined by subtracting FTIR spectra of pristine samples from those of plasma 
treated ones. 

Pristine 
O2/Ar plasma Ar plasma 

200 W, 240 s 50 W, 240 s 200 W, 240 s 50 W, 240 s 

     

63° 10° 50° 69° 60° 

     

Ra=5.5 nm Ra=84.5 nm Ra=51.4 nm Ra=11.1 nm Ra=12.45 nm 

RMS=7.0 nm RMS=102.6 nm RMS=63.5 nm RMS=13.7 nm RMS=17.1 nm 

Figure 1 The pictures and the values of water contact angle of pristine and plasma treated samples by 
different conditions, which are introduced in the figure on the top. In the lower part of the figure are shown 2D 

AFM scans (2 × 2 µm) and their values of roughness (Ra is the arithmetic mean of surface roughness and 
RMS is the root mean square roughness; both in nm) 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

532 

3. RESULTS AND DISCUSSION 

For initial information of material changes caused by plasma treatment we used contact angle measurement 
of water drop. Various values of contact angles of different samples indicate changes in properties such as 
morphology, roughness and surface chemistry. The information about contact angle measurement, as well as 
values of roughness and AFM scans illustrating surface topography, are available in Figure 1. As it was 
suspected, in general, the higher plasma power (200 W) has stronger influence on wettability changes in 
comparison with pristine substrate and resulted in a more significant topography changes than lower plasma 
power (50 W). Even more interesting parameter than plasma power is content of plasma atmosphere. 
Presence of oxygen in argon atmosphere has increased etching and oxidation effects, leading to a deepening 
of formed structures accompanied by a significant increase of roughness. The most interesting effect of plasma 
treatment was observed on PHB substrate exposed for 240 s with 200 W in O2/Ar atmosphere. This 
modification have caused great improvement of wettability; the contact angle was reduced to 10° from original 
63°, when the measurement was performed immediately after a drop application, but the value was not stable 
and has decreased with prolonged time of measurement after the drop placement. The effect of decreasing 
value with prolonged time of measurement was observed only for these parameters because all other values 
were stable in time. The biggest increase of roughness (to 84.5 nm for Ra and to 102.6 nm for RMS in 
comparison with non-modified PHB with value of roughness Ra=5.5 nm and RMS=7.0 nm) and most interesting 
structure also belongs to the substrate exposed for 240 s with 200 W in O2/Ar atmosphere. This structure is 
better demonstrated by SEM images in Figure 2, where it is also possible to observe the “mushroom-like” 
formations on scans with sample tilting of 54.8°. For comparison the SEM images of PHB pristine and plasma 
treated sample with 200 W for 240 s in Ar atmosphere are added. 

 

Figure 2 2D SEM images of PHB pristine (A) and samples treated by plasma (200 W and 240 s) in O2/Ar 
atmosphere (B) and in Ar atmosphere (C). Right images (A´,B´,C´) represent also 2D SEM images but after 

tilting 54.8° 
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Figure 3 FTIR spectrum of PHB pristine (A) and differential spectra of PHB treated with 200 W and 240 s in 

O2/Ar atmosphere (B) and in Ar atmosphere (C) 

Plasma modification affects also the surface chemistry of substrates. Table 1 describes the changes in 
element concentration by XPS for pristine and treated samples under conditions introduced in the table. Non-
modified polymer PHB contains carbon, oxygen and hydrogen (which is not detectable by XPS method). 
During the modification process the oxygen concentration has decreased (pristine PHB contains 33.32 at.% 
of oxygen) in favor of carbon for all samples. The biggest decrease has occurred during the treatment for 240 
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s with 200 W in O2/Ar atmosphere, although oxygen was present in the working gas. The presence of oxygen 
in working gas exhibits the etching effects in a way that some of the oxygen functional groups have been 
ablated from the surface of the substrate. On, contrary the nitrogen was incorporated into the structure, 
although it was not included in the working gas. Nitrogen was incorporated into the material immediately after 
the modification, when the formed radicals have reacted with the ambient atmosphere. 

The FTIR with ATR crystal can provide results in depth up to 200 nm, i.e. much deeper than detection limit of 
XPS, still the results from FTIR corresponds with the results from XPS. From differential spectra we got 
information about the newly created functional groups and also about the functional groups diminishing. Figure 

3a shows the spectrum of PHB pristine and Figure 3b and C represents the differential spectra of modified 
samples treated with 200 W for 240 s in O2/Ar atmosphere or just Ar atmosphere. The formation of nitrogen 
groups NH (peaks location at 1645 and 3200 cm−1) and N-Ox (peaks location at 1378-1380 and 814 cm−1) was 
proved after modification in the O2/Ar atmosphere. After modification in “pure“ Ar atmosphere, no NH groups 
were observed but formation of new carbonyl has been reported (peaks location at 1708 cm−1). 

Table 1 Element concentration of carbon, oxygen and nitrogen in the surface layer measured by XPS 
               method for pristine and plasma treated samples by different conditions 

Sample C [at%] O [at%] N [at%] 

Pristine 66.68 33.32 0.00 

O2/Ar plasma 200 W, 240 s 66.30 29.98 3.72 

50 W, 240 s 67.02 30.18 2.80 

Ar plasma 200 W, 240 s 78.49 21.51 0.00 

50 W, 240 s 73.92 24.70 1.39 

4. CONCLUSION 

By plasma modification were prepared samples of PHB with various structures, depending on the applied 
parameters. The modification caused changes of wettability, structure, roughness as well as surface chemistry. 
According to the assumption, at higher power has provided more interesting results and topographies. The 
most interesting “mushroom-like” structure was prepared by plasma power 200 W in O2/Ar atmosphere. 
Treatment in all cases has lead to a decrease of surface atomic concentration of oxygen. 
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Abstract 

Currently, it is well known that metallothioneins (MTs) play substantial role in many pathophysiological 
processes, including carcinogenesis and they can serve as diagnostic biomarkers. In order to increase the 
applicability of MT in diagnostics, an easy-to-use and rapid detection method is required. The aim study was 
to develop a fully automated and high-throughput assay for the estimation of MT levels. We focused on the 
design and fabrication of a method based on isolation of MTs using paramagnetic particles (functionalized 
nanomaghemite γ-Fe2O3 core) with consequent detection by differential pulse voltammetry (DPV) utilizing 
Brdicka electrolyte. We designed and tested six types of particles, which differed in the surface 
functionalization [polyvinylpyrrolidone and HAuCl4; polyethyleneimine; polytheleneglycol (MW 1500 and 4000) 
and HAuCl4; poly(4-styrenesulfonic acid and HAuCl4; and polyacrylamide and HAuCl4]. The best conditions 
were employed in the automation of isolation and detection procedure, which made it simple and fast. As a 
proof-of-concept we successfully applied our protocol for isolation and detection of MT in serum collected from 
Wistar rats. The designed easy-to-use, cost-effective and fully automated procedure for the isolation of MT 
coupled with a simple electrochemical detection can serve for the construction of a diagnostic instrument, 
which would be appropriate for the monitoring of carcinogenesis or MT-related chemoresistance of tumors. 

Keywords: Automation, electrochemistry, magnetic isolation, MALDI-TOF MS, metallothionein 

1. INTRODUCTION  

Metallothioneins (MTs) are involved in the metabolism of heavy metal ions, including their metal detoxification, 
homeostasis [1, 2], storage of zinc, radical scavenging [3, 4] and stress response. MTs are overexpressed in 
several tumors and their overexpression is accompanied by an increased proliferation and protection against 
apoptosis. Therefore, MTs can be considered as a sign of worse prognosis in some malignancies [5-8]. Hence, 
the quantification of MTs should point out some pathological states in living organisms. The determination of 
MTs is usually coupled with several analytical methods [9-12]. Herein, we present the use of MALDI-TOF MS 
to characterize the MTs isolated from rabbit liver under the optimized conditions. This study focuses on the 
design and optimization of the method based on the isolation of MTs by using paramagnetic nanoparticles 
(PMPs) with consequent electrochemical detection. The optimization and automation of the assay increased 
its sensitivity and made it simple and fast. For the detection of the isolated products an electrochemical analysis 
by Brdicka reaction was carried out.  

2. MATERIALS AND METHODS 

2.1. MT isolation and its characterization by MALDI-TOF MS 

MT was isolated from rabbit liver and purified by using fast-protein liquid chromatography (FPLC) according to 
our previous study [13]. The mass spectrometry experiments were performed using a MALDI-TOF MS Bruker 
Ultraflextreme (Bruker Daltonik GmbH, Germany) equipped with a laser operating system at a wavelength of 
355 nm with an accelerating voltage of 25 kV (cooled with nitrogen) and a maximum energy of 43.2 µJ with 
repetition rate 2000 Hz in a linear and positive mode. The matrices used were 2,5-dihydroxybenzoic acid 
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(DHB), α-cyano-4-hydroxycinnamic acid (HCCA) and sinapinic acid (SA) (Bruker). All the matrices were 
prepared in TA30 (30% acetonitrile, 0.1% trifluoroacetic acid solution).  

2.2. Synthesis and functionalization of PMPs 

1.5g of Fe(NO3)3·9H2O was dissolved in water (80 mL). Under stirring 0.2 g of NaBH4 was added, which was 
dissolved in 10 mL of 3.5% NH3 and heated (2 h, 100 °C). After cooling, the mixture was left overnight and the 
superparamagnetic nanoparticles were separated by an external magnetic field, and subsequently washed 
several times with water and used as a core for the surface modifications. MAN-53: The procedure of this 
material fabrication was published previously [14]; MAN-131: The nanoparticles were mixed with a water 
solution of polyethyleneimine (0.5 g) and stirred for 1 h. 25 mL of HAuCl4 (1 mM) was added, stirred  
1 h and sodium citrate (0.75 mL, 26 mg·mL−1)  was poured into the solution. The mixture was stirred overnight, 
separated by magnet, washed 3 times with water and dried at 40 ºC (this last step was the same for all PMPs); 
MAN-132: The maghemite was suspended in a water solution (20 mL) of polyethylene glycol (PEG 4000), 
mixed with 25 mL of 1 mM HAuCl4 and finally 0.75 mL of trisodium citrate (26 mg·mL−1) was added; MAN-133: 
The preparation way was similar to the preparation of MAN-132, only PEG of molecular weight 1500 (0.5 g) 
was used instead of 4000; MAN-134: A maghemite suspension was added into a solution of poly(4-
styrenesulfonic acid) (0.5 g) and mixed for 1 h. Further 25 mL of 1 mM HAuCl4 was mixed with the solution for 
1 h and finally 0.75 mL of trisodium citrate (26 mg·mL−1) was added; and MAN-135: maghemite suspension 
was mixed with a solution of polyacrylamide (0.5 g) and stirred for 1 h. Solution was mixed with 25 mL of 1 mM 
HAuCl4 for 1 h and finally 0.75 mL of trisodium citrate (26 mg·mL−1) was added. 

2.3. Manual and automated isolation of MTs using PMPs 

For the manual isolation, the MT from rabbit liver (50 µg·mL−1) was incubated with the PMPs (0.5 mg·mL−1) at 
37 oC, 1190 rpm in a thermomixer for 30 min. The PMPs with the bound MT were separated using an external 
magnetic field and washed six times with PBS or combination of PBS (3 × 250 µL, pH = 7.0) and 200 mM 
borate buffer (3 × 250 µL, pH = 6.0). In order to detect MTs, the PMPs with the bound MT were dissolved in 
hydrochloric acid (250 µL, 3 M). The obtained solution was evaporated using a nitrogen evaporator Ultravap 
RC (Porvair Sciences, Leatherhead, United Kingdom). Finally, the evaporated sample was resuspended in 
H2O (250 µL) and the final product was detected by DPV. The fully automated MTs isolation procedure used 
the same specific parameters of the manual procedure. Here, the whole procedure was carried out using an 
automated pipetting system epMotion 5075 (Eppendorf, Hamburg, Germany). As real samples, we used the 
sera of four Wistar rats. We followed the European Community Guidelines as accepted principles for the use 
of experimental animals.  

2.4. Electrochemical detection of isolated MT 

The products of the isolation procedure were detected by differential pulse voltammetry (DPV) coupled with a 
hanging mercury drop working electrode (HMDE). For the detection of the isolated products an electrochemical 
analysis by Brdicka reaction was performed according to our previous study [15]. For the data processing, VA 
Database 2.2 (Metrohm, Switzerland) was employed. 

3. RESULTS 

3.1. Study of the optimal conditions for the determination of MTs by MALDI-TOF MS 

To study the optimal conditions for the determination of MT, three different matrices were used: DHB, HCCA 
and SA. The MALDI-TOF MS spectra showed the presence of the MT monomer (major peak ~ 6 kDa) in case 
of all the matrices. The main observed signal for MT was assigned as follows: [M+H]+ (m/z 6126 Da).  
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3.2. MT Isolation procedure 

The scheme and the results of the manual isolation and detection of MT using functionalized PMPs is shown 
in Figure 1. Only MAN-131 was found to be unsuccessful in the suggested assay, whereas MAN-53 appeared 
to be the most successful (recovery more than 40%). This phenomenon was likely caused by the 
functionalization of the surface of nanomaghemite core using reduced gold, which attracted MT thiol moieties 
[16]. The MT recovery was found to be higher when PBS alone was employed. The scheme of the automated 
isolation and detection of MT using the functionalized PMPs is shown in Figure 2, and displays that the 
automated isolation and detection procedure provided higher recoveries of MT than the manual method. In 
comparison with model MAN-132 and -133, the model MAN-135 showed a lower MT recovery. According to 
the obtained results, the man-131 PMPs were not suitable for the isolation of MT by the suggested method 
because the final product was not electrochemically detectable.  

While the manual detection exhibited a high accuracy, the automatic mode (higher LOD and LOQ) showed a 
faster and less time consuming procedure with a sufficiently accuracy, summarized in Table 1. 

 

 

Figure 1 (A) Scheme of manual isolation and detection of MT using functionalized PMPs. (B) Typical 
voltammograms of isolated MT in Brdicka solution (blue line), Brdicka solution itself (black dashed line) and 
PMPs itself (red line) with highlighted peaks (RS2Co and Cat2). (C). Influence of washing buffer composition 

on the obtained relative recovery of MT using six various PMPs 
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Figure 2 (A) Scheme of automated isolation and detection of MT using functionalized PMPs. (B) Influence of 
mode of isolation and detection on obtained relative recovery of MT using six various PMPs (MAN-53, MAN-
131-135). (C) Recovery values for MT automatically isolated using the MAN-53. Saturation curve of the most 
successfully PMPs (MAN-53), the detail of the Cat2 peaks from interleaved real voltammograms are shown 

in the inset 

Table 1 Analytical data about regression equation, correlation (R2), limit of detection (LoD), limit of  
                quantification (LoQ) and relative standard deviation (RSD) 

Method Regression equation R2 LoD (nM) LoQ (nM) RSD (%) 

Manual y = 10987x + 3.0743 0.997 12 39 7.7 

Automated y = 11623x + 3.8254 0.997 9 29 10.0 

3.3. Validation of manual and automated procedure on real samples 

Finally, both methods were validated for the real serum samples. The isolation of MT from Wistar rat serum 
was carried out using the MAN-53. As shown in Table 2, the automated procedure provided higher recoveries 
of MT than the manual procedure from all of the rat serum samples. If we compare the total time, consumed 
during the sample processing, the automated procedure (50 min) was found to be four times faster than the 
manual procedure (210 min) (Table 2). These results suggested that the modified PMPs coupled with 
automated isolation and detection procedure can be applied efficiently to isolate MT from various biological 
samples for the characterization of various pathological states including cancer. 
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Table 2 The comparison of the isolation and detection efficiency between automated and manual procedure.  
              The isolation of MT was carried out from Wistar rat serum using the MAN-53. The recoveries (%)  
              are recalculated to total MT amount prior own isolation 

 Automated isolation protocol Manual isolation protocol 

Sample Concentration (µg.mL-1) Recovery (%) Concentration (µg.mL-1) Recovery 

1 70.9 28.9 51.9 21.2 

2 69.3 20.0 47.6 13.8 

3 47.5 15.6 36.3 11.9 

4 52.5 14.0 45.2 12.1 

Total time 50 min 210 min 

CONCLUSION   

A large number of samples for isolation MT can be handled conveniently by the automated procedure, which 
was found to be four times faster than the manual procedure. The suggested procedure can also be used for 
the detection of other important biomolecules. We anticipate that this simple and cost-effective procedure could 
be helpful to estimate the MT serum levels in cancer patients before and during their treatment, which should 
allow specifying their clinical outcomes linked with possible development of MT-related chemoresistance. 
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Abstract   

Viral-like particles that express Ebola glycoprotein on surface are very sophisticated and risky techniques for 
developing diagnostics and study of the virus biology. On the other hand, liposome nanoparticles are easy to 
prepare and have customized lipid content to encapsulate preferred cargo inside while chemically modified to 
carry other molecules on their surface. The aim of this study was to prepare Ebola liposome viral-like 
nanoparticles encapsulated with nucleic acid and to develop a polymerase chain reaction (PCR) method to 
quantitate liposomes without extraction. Liposomes containing equal ratios of three lipids (cholesterol,  
1,2-dioleoyl-sn-glycero-3-phospho-rac-(1-glycerol) and phosphatidylcholine) and carrying two fragments of 
Ebola partial and whole GP gene (700 bp and 2031 bp, respectively) were synthesized. Liposome size was 
estimated in the range of 80-100 nm. Zeta potential analysis showed a negative charge of liposome particles 
in the ranges of -30 and -70 mV. Direct PCR method was developed to avoid fragment loss during extraction. 
Several additives were tested to improve PCR detection of liposomes including DMSO, glycerol, triton X-100, 
tween 20 and tween 80. The addition of triton X-100 (as low as 0.5% per reaction) has showed significant 
improvement in amplification. The addition of MgCl2 (>50 mM per reaction) in presence of triton  
X-100 also improved amplification. Although a complete specific product was not obtained, the amplification 
was semi-quantitative at 5 orders of serial dilution. By employing PCR with shorter product sizes, we believe 
it is possible to develop more accurate method in the future.           

Keywords: Liposome, Ebola, Viral-Like Particles, PCR, PCR additives  

1. INTRODUCTION     

The first Ebola outbreak occurred in 1976, and since then several sporadic incidents followed in west African 
countries [1]. The last epidemic of Ebola (2014-2015) resulted in over 11,000 deaths, yet it has raised 
worldwide attention to the seriousness of this disease [2]. Because of its high mortality rate and lack of 
approved vaccines and treatments, Ebola virus is classified as a biosafety level-4 which requires sophisticated 
facilities and high levels of expertise [3, 4].  

Genetically modified Ebola virus [3] as well as vesicular stomatitis virus (VSV)-based Ebola-like particle 
systems [5] are two of the most advanced techniques in study of dangerous pathogens; due to their abilities 
to simulate the real virus in process of infection, however they are also sophisticated and require high levels 
of expertise.  

Virus-based nanoparticles (VNPs) have been shown to be useful platform for several applications like imaging 
and drug delivery [6]. However, VNPs employ classes of viruses that only have capsids and lack the outer 
membrane layer of influenza and Ebola viruses. 

Membrane lipids of a host and virus play major role in viral life cycle [7]. The lipid content of genetically modified 
virus or VSV-based virus particles are dependent on host cell lines which they are propagated, and thus it is 
difficult to study the direct role of virus membrane lipids using these models. On the other hand, liposome 
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nanoparticles are very customizable and easy to synthesize. They can carry and deliver different types of 
cargo to cells ranging from drugs to nucleic acids. The chemical nature of liposomes can be also modified to 
carry different surface molecules [8]. 

The aim of this study was to prepare liposomes encapsulated with Ebola nucleic acid and to develop a PCR 
method to quantitate liposomes without extraction.    

2. RESULTS AND DISCUSSION 

Liposomes containing equal ratios of three lipids (cholesterol, 1,2-dioleoyl-sn-glycero-3-phospho-rac-(1-
glycerol) and phosphatidylcholine) and carrying two DNA fragments of partial and whole Ebola GP gene (700 
bp and 2031 bp, respectively) were synthesized. Scanning (SEM) and transmission (TEM) electron microscopy 
showed liposome nanoparticles of lower than 200 nm size (Figure 1). Particle size estimation of liposomes in 
water and PBS buffer medium were in the range of 80 - 100 nm (Figure 2a). 

Zeta potential analysis showed a very stable negative charge of liposome nanoparticles in the ranges of -30 
and -70 mV (Figure 2b) which leads to high colloidal stability. This negative charge also indicates 
electrophoretic capability.  

To visualize liposomes, direct electrophoresis of liposomes showed mobility of liposome 700 bp in 1% agarose 
but not liposome 2031 bp (Figure 3). Liposome 700 bp made a tunnel trail through the gel because the pore 
size of 1% agarose gel was smaller than mobile liposomes. The relative mobility (Rf) of liposome 700 bp was 
equivalent to Rf of DNA ladder at 1500 bp which is nearly twice the size DNA inside the liposome.      

 

 

Figure 1 Electron microscopy of liposomes. (A) SEM image of Liposome 700. (B) SEM image of Liposome 
2031. (C) TEM image of Liposome 700. (D) TEM image of Liposome 2031 
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Figure 2 Particle size and zeta potential analyses of liposomes. (A) Particle size. (B) Zeta potential 

 

Figure 3 Direct electrophoresis of liposomes. Liposomes in ACS water were centrifuged at 2000×g/1 min 
and suspended in ACS water then centrifuged again. The precipitate of first centrifugation (P1), supernatant 
of first centrifugation (S1), precipitate of second centrifugation (P2), and supernatant of second centrifugation 

(S2) are shown 

Direct PCR method was developed to avoid fragment loss during extraction (Figure 4). Several additives were 
tested to improve PCR detection of liposomes including DMSO, glycerol, triton X-100, tween 20 and tween 80 
(Figure 4a). The addition of triton X-100 (as low as 0.5% per reaction) has showed significant improvement in 
amplification (Figure 4a and 4b). Tween 20 and Tween 80 showed primer dimer formation, which is 
prospective for improvement of PCR at higher concentrations (Figure 4a). The addition of MgCl2 (>50 mM per 
reaction) in presence of triton X-100 also improved amplification. Although a complete specific product was 
not obtained, the amplification was semi-quantitative at 5 orders of serial dilution (Figure 4d). Since 
quantitative realtime PCR using SYBR green only requires binding of double stranded DNA [9], this method 
can be reproduced by realtime PCR without the amplification of a complete product. However, by employing 
PCR with shorter product sizes, we believe it is possible to develop more accurate method in the future. 
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Figure 4 Development of method for direct PCR detection of liposome. Amplification of liposome 700 bp in 
presence of additives (A) showing improved amplification in presence of Triton X-100. (B) PCR at different 

concentrations of Triton X-100. (C) PCR with addition of MgCl2 at different concentrations in the presence of 
10% Triton X-100. (D) PCR for 10 fold serial dilution of liposomes in presence of 10% Triton X-100. NTC: No 

template control 

3. EXPERIMENTAL PROCEDURES 

3.1. Ebola Glycoprotein Gene DNA fragments 

Large amounts of DNA were prepared using PCR to amplify 700 bp and 2031 bp products from the Ebola 
glycoprotein GP gene (EBOV subtype Zaire, strain Mayinga 1976). The 700 bp fragment covered the last third 
of GP cDNA whereas the 2031 bp covered the whole GP cDNA. The following primers were used for 
amplification of Ebola GP DNA from the pCMV3-Zaire EBOV-U23187-GP-FLAG vector (Sino Biological Inc., 
Beijing, China): 700 bp-Forward: GACCCCCAAAAGCAGAGAAC. 700 bp-Reverse: 
ACGCCTGTAACTCCAATACCTG. 2031 bp-Forward: CTAAAAGACAAATTTGCATATACAGA. 2031 bp-
Reverse: ATGGGCGTTACAGGAATATTG. Protocol for reaction is described in section 3.6. After the 
purification of DNA fragments using MinElute kit (Qiagen, Germany), the concentration of DNA was estimated 
using Infinite200PRO NanoQuant instrument (Tecan, Switzerland). 

3.2. Liposomes Nanoparticles 

Cholesterol, 1,2-dioleoyl-sn-glycero-3-phospho-rac-(1-glycerol) sodium salt (DOPG) and phosphatidylcholine 
(PC) were purchased from Sigma-Aldrich. Liposome film was synthesized in a ratio of cholesterol:DOPG:PC 
(1:1:1) according to previously modified method [10]. Briefly, 100 mg of each lipid were dissolved in 4.5 ml 
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chloroform. A lipid film was obtained by rotary evaporation of chloroform in a 2 ml Eppendorf tube, and residual 
solvent was flushed out by nitrogen. 

Liposomes in ACS water or PBS were prepared for two fragments of DNA; namely 700 bp and 2031 bp 
fragments. Approximately 1011 copies of DNA, suspended in 500 μl ACS water or PBS, were added to 
Eppendorf tube covered with lipid film, and sonicated for 2 min then incubated with heating at 60°C for 15 min 
with shaking. The liposome solution was allowed to cool down to room temperature then stored at 4°C until 
analysis. Control liposomes were synthesized by suspending 500 μl ACS water or PBS in lipid film tube. 

3.3. Electron Microscopy 

Liposomes visualization transmission electron microscopy (TEM) was done by negative staining technique 
using organotungsten compound Nano-W (Nanoprobes, USA). Samples (∼4 μl) were deposited onto 400-
mesh copper grids coated with a continuous carbon layer. Dried grids were imaged by a Tecnai F20 
microscope (FEI, USA) at 80 000× magnification.  

Liposomes were also visualized by scanning electron microscopy (SEM). Images of their external structure 
were taken using a MIRA II LMU (Tescan, Czech Republic) instrument equipped with an In-Beam SE detector. 
A beam current of approximately 1.0 nA was used with accelerating 15,000 volt.  

3.4. Zeta Potential and Particle Size Analyses 

The zeta potential measurements were performed on Zetasizer MALVERN (Malvern Instruments Ltd. UK), 
considering the same refraction index, absorption coefficient temperature and viscosity as described in particle 
size measurements. Calculations considered the diminishing of particles concentration based Smoluchowsky 
model, with a F(κa) of 1.50 and an equilibrating time of 120 s. For the measurements, a disposable cell 
DTS1070 was employed. In each case, the measurement duration depended on the number of runs, which 
varied between 20 and 40. The measurements were triplicate and were performed under the automatic setting 
of attenuation and voltage selection. 

The particle size measurements were performed considering a refraction index of the dispersive phase of 3.00 
and 1.333 for the dispersive environment. The absorption coefficient in both cases was 10 and 3 respectively. 
The measuring temperature was set at a constant value of 25°C, while the viscosity was 0.8872 cP. For each 
measurement, disposable cuvettes type ZEN 0040, were used, containing 40 µl of sample. The equilibration 
time was 120 s, at a measurement angle of 173° backscatter. The measurements were triplicate. 

3.5. Direct Electrophoresis 

Liposomes in ACS water were centrifuged at 2000×g/1 min and supernatant was isolated by careful pipetting. 
Approx. 500 μl ACS water were added to dissolve pellet, then centrifuged again at 2000×g/1 min. The 
precipitate of first centrifugation (P1), supernatant of first centrifugation (S1), precipitate of second 
centrifugation (P2), and supernatant of second centrifugation (S2) were visualized by electrophoresis for 
liposomes carrying both types of fragments. Glycerol-based sample loading dye was used (5 μl sample was 
mixed with 3 μl loading dye). The 1% Agarose gel was run at 85 volt for 110 min and visualized using in-gel 
ethidium bromide under UV light.   

3.6. PCR and Electrophoresis 

Taq polymerase chain reaction kit from New England BioLabs (Ipswich, USA) was used. Approximately 2.5 μl 
standard buffer, 0.5 μl dNTP, 3 μl of each primer, 0.2 μl Taq polymerase, 1 μl of liposome solution, and the 
additives were added accordingly to a final volume of 25 μl PCR reaction. The PCR reaction was carried out 
using Mastercycler EP gradient S instrument (Eppendorf AG, Germany). The thermal profiles were as follows: 
initial denaturation at 95°C for 10 min; 40 cycles of denaturation at 95°C for 30 s, annealing at 60°C for 1 min 
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and extension at 68°C for 1 min; with final extension at 68°C for 7 min and hold at 4°C. PCR products were 
visualized on 1% Agarose gels using ethidium bromide under UV light. 

4. CONCLUSION 

Ebola viral-like liposome nanoparticles carrying GP gene fragments are easy to prepare, visualize, and 
quantify. Our findings suggest that nucleic acid encapsulated liposomes were single layered (size estimate 
was 80-100 nm) with very stable charge in the ranges of -30 and -70 mV which lead to high colloidal stability. 
Direct PCR method was developed to avoid fragment loss during extraction procedures. After testing several 
additives, triton X-100 (>10% per reaction) demonstrated significant improvement in amplification. The addition 
of MgCl2 (<50 mM per reaction) in presence of triton X-100 also improved amplification. Although a complete 
specific product was not obtained, the amplification was semi-quantitative at 5 orders of serial dilution. By 
employing PCR with shorter product sizes, we believe it is possible to develop more accurate method in the 
future.         
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Abstract 

The aim of this work was to evaluate the effect of four natural prebiotics (inulin, psyllium, apple fiber and hemp 
fiber) on viability of probiotic bacteria. Two probiotic strains, namely Lactobacillus acidophilus (CCM 4833) and 
Bifidobacterium breve (CCM 7825T) were co-encapsulated with selected prebiotics into alginate particles. The 
viability of encapsulated microorganisms during storage in acidic conditions was analysed. Also, the 
physicochemical evaluation of prepared particles and the viability of cells during simulated gastrointestinal 
conditions were tested. To analysis of probiotics light/fluorescence microscopy and flow cytometry were used. 
Results indicated significant improvement in survival of co-encapsulated cells compared to free cells. As the 
best prebiotic for co-encapsulation the hemp fiber was found. The hemp fiber exhibited the highest increase 
of cells count and the high viability of encapsulated bacterial cells during long-term storage. The co-
encapsulation of probiotics into alginate particles leads to increased tolerance of bacteria to acidic 
environment. Particles also maintained their integrity during passage through the gastrointestinal tract until 
they reached their target destination. Therefore, prepared particles could be used in foods or food supplements 
with targeted transport of probiotic bacteria.  

Keywords: Probiotics, prebiotics, co-encapsulation, alginate 

1. INTRODUCTION 

Probiotics are microorganisms that, when consumed in adequate amounts (106-107 CFU/g or mL), confer 
healthy benefits to consumers by FAO/WHO definition. [1] Beneficial effects of probiotic bacteria on human 
health have been regulation of the gastrointestinal tract, stimulation of the immune system, decrease in serum 
cholesterol levels and in lactose intolerance, as well as prevention of cancer and cardiovascular disease.  
[2, 3, 4, 5] A number of food products including dairy products, meats products, beverages products, cereals 
products, vegetables and fruits products and bread products have been utilized as delivery vehicles for 
probiotics. [1, 5, 6] Products available on the market that positively influence the intestinal microflora are 
especially synbiotics. The symbiotic concept can be defined as a mixture of probiotics and prebiotics that 
beneficially affects the host by improving the survival and implantation of live microbial cells in the 
gastrointestinal tract. [4] But many factors may affect the viability of probiotic bacteria in foods including the 
probiotic strains used, pH, the presence of dissolved oxygen, storage temperature, heat treatment, mechanical 
or osmotic stress, concentration and nature of the added ingredients and food matrices, also the physical 
circumstances of the human gastrointestinal tract after ingestion strongly influence on the survival of probiotic 
bacteria. [1, 2, 3, 5, 6, 7] Microencapsulation has proven to be a promising method for bacterial cell protection 
and several studies have been carried out investigating the protective role of this technique against the adverse 
conditions to which probiotics can be exposed. [2, 6] Nevertheless, encapsulation does not ensure the total 
viability of microorganisms. There are reports of encapsulated probiotics with prebiotic with increased viability 
in capsules compared with capsules without prebiotics. Prebiotics are used as an energy source and as 
metabolic substrates and micronutrients. Different types of prebiotics have been used to protect probiotics. [1]  

Encapsulation of bacteria in calcium alginate beads is one of the most studied systems for probiotic 
immobilization and protection. Sodium alginate is a water soluble anionic polysaccharide, mainly found in the 
cell walls of brown algae. This natural polymer possesses several attractive properties such as good 
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biocompatibility, wide availability, low cost, and simple gelling procedure under mild conditions. Moreover, 
morphology of alginate microcapsules have suitable porous micro-structure and they also facilitates active 
components release. [8] 

2. MATERIALS AND METHODS 

2.1. Chemicals 

Alginate sodium salt, calcium chloride, pepsin, pancreatin and bile salts were purchased from Sigma-Aldrich 
Chemical Co. (St. Louis, MO, USA). All other solvents and reagents used in the analysis were of analytical 
grade. 

2.2. Probiotics strains and cultivation conditions 

The term ‘‘probiotic’’ includes a large range of microorganisms, mainly bacteria but also yeasts. And the effects 
of probiotics are strain-specific. [4] In this study were used bacterial strains Lactobacillus acidophilus CCM 
4833 and Bifidobacterium breve CCM 7825T. The strains were obtained from Czech Collection of 
Microorganisms in Brno and before encapsulation were grown in commercial MRS broth (HiMedia Laboratories 
Pvt. Ltd., Mumbai, India) at 37 °C for 24 h. Viability of bacteria was followed by flow cytometry (Apogee Flow 
Systems, Hemel Hempstead, UK).  

Also ability of probiotic strains to grow on selected prebiotic were investigated. The MRS growth medium 
contained 10 mg/mL or 100 mg/mL of prebiotic. Sample with free MRS media was used as a control. Criteria 
for the evaluation of utilization of prebiotics were the growth of probiotics and viability of probiotic cells. 
Cultivations were carried out in a 10 mL medium at 37°C for 24 and 48 h. The number of cells and viability of 
bacteria was also measured by flow cytometry.  

2.3. Prebiotics and their characterization 

As prebiotics were used inulin, psyllium, hemp fiber and apple fiber. Prebiotics were bought from the local 
market in Brno, Czech Republic. The content of carbohydrates was measured by colorimetric detection using 
UV-Vis spectrophotometer (Thermo Fisher UK Ltd., Hemel Hempstead, UK)). The content of reducing 
carbohydrates was determined by Somogyi-Nelson method and content of total carbohydrates was measured 
by Dubois method. Carbohydrates (especially glucose, fructose and oligosaccharides) from prebiotics were 
also separated in Rezex ROA-Organic Acid H+ column (Phenomenex Inc., Torrance, CA, USA) using isocratic 
elution with 5 mM sulfuric acid by high-performance liquid chromatography with refractometric detector 
(Thermo Fisher Scientific, Waltham, MA, USA).  

2.4. Co-encapsulation of probiotics with prebiotics 

Particles were prepared from alginate according to the procedure from a previous study.9 The probiotics cells 
were harvested by centrifugation at 3500 rpm for 10 min at low temperature (4°C) and the cell pellet was 
washed with sterile distilled water. Cells were next mixed with sterile sodium alginate solutions (1 %, w/v) with 
or without prebiotic in order to obtain the final concentration of cell cultures 108 CFU/mL. The addition of 
prebiotics was 0.05 or 0.5 g per 10 mL. Afterwards, suspensions were used for encapsulation. The 
microcapsules were prepared aseptically using the Büchi Encapsulator B-395 Pro (BÜCHI Labortechnik AG, 
Flawil, Switzerland) with a 450 µm nozzle size. Prepared particles were followed hardening for 30 min in 1 % 
(w/v) calcium chloride solution. 

2.5. Determination of particle stability and viability of probiotic cells 

In prepared particles long-term stability in model acidic conditions was evaluated. As acid conditions was used 
2.5 % (w/v) citric acid solution. Five gram of microcapsules was transferred into test tubes containing 50 mL 
of sterile acid solution and samples were incubated for 1, 3 and 6 week at 5 °C. Mass fractions of released 
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carbohydrates and cells were determined in regular intervals. Also the viability of encapsulated probiotic cells 
was during storage performed by light/fluorescence microscopy (Labomed Lx500, Labomed Inc., Los Angeles, 
CA, USA) using methylene blue or propidium iodide. 

Stability of the prepared particles was also tested under physiological conditions. Artificial stomach juice was 
prepared from 0.25 g of pepsin dissolved in 100 mL of distilled water. To this solution 0.84 mL of 35 % 
hydrochloric acid was added. Final pH was adjusted to 0.9. Artificial pancreatic fluid was prepared with 0.25 g 
of pancreatin and 1.5 g of sodium hydrogen carbonate in 100 mL of water (pH=8.9). Bile fluid was composed 
of 0.8 g of bile acid salts dissolved in 200 mL of phosphate buffer. Incubation of particles was performed at 
37°C for 20 min in stomach fluid and pancreatic juice and for 40 or 70 min in bile fluid. After incubation, the 
mass fractions of carbohydrates and cells released from particles were measured. The viability of probiotic 
cells during simulated gastrointestinal conditions was performed using microscopy and flow cytometry. 

3. RESULTS AND DISCUSSION 

3.1. Characterization of prebiotics 

In this study content of carbohydrate from selected prebiotics was observed. Mainly content of total 
carbohydratetes, content of reducing carbohydrates and content of fructose and glucose were measured as 
described in Materials and Methods. The highest content of total carbohydrates was determined in psyllium, 
conversely the least content of carbohydrates was detected in hemp fiber (Table 1). 

Table 1 Quantity of total and reducing carbohydrates, glucose and fructose in the testing prebiotics 

sample total carbohydrates (mg/g)  reducing carbohydrates (mg/g) glucose (mg/g) fructose (mg/g) 

inulin 535.68±15.23 57.17±1.92 21.12±1.92 5.81±0.51 

psyllium 961.47±37.54 72.23±2.33 1.29±0.32 0.57±0.00 

apple fiber 97.55±4.63 59.25±1.42 2.11±0.20 0.59±0.05 

hemp fiber 30.7±1.56 30.51±1.05 8.09±0.75 2.07±0.33 

3.2. Probiotics cultivation with or without additions of prebiotics 

Table 2 Comparison of growth of probiotic microorganisms after 24 h cultivation with addition of different  
              types of prebiotics  

composition of culture medium 
LA BB 

number of cells (cells/µl) live cells (%) number of cells (cells/µl) live cells (%) 

MRS medium 66680 95 49390 96 

MRS medium + 100 mg/ml inulin 55740 100 45840 98 

MRS medium + 100 mg/m apple fiber 79090 98 44770 93 

MRS medium+ 100 mg/m hemp fiber 116420 98 43600 96 

MRS medium + 10 mg/ml inulin 61513 99 49495 100 

MRS medium + 10 mg/m apple fiber 54007 98 47236 97 

MRS medium+ 10 mg/m hemp fiber 62781 98 50159 96 

Prebiotics can be defined as non-digestible food ingredients that, when consumed in sufficient amounts, have 
health benefits. [4] In this work was evaluated the effect of four selected prebiotics (inulin, psyllium, apple fiber 
and hemp fiber) on growth and viability of probiotic bacteria. The probiotics were cultivated on medium with or 
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without prebiotics and number of grown cells was observed. Also the viability of cells was measured. Results 
indicated significant improvement primarily in grown of strains Lactobacillus acidophilus on hemp 
fiber (Table 2). 

3.3. Microcapsules morphology 

For co-encapsulation of probiotic cells with prebiotics alginate was used. The capsules were prepared by the 
method based on the principle of gelation and cross-linking polymers.  

A   B   C  

Figure 1 Alginate particles with co-encapsulation probiotics and prebiotics: A-particles with apple fiber,  
B-particles with psyllium, C-particles with inulin  

Then the physicochemical evaluation of microcapsules and the viability of probiotics during simulated 
gastrointestinal conditions and during storage were observed. 

3.4. Survival of cells in simulated gastrointestinal conditions 

Encapsulated probiotic cells were exposed to model gastrointestinal conditions, i.e. artificial stomach, 
pancreatic and bile juices. The capsules were added to the model fluids and incubated as described in 
Materials and Methods. After incubation, samples were taken to determine the mass fraction of released 
carbohydrate and probiotic cells. Also viability of encapsulated and released cells was measured. 

 
Figure 2 Amount of released components from particles with co-encapsulation probiotics and prebiotics 

during passage through the simulated gastrointestinal conditions 

Particles are able to maintain their integrity during passage through the gastrointestinal tract until they reach 
their target destination (Figure 2), where they break down and release prebiotics and probiotic bacteria. Also 
the viability of probiotic cells was retained until the target destination. The slow and gradual release of probiotic 
cells in the intestine environment was primarily detected from particle containing psyllium, apple fiber and 
hemp fiber.  
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3.5. Determination of particle stability and viability of probiotic cells during storage 

Effect of addition of different prebiotics on viability of probiotic cells during storage was investigated. Effect of 
prebiotic concentrations in improving the stability of microcapsules and viability of cells was measured as well.  

This challenge is investigate in many studies. In this context has been mostly the microencapsulation 
techniques used. But identification of the proper encapsulating or cell protecting material for different probiotics 
is a key issue that determines the efficacy of the process. Also, there is increasing interest in the use of 
combination probiotic and prebiotic due to that when probiotics reach to colon, they could use the prebiotics 
for survival and implantation that beneficially affect the host. [5] 

Table 3 Amount of live probiotic cells in alginate microcapsules during storage 

type of particles 

live cells (%) 

LA BB LA BB LA BB 

1 week 3 weeks 6 weeks 

cells 95 95 80 80 70 70 

cells with glucose 97 100 85 92 75 85 

cells with inulin 97 100 90 95 80 90 

cells with psyllium 90 97 75 90 65 80 

cells with hemp fiber 95 97 90 80 80 75 

In all of tested alginate particles with co-encapsulated probiotics with prebiotics viability of cells was measured. 
After 1 week only 3 % to 10 % of dead cells were detected and about 10 % to 35 % dead cells were found 
after 6 week storage in model condition (Table 3). The highest number of living cells was determined for strains 
Bifidobacterium breve in particles with inulin, conversely the highest viability of Lactobacillus acidophilus cells 
was observed in the particles with hemp fiber. Growth of cells inside particles was observed as well. The 
highest growth of cells was observed for both of tested strains in particles with hemp fiber (Figure 3). 

A B  

Figure 3 Amount of growth probiotic cells in alginate microcapsules during storage, A) LA=Lactobacilllus 
acidophilus, B) BB=Bifodobacterium breve 

Moreover, in all of prepared particles with co-encapsulated cells only about 5 % of released cells or prebiotics 
were detected after 6 week storage in model acidic conditions.  
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Also co-encapsulation of probiotic cells with antioxidant and another components from natural sources could 
be positive effect to viability of cells during storage and during digestion or could also provide synergistic health 
effects. [7] The majority of studies, as well as this study, reported using moist microcapsules. But also the 
drying of the microcapsules is an important factor. There are various advantages to drying the microcapsules 
including an improvement in the storage properties and the ease in use. For exaple, it was demonstrated that 
the process of microencapsulation in alginate microcapsules followed by freeze drying was efficient in 
protecting the probiotics in their storage and passage through gastrointestinal fluids. [3] 

4. CONCLUSION 

It can be concluded that the co-encapsulation of probiotics with prebiotics into alginate particles leads to 
increased tolerance of bacteria to acidic environment. Mainly the hemp fiber exhibited the highest increase of 
number of probiotics cells and also it contributed to the high viability of encapsulated bacterial cells during 
long-term storage in model acidic conditions. Particles also maintained their integrity and also viability of 
probiotic strains during passage through the stomach. Therefore, these particles could be used for targeted 
transport of probiotic bacteria.  
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Abstract   

Many materials, like polymers, silicates, glass, play crucial role in many areas of industry, medicine or our 
common life due to their properties. But their surface properties can limit their further use in some areas. 
Physical or chemical modification of these surfaces can change their chemical composition and subsequent 
better adhesion of grafted compounds, cells or antimicrobial activities. We can use this for development of new 
materials for electronics, optics or bio application. We have modified surfaces of selected materials by physical 
or chemical methods and we studied the changes of surface properties. The surface properties of the modified 
materials changed significantly and were studied using various techniques. Some antimicrobial tests have 
been applied on selected samples.  

Keywords: Polymer, piranha solution, compounds grafting, electrokinetic analysis, X-ray photoelectron  
                   spectroscopy 

1. INTRODUCTION 

Natural and synthetic polymers play crucial role in many areas of our life. Also silicates or glass have a wide 
range of usage. Using these materials can be limited to certain applications because of the surface properties 
(e.g. chemistry, surface charge, morphology). Modification of many of these materials has expanded their 
potential for application greatly. Many modification approaches have been developed to change and improve 
surface properties by the physical or chemical methods. [1-15]  

The chemical structure of surface, morphology, [16] surface chemistry or biological composition of these 
interfaces, together with surface pattern (distribution and dimensions of the pattern, ranging from the macro- 
through the micro- to the nano-scale [17] has ability to strongly influence the behaviour, biocompatibility and 
response of the surface. 

We have modified surfaces of different substrates (polymers, glass, and phyllosilicates) by plasma, UV 
irradiation or by chemical methods to activate these surfaces. Subsequently we grafted variable chemical 
compounds (aminocompounds, thiols, PEG, borane compounds, etc.). After individual steps we studied the 
changes of surface properties by a wide range of available techniques. [18-22] 

2. EXPERIMENTAL 

2.1. Used materials and chemicals 

In this work we studied silicate powder montmorillonite 
(MMT, (Na0,25K0,07Ca0,10(Si4,0)(Al1,45Fe3+0,21Mg0,24Ti0,01)O10(OH)2), microscopy glass (20 x 20 mm, Deck Glaser, 
VWR, Germany) and different polymer foils, polytetrafluoroethylene (PTFE, thickness 50 µm, Goodfellow, UK) 
or high density polyethylene (HDPE, thickness 50 µm, Goodfellow, UK). 

For activation of surfaces there were used various Piranha solutions. Piranha solution is a mixture of acid and 
hydrogen peroxide in proportion 3:1. We used (i) sulfuric acid (H2SO4, 96%, Lach-Ner, s.r.o., Neratovice) or 
(ii) phosphoric acid (H3PO4, 96%, Lach-Ner, s.r.o., Neratovice), hydrogen peroxide (H2O2, 30%, Lach-Ner, 
s.r.o., Neratovice). 
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The activated surface was grafted by 10% aqueous solution of (i) cysteamine (HS(CH)2)2NH2, 98%, Sigma 
Aldrich), (ii) ethylenediamine (NH2(CH2)2NH2, MERCK) or (iii) chitosan (85%, deacetylated powder, Alfa Aesar) 
and subsequently with selected boron compounds synthetized according to the procedure in literature 
[23,24,25]. These chemical grafting have been described earlier. [18-22] 

2.2. Surface modification 

The samples were firstly activated by Piranha solutions for one hour at room temperature. Then they were 
rinsed with distilled water and put into aqueous solution of selected amino compounds (cysteine, ethylene 
diamine, chitosan). After twenty-four hours the samples were rinsed with distilled water and dried. Some of 
samples were also inserted to the selected borane solutions for twenty-four hours. 

2.3. Used analytical methods 

The changes of surface properties were studied by various analytical methods, such as X-ray photoelectron 
spectroscopy, electrokinetic analysis, goniometry, UV-Vis spectroscopy, some samples were tested for 
antimicrobial activity.  

For surface elemental analysis there was used X-ray photoelectron spectroscopy (Omicron Nanotechnology 
ESCA Probe spectrometer, Omicron Nanotechnology GmbH, Germany). [18] 

Electrokinetic analysis (zeta potential determination) was performed for the planar samples of polymer foil on 
the device SurPass (Anton Par, Austria). Two samples of the same surface were fixed on two brackets, size 
of the samples was 2x1 cm. Measurements were carried out in a cell with adjustable gap (about 100 µm), at 
room temperature, atmospheric pressure and constant pH 6.5. For determination of zeta potential the 
streaming current method was used and the Helmholtz-Smoluchowski equation to calculate zeta potential. 
[18,19] 

Surface wettability was determined by measuring the contact angle at room temperature using the SEE system 
(Surface Energy Evolution System). A drop of water of a volume 8.0 µl was applied using automatic pipette on 
a surface immediately after activation or chemical modification. This drop was photographed and evaluated. 

For determining the effect of fluorescence after borane compounds grafting on the surfaces the UV-Vis 
spectroscopy was used. Fluorescence is the emission (in the transition from the lowest vibrational level in the 
ground state), the radiation of the substance which absorbs light or other electromagnetic radiation. This 
phenomenon occurs when an electron that has been excited into an excited state relaxes when returning to 
the ground state photon. The best known and the most striking example is the absorption of the fluorescence 
agent in the ultraviolet region and the subsequent emitted light is in the visible. [18,22] 

2.4. Antimicrobial tests 

Some of samples have been tested also for antimicrobial activity by an inhibition of algae Desmodesmus 
quadricauda growth tests. This test was performed on selected samples. Size of the samples was 3x1 cm2. 
On the surfaces of samples was added a solution of algae (volume 1.5 ml). Counting of algae cells was carried 
out in a counting chamber under the light microscope (1, 2 and 24 h after seeding). 

2. RESULTS AND DISCUSSION 

It is clear from results of individual employed characterization methods that all steps of surface activation or 
chemical grafting lead to changes in surface chemistry and therefore other surface properties. Figure 1 
presents changes in surface chemistry and charge of glass after surface activation by Piranha solution and 
subsequent grafting of tested amino compounds (cysteamine, ethylenediamine and chitosan) and subsequent 
grafting of borane compound. As it is clear from Figure 1, all modification steps change surface chemistry and 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

556 

charge. Activation with Piranha solution created the reactive sites on a surface so there are changes in 
chemical composition and the polarity of a surface. [18-21]. These changes are compared to the unmodified 
sample. After grafting tested compounds with amine- group (cysteamine, ethylenediamine and chitosan) the 
surface became „less negative“. [18,21] Grafting of boron compounds causes negative charged surface. 

 
Figure 1 Electrokinetic analysis (zeta potential) of glass before and after individual modification steps: 

Sample 1: unmodified glass; 2: activated by the Piranha solution; 3 to 5: grafted in solutions of cysteamine 
(3), ethylenediamine (4) or chitosan (5); 6 to 8: subsequently grafted by borane compound after cysteamine 

(6), ethylenediamine (7) or chitosan (8) 

Also Figure 2 indicates surface properties changes before and after surface activation and chemical 
modification. On the left we can see wettability and contact angle of unmodified PTFE surface and its 
comparison with wettability and contact angle of PTFE surface activated by Piranha solution and grafted by 
cysteamine and subsequently with borane compound. Wettability of a surface has an influence on the surface 
cytocompatibility or antimicrobial activity. 

 

Figure 2 Contact angle of PTFE before and after modification with cysteamine and borane compound 

Changes in surface chemistry were detected by XPS analyses. Results of chemical composition are presented 
in Table 1. It is clear, activation by Piranha solution consisting of HNO3 and H2O2 leads to presence of oxygen 
and nitrogen in surface chemistry. After grafting of individual amino compounds increase the amount of 
nitrogen groups and in case of cysteamine also presence of sulphurs it is obvious. 
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Table 1 Element concentration in atmospheric % for HDPE after individual steps of activation by Piranha  
              solution and subsequent grafting of cysteamine, ethylenediamine or chitosan 

Sample Element C 1s O 1s N 1s S 2p 

Pristine 100.0 - - - 

Piranha (HNO3 + H2O2) 94.0 4.5 1.5 - 

Piranha/ cysteamine 91.0 4.4 2.8 1.8 

Piranha/ ethylenediamine 92.0 4.6 3.4 - 

Piranha/ chitosan 72.0 21.8 6.2 - 

Results of antimicrobial test for HDPE activated by Piranha solution consisting of sulphuric acid and peroxide 
in range of H2SO4:H2O2=3:1 and subsequently grafted by ethylenediamine (DIA), cysteamine (CYS) and 
chitosan (CHI) are presented in Figure 3. It is obvious that the algae growth was inhibited at all samples, 
especially after 24 h in comparison with cell numbers after 1 h with exception of CYS, which is a good 
surrounding for cell adhesion and proliferation.  

 
Figure 3 Number of algae Desmodesmus quadricauda on studied samples 1 (black columns), 2 (red 

columns) and 24 h (blue columns) after seeding on unmodified HDPE (1), activated by Piranha solution (2), 
grafted by cysteamine (3), ethylenediamine (4) and chitosan (5) 

These materials of changed surfaces chemistry can be employed in many fields, for preparation of new 
luminophores on the base of silicates, glass or polymers, [18-22] for tissue engineering, [20] or for surfaces 
with antimicrobial activities. 

3. CONCLUSION 

Obtained results confirmed our methods of surface activation and modification can lead to changes in surface 
chemistry and other surface properties. These changes can help us to develop new materials for different 
usage, for luminophores, for materials applicable in tissue engineering, for materials of antimicrobial activities, 
etc. 

The surface properties of studied material changed significantly after individual steps of surface activation and 
chemical modification and these changes were proved using various methods. It was proved the successful 
grafting of selected chemical compounds on the surfaces of different substrates, silicates, glass, polymers. 
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Piranha activation and grafting by tested chemical compounds changed surface charge, chemistry, polarity 
and wettability.  
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Abstract   

Nowadays, biocompatible polymers represent important materials in health-care industry. Their long-term 
applications, however, lead to the development of infection which must be often suppressed by antibiotic 
therapy. Resulting problem of resistance of pathogenic bacteria to conventional antibiotics can be effectively 
solved by antibacterial treatment of polymer-based medical devices. Nanostructured noble metals, such as Ag 
and Pd, could be advantageously used. We report on antibacterial activity of Ag and Pd nanostructures 
prepared by DC sputtering on polymeric foils (PI, PEN). Such metal nanolayers of variable thicknesses were 
transformed by low-temperature post-deposition annealing into discrete nanoislands homogeneously 
distributed over the underlying polymer. The possibility of managing nanostructure size via controlling the 
thickness of metal nanolayers prior to the annealing was shown. The surface of engineered metal/polymer 
composites was characterized and obtained results were discussed with regard to the structural changes 
induced by annealing process. Antibacterial properties of these composites were evaluated using Gram-
positive Staphylococcus epidermidis and Gram-negative Escherichia coli as model bacterial strains. The way 
of nanoisland formation and subsequent antibacterial response of prepared metal/polymer composites 
significantly differs in case of Ag/PI and Pd/PEN, respectively. 

Keywords: Polymer, silver, palladium, nanostructures, antibacterial properties 

1. INTRODUCTION 

Biocompatible polymeric materials exhibit high chemical, mechanical and thermal stability and excellent 
processability, which, together with their low price, predetermine them to be widespread materials [1]. They 
are frequently used as the major components of implants, catheters, stents or prostheses [2]. However, it was 
repeatedly observed that long-term applications of these medical devices can lead to bacterial colonization 
and biofilm formation resulting in the development of infection, which must be many times treated by antibiotics 
[3]. 

Nowadays, healthcare facilities put the emphasis on prevention instead of antibiotic therapy. For this reason, 
medical devices are often coated by conventional antibiotics [4]. Nevertheless, conventional antibiotics have 
many disadvantages, including the human cytotoxicity and development of bacterial resistance, which might 
be primary determined by the type of bacteria, or secondary (acquired) as a result of the bacterial genome 
evolution. In the view of these disadvantages, non-conventional antibacterial coatings have begun to be 
investigated. It is well known about silver sulfadiazine that released silver ions inhibit DNA replication of 
bacteria and deactivate their metabolic enzymes [5]. This knowledge led to examination of nanostructured 
silver and other noble metals as potential antibacterial coatings [6]. 

The aim of this work is to reveal the antibacterial activity of Ag and Pd nanolayers, eventually the effect of 
nanostructures based on these materials, which exhibit high specific surface area. We assume that right the 
large specific surface area of metal might significantly enhance resulting antibacterial effect. To do so, we 
prepared Ag- and Pd-based coatings of biocompatible polymers (polyimide, polyethylene naphthalate) 
frequently used in medical instrumentation, and investigated the antibacterial response of these composites, 
both before and after annealing. We used two model bacterial strains Escherichia coli and Staphylococcus 
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epidermidis, which are frequently involved in hospital-acquired infections associated with a biofilm formation. 
Surface characterization of these composites was accomplished by the measurement of effective thickness, 
sheet resistance, and surface morphology. All those parameters were correlated with antibacterial effects. 

2. EXPERIMENTAL     

2.1. Materials, apparatus and procedures 

Polyimide (PI, Kapton HN®, thickness 50 µm, density 1.42 g·cm-3), and polyethylene naphthalate foils (PEN, 
50 µm, 1.36 g·cm-3), supplied by Goodfellow Ltd., UK, were used in this work. The foils were coated by Ag (PI) 
and Pd (PEN) by diode sputtering system using Balzers SCD 050 device. The metal deposition was 
accomplished from Ag and Pd targets (purity 99.999 %, Goodfellow Ltd. UK). The parameters of the deposition 
were: room temperature (20°C), current of 15 mA, total argon pressure of 5 Pa (gas purity 99.99 %), and inter-
electrode distance of 50 mm. Sputtering time varied from 10-500 s; samples (Ø 2 cm) were prepared during 
each deposition. Thermal annealing (air, 250°C, and 1 h) was performed immediately after the metal deposition 
in a thermostat Binder. The annealed samples were then cooled down to room temperature and thereafter 
stored under standard laboratory conditions.  

2.2. Surface characterization methods 

Effective thicknesses of Ag and Pd layers were determined on AFM device (see below) by scratch method 
using Bruker Antimony-doped Silicon probe CONT20A-CP with the spring constant 0.9 N·m-1. Glass substrate, 
simultaneously coated with polymer samples, was used to measure the thickness of deposited metal. 
Uncertainty of the measurement was less than 1 % 

For the determination of the electrical sheet resistance (Rs) of the metal layers before and after annealing, the 
standard Ohm`s method using KEITHLEY 487 picoampermeter was used. The range of the sputtering times 
was chosen to cover all of the typical growth stages of the layers (discontinuous, transition area, continuous 
layer). Two additional metal contacts (about 50 nm thick) were sputtered on the layer surface for Rs 
measurement. Typical error of the measurement was not exceeding 5 %. 

Surface morphology and roughness of pristine and metal-coated samples before and after annealing for 
various deposition times were examined by AFM using VEECO CP II device working in tapping mode. Surface 
roughness, characterized by the mean roughness value (Ra), represents the arithmetic average of the 
deviation from the center plane of the sample.  

2.3. Antibacterial tests 

Antibacterial properties of pristine and metal-coated polymers (as-sputtered and annealed) were examined by 
the drop plate method using Gram-negative bacteria Escherichia coli (E. coli, DBM 3138) and Gram-positive 
Staphylococcus epidermidis (S. epidermidis, DBM 3179). E. coli was cultivated in Luria-Bertani broth medium 
(LB) and on LB agar plates, S. epidermidis in Plate count broth medium (PCA) and on PCA plates. The inocula 
were prepared by overnight cultivation in orbital shaker at 37°C. Then, the optical densities were measured at 
600 nm.  

The starter inocula were prepared by dilution in sterile physiological solution (PS). Tested samples were 
immersed in 1 ml of PS and inoculated with E. coli (1.1∙104 of colony forming units (CFU) per 1 ml) and with 
S. epidermidis (2.2∙104 of CFU per 1 ml). In parallel, E. coli and S. epidermidis were incubated solely in PS as 
positive controls. The samples were incubated at 24°C (E. coli) and 37°C (S. epidermidis) for 3 h. Aliquots of 
25 µl from each sample were placed on pre-dried agar plates in 10-fold repetitions and in a triplicate. After 
overnight incubation at 24°C (E. coli) and 37°C (S. epidermidis), the number of CFU was counted. The 
experiments were accomplished under sterile conditions. 
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3. RESULTS AND DISCUSSION 

3.1. Surface characterization 

The effective thicknesses of Ag and Pd nanolayers were examined for the sputtering times of 10-200 s (see 
Figure 1). We found that effective thicknesses of Ag layers exhibited two constant but different deposition 
rates. The deposition proceeds faster for deposition times of 20-80 s and considerably lower for longer 
deposition times (100-200 s). Observed transition from faster deposition rate to lower one relates to a transition 
point between discontinuous and continuous Ag layer (see below Rs), and was also observed for Ag nanolayers 
on polytetrafluoroethylene [7]. Contrary to that, we found purely linear relationship between the effective 
thickness of Pd and sputtering time, which indicates strictly proportional sputtering rate.  

 

Figure 1 Dependence of the effective thickness of Ag and Pd layers on sputtering time 

The measurement of sheet resistance (Rs) was accomplished to examine the electrical continuity of Ag and 
Pd coatings. One can see the dependence of Rs values on the deposition time of as-sputtered and annealed 
layers in Figure 2(a, b) for Ag/PI and Pd/PEN composites, respectively. It was found that the value of Rs 
decreased rapidly in the narrow range of the deposition times from 80 to 140 s and from 60 to 140 s for as-
sputtered Ag/PI and Pd/PEN, respectively. One can observe that the formation of an electrically continuous 
metal layer in the case of as-sputtered samples started from the deposition time of 140 s regardless on the 
specific metal used, while the Rs value was saturated at the level of ca 140 Ω. This is the typical Rs value for 
nanometer scale metal coatings (Matthiessen’s rule) [8]. In the case of annealed samples (both Ag and Pd 
coated), one can see significant shift of the resistance curve towards longer sputtering times (thicker coatings). 
This phenomenon is closely related to the changes in the surface morphology observed by AFM (see Figure 

3 below). The annealed metal layers became electrically continuous from the sputtering time of 400 and 160 
s, in the case of Pd and Ag layers, respectively; beyond these sputtering times, a percolation limit was 
overcome and formed layers become continuous from the material point of view. As the sputtering time 
continued to increase, the Rs value decreased gradually and achieved saturation at the same level, which was 
observed in the case of the as-sputtered layers. 
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Figure 2 Dependence of the electrical sheet resistance (Rs) on the sputtering time: a) Ag/PI and b) Pd/PEN 

Pristine and metal-coated samples of 200 s, both before and after annealing, were studied by AFM to reveal 
their surface morphology (Figure 3) and roughness (Ra) (Table 1). The surface morphology of pristine 
polymers (Figure 3 left) underwent a soft corrugation during annealing, accompanied by a mild increase of Ra 
(see Table 1). In case of as-sputtered samples, the Ra value remained practically unchanged (mild increase) 
regardless of specific thickness of metal coating.  

 

Figure 3 AFM scans of pristine a) PI and b) PEN on the left, and a) Ag/PI and b) Pd/PEN samples of 200 s 
on the right, before (as-sputtered) and after annealing (annealed)   

Remarkable changes in the surface morphology were observed for both Ag/PI and Pd/PEN samples coated 
for 200 s (Figure 3 right). One can see that the annealing resulted in the formation of discrete nanoislands, 
homogeneously distributed over the polymeric surface. Thermally induced changes in the amorphous phase 
of polymers (transition between the glassy and elastic state) caused that a thicker metal coatings exhibited a 
thermal accumulation. Enhanced diffusion of metal at elevated temperature led to its aggregation into larger 
structures. This phenomenon have already been observed in case of Ag [9] and Au [10] nanolayers. These 
morphology changes were supported by strong increase of Ra (Table 1). The Ra was increased by two orders 
of magnitude for Pd/PEN samples. In case of Ag/PI samples, the increase was less significant; formed Ag 
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nanoislands were smaller, but more regular. The formation of island-like structures increased the specific 
surface area of metal.  

Table 1 Surface roughness (Ra) of pristine, as-sputtered and annealed Ag/PI and Pd/PEN composites  

Samples 
Surface roughness (nm) 

0 s 20 s 100 s 200 s 

Ag/PI 
as-sputtered 0.6 0.5 1.0 1.7 

annealed 1.0 1.5 2.5 13.8 

Pd/PEN 
as-sputtered 4.6 4.1 4.4 4.6 

annealed 4.7 4.3 61.7 148.1 

Antibacterial effects of Ag/PI and Pd/PEN composites were determined by the drop plate method [11] against 
two model organisms; S. epidermidis and E. coli (Figure 4). One can see that as-sputtered and annealed Ag-
coated PI samples of both deposition times (20 and 200 s) significantly inhibited both bacterial strains. Contrary 
to that, pristine PI exhibited no antibacterial response in both cases. As expected, the antibacterial effect 
increased with increasing thickness of Ag layer (increasing sputtering time). Enhanced antibacterial response 
was observed for annealed samples (both sputtering times) compared to the as-sputtered ones. This effect 
was presumably caused by expected increase of sample´s surface area during annealing (see Figure 3 right, 
AFM); the formation of Ag nanoislands. In this connection it should be noted that nature-inspired (on the base 
of lotus leaf effect) coatings with rough surfaces have been successfully designed for medical applications 
[12]. Generally, the antibacterial effect of Ag/PI composites had similar trend in case of both bacterial strains.  

 

Figure 4 Relative viability (CFU of sample divided by CFU of control) of S. epidermidis and E. coli for pristine 
(0 s), as-sputtered and annealed a) Ag-coated and b) Pd-coated samples of the deposition times of 20 and 
200 s. Purple line represents reference level (CFU in physiological solution) with its uncertainty (dash lines). 

The results for Pd/PEN composites are shown in Figure 4b. Similarly as in previous case, pristine polymer 
exhibited no antibacterial effect (both bacterial strains). Surprisingly, the same trend was observed for the 
annealed samples of 20 s. Total inhibition effect was determined for both as-sputtered and annealed samples 
of 200 s in the case of S. epidermidis, and for as-sputtered samples in case of E. coli. As-sputtered sample of 
20 s was also significantly effective against E. coli. It is evident, that antibacterial effect increased with 
increasing sputtering time. However, contrary to Ag/PI, the annealed samples of Pd/PEN were less effective 
than as-sputtered ones (this finding is in contradiction with the increase of the specific surface area of Pd after 
annealing). In the light of our other results (XPS, ICP-MS) published elsewhere [13], we attribute the 
morphology changes not only to the discrete nanoislands, but also to embedding of these clusters into the 
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polymer interior. This incorporation is very superficial reminding ultrathin (ones of nm) polymer overlay 
reaching almost the top of individual Pd-islands (for more details see ref. [13] “curtain effect”). 

4. CONCLUSION 

This paper presents an effective way for preparation of metal coatings on polymers, potentially applicable in 
antibacterial treatment of polymeric medical devices. The surface characterization of these metal/polymer 
composites was successfully accomplished by diverse methods. The antibacterial efficacy of prepared Ag and 
Pd coatings was thoroughly tested. It was found that these novel structures are promising materials enable to 
fight against broad spectrum of microorganisms. We believe that our results provide a good basis for the 
application of these engineered materials in medicinal technology. Nevertheless, to provide further insight into 
their safe applications, cytocompatibility testing of these structures must be followed.  
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ANTIBACTERIAL ACTIVITY OF SILVER NANOPARTICLES REDUCED  

ON POLYSACHARIDE FILMS 

PIŠLOVÁ Markéta, KOLÁŘOVÁ Kateřina, VOSMANSKÁ Vladimíra, ŠVORČÍK Václav  

University of Chemistry and Technology Prague, Department of Solid State Engineering, 
Czech Republic, EU 

Abstract  

The present work is focused on preparation of polysaccharide films which were doped with silver nanoparticles 
for enhancement of antibacterial properties. Silver nanoparticles (AgNPs) were prepared and stabilized by 
reduction of silver nitrate with chitosan without addition of reducing agents. The presence of AgNPs was 
studied by X-ray photoelectron spectroscopy. Wettability and water absorption of the films were evaluated. 
Antibacterial activity of solid films with AgNPs was tested by disc diffusion test on two bacterial strains, Gram-
positive (Staphylococcus epidermidis) and Gram-negative (Escherichia coli). Solid films were dissolved and 
then the solution was observed by the Transmission electron microscopy. Aging of the solutions which were 
stored in the day light and dark were tested. The presence of AgNPs was confirmed both in the solid films and 
in the solutions by the above mentioned methods and the films exhibited antibacterial activity against both 
bacterial strains. The research was aiming on use of these films in medicine as a new type of wound dressing 
with antibacterial properties. These films could be used as a wound dressing, antimicrobial packaging material 
or as a long-term storage of AgNPs for various applications. 

Keywords: Polysaccharides films, silver nanoparticles, preparation and characterization of films  

1. INTRODUCTION   

Natural polymers have been used as biomaterials for thousands of years. Their main advantages are good 
mechanical properties, easy fabrication and low cost. Biological properties can be changed by means of 
chemical or physical modification of their surface. Surface properties of biomaterials are inevitably bonded with 
tissue engineering, especially for polymers when improvement of the cell adhesion to the surface, the cell 
growth and uniformity are studied [1].  

Cellulose and chitosan belong among a wide group of natural polysaccharides. These natural polymers are 
the most abundant polysaccharides on the Earth. Natural polysaccharides have excellent biological properties, 
such as non-toxicity, biocompatibility and biodegradability [2 - 4]. Their composition is often advantageous, 
very similar and in some cases may even coincide with the tissue of human body. Cellulose wound dressings 
are commonly used in health care. Nowadays, chitosan is well known polycationic biopolymer with a wide 
spectrum of biological activities including antibacterial and antifungal effects. Antibacterial activity can be 
increased by addition of silver. Silver nanoparticles (AgNPs) can be prepared and stabilized by reduction of 
silver nitrate (AgNO3) with chitosan without addition of reducing agents [5, 6]. The first, who have used chitosan 
in synthesis of gold and silver nanoparticles were Huang et al. [7, 8]. It is known, that chitosan is not soluble 
in water and in common organic solvents, but is soluble in aqueous solutions of organic or mineral acids. In 
acidic solutions amino groups of chitosan are readily protonated and chitosan becomes soluble [9 - 11]. The 
most common solvent is 1% (w/v) solution of acetic acid [12]. 

This work is focused on the preparation of polysaccharide films based on chitosan or composite films based 
on chitosan and cellulose. The prepared films were doped with AgNO3 yielding AgNPs embedded in the 
polysaccharide matrix. The influence of addition of polyethylene glycol on the material properties and formation 
of AgNPs was studied. Wettability and water absorption of the films were evaluated and the transmission 
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electron microscopy of the dissolved films was measured. Antibacterial activity of the prepared films was also 
tested.  

2. EXPERIMENTAL 

2.1. Material 

Chitosan (Chit) was obtained from Sigma-Aldrich, microcrystalline cellulose (MCC) was purchased from 
Modernist Pantry. Polyethylene glycol 400 (PEG 400) was obtained from Sigma-Aldrich and it was used as 
plasticizer. Silver nitrate (AgNO3) was obtained from Sigma-Aldrich, acetic acid was purchased from Lach-Ner 
and distilled water.   

2.2. Preparation polysaccharide films 

Polysaccharide films were prepared by process shown at Figure 1. Chitosan (1 g) was dissolved in 200 mL of 
0.2 % (v/v) solution of acetic acid. The solution was constantly stirred and heated to 60 °C. After 1 h, 10 mL of 
AgNO3 (0.34 g of AgNO3 was dissolved in 10 mL of water to achieve final concentration of 0.01 mol L−1) was 
added. Then the solution was heated to 95 °C at constant stirring. During 3 h, colour of the solution changed 
from colourless to yellow or ochre. This colour change indicated reduction of silver ions to AgNPs [13]. Then 
MCC (1 g) was added and heated to 60 °C for 1 h at constant stirring. Then it was cooled down to the room 
temperature and aliquots of 10 mL were poured into circular silicone moulds, diameter 5 cm. The samples 
were dried for 16 h at 60 °C. The final products were homogenous polysaccharide films of yellowish colour 
(Figure 2). The next set of films was prepared by the same method without the addition of PEG 400 or MCC. 

 

Figure 1 Schematic depiction of polysaccharide film preparation 

2.3. Characterization methods 

The presence of AgNPs was studied by X-ray photoelectron spectroscopy (ESCAProbeP spectrometer, 
Omicron Nanotechnology Ltd., Germany). Antibacterial activity of solid films was tested by disc test on two 
bacterial strains (Gram-positive Staphylococcus epidermidis and Gram-negative Escherichia coli). Solid films 
were dissolved in acetate buffer and the solution was measured by transmission electron microscopy (JEOL 
JEM-1010, Japan). Wettability was determined by contact angle measurement (Surface Energy Evalution 
System, Advex Instruments, Brno) and water absorption of the films was evaluated gravimetrically (UMX 2, 
Mettler Toledo, USA). 

3. RESULTS AND DISCUSSION 

3.1. Characteristics of solid films 

Six types of polysaccharide films were prepared by the process described above (Figure 2). Chit-MCC and 
Chit-MCC-PEG 400 films were white and the films containing AgNPs were yellow to brown. PEG 400 was 
used for to improve material properties of the films.  
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Figure 2 Prepared films:  
A - Chit-MCC, B - Chit-MCC-PEG 400, C - Chit-MCC-Ag,  

D - Chit-MCC-PEG 400-Ag, E - Chit-Ag, F - Chit-PEG 400-Ag 

3.1.1. X-ray photoelectron spectroscopy  

Concentration of elements on in the superficial layer of prepared films was studied by X-ray photoelectron 
spectroscopy (XPS). The analysis showed expected elements and the results are summarised in Table 1. The 
surface of samples contained elements typical for chitosan, cellulose and polyethylene glycol (carbon, oxygen 
and nitrogen). All samples with the addition of AgNO3 had silver detected on the surface. Table 1 shows that 
the highest concentration of silver was detected in the film of Chit-Ag and the lowest has Chit-PEG 400-Ag film 
[14]. The silver content in the surface layer of AgNPs modified chitosan films was ranging from 2.0 to 4.4  
at. %.The highest amount of oxygen was present in the samples containing PEGs, which was expected result 
for the use of PEGs.  

Table 1 Concentration of elements analysed by XPS 

Sample Concentration of elements (at. %) 

C (1s) O (1s) N (1s) Ag (3d) 

Chit-MCC  57.07  28.47  14.47  -  

Chit-MCC-PEG 400  60.28  33.90  5.83  -  

Chit-MCC-Ag  57.34  32.61  6.19  3.86  

Chit-MCC-PEG 400-Ag  58.82  34.15  4.04  3.00  

Chit-Ag  57.92  31.16  6.47  4.44  

Chit-PEG 400-Ag  63.12  30.23  4.56  2.09  

3.1.2. Wettability and water absorption 

Wettability and water absorption are very important properties of biomaterials that are in direct contact with 
living tissues. Values of the water contact angle determine surface wettability and the ability of material 
adhesion to the wound and the moist absorption. PEGs are known as stabilizing agents of AgNPs and we 
found out that PEG significantly altered the material properties of the prepared films [14]. Figure 3 shows 
results of the wettability (water contact angel) and water absorption. The prepared samples with PEG have 
lower wettability and lower water absorption as well. Samples without addition of PEG have higher wettability 
and water absorption. We found out that the addition of silver significantly reduced the wettability and water 
absorption. The highest wettability has film Chit-MCC in another words sample without any additives (PEG 400 
or silver). On the other hand the highest water absorption has film which contains only chitosan and silver.  
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Figure 3 Wettability and water absorption of the prepared films 

3.1.2. Antibacterial disc tests 

Antibacterial activity of solid films was tested by the disc test on two bacterial strains, Gram-positive 
S. epidermidis and Gram-negative E. coli. Figure 4 shows that samples with addition of silver have higher 
antibacterial activity than samples without silver. The antibacterial activity of samples without silver was not 
observed, even though chitosan is considered as an antibacterial biopolymer. The explanation is this 
observation is that the antibacterial activity of chitosan depends on pH, chitosan is active against bacteria only 
at pH<6 [15, 16] and this antibacterial tests were performed at pH equal to 7. 

 

Figure 4 Antibacterial disc tests: Gram-negative E. coli and Gram-positive S. epidermidis 

3.2. Characteristics of dissolved films 

The prepared films are soluble only in the acidic region of pH. We dissolved a quarter of the prepared film at 
acetate buffer (pH = 4.65) and then TEM images were recorded. 
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3.2.2. Transmission electron microscopy (TEM) 

Analysis of TEM images was used to obtain information about the size and shape of prepared AgNPs. 
Figure 5 shows that AgNPs have different shape and the spherical shape prevails. Chit-MCC-Ag films 
contents AgNPs in the range of 10 to 80 nm, Chit-MCC-PEG 400-Ag 9 to 50 nm, Chit-Ag 7 to 50 nm and Chit-
PEG 400-Ag 15 to 40 nm. TEM analysis confirmed that the PEG affect particle size as well a wettability and 
water absorption. Films with the addition of PEG have smaller silver nanoparticles than films without the use 
of PEG. 

 

Figure 5 TEM images of dissolved chitosan films in acetate buffer:  
C - Chit-MCC-Ag, D - Chit-MCC-PEG 400-Ag,  

E - Chit-Ag, F - Chit-PEG 400-Ag 

4. CONCLUSION 

Six polysaccharide films with antibacterial activity were prepared. The silver content in the surface layer of the 
chitosan films was ranging from 2.0 to 4.4 at. %. The highest content of silver on the surface was found for 
Chitosan-Ag film and the lowest content was observed for Chit-PEG 400-Ag film. It was found out that 
polysaccharides films containing PEG 400 had reduced wettability and water absorption and the addition of 
PEG decreased the AgNPs size. TEM showed that AgNPs in the polysaccharide films have an average size 
of tens of nanometers with prevailing spherical shape. 
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Abstract   

Polyethylene (PE) is a synthetic polymer used for biomedical applications and tissue engineering. Surface 
modification of this material relates to changes of its surface hydrophilicity, chemistry, morphology, 
microstructure, roughness, and topography, all influencing its biological response. This our research was 
focused on modification of PE by argon plasma discharge and then grafting with biologically active 
polyethylene glycol (PEG) with the aim to enhance its cytocompatibility of the cell lines L929 of mouse 
fibroblast. The surface properties of pristine PE and its grafted counterparts were studied by different 
experimental techniques: X-ray spectroscopy, goniometry, Atomic Force Microscopy and electrokinetic 
analysis (zeta potential). Our results show that grafting of PEG leads to higher wettability, surface roughness, 
and thus the adhesion and proliferation of cultured cells. 

Keywords: Polyethylene, plasma treatment, polyethylene glycols grafting, surface properties, cell growth 

1. INTRODUCTION 

Polymers are often used successfully in field’s tissue engineering for their excellent bulk physically and 
chemically properties. The polyethylene (PE) is a very cheap and unique synthetic polymer with outstanding 
mechanical properties [1], very low friction coefficient and high wear resistance [2]. Surface modifications of 
this material affect its hydrophilicity, morphology, energy, microstructure and roughness; all of these have a 
significant impact on its cytocompatibility [3]. 

The properties of polymer as cell carriers can be improved by the plasma modification, exposure to laser light 
or by surface grafting of their surface with suitable agents, which can enhance the cell adhesion and 
proliferation [4]. In biomedicine, plasma treatments have been used to modify biomaterials for various 
applications including devices and implants for therapy. The capability of plasma to alter only surface physico-
chemical properties of a material without altering its bulk properties is advantageous in the design, 
development, and manufacturing of biocompatible polymers [5].  

Nonspecific bioadhesion continues to hinder the use of biological materials [6]. Attempts at combating protein 
adsorption and cellular adhesion by surface modification include the use of polysaccharides [7,8], 
phospholipids [8], polyethylene glycol (PEG) [9] and many others. PEG is a simple molecule and its structure 
is similar to water and characterized by hydroxyl groups at either end of the molecule. Influence of PEG on 
adhesion and subsequent cell proliferation is however also strongly dependent on the chain length of PEG and 
its concentration on the surface of the substrate [10] 

The presented research is focused on surface modification of ultra high molecular weight polyethylene for 
improvement of its biomedical properties. The aim of our work was to determine the effect of plasma treatment 
of samples in combination with grafting PEG and HS-PEG-SH on growth of cells seeded on these samples. 
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2. EXPERIMENTAL 

2.1. Materials and methods 

The ultra high molecular weight polyethylene, PE foil (the thickness 75 µm, density 0.94 g·cm-3, Mw = 4x106, 
supplied by Goodfellow Ltd., UK) was plasma treated and grafted with PEG and HS-PEG-SH. The PE samples 
were modified in direct (glow, diode) Ar+ plasma using Balzers SCD 050 device (BalTec AG, Pfäffikon, CH), 
conditions have been described in detail in [11]. The duration of the plasma treatment was 30, 90 and 240 s 
and the discharge power was 8.3 W. Immediately after plasma treatment samples were immersed into solution 
of PEG (polyethylene glycol, Sigma Aldrich), HS-PEG-SH (polyethylen glycol dithiol, Sigma Aldrich) or distilled 
water for 24 h. Subsequently were samples immersed into distilled water for 24 h and then dried in a Petri dish 
for 24 h. The prepared samples were stored at laboratory conditions (24°C, 40-60 % humidity). 

2.2. Measurement Techniques 

Wettability of the samples was determined by measuring surface water contact angles (WCA) by Drop Shape 
Analysis System DSA 100 (KRÜSS GmbH, DE) at room temperature (24°C, 40-60 % humidity). Water drops 
of 2.0 ± 0.2 µL were deposited on the tested samples using a stainless steel needle. Images of the drops were 
taken after a 2 s delay. At least 6 measurements of different positions on at least two replicates of each sample 
were performed and averaged to yield WCAs and their standard deviations. The measurement of WCA was 
performed on samples “aged” for 14 days. 

The chemical composition of the prepared samples was determined from X-ray photoelectron spectra (XPS) 
measured by Omicron Nanotechnology ESCAProbeP spectrometer (supplied by the Omicron Nanotechnology 
GmbH, DE) with a relative error of 10 %. The measuring conditions were as follows: monochromated X-ray 
source at 1486.7 eV with the measuring step of 0.05 eV. Characteristic carbon (1 s), oxygen (1 s) and sulphur 
(2 p) peaks were searched. Measuring was performed in ultra-hight vacuum. The samples used for 
measurement were "aged" for 14 days.  

The surface morphology of the samples was examined by atomic force microscopy (AFM) using VEECO CP 
II system. The surface roughness (Ra) was measured in a “tapping” mode using silicon P-doped probe 
RTESPA-CP with the spring constant of 20-80 N·m-1 (supplied by Bruker Corp., USA). By repeated 
measurements of the same region (3 × 3 µm2), we verified that the surface morphology did not change after 
three consecutive scans. The samples used for the measurement were “aged” for 14 days. 

Electrokinetic analysis (electrokinetic potential, zeta potential) of all samples was determined by SurPASS 
Instrument (Anton Paar). Samples were studied inside an adjustable gap cell in a contact with an electrolyte 
(0.001 mol·L-1 KCl). For each measurement, pair of polymer films with the same top layer were fixed on two 
sample holders (with a cross section of 20x10 mm2 and a gap between them of 100 µm). All samples were 
measured three times at a constant pH = 7 with the relative error of 5 %. For the determination of zeta potential, 
the streaming current method was used and the Helmholtz-Smoluchowski equation was applied to calculate 
zeta potential [12]. All samples used for measurement of zeta potential were “aged” for 14 days. 

2.3. Cell Culture  

According to the international standard EN ISO 10993-5, cytotoxicity testing was performed in vitro using 
mouse fibroblast cell line - L929 (Sigma, USA) on pristine, plasma treated and PEGs grafted. The adhesion 
and proliferation process has been described in detail in [11]. Fluorescence microscopy was performed using 
an inverse fluorescence microscope Olympus IX-81 (Xcellence system). Parameters of the microscope have 
been described [11]. Cell adhesion was determined 6 h after inoculation, proliferation after 24 and 72 h of the 
cell growth. ImageJ 1.47 software (National Institute of Health, USA) was used for semi-automatic evaluation 
of the cell number (based on cell nuclei detection). All samples (“aged” for 14 days) were tested in triplicates. 
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3. RESULTS AND DISCUSSION 

Between factors that significantly affect cytocompatibility belongs wettability [13,14]. The values of WCA 
measured in dependence on the plasma treatment and PEGs grafted are shown in Table 1. WCA of pristine 
PE was 97.5° [15]. The results show that plasma treatment did not cause any significant changes in WCA, on 
the other hand, PEG grafting resulted in a noticeable decrease in WCA. Grafting solution HS-PEG-SH caused 
hydrophilically for samples treated by plasma for shorter period. 

Table 1 Dependence of PE’s water contact angles (WCA, measured by goniometry) and concentration of  
              carbon, oxygen and sulphur (determined by XPS) on Ar plasma treated (8.3 W for 30, 90 and 240 s)  
              and grafted by PEG and HS-PEG-SH samples. The error of XPS measurement is ± 5 % 

    WCA (°) Element concentration (at. %) 
    

Sample   C (1 s) O (1 s) S (2 p) 
 

PE  97.5 ± 3.1 100.0   0.0  - 

PE / pl 30s 94.9 ± 3.2   79.2 20.8  - 

PE / pl 90s 98.3 ± 2.8   75.8 24.2  - 

PE / pl 240s  100.7 ± 2.2   72.5 27.5  - 

PE / pl 30s / PEG 73.1 ± 3.3   81.0 19.0  - 

PE / pl 90s / PEG 83.3 ± 3.1   75.8 24.2  - 

PE / pl 240s / PEG 83.3 ± 8.3   67.4 32.6  - 

PE / pl 30s / HS-PEG-SH 82.3 ± 3.0   77.1 22.3   0.6 

PE / pl 90s / HS-PEG-SH 87.7 ± 4.6   79.0 20.6   0.4 

PE / pl 240s / HS-PEG-SH 97.0 ± 2.9   71.2 28.8  - 

The chemical composition of the pristine and modified PE surface was measured by XPS method. The 
observed element concentrations of C, O, and S in pristine, plasma treated, and PEGs grafted samples are 
summarized in Table 1. The carbon concentration decreased in the plasma treated samples from 100 % 
(pristine PE) to 72.5 % (after 240 s). This was caused by oxygen binding, when its content increased in the 
plasma treated samples from 0 (pristine PE) to 27.5 % after the plasma treatment. The increase of oxygen 
concentration is caused by newly created polar oxygen groups such as carbonyl, carboxyl, and hydroxyl [16]. 
The sample surface after 240 s of plasma treatment was ablated and disrupted to larger extent than that of 
30 s, therefore the oxygen concentration was higher for samples treated with plasma for longer periods. The 
layer of PEGs is not continuous. PEG For samples immersed in HS-PEG-SH solution after plasma treatment, 
XPS showed decreasing concentration of sulphur with increasing ablation time. Surface treated by plasma for 
longer period allows HS-PEG-SH to anchor to the surface by both SH groups which are as result masked 
under bulk of the molecule resulting in decrease of sulphur in layer observed by XPS. 

The surface morphology and roughness (Figure 1) of pristine, plasma treated, and PEGs grafted samples 
were studied by AFM. After plasma treatment the surface roughness of (pristine PE has Ra = 7.0 nm) increased 
to 11.7 nm. We observed a difference between the surface roughness of samples treated by plasma and 
grafted by solution, while samples of plasma treated and grafted by PEG formed sharper hills and protrusions; 
samples modified for 240 s had more rounded surface structures. This effect was probably caused by 
enhanced resistance of a crystalline phase to the plasma treatment [17] therefore; shorter plasma treatment 
caused only uncovering of crystals from the amorphous phase, while longer treatment caused also their 
ablation. Bigger differences were apparent for the grafted samples of plasma treated for 30 s. The roughness 
for PE/pl 30 s/HS-PEG-SH is 21.5 nm. This significant increase in surface roughness is caused mainly due to 
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formation of ripples on the surface of sample. These ripples were probably caused by interaction of HS-PEG-
SH with plasma activated sample surface.  

 
 

  
 

 

  

Figure 1 AFM images and the surface roughness of pristine PE, PE treated by plasma for 30 s and 
grafted by PEG and HS-PEG-SH 

Results of electrokinetic analysis are presented in Figure 2a and provide information about surface chemistry 
and surface charge of samples. Both of these are important factors for a primary cell adhesion and proliferation 
[12]. From Figure 2a it is clear, that the value for pristine PE (-70 mV) corresponds to the strongly hydrophobic 
surface [18]. The zeta potential is known to depend on the surface chemistry, polarity, charge and the surface 
morphology and roughness [18]. Zeta potential of grafted samples dramatically changed to the less negative 
values due to increasing polarity of samples. These results correspond well with goniometry. PEG has chain 
long enough to bend and anchor on the both ends to the surface. SH groups are also preferably bound to the 
surface and thus chain is also immobilized.  

We studied of the presence of grafted solutions PEG and HS-PEG-SH on the cell adhesion (6 h) and 
proliferation (24 and 72 h) of L929, it is shown in Figure 2b. Results of cell growth from these solutions were 
compared with TCPS (tissue culture polystyrene), pristine PE and plasma treated PE for 30 s. We used H2O 
as "grafted" control solution for determining the physical and chemical bond. After 72 h of growth, the largest 

number was detected on samples with PEG and then HS-PEG-SH. We used PEG with Mw of 20.000 g⋅mol-1. 
It is likely, that PEG chain was anchored at multiple locations which immobilized the chain and created a 
structure supporting cell adhesion. We observed from the data that SH-group also supports cell adhesion [19]. 
Deviations of the number of cells are negligible for biological measurements [20]. Cell proliferation on the 
plasma treated surface and surface subsequently immersed in H2O is almost the same. The measurement 
corresponds with results from zeta potential. 

Ra = 7.0 nm  

 PE PE / pl 30s 

PE / pl 30s / HS-PEG-SH PE / pl 30s / PEG 

Ra = 10.2 nm  

Ra = 12.4 nm  Ra = 21.5 nm  
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Figure 2a Zeta potential of pristine PE, plasma treated (30 s), grafted by PEG, HS-PEG-SH and distills 
water samples in 1mM KCl solution. 2b Number of L929 cells after different cultivation periods  

(6, 24 and 72 h) on: TCPS, pristine, PE treated by plasma for 30 s and grafted by PEG and HS-PEG-SH 

4. CONCLUSION 

In this paper, plasma treatment, PEG and HS-PEG-SH grafting were used for surface activation of the PE. 
Effect of this activation on chemistry, morphology and in vitro cytocompatibility of mouse fibroblast (L929) was 
examined. PEG and HS-PEG-SH increased the surface wettability of PE. XPS showed increase in surface 
oxygen concentration after plasma treatment due to formation oxidation of the PE; furthermore increased 
ablation time also enhanced grafting of PEG. It was found that the surface roughness increased grafting with 
HS-PEG-SH, which creates ripples on the surface, it is apparent from AFM images. This research also shows 
that PEG with an adequate length of terminal functional groups is suitable material for cell adhesion and 
growth. Based on these results, we summarize that PEG grafted on plasma activated surface improves the 
cytocompatibility of PE compared to that of pristine polymer. 
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Abstract  

Nowadays nanofibers become an integral part of any field of science. One of the most popular methods for 
producing nanofibers is electrospinning. In our research work, we also used this method. Traditional static 
collector was replaced with rotating consisting of several metal bars which have been placed in a circle [3]. In 
these way metallic elements catches nanofibers like tradition collector and wounds it. In the end we eventually 
obtained layer consisting of parallel directed nanofibers. Further the material is collected and sent to the post-
processing. It is planned to be used in medicine, in particular for producing implants for treating glaucoma 
disease.  

Experimentally it was revealed that the shape, size, material of which the rods of the collecting head play an 
important role on the fiber collection efficiency. This article describes an experiment in which several different 
types of collecting heads were used. The experiment was conducted at the same temperature and humidity. 
Polyvinyl alcohol was used as the polymer solution. 

Keywords: Electrospinning, nanofibers, oriented structure, efficacy 

1. INTRODUCTION  

Electrospinning is a technology to produce nanofibers. This technology allows the production of various 
nanofibers or microfibers. The electrostatic forces acting on the polymer solution causes the production of 
nano or micro fibers [1].  

This article deals with the production of parallelized nanofibers by the electrospinning technology from the 
polymer solution. To achieve an oriented structure of the resulting layer, it is necessary to use special collector. 
Using the rotating carousel is very simple and recognized method [2]. 

However, experimentally it was revealed that the shape, size, material of which the rods of the collecting head 
play an important role on the fiber collection efficiency.  

2. EXPERIMENTAL PART 

We have produced 6 different rotating heads to conduct this experiment. Various kinds and various forms of 
metal rods have been used. The experiment was conducted at the same temperature and humidity. On the 
Figure 1(a - f) are shown six heads which were used for our experiment. 

Functional prototype was tested in the laboratory with different types of collecting heads. Oriented structures 
were obtained from polyvinyl alcohol polymer solution. 
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(a): Cylindrical brass bars 
4mm diameter 

(b): Rectangular aluminium 
bars 20mm width; 

sandblasted; rounded tops 

(c): Rectangular aluminium 
bars 20mm width; 

sandblasted; rounded tops; 
sharpened edges 

(d): Rectangular aluminium 
bars 20mm width; 

sandblasted 

(e): Cylindrical aluminium 
bars 10mm diameter; 

sandblasted 

(f): Cylindrical aluminium bars 
10mm diameter 

Figure 1(a-f) Different types of collecting heads 

2.1. Material 

Polyvinyl alcohol (PVA; Mw:130 000 g/mol) was obtained from Sigma Aldrich. Polymer solution was prepared 
from PVA dissolved in hot distilled water (90°C) for 24 hours to achieve complete dissolution. Concentration 
of solution was 12wt.%. Before electrospinning, the solution was cooled to the room temperature. 

2.2. Electrospinning 

Electrospinning was carried out from 12wt.% PVA polymer solution. The solution was pushed from the syringe 
by linear pump (KDS 100, KD Scientific) to an opposite charge rotation collector with different types of head 
(Figure1 different types of collecting heads) for 20 minutes. To achieve the electrospinning process, the 
solution was subjected to DC high voltage, using source SL 150 Spellman. Collector was powered by DC 
Regulated Power Supply (model RXN-302D-3). Electrospinning conditions are shown in Table 1. 
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Table 1 Electrospinning conditions of polymer solutions 

Material 12wt.% PVA in H2O 

Voltage on the needle [kV] +27 

Voltage on the collector [kV] -4 

Electrode distance [mm] 110 

Dosing of polymer [ml/h] 0.8 

Speed ofrotationofthecollector[rev./min] 200 

Temperature [°C] 25 

Relative air humidity [%] 40 

2.3. Characterization 

Electrospun fibers were studied by scanning electron microscopy (SEM; Tescan Vega 3SB Easy Probe). 
Fibers were coated with a layer of gold. Thickness was 7nm to ensure their conductivity before using of 
microscope.  

3. RESULTS 

Electrospun parallelized layers were studied for their productivity, depending on the type of used collecting 
heads. After 20 minutes of electrospinning process, all the material was removed on black paper (Figure 2) 
and produced layer was weighed on the scales with a precision of ten-thousandth of a gram, each layer was 
weighed ten times. Productivity is shown in Table 2. Image analysis from scanning electron microscopy are 
shown on Figure 3. 

 

Figure 2 Images of productivity of electrospun layers 
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Table 2 Productivity of layers depending on types of arms 

Types of collecting heads Productivity (grams) 

(a): Cylindrical brass bars 4mm diameter 0.0367 

(b): Rectangular aluminium bars 20mm width. Sandblasted. Rounded tops. 0.0032 

(c): Rectangular aluminium bars 20mm width. Sandblasted. Rounded tops. Sharpened edges. 0.0046 

(d): Rectangular aluminium bars 20mm width Sandblasted. 0.0011 

(e): Cylindrical aluminium bars 10mm diameter. Sandblasted. 0.0026 

(f): Cylindrical aluminium bars 10mm diameter. 0.0007 

 
(a)     (b)     (c) 

 
(d)     (e)     (f) 

Figure 3 Image analysis from scanning electron microscopy 

The averages electrospun fibers diameters and parallelized percent age of fibers are summarized in Table 3. 

Table 3 The averages electrospun fibers diameters and parallelized percent age of fibers 

Sample Fiber diameter [nm] % of parallelized fibers 

Cylindrical brass bars 4mm diameter 580±183 86±4 

Rectangular aluminium bars 20mm width. Sandblasted. 
Rounded tops. 

562±170 85±5 

Rectangular aluminium bars 20mm width. Sandblasted. 
Rounded tops. Sharpened edges. 

402±166 90±7 

Rectangular aluminium bars 20mm width Sandblasted. 455±148 88±6 

Cylindrical aluminium bars 10mm diameter. Sandblasted. 526±206 78±8 

Cylindrical aluminium bars 10mm diameter.  531±158 91±3 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

582 

The average fiber diameter was measured by image analysis software - Nis Elements. Percent age of 
parallelized fibers were similar. However, the best results shown head with cylindrical aluminium bars 10mm 
diameter, but this type of arms shown the lowest productivity. The best productivity shown collecting head with 
cylindrical brass bars 4mm diameter. Also worth noting is that the sharp edges gives good results. 

4. CONCLUSION 

We have produced 6 different rotating heads to conduct this experiment. Various kinds and various forms of 
metal rods have been used. The best productivity was got using collecting head with cylindrical brass bars 
4mm diameter. However, the best results shown head with cylindrical aluminium bars 10mm diameter, but this 
type of arms shown the lowest productivity. Experiments using different types of materials and forms for 
collecting heads will continue to achieve the optimum combination of productivity and in parallel fibers. 
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Abstract 

Due to their quasi solid state and high ionic conductivity, hydrogel electrolytes have great potential to be used 
in flexible supercapacitors (SCs) which is an important group of energy storage systems for portable devices. 
However, most hydrogels perform low mechanical properties and bad contact to flexible electrodes, especially 
under various deformations. Herein, we have prepared one hydrogel electrolyte with a double network created 
by poly acrylic acid (PAA) and sodium alginate (SA). PAA was chemically crosslinked by poly(ethylene glycol) 
diacrylate (PEGDA), where SA was ionic crosslinked by Ca2+. This hydrogel is also reinforced by bacterial 
cellulose (BC) clusters. In-situ polymerization was conducted to directly prepare this hydrogel electrolyte in the 
presence of two graphene based flexible electrodes. The resultant hydrogel was characterized by ATR-FTIR 
and scanning electron microscopy (SEM). Its shrinkage, mechanical property and ionic conductivity in KCl 
were also investigated. The electrochemical performance of assembled SC was subsequently studied. The 
results show our prepared hydrogel electrolyte has a promising application in flexible SCs.  

Keywords: Flexible supercapacitors, hydrogel electrolyte, bacterial cellulose, in-situ 

1. INTRODUCTION 

Supercapacitors (SCs) possessing high power density, fast charge-discharge rates, and long cycle life, 
compared to batteries, are one promising candidate for novel energy storage devices [1]. Recently, in order to 
meet the rapid development of portable electronics, SCs are required to be light-weight, thin and flexible as 
well [2]. Flexible SCs mainly consist of two components, flexible electrodes and solid-state electrolytes. For 
solid-state electrolytes, they prevent the leakage of conventional liquid electrolytes when flexible SCs deform, 
and simplify their fabrication and packaging procedure. However, solid-state electrolytes display poor ionic 
conductivity, limiting the performance of assembled devices and their own use. 

Hydrogel electrolytes prepared by synthetic polymers such as poly acryl acid (PAA) and poly acryl amide 
(PAAM) have a high porous structure and contain abundant electrolyte solution, providing comparable ionic 
conductivity into the corresponding electrolyte solution [3]. Unfortunately, they have low mechanical properties. 
Sodium alginate (SA) has a chain comprising mannuronic acid (M unit) and guluronic acid (G unit). The G 
blocks can form an ionic crosslink through divalent cations such as Ca2+, resulting in a network. Creation of an 
alginate network (natural polymer) into synthetic hydrogels/polymer to form a double network is an effective 
approach to improve their mechanical property [4].  

In this paper, a bacterial cellulose (BC) reinforced novel hydrogel electrolyte with a double network structure 
created by PAA and SA is reported. The PAA network was covalently crosslinked by PEGDA, while the SA 
network was ionically crosslinked by Ca2+. Moreover, BC clusters (biosynthesized in Herstin-Schramm nutrient 
medium by Gluconacetobacter xylinus), a biopolymer having an inherent network structure was also added to 
reinforce further its mechanical property. Finally, PAA/SA-Ca/BC, a flexible SC was achieved directly by in-
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situ preparation of this hydrogel electrolyte on two graphene based flexible electrodes. The resultant hydrogel 
demonstrates an improved mechanical property and promising performance in flexible SCs. 

2. EXPERIMENTAL 

2.1. Preparation of hydrogel electrolytes 

Procedure for the preparation of hydogel electrolytes was as follows: 3.6 g acryl acid was dissolved in 2.5 mL 
water and neutralized by 2.86 g KOH. Then, 1 g PEGDA, 0.06 g CaSO4·H2O, 7.5 g BC suspension and 25.6 
mg (Potassium persulfate) KPS was added into this solution. Finally, the obtained solution was dropped into 
18.4 g 5 wt% of SA solution under stirring. The mixture was casted into a mold and kept in the oven for 1h at 
80 oC. The gained hydrogel was immersed into 1M CaCl2 solution for 2 days and then in 2M KCl for 1 day. SA 
cross-linked by CaSO4·H2O was designated as “SA-CaSO4”, and cross-linked by CaSO4·H2O and CaCl2 was 
named as “SA-Ca”. 

2.2. Fabrication of flexible supercapacitors 

The flexible reduced graphene oxide (RGO) electrode with graphite current collector was achieved by vacuum 
filtration. Two these flexible electrodes were face to face placed and separated by above mixture solution. This 
fixture was moved into a mold and cured. The formation of hydrogel occurs in the presence of two flexible 
electrodes. Obtained SC was immersed into CaCl2 and KCl solution similar way as mentioned above.  

2.3. Characterization 

The resultant hydrogel was characterized by ATR-FTIR (Nicolet iS5). Their morphology was investigated by 
scanning electron microscopy (SEM, FEI Nova NanoSEM 450). The compression test was conducted by 
Testometric MT350-5CT.The electrochemical characterization was carried out by cyclic voltammetry (CV), 
electrochemical impedance spectroscopy (EIS) using Autolab PGSTAT128N (Metrohm, Netherlands). 

3. RESULTS AND DISCUSSION 

3.1. ATR-FTIR 

The ATR-FTIR spectrum of PAA/SA-Ca/BC is shown in 
Figure 1. For comparison, the spectra of pure PAA, SA and 
BC are also included. For pure PAA, the peak centered at 
1713 cm-1 was assigned to the associated carboxylic acid 
groups [5]. For SA, the peak for carboxylate group appears 
at 1605 cm-1. These corresponding peaks are obviously 
found in the spectrum of PAA/SA-Ca/BC. However, the peak 
for carboxylate group is altered slightly to 1557 cm-1 due to 
the ionic crosslinking with Ca2+ [6]. The presence of BC is 
hardly proved by ATR-FTIR because of its low content. 

3.2. SEM 

The morphology of PAA/SA-Ca and PAA/SA-Ca/BC was 
shown in Figure 2. It can be seen in Figure 2a and b that 
both the hydrogels exhibit high porous structure. In case of 
PAA/SA-Ca/BC shown in Figure 2b, BC clusters present in 
the network, acting as knots, which indicates that BC 

Figure 1 ATR-FTIR spectra of pure PAA, SA, 
BC and PAA/SA-Ca/BC 
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improve the mechanical property. The size of BC clusters are about 200 μm presented in Figure 2c whereas, 
PAA/SA-Ca/BC exhibits more uniform porous structure shown in Figure 2d. The diameter of each pore is 
about 13.5 μm. A uniform and highly porous structure endows hydrogel electrolytes (PAA/SA-Ca/BC) having 
a high ionic conductivity as well. 

 

Figure 2 SEM images of (a) PAA/SA-Ca and (b) (c) (d) PAA/SA-Ca/BC 

3.3. Shrinkage and Mechanical property 

The ionic cross-linkage of SA with Ca2+ ion was successively conducted by CaSO4·H2O and CaCl2. The slow 
Ca2+ releasing of CaSO4·H2O makes a gradual crosslink of alginate, resulting in a homogeneous hydrogel. 
High soluble CaCl2 conducts a fast and further crosslink of alginate. The rearrangement of G units in alginate 
chains makes the hydrogel shrink, which is negative to in-situ preparation. For PAA/SA-Ca/BC, it shrinks about 
83.3% of the initial in 1M CaCl2 and then 93% in 2M KCl. 

Figure 3a shows the process of compressive test using an example of PAA/SA-Ca/BC hydrogel. The hydrogel 
was compressed to the required strain and then released to the initial state. Several cycles (strain = 50%, 60% 
and 70%) have been conducted until the hydrogel being fractured. PAA/SA-Ca/BC hydrogel exhibits excellent 
compressive property with a strain of 60% shown in Figure 3a.  

Three samples exhibits similar compressive behaviors shown in Figures 3b, c and d. They have good 
reversibility within strains of 50% and 60% and break down when the strain goes up to 70%. However, the 
maximum compressive stress of each cycle is different. With the assistance of further ionic cross-linkage of 
CaCl2, PAA/SA-Ca achieved a compressive stress up to 217 kPa, compared to PAA/SA-CaSO4 of 134 kPa. 
On the other hand, with the reinforcement of BC clusters, PAA/SA-Ca/BC exhibits a compressive stress  
of 273 kPa. 
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Figure 3 Compressive mechanical properties of prepared hydrogel electrolytes. (a) Images of compressive 
process of PAA/SA-Ca/BC hydrogel. Compressive stress as a function of strain from cycling compressive 

test of (b) PAA/SA-CaSO4, (c) PAA/SA-Ca and (d) PAA/SA-Ca/BC 

3.4. Ionic conductivity and electrochemical performance 

 

Figure 4 (a) CV curves and (b) Nyquist plots of SCs with electrolyte of 1M KCl, 2M KCl and PAA/SA-Ca/BC, 
respectively 

Ionic conductivity was measured by electrochemical impedance spectroscopy (EIS) and calculated using the 
following equation: σ0 = L/RA, where L, R and A are the thickness, bulk resistance and area of the hydrogel 
electrolyte, respectively. The ionic conductivity of PAA/SA-Ca/BC is 0.035 S cm-1, compared to that of 2M KCl 
(0.04 S cm-1), which is appropriate to be used in SCs. Figure 4a shows the CV curves of assembled SCs with 
electrolyte of 1M KCl, 2M KCl and PAA/SA-Ca/BC, respectively. They exhibit rectangular shapes, which are 
typical for carbon materials due to electric double-layer mechanism. Rare difference is observed between 
these three electrolytes. Figure 4b displays their Nyquist plots. In the region of low frequency, they perform 
nearly perfect capacitive behavior. In the high frequency region, they have almost same bulk solution 
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resistance (Rs), and the charge transfer resistance (Rct) of PAA/SA-Ca/BC is just a little higher than others. It 
indicates that our prepared PAA/SA-Ca/BC hydrogel electrolyte has a very similar electrochemical 
performance to their liquid electrolytes.  

4. CONCLUSION 

PAA/SA-Ca/BC hydrogel electrolyte has been prepared with an improved mechanical property. Its mechanical 
property highly improved not only due to ionic cross-linkage of SA but also the reinforcement of BC clusters 
(200 μm). The compressive stress can reach up to 273 kPa. This hydrogel electrolyte exhibits a low shrinkage 
of 93% in 2M KCl. Moreover, it has a high ionic conductivity of 0.035 S cm-1. Subsequently, PAA/SA-Ca/BC 
was in-situ prepared into a flexible SC device, which displays similar electrochemical performances to liquid 
electrolyte. It indicates that PAA/SA-Ca/BC hydrogel electrolyte has a positive possibility to replace liquid 
electrolyte and be used in flexible SCs. 
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Abstract  

Hylocomium splendens, species of moss frequently used for biomonitoring purposes, was subjected to metal 
oxide nanoparticle suspensions (nano-TiO2, nano-ZnO) in known concentrations in order to assess its 
applicability in biomonitoring of metal oxide nanoparticle pollution. After weekly subjecting the samples of the 
moss to the suspensions for up to eight weeks, the samples were digested and the metal content was analyzed 
by ICP-AES. Both applied suspensions of nanoparticles led to accumulation of the respective metals in the 
moss thalli - with a clear linear relationship between the amount of metal and the time of the exposition. The 
significant linearity of the trends and high coefficients of determination assure great accuracy and predictability 
of the application of Hylocomium splendens in future nanoparticle-related biomonitoring surveys. 

Keywords: Metal oxides, nanoparticles, pollution, biomonitoring, bryophytes 

1. INTRODUCTION  

One of the most commonly used nanomaterials are metal oxides, while nanosized zinc oxide (nano-ZnO) and 
nano titanium dioxide (nano-TiO2) are the most extensively used in manifold fields and applications [1]. It is, 
thus, conceivable that their unwanted presence in the environment will continue to grow as well [2]; increasing 
presence of a compound in the environment, in turn, leads to the heightened need for its detection and 
monitoring. Biomonitoring - sensu Markert et al. [3] - is a method of using organisms or their parts to quantify 
the pollutant levels in the environment and it is both affordable and convenient way of environmental 
monitoring. 

Suitable biomonitor species should be generally available, easy to handle and its interaction with the particular 
pollutant should be known. Good biomonitor, while not being negatively affected by its presence, is able to 
accumulate the pollutant in its tissues, most of the biomonitors are, therefore, fungi or plants. So far, most of 
the research conducted dealt with the toxicity of metal oxides nanoparticles to plants [4] but the topics such as 
the uptake mechanisms, distribution, translocation and accumulation in the plant body have not been fully 
understood yet, though it was confirmed several times that both uptake and distribution differ from species to 
species as well as they depend on the particular nanomaterial [5]. 

Many species of bryophytes - and mosses in particular - are frequently employed in biomonitoring of both air 
and water pollution [6]. This is facilitated by the fact that they possess all the aforementioned traits of excellent 
biomonitors. Nevertheless, neither nanoparticle exposition effect on bryophyte physiology nor the 
bioaccumulation patterns of nanoparticles in their thalli have been explored so far. Hence, the most important 
questions regarding their possible use as biomonitors of nanoparticle pollution are yet not answered. So far 
the only study of nanoparticle exposition in bryophytes was performed on a species that is neither used nor 
suitable as biomonitor: iron nanoparticles were applied to the bryophyte Physcomitrella patens in the study of 
Canivet et al. [7]. In the first attempt of nanoparticle pollution biomonitoring [8], authors analyzed amount of 
silver in bryophyte species Brachythecium rutabulum and Hypnum cupressiforme - species occasionally used 
in biomonitoring surveys - and found significantly more accumulated silver in bryophytes growing close to the 
nano-Ag production plant than in those growing elsewhere. Nevertheless, the specific relationship between 
the concentration of the nano-sized pollutant in the environment and in the presumptive biomonitor was not 
uncovered. 
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The aim of this study was to find the accumulation rates of nano-ZnO and nano-TiO2 exposed to the bryophyte 
species commonly used in biomonitoring - Hylocomium splendens and, thus, assess its prospects in 
nanoparticle-related pollution biomonitoring. 

2. MATERIALS AND METHODS 

Bryophyte material of the Hylocomium splendens species was collected in the area of Beskydy Protected 
Landscape Area (Czechia), in the altitude of approximately 520 m a.s.l. close to the border with Slovakia; the 
site was chosen for both its distance of the pollution sources and abundance of the species. Hylocomium 
splendens is one of the species recommended by the European moss biomonitoring manual [9] and proved to 
be viable biomonitor in the preceding study [10]. Only apical segments (2-4 cm) of the moss gametophytes 
were collected [11] Boquete et al., 2014, vinyl gloves were used for the manipulation of the material. Collected 
material was transferred to the laboratory in plastic bags, then washed with distilled water in order to remove 
adhering matter and dried to constant weight under laboratory conditions while being spread on blotting paper. 

Nano-ZnO and nano-TiO2 suspensions in deionized water were prepared in 1 g.l-1 concentrations using 
ultrasound (30 minutes), the quality of the suspension was assessed by turbidimetry, pH was measured before 
and after application of the ultrasound to ensure no chemical alteration of the suspensions. Nano-ZnO and 
nano-TiO2 particles preparation and characterization were described in details in Mamulová Kutláková et al. 
[12] and Seidlerová et al. [13]. 

Homogenized material was divided into samples of roughly 0.5 g of dry weight whilst first two were immediately 
placed to desiccator later to be analyzed, the rest was placed in plastic Petri dishes. All samples were then 
subjected to 5 ml of the suspension - either nano-ZnO or nano-TiO2 - and, on a weekly basis, two samples, 
one from each set, were collected and placed to desiccator until the time of analysis. Due to less moss material 
available when assessing nano-TiO2 exposition, these samples were collected first after two weeks of 
exposition and then only six more times; samples exposed to nano-ZnO were collected weekly for the total of 
eight weeks.  

After the exposition of all of the material, the samples were washed in distilled water for 30 s to remove the 
particles adhering to the surface of the thalli; 30 s is the maximum time recommended because prolonged 
exposition to distilled water may lead to the disruption of the plant cell wall [14], dried to constant weight at 
50 °C [15], and pulverized. Both original moss and exposed samples were decomposed thermally in 
concentrated HNO3 (p.a.) for the samples exposed to nano-ZnO suspension and H2SO4/HNO3 (p.a.) mixture 
for those exposed to nano-TiO2 suspension. Concentrations of Zn and Ti in the samples were determined 
using Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES, Spectro Ciros Vision EOP, 
Germany). Linear models of accumulation were constructed and visualized in R version 3.1.2 [16], as were all 
the statistical analyses. 

3. RESULTS AND DISCUSSION 

ICP-AES measurements proved that the amount of the determined metals in the original moss material was 
trivial (< 0.01 % for both the metals) which supported the assumption that it, indeed, originated from an 
unpolluted site. For the exposed samples, the amount of the particular metal distinctly followed linear trend 
depending on time of the exposition, the linearity was found to be statistically significant (α < 0.05). The trends 
are presented in Figure 1 for the samples exposed to the suspension of nano-ZnO and in Figure 2 for the 
samples exposed to the suspension of nano-TiO2. There was no apparent visual difference between the trends 
nor were the calculated coefficients of determination substantially different (nano-ZnO: R2 = 0.9623; nano-
TiO2: R2 = 0.9503). The similarity of the trends was confirmed by performing analysis of covariance (ANCOVA); 
judging from its outcome, the null hypothesis of their similarity cannot be rejected  
(p = 0.684). Not only was the trend similar, the accumulated absolute amounts of the metals were also not 
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dissimilar - paired t-test did not reject the null hypothesis of them being from the same distribution  
(p = 0.2873). 

 
Figure 1 Concentration of zinc in the thalli of Hylocomium splendens depending on the time of exposition 

 
Figure 2 Concentration of titanium in the thalli of Hylocomium splendens depending on the time of exposition 

It is apparent that both the nanomaterials introduced to the bryophyte samples led to steady and predictable 
accumulation of it in the bryophyte thalli. Since the samples were washed prior analysis, it was sufficiently 

0 2 4 6 8

0.
0

0.
5

1.
0

1.
5

week

co
nt

en
t [

%
]

R2 = 0.9623

0 1 2 3 4 5 6 7

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

1.
2

1.
4

week

co
nt

en
t [

%
]

R2 = 0.9503



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

592 

assured that the metal determined would be, indeed, only the one penetrating the thalli and accumulated in 
the intracellular and intercellular space of the moss. Hylocomium splendens material showed no apparent 
preference of accumulation regarding the particular nanomaterial and can be, hence, used in future 
biomonitoring surveys dealing with - at least - the two metal oxide nanomaterials hereby assessed.   

However, two major objections arise. First, since this was a pilot study, the nanomaterial was introduced to the 
moss thalli in environmentally rather unreasonable concentration and second, the nanomaterial introduced to 
the moss thalli was suspended in water. Environmentally more plausible concentrations are yet to be tested, 
nevertheless, this should not be a difficult task to perform. Principal issue is, however, elsewhere: though 
mosses do absorb their nutrients as well as contaminants from the atmospheric moisture, the design using 
suspended particles in water is far from ideal in that it does not account for dry deposition which would be 
much more challenging to simulate. 

4. CONCLUSION 

The study presents first attempt to assess the possibility of metal oxide nanoparticle pollution biomonitoring by 
the means of the moss Hylocomium splendens. The results indicate that the use of this moss in nano-
biomonitoring is both reasonable and recommended since the concentrations of the particular metals in the 
moss thalli was significantly dependent on the time of exposition of the moss samples to the nanosized metal 
oxide. The linearity and high coefficients of determination of the obtained accumulation trends allows accurate 
determination of the presence of the pollutant in the environment from the analysis of the moss thallus. Further 
study is needed both in terms of environmentally more reasonable amounts of nanomaterial introduced to the 
presumptive biomonitor and possible simulation of dry deposition together with assessment of its impact on 
both the bryophyte physiology and accumulation rates. 
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Abstract  

To model the quantitative relationship of the nanoparticle toxicity we can use theoretical molecular descriptors 
or physico-chemical characteristics. The former provide an auspicious interpretation of the toxicity 
mechanisms, however their computation may be very demanding, namely in the nanoscale. The latter are on 
the other hand fully observable, yet scarcely available for all the toxicity-assessed particles. Currently, there 
are large initiatives generating data for QNTR, including their toxicity and physico-chemical features. Resulting 
data are naturally very heterogeneous because of multiple subjects involved in the project. In this study, we 
investigate whether the data generated from such large projects are sufficient to induce well-generalizing 
models. We used the data generated by MODENA-COST, consisting of the toxicity measurements and 
physico-chemical characteristics of 192 nanoparticles. We build several machine-learning based models and 
focused on their statistical validity. The internal evaluation of these models (i.e. protocol using the same data 
set, such as cross-validation) suggests quite good validity of these models. Then we employed a rigorous 
validation protocol and external data set of our own measurements related to 10 standardized MeOx 
nanoparticles. Hence, the result were not so optimistic at all. Instead, they seem valid only for a well-defined 
set of experimental conditions. This research is supported by the Czech Ministry of Education, Youth and 
Sports (Grants No. LD 14002 and LO1508). 

Keywords: Nano-QSAR, machine learning, nanoparticle characteristics 

1. INTRODUCTION  

Transferring the QSAR paradigm for nanoparticles is still a challenging task. The QSAR (quantitative structure-
activity relationship) methods predict activity of a class of compounds, mainly the organic ones, based on their 
common molecular structure. The nano-QSAR predicts the activity of entire particles, namely the 
nanoparticles. The activity most researched in nano-QSAR is the particles toxicity, as the model-based toxicity 
predictions could facilitate the complicated controlling process of industrial nanoparticles. 

However, as the conventional QSAR approaches profit from structural diversity of the organic molecules, the 
nanoparticles have quite simple chemical composition, but an immense variety of physical-chemical properties, 
such as surface structure, size-distribution, porosity, electrical potential, etc. These physical-chemical 
characteristics influence the events crucial for the particles kinetics, such as the agglomeration or aggregation 
of the particles, their sedimentation or uptake by a cell, and thus influence their biological interaction and 
consequently their toxicity effect. The toxicity itself is then induced by quantum properties of the particle, often 
specific to the nanosize. The physical-chemical characteristics are affected by design, e.g. by its primary 
properties like shape, size, or by surface modification, but they actually origin from the quantum properties 
related to each compound and its higher crystalline or other macromolecular structure. 

Obviously, it is difficult to properly model these properties and relations. Moreover, all these properties are 
induced by particle's interaction with the environment. And the environment differ, the experiment by 
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experiment. There are some relatively plausible models [1, 2], of nanoparticles toxicity, but their applicability 
is limited due to the variety of particles characteristics and heterogeneous experimental conditions that the 
toxicity assays are performed in. Moreover, the toxicity per se is actually a hidden variable, whose observable 
image is the toxicity response, which is measured by the means of toxicology assays. The response may 
further be affected by the treatment time (time of exposition), concentration of the particles or by the defence 
mechanisms of cell. 

Generally, there are two fundamental approaches to model the nanotoxicity. The first [1, 2] tries to model the 
causal mechanisms of toxicity while uses mostly the quantum chemical descriptors. This computationally 
demanding approach can provide interpretable results, yet valid only in quite narrowly defined conditions, i.e. 
for the particles that were assessed under homogeneous experimental conditions. Such an approach does not 
fit for large pooled data sets, collected in the inter laboratory projects, such as MODENA-COST. The latter 
approach [3] employs specifically the observable physical-chemical characteristics. This approach 
nonetheless does not explain the causal mechanisms, and therefore could not be employed in order to 
manufacture the particles safe by design. Moreover, the physical-chemical characterization can be even more 
costly than the toxicology experiments. However, if there was properly described the relationship of particles 
toxicity and their physical-chemical properties, and on the other hand there was a mechanistic model of these 
properties such as [4, 5], we could further employ it in some composite model which would alternately use 
these approaches, learning one from the other. 

In this paper, we present an extensive study documenting whether it is possible to learn (model) the toxicity 
response from the physical-chemical characteristics of the particles pooled by the MODENA-COST project. 
We propose a robust validation protocol to assess plausibility of the model. 

2. DATA DESCRIPTION 

We used the data collected during MODENA-COST project. The data set contains 189 measurements of two 

toxicity endpoints, i.e. the effective lethal concentrations EC25 [µg ml-1] and EC50 [µg ml-1], which were 
performed on 11 cell types, using altogether 4 cytotoxicity assays WST-1, MTT, ATP and LDH. The cells were 
altogether exposed to 46 nanoparticles of 12 different core-materials, altogether with 18 different coating (or 
without) for 2 - 114 hours. The experiments were done under 4 dispersion protocols with increasing energy 
input denoted as stirring, vortexing, bath sonication, cup horn sonication, and tip sonication. The data set 
contains also the following physical-chemical characteristics: 1) the shape of particles; 2) primary size of the 
particles, measured in two dimensions mostly by TEM; 3) specific surface, either calculated or measured by 
BET; 4) particles size in situ (DLS, NTA); and 5) zeta potential. 

To sum up, each record (row) in the data set represents a toxicity assessment (expressed by EC25 and EC50) 
of a particle, performed on certain cell line under given experimental conditions, by the means of certain 
cytotoxicity assay. Each of these records represents a potential example for the learning (modelling) algorithm. 

3. EXPERIMENTAL PROTOCOL 

The most popular procedure for testing the machine-learning models is cross-validation. The aim of the cross-
validation is to assess the accuracy of learning algorithm which was employed for building the model. 
Standardly, it splits the data examples into k disjoint subsets, leaves one of the subsets out for testing the 
learner which will have subsequently been learnt on the rest of the subsets. The predictions on the all left-out 
subsets are then aggregated into one accuracy measure. This aggregated accuracy measure is estimation of 
the model's general performance, i.e. of its future performance on unseen examples. 
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However, in our case the data examples are the toxicity experiments and related particles with their 
characteristics. It means that the data examples are not mutually independent, as there is standardly more 
particles made of he same material. Henceforth, when trying to extract the endpoint-relevant physical-chemical 
characteristics from the model, we cannot be certain whether they seem important for their true meaning for 
the toxicity, or because they are merely the features of several participating particles which are all made of the 
same toxic material. It also implies the uncertainty about the model's accuracy as follows. Having a seemingly 
accurate model, we are not able to distinguish whether the model is accurate for its generalization power which 
must hold for diverse types of materials, or simply because it have accurately classified only the particles of 
prevailing material. 

Henceforth, we designed a robust validation protocol which mimics the real-life application of a model. The 
protocol is based on so-called leave-one-label-out cross-validation (LOLO) [6], where the examples are divided 
into the disjoint subsets consistently with some third labelling. Here, we therefore divided the data set according 
to the core-materials of respective particles. Then, for each material presented in the data set, we left out the 
related examples, where the particles were made of that material, for testing, and learned a model on the rest. 
The learned model was thereafter applied on the left-out examples to predict their endpoint. This way, the 
predictions made for each left-out material were deposited together with the true endpoint values. Finally, the 

correlation coefficient (ρ) between all the predictions and related true endpoint values was calculated. Thus, 
we obtained an unbiased estimation of the model performance and correctly assessed the real ability of the 
model for inter-material generalization. 

We used the Pearson correlation coefficient as the accuracy measure, because its intuitive interpretation, i.e. 
range between 0 and 1, where the values close to zero suggest random result. To distinguish which results 
are "close to zero", namely to determine whether the model's correlation coefficient implies merely the 
correlation by chance, we designed a permutation test and realized a null distribution of the model. We 
randomly permuted the endpoint values of the examples inside the same material label (preserving the 
distribution inside of particles inside the material categories). Then, for each of the permutation, particularly 
we made 50 ones, we run the LOLO validation protocol as described a paragraph above. Hence, we obtained 
the accuracy measures (correlation coefficients) of 50 random models. The best of them was used as a 
threshold to determine whether the true (non-permuted) models stands above the null distribution. Finally, we 
filtered each model (of the true models, learned for each split of the data set), whose accuracy measure was 
below the accuracy of the best performing random model which had been learned on related random 
permutation.  

4. RESULTS 

First of all, we observed that the estimation of model accuracy by standard cross-validation procedure were 
indeed over-estimated as we supposed (see Figure 1). The accuracy estimation yielded with the standard 

cross-validated protocol (Figure 1, left) appears quite good (ρ = 0.93), and therefore we can suppose the 
related model will generalize well. But, in fact when employing our robust LOLO-based validation protocol we 
observe the results fundamentally different and worse (Figure 1, right). It implies that the model actually does 
not generalize, namely it does not generalize to the other types of material. 

Henceforth, we were using our designed LOLO-based protocol together with the null-distribution filtering as 
described in Chapter 3. Finally, we observed only two experimental conditions consistently appearing in the 

significant results, namely the WST-1 assays where the respective models yielded the maximal accuracy ρ = 
0.72 (see Figure 2), and the ATP assays, but only at the SK-OV-3 bone-marrow cell line, with the maximal 

accuracy ρ = 0.62. In Figure 2, left, left, we demonstrate the predictions for particles of certain material. We 
can observe that still for some of TiO2 and ZnO particles the model fails. In Figure 2, right, we can observe 
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the location of the former model (the red point) in the space of random models (the blue points). The location 
of true model is evidently outlying, which suggests significance of that result. 

 

Figure 1 The predictions of the model learned on all the examples where the EC25 had been assessed with 
the ATP assay. The predictions yielded with the standard cross-validation protocol (left) are fundamentally 

worse than those yielded with our robust LOLO protocol (right) 

 

Figure 2 The unbiased predictions of a model learned on the examples where the endpoint (EC25) had 
been assessed with the WST-1 toxicology assay, with bath sonication. The location of that model in the 

space of random models depicts the red point in the right plot. The coordinates x, y represent the training 
and validation accuracy respectively 

The structure of the model (from the Figure 2) itself is reported in Figure 3. We can observe that the physico-
chemical characteristics are placed in the upside part of the tree. It suggests the primary importance of these 
characteristics. On the other hand, the conditions determining the particular cell lines are just in front of the 
leaf nodes. It suggests that the physical-chemical characteristics have primal meaning for the general toxicity, 
while the model eventually fits for the particular cell line. However, having more data for particular cell line 
could probably result in more accurate model, as it would be less fitted particular conditions (cell lines).  
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Figure 3 The decision tree of the model learned on the examples where the endpoint (EC25) had been 
assessed with the WST-1 toxicology assay, with bath sonication. The nodes stand for the features,  

the leaves for predicted endpoint values 

5. CONCLUSION 

From the results observed, we can deduce that it is possible to learn from pooled data sets of nanoparticle 
characteristics and related toxicology endpoints. The resulting models can potentially generalize to other 
unseen types of materials. Nonetheless, when validating the models it is necessary to use a robust statistical 
protocol which mimics the model application in the real life. 

The aim of this work was nonetheless not to provide a general model of nanotoxicity. The reported models 
have still limited validity. The used data set is still too small, particularly regarding the fact that the data must 
be split somehow to deliver quite homogeneous experimental conditions. Moreover, there would be advisable 
to expand also the feature space of the data set, namely by measuring more physico-chemical characteristics 
of respective particles, or even to employ some quantum mechanical descriptors.  
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Abstract  

Pollution associated to road traffic and its combustion processes are considerably discussed in recent years. 
Nowadays, attention is also paid to the non-combustion processes, such as braking. During braking 
nonairborne and airborne fraction is released into the environment. Manufacturers try to use materials with low 
environmental risks, but during braking new compounds can be created, due to the high temperatures and 
pressures. Both fractions as well contain considerable amounts of nano-sized particles which may 
consequently enter the water environment and may pose risk to the living organisms. However, there are no 
standardized and unified procedures which could be used for the brake wear debris toxicity assessment.  

Aim of the study was the evaluation of the acute aquatic toxicity of the airborne brake wear debris and the 
most commonly used binders (phenolic resins) in the friction composites for brake linings. Brake wear debris 
from low-metallic brake pads was collected after standard dynamometer test from pocket filter and 
characterized by Raman microspectroscopy and scanning electron microscopy. Phenolic resin as binder is 
material with the highest volume in the formulation of the friction composite and contains 
Hexamethylenetetramine (HMTA) which can be decomposed at the ammonia and formaldehyde in high 
temperatures. Three commercially available phenolic resins were tested in the initial state and as well after 
thermal treatment (160 °C), which simulate process of manufacturing. Scanning electron microscopy and 
Fourier-transform infrared spectroscopy were used for characterization of phenolic resins. EC50 toxicity 
parameter for freshwater green algae detection organism Raphidocelis subcapitata was evaluated for all tested 
materials. 

Keywords: Acute aquatic toxicity, airborne brake wear debris, friction composite, phenolic resin,  
          Raphidocelis subcapitata 

1. INTRODUCTION 

Friction materials that are used in automotive brake pads formulation are complex mixtures [1]. Recently, 
environmental requirements for new brake and disc materials are becoming increasingly important due to the 
increasing contribution of non-combustion emissions to traffic pollution [2, 3]. Nowadays, there is paid more 
attention to the friction processes connected with the braking, due to the fact that friction composites are very 
heterogeneous and contain several possible harmful materials, e.g. copper [4]. More importantly, however, 
there are newly formed particulates with a different chemistry, when compared to the original bulk materials, 
released during the friction processes, accompanied with complex physico-chemical interactions on the 
surfaces [5]. Therefore, there is no unified methodology for the study of the environmental and health impact 
of the brake wear debris, but there are published reviews, which summarize the recent research in this field 
[6, 7]. Published studies suggest that brake wear debris has a potential environmental risk. 

Aim of the study was evaluation of the acute aquatic toxicity parameter EC50 for freshwater green algae 
Raphidocelis subcapitata. The parameter was determined for the airborne brake wear debris collected after 
standard dynamometer procedures. The airborne fraction was chosen to its higher environmental risk, because 
contains very small particles mainly nano-sized particles. Then were chosen the most commonly used binders 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

601 

(phenolic resins) in its initial state and after thermal treatment (160 °C) and its main constituent 
hexamethylenetetramine were also tested by aquatic toxicity assessment. All materials were characterized by 
Raman microspectroscopy, Fourier-transform infrared spectroscopy (FTIR) and scanning electron microscopy 
(SEM) to determine their composition and morphology. 

2. MATERIALS AND METHODS 

2.1. Materials 

Three commercially available phenolic resins denoted as PR1, PR2, and PR3, were characterized and tested 
by toxicity assessment. Phenolic resin is a commonly used binder in brake pads formulation in relatively high 
amounts. Samples of phenolic resins were also tested after thermal treatment at 160 °C, which simulate 
process of manufacturing of brake pads. Main constituent of the resin, hexamethylenetetramine (HMTA) and 
as well the sample of airborne brake wear debris from ten different low steel commercially available brake pad 
were also tested and characterized. 

2.2. Friction testing and brake wear debris generation  

Automotive full scale brake dynamometer model M2800 (Link Engineering) and the standard dynamometer 
tests AKM-SAE J2522 and ISO 26867) were used for generating the airborne brake wear debris (BWD). The 
airborne fraction was collected from filter (KS 85 Klima - Service, a.s., Czech Republic) standardly located in 
the brake dynamometer ventilation system. BWD sample contains particles from ten different commercially 
available low metallic brake pads. This mixture probably better represents real situation on the European 
roads, but unfortunately there is no available information about the initial brake pads formulation. 

2.3. Methods of characterization 

Mid-IR spectra were obtained for samples in solid original state by a Fourier transform infrared spectrometer 
Nicolet 6700 (Thermo Scientific), using the single reflection ATR technique on a diamond crystal. 
Measurements were performed with a resolution of 4 cm−1 and 32 scans. 

BWD sample was characterized by Smart Raman Microscopy System XploRA™ (HORIBA Jobin Yvon, 
France). Raman spectra were acquired with 532 nm (20 - 25 mW) excitation laser source, and 1200 
grooves/mm grating in the range 100 - 4000 cm-1. The intensity of the laser beam was changed based on the 
sample signal from 1 to 10% of initial laser beam. Spectra were compared with coupled Raman spectral library. 

Scanning electron microscope with energy dispersive spectrometer (Philips XL30 with EDX analysis APOLLO 
X (EDAX)) was used for the morphology characterization and determination of the elemental composition. 

2.4. Aquatic toxicity assessment 

Aquatic toxicity assessment was evaluated by using green algae Raphidocelis subcapitata, which is commonly 
used as a bioindicator species to assess the levels of nutrients or toxic substances in freshwater environment. 
The leachates were prepared in accordance with European technical standard EN 12457-2 [8]. Samples were 
leached in deionized water in continuous rotation container for 24 h. After mixing for 24 h the mixture was 
filtered through a nitrocellulose membrane filter (Pragopor, Pragochema s.r.o.) with an average pore size of 
0.45 μm. 

The toxicity assessment was performed in accordance with the OECD 201 methodology, i.e. monitoring the 
growth inhibition of organisms (Raphidocelis subcapitata) after 72-h exposure to the tested material [9]. For 
the evaluation of the parameter EC50 were created concentration series and the highest concentration was 
chosen to compile solid to liquid ration 1:10 according to the European standard EN 12457-2 [8]. 
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Data obtained for exposed samples were compared with the control samples and are given as percentage of 
algae growth inhibition or stimulation. To determine the acute aquatic toxicity of the aqueous leachates of the 
studied samples it was necessary to adjust pH value to be within the physiological range of 8.1 ± 0.2 for the 
given species. The concentration series and control samples were inoculated with the same volume of the 
algae suspension to achieve the cell concentration of 10,000 cells per cm3. Thus the prepared test samples 
were cultivated ensuring constant temperature and light conditions for 72 h. Algal cell density was measured 
by using Olympus CX31 light microscope and Bürker counting chamber. 

3. RESULTS AND DISCUSSION  

Morphologies of the studied samples are shown in Figure 1. It is evident that sample PR2 contains a little bit 
smaller particle in the comparison of the sample PR1 and PR3. Particles detected in the sample of HMTA are 
approximately 5 times bigger than in case of the samples PR1 - PR3. On the contrary morphology of the BWD 
sample (Figure 1) shows very heterogeneous mixture of spherical and sharped edged particles, which 
correspond to the different source of origin thermal and abrasive wear, respectively. Table 1 summarizes 
detected elements in the BWD sample and chosen EDX pattern of the BWD sample is shown in Figure 1. 
Detected elements in remain samples corresponding to their structure and so are not listed. 

 
Figure 1 Scanning electron microscopy (SEM) images of studied samples HMTA (hexamethylenetetramine), 

PR1 (phenolic resin 1), PR2 (phenolic resin 2), PR3 (phenolic resin 3), and BWD (brake wear debris) with 
corresponding energy dispersive X-ray spectroscopy pattern (EDX) of BWD 

Measured infrared spectra of HMTA and PR1 - PR3 samples are shown in Figure 2. Spectra contain bands 
which represent typical vibrations of these compounds. Main HMTA bands are presented below 3000 cm-1 (C-
H stretching symmetric and asymmetric vibrations) and at 1452, 1360, and 1230 cm-1 (assigned respectively 
to asymmetric -CH2, symmetric -CH2, and stretching C-N vibrations) [10]. Spectra of PR1 and PR3 samples 
contain as well these HMTA bands and, therefore, confirm HMTA as main component of phenolic resin. All 
three samples of phenolic resin are very similar to each other, thus no significant differences in their structure 
are expected. In the case of sample PR3 there is very intense broad band at ~3300 cm-1, which corresponds 
to the O-H vibrations and its higher intensity can be caused by more humidity in the sample.  
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Table 1 Detected elements by scanning electron microscopy coupled with energy dispersive X-ray  
     spectroscopy SEM-EDX and compounds by Raman microspectroscopy in brake wear debris 
                sample 

SEM-EDX Raman microspectroscopy 

Al, Ba, C, Cr, Cu, Fe, Mg, O, S, Si, Sn, Ti, Zn Amorphous carbon, graphite, silicate, Cu2O, MoS2, Fe2O3, Fe3O4 

 

Figure 2 Measured FTIR (Fourier-transform infrared spectroscopy) spectra of HMTA 
(hexamethylenetetramine), PR1 (phenolic resin 1), PR2 (phenolic resin 2), and PR3 (phenolic resin 3) 

samples 

Due to the limited space of the paper FTIR spectra of thermally treated phenolic resins PR1_T - PR3_T are 
not shown. However, all bands which were detected in untreated samples were also detected in these 
samples, but these bands were broader which suggest to the more amorphous character of the thermally 
treated samples. As well the broad bands at ~3300 cm-1 were less intensive, which may correspond to the 
decrease of humidity in the sample. No significant changes in the structure were observed, because 
degradation of the phenolic resin is expected at higher temperatures above 200 °C [11] and the 160 °C is 
sufficient temperature for cross linking and binding all components in the friction composite [12]. 

Determined phase composition of the BWD sample by Raman microspectroscopy is shown in Table 1. 

Compounds were determined by comparison with Raman spectral library. There is no information about initial 
composition of the samples, due to the know-how of brake manufacturers, but the detected compounds and 
elements (Table 1) correspond to the generally used compounds in brake formulations. FTIR measurements 
(spectra not shown in the paper) revealed very little information about sample composition, so Raman 
microspectroscopy was used for the sample characterization. Raman measurements proved very high amount 
of amorphous carbon, which absorbance is very high, so FTIR method is not suitable for this type of sample.  

Evaluated toxicity parameters (EC50) for all studied samples are shown in Figure 3. The most toxic sample 
was determined the HMTA sample. It could be caused by HMTA highly solubility and our results are in good 
agreement with the safety data information. Toxicity parameters for untreated PR samples have different 
values which vary from 3.7 to 7.7. However, similar trend was observed for the thermally treated samples, 
where all these samples have higher toxicity parameter, thus they are less toxic. So, temperature 160 °C, 
which is not so high as decomposition temperature, leads to the cross linking of the phenolic resin structure 
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and decreases the toxicity effect of the phenolic resins. Last but not least was determined the toxicity parameter 
for the collected airborne brake wear debris, which value is relatively very high. But there is need further study 
to determine the possible influence of the accumulation and long term exposition of these particles. 

 

Figure 3 Evaluated EC50 parameter for all tested materials. HMTA (hexamethylenetetramine), PR1 (phenolic 
resin 1), PR1_T (thermally treated phenolic resin 1), PR2 (phenolic resin 2), PR2_T (thermally treated 

phenolic resin 2), PR3 (phenolic resin 3), PR3_T (thermally treated phenolic resin 3),  
BWD (brake wear debris) 

4. CONCLUSIONS 

All studied samples were characterized by FTIR spectroscopy; however, the FTIR spectrum of BWD shows a 
little information about its composition. Thus the Raman microspectroscopy was used for the determination of 
the phase composition of the sample. It was confirmed that BWD is very heterogeneous and contains possibly 
harmful particles, as copper based compounds. Results from evaluation of the toxicity parameter EC50 show 
that the most toxic compound was HMTA. Toxicity of the phenolic resins after thermal treatment decreased in 
all cases. EC50 parameter was for BWD sample relatively very high. However, long term exposure to the BWD 
and their accumulation in the environment and may have more toxic character for the living organisms.  
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Abstract   

Organometal lead halide perovskite is relatively new material, which has proved to be a promising material for 
construction of solar cells for photovoltaic technology. However, little is known about the toxicity of perovskite 
nanomaterials. Therefore, we performed several experiments to evaluate potential ecotoxicity of perovskites 
on soil bacteria Pseudomonas putida. Three types of perovskites were tested (CH3NH3PbI3, CHNHNH3PbBr3, 
CH3NH3PbBr3), each of them containing toxic lead, which leaked from the material. Therefore we determined 
the concentration of leaked lead using inductively coupled plasma mass spectrometry (ICP-MS). The effect of 
perovskites and lead on bacterial metabolism and viability was evaluated using respirometry and fluorescence 
analysis. Three concentrations of perovskites were tested - 50, 100 and 500 mg/L and four concentrations of 
lead in form of Pb(NO3)2 (100, 200, 500 and 1000 mg/L) in diluted Soya nutrient broth medium. The bacterial 
respiration was negatively affected by 500 and 1000 mg/L of lead; however it was not affected when similar 
concentration that leaked from the perovskite (100 mg/L and 200 mg/L) was added. Moreover, none of the 
three perovskite materials caused significant toxic effect towards bacteria. 

Keywords: Perovskite, ecotoxicity, Pseudomonas putida, respirometry 

1. INTRODUCTION 

Organometal lead halide perovskites have become very popular in solar cell technology over the last few 
years. Perovskite materials offer several advantages which allow widespread use and application in 
photovoltaic cells. The material exhibits special electrical, structural and optical properties which allow great 
efficiency of photovoltaic energy conversion while it is made of quite cheap components [1, 2].  

The mineral CaTiO3 is commonly called perovskite but in this case the term perovskite is collective designation 
for ABX3 structures. Where A is an organic cation coordinated generally methyl ammonium, B is a metal ion 
for example Pb or Sn, which is octahedrally coordinated by an anion X representing halogen ion - Cl, I or Br 
[1, 3]. 

There are many different factors which can cause degradation of the perovskite materials and thus also 
corresponding devices. These factors include impact of water, crystalline structure, temperature effect or 
influence of UV light; perovskites are also sensitive to oxygen [4 - 6]. Moreover, perovskite materials contain 
a hygroscopic amine group which is decomposed in the presence of moisture and oxygen [6]. 

Concerns raise about the potential health hazard of the perovskites due to toxic lead content and the material 
being insufficiently stable. The perovskites could be released into natural environments, e.g. soil and 
waterways during the device production and handling. The investigation of potential toxicity of the perovskite 
materials and especially the role of potentially leaked lead on microorganisms and then on higher organisms 
and humans is therefore highly important [2]. 
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This work is focused on the assessment of potential toxicity of perovskite materials using soil bacteria 
Pseudomonas putida. All three types of perovskites contain toxic lead, which can leak from the material. We 
tested three concentrations of each type of the perovskite - 50, 100 and 500 mg/L and four concentrations of 
lead in the form of Pb(NO3)2 - 100, 200, 500 and 1000 mg/L. The experiment was performed in diluted Soya 
nutrient broth medium which served as a substrate and nutrients source for the testing microorganism.        

2. MATERIALS AND METHODS 

2.1. Perovskites 

Three types of perovskites CH3NH3PbI3 hereafter MALI, CHNHNH3PbBr3 hereafter FALB and CH3NH3PbBr3 
hereafter MALB were obtained in powder form from EPFL, Switzerland. 

2.2. Leakage of lead from perovskites 

Each perovskite was suspended and mixed in sterilized deionized water (DI) to achieve a stock solution of 10 
g/L concentration. The stock solution was used to prepare a sample for determining the leakage of lead. The 
final concentration of perovskites - 0.5 g/L was tested in diluted Soya nutrient broth medium (the same medium 
which was used for respiration tests and live/dead cells analysis). Lead concentration was determined by 
inductively coupled plasma mass spectrometry (ICP-MS) after 24 hours incubation.  

2.3. Respiration of P. putida 

Bacterial respiration of P. putida was monitored for 24 h at 27 °C when exposed to three types of perovskite 
nanomaterials (MALI, FALB and MALB) and Pb(NO3)2. Oxygen consumption and carbon dioxide production 
were monitored using Micro-Oxymax respirometer (Columbus Instruments International, USA). The respiration 
was measured according to the standard methodology of EN ISO 9408, using perovskites nanoparticles 
instead of organic compound. Soya nutrient broth was used as a readily degradable substrate providing 
increased substrate (exogenous) respiration. 

Based on our previous experiments, diluted Soya nutrient broth with 2 g/L of total organic carbon (11 ml DI 
water + 4 ml Soya nutrient broth) was used as a medium in all tests. The initial absorbance (i.e. cell density) 
of P. putida in the samples was adjusted to be 0.01 at 600 nm. We tested MALI, FALB and MALB in three final 
concentrations - 50, 100 and 500 mg/L, along with Pb(NO3)2 and cells only in diluted Soya nutrient broth 
medium as a control sample. Because the lead leaked from the perovskite nanoparticles, sample with bacteria 
and Pb(NO3)2 were prepared in parallel. The concentration Pb(NO3)2 was used according to the concentration 
of leaked lead showed in Table 1, it was determined using ICP-MS. Following experiment on determination of 
respiration activity in Pb(NO3)2 was performed in more concentrations - 100, 200, 500 and 1000 mg/L. Each 
sample in all experiments was prepared in duplicates.  

2.4. Determination of dead cells 

Cell viability was evaluated using the LIVE/DEAD® BacLight™ Bacterial Viability Kit, which allows observation 
and comparison of both living and dead cells (cells with damaged membranes [i.e. dead or dying] turn red 
while cells with intact membranes turn green). Fluorescence analysis was performed using Synergy HTX Multi 
mode Reader (BioTek) with filter set with excitation 485/20 nm and emission 645/40 nm for dead cells and 
excitation 485/20 nm and emission 528/20 nm for live cells. The analysis was performed after 6 and 24 hours 
of incubation at 27 °C. The same medium was used for the fluorescence analysis and respiration tests.  

Each perovskites suspension (MALI, FALB, MALB) was added to the bacterial culture in a range of final 
concentrations: 0, 50, 100 and 500 mg/l and Pb(NO3)2 as determined in the leakage experiment (Table 1). 
1 ml aliquots were transferred from each sample to a 24-well plate. Samples were incubated at 27 °C for 6 
and 24 h. Thereafter, 100 µl of each sample was transferred to a 96-well plate and 100 µl of live/dead staining 
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was added to each sample and incubated in dark for 15 minutes. After incubation, fluorescence was measured 
using multi-plate reader. Each sample was prepared in triplicates.  

2.5. Scanning electron microscopy (SEM) analysis of perovskites 

Size and morphology of the perovskite nanoparticles were characterized using SEM. Prior to analysis, 10 µl 
of each type of perovskite suspended in DI water (10 g/L) and small amount of powder of perovskite was 
transferred onto a conductive, adhesive tape coated specimen mount and dried. Dried samples were Au/Pt 
sputtered (5 nm) and visualized using Vega3 SEM (Tescan Ltd.).  

3. RESULTS AND DISCUSSION 

All tested perovskite nanomaterials were not stable in terms of lead leakage. Concentrations of the leaked lead 
in samples with MALI and FALB perovskite were very similar. The highest amount of the leaked lead was from 
the perovskite MALB - 161 mg/L (Table 1). 

Table 1 Leakage of lead from perovskite nanomaterials 

Perovskite type Concentration of leaked Pb (mg/L) 

MALI 126 

FALB 133 

MALB 161 

There was no significant effect of perovskites MALI, FALB and MALB on the respiration activity of P. putida. 
Although the concentrations of leaked lead were rather high, no negative effect of Pb(NO3)2 against bacteria 
was observed. The difference in maximal respiration rate of all samples ranged up to 25 % of the control 
sample within 24 hours (Figure 1a, 1b, 1c). When wider range of concentrations of lead (Pb(NO3)2) were 
tested, 500 mg/L and 1000 mg/L significantly reduced the respiration rate of P. putida. Respiration activity was 
reduced by 90 % in both cases while the difference in maximal respiration rate for lower concentrations of lead 
- 100 mg/L and 200 mg/L was not significantly different from the control samples (Figure 1d). 

 
Figure 1 Cumulative oxygen consumption in bacterial samples with added perovskites (A, B, C) and in 

bacterial samples with lead added in higher concentrations (D) 
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There was no significant effect of perovskites (MALI, FALB and MALB) and Pb(NO3)2 on P. putida viability 
(Figure 2) determined using LIVE/DEAD kit and fluorescence analysis. No difference was observed between 
samples exposed for shorter and longer time (6 and 24 h).  

 
Figure 2 Percentage of dead cells of P. putida exposed to perovskite nanoparticles  

(MALI, FALB and MALB) and the lead 

3.1. SEM images of perovskites 

The morphology and size of the perovskite FALB and MALB particles in powder form were similar (Figure 3a 

and 3b); the size of the smallest particles was around 1 µm. On the other hand, FALB and MALB crystallized 
in a thin needle in DI water. Both perovskite types contain Br (bromine) (Figure 3c). Perovskite MALI contains 
I (iodine) and in this sample any needle shaped crystals were not observed in DI water (Figure 3d). The 
following reaction shows the effect of water molecule on the chemical stability of MALI [6]:  

CH3NH3PbI3 (s) → PbI2 (s) + CH3NH3I (aq).  

Lead iodide forms single crystals with regular hexagonal microstructures [7]. If we expect similar reaction for 
perovskite with bromine (FALB, MALB), PbBr2 very likely rises from its decomposition. The formation of crystals 
in the form of needles is probably caused with PbBr2.  

  

(A) (B) 

(C) (D) 
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Figure 3 SEM images of perovskite particles in powder form (A - FALB, B - MALB) and in deionized water  
(C - FALB, D - MALI) 

4. CONCLUSION 

Generally, none of the three tested perovskite materials (MALI, FALB, and MALB) showed significant toxic 
effect against P. putida. Respiration of the bacterial culture was not affected even in high concentration (500 
mg/L) of the nanomaterials. The same conclusion was attained from the live/dead fluorescence analysis, no 
significant toxicity, and no significant differences within perovskites were observed. The potentially toxic factor 
- leakage of lead from the perovskites was tested in parallel. The highest concentration of leaked lead (161 
mg/L) was detected in MALB. Even such a high concentration of lead did not cause toxic effect against P. 
putida. Respiration of bacterial culture was reduced by 90 % only in samples with high concentrations of lead 
(500 and 1000 mg/L). The highest tested concentration of lead without any toxic effect was 200 mg/L. SEM 
images revealed that the size of particles was in the order of micrometers rather than nanometers. Perovskites 
containing Br (FALB and MALB) crystallized in a thin needle showing that the materials were not stable in the 
water environment.  
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Abstract 

Nanomaterials are understood as chemicals in the REACH directive and approaches of “classical” toxicology 
generally applied. Nevertheless, some properties of nanomaterials differ from compounds, e.g. size of basic 
unit, transport properties, corona etc. Growing use of nanomaterials will lead to their release to the environment 
and potential, even today unknown behaviour may appear. Human society has wide range of experience with 
unexpected or unknown toxic effects of engineered compounds (molecules), which may have parallel in 
nanoscale and which may demand development of new methods. Some examples are: Global pollution by 
lead in petrol anti-knock. Need of monitoring techniques for NMs in environment distinguishing ENM from 
natural NM is challenge arising from this parallel. Persistence, long-distance transport and bioaccumulation of 
POPs show us the necessity to understand and to measure transport properties, behaviour in living organisms 
an life cycle of ENMs. Mercury transformation to more toxic methylmercury (e.g. Minamata disease) is an 
example of environmental transformation with increased hazard and its parallel may be transformation of ENM 
to other, more toxic particles in environment, and even their ”invisibility”.  Environmental fate studies will need 
both identification and monitoring technics, only rarely present today. New forms of toxicity and gaps in testing 
may be recognized in nanoscale, similarly as endocrine disruption or thalidomide effects were unexpected 
before their discovery. Since the questions about behaviour of nanomaterials in environment will be understood 
enough, already existing precautionary technics as life cycle analysis and cleaner production may be applied 
to minimize exposure to nanomaterials throw environment. 

Keywords: Engineered nanomaterials, toxicity, persistence, bioaccumulation, transformation 

1. INTRODUCTION 

In the field of nanotechnology, the extent of the use of engineered nanomaterials (ENMs) is increasing, 
especially in commercial products, resulting in the expected consequence of increasing the presence of 
nanoparticles in environmental components and also in the biosphere. Naturally occurring nanoparticles that 
arise from natural processes (forest fires, volcanic activity, erosions) are also ubiquitous in the environment 
(E), but nanoparticles of anthropogenic origin (including the targeted production of nanomaterials and other 
activities) can get into the environment as well, for example as a result of the use of nanopesticides, thermal 
processes, product abrasion, as emissions at the end of a product's life cycle, etc. Nanomaterials (NMs) 
existed for a long time before their targeted production began, and organisms exposed to them could adapt to 
NMs during the course of their evolution. The question therefore arises whether and why to worry and wonder 
about the impact of NMs on the environment? The reason is our knowledge that even natural NMs may be 
toxic in some circumstances, for example volcanic dust, and it follows from that similarity that intentionally 
manufactured nanomaterials (ENMs), which are substances in nanoform that did not occur previously in the 
environment, may have toxic effects [1]. For each phase of the ENM's life cycle, nanoparticle release can be 
assumed (either accidentally or intentionally), which leads to the subsequent exposure of human society, and, 
theoretically, of all components of the environment. Nanoparticles in the biosphere can further react with 
present elements or molecules, forming new “nanospecific” compounds which may have completely different 
or new properties compared to the original nanoparticles.  
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Looking back on history, we can find a wide variety of examples and experiences with the unexpected toxic 
effects of synthetic chemicals that had not been known until a certain time; these effects led to serious 
environmental problems, sometimes even global (e.g. DDT and other POPs, methylated mercury). On the 
basis of the mass use of thoroughly unexplored substances, we can find a certain parallel with nanomaterials 
because they should be used or applied with some caution until reliable answers to the question of whether 
NMs pose an increased risk to humans and the environment are found [2, 3, 4, 5, 6, 7, 8]. 

Human toxicity of fine and ultrafine particles, which can include NMs, is relatively well studied, but the effects 
on other organisms are largely unknown and the new field of nanoecotoxicology is still in its infancy [1, 4, 9, 
10, 11]. The question arises whether NMs, with their unique characteristics, require a special approach and 
whether the current form of ecotoxicological tests will meet the purposes of testing NMs [1]. The second 
question is how ecotoxicological laboratory experiments with NMs should be interpreted in ecosystems [1].  

2. NANOMATERIALS AS CHEMICAL SUBSTANCES IN THE ENVIRONMENT 

The production and application of NMs are no longer solely governed by the laws of classical physics, but also 
by the rules of molecular and quantum physics; quantum phenomena manifesting at this level lead to entirely 
new possibilities [12]. As a result, nanomaterials acquire their unique and significantly characteristic properties 
compared to the same materials when the dimensions of which are larger. Nanomaterials are used e.g. in 
remedial technologies, in agriculture as a fertilizer, in the food industry, and in many other industries. The 
potential for their use is far-reaching but, so far, there have been no sufficiently relevant studies that would 
provide information on whether and to what extent components of the environment are contaminated, which 
could lead to contamination of the food chain or other exposure of the human population.  

One problem nanotechnology has faced on a long-term basis is the still non-existent uniform definition of 
nanomaterials, which is essential for, inter alia, legislation that regulates their handling. A nanomaterial can be 
defined as a substance that meets at least one dimension in the nanoscale from 1 to 100 nm. Given that for 
nanomaterials there are no express requirements under REACH or CLP, the definition is met by substances 
specified in these regulations, therefore the relevant provisions apply to them [13] and they are considered 
chemicals. 

The behaviour of NMs is very similar to the behaviour of chemicals, and there are a number of physio-chemical 
processes, such as e.g. aggregation, transformation, dispersion or accumulation. These may also occur in 
association with NMs released into the environment as a result of their increasing use. According to the authors 
[3, 4, 6, 10, 14], the opinion prevails that, in most cases, NMs will aggregate after entering the environment, 
so only a part of them retains the unequivocal nanoform, which will influence the behaviour of these substances 
in the environment and their impact on the components of ecosystems [1]. The very formation of aggregates 
is exposed to a number of biotic and abiotic conditions that promote their formation or, conversely, stabilize 
their dispersion which, consequently, may disrupt already formed aggregates [5, 6, 10]. Moreover, after 
aggregation of NMs in an aquatic environment, their sedimentation follows, wherein the NMs will be removed 
from the water column, but they will accumulate at the bottom, thereby becoming potentially hazardous for 
organisms living near the bottom [1, 5, 7, 15]. The adsorption of the resulting aggregates may occur on the 
surface and inside organisms [1], which raises the question of the potential bioaccumulation of NMs in aquatic 
organisms and further along the food chain. 

Given that the behaviour of NMs in the environment is a very complex matter and depends on many factors, 
the question is whether and how NMs will affect other contaminants in the environment [2, 5, 6, 16, 17, 18]. 
Due to the fact that NMs have a large specific surface area, they can play an important role in the distribution, 
transport and bioavailability of contaminants in the environment [1, 2, 16, 19]. Remediation technologies based 
on NMs, which consist of adsorption of contaminants on the NMs, which are specifically dosed into an aquatic 
or rock environment in order to reduce contamination [16]. A typical example of such an application is cleaning 
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groundwater contaminated by industrial or technological activities and containing a wide range of persistent 
organic pollutants (POPs). These waters can be cleaned in-situ by the application of fullerenes, carbon 
nanotubes or nanoiron [1, 16]. However, the question regarding their influence on toxicity arises when NMs on 
the one hand can attenuate the toxic effects of POPs, but on the other hand their mobility may be increased 
[1, 5, 7], which leads to their transportation over great distances. At the same time, according to [1], such 
mobile NMs can enter the body more easily [5, 7].  

3. POSSIBLE PARALLELS BETWEEN CHEMICAL TOXICOLOGY IN THE PAST AND CURRENT 

NANOMATERIALS 

Through human activities chemicals are released into the environment mostly as gaseous, liquid and solid 
waste, less often than deliberately, e.g. by the use of fertilizers. No substances in the environment stay at rest 
and their transport and transformations occur in geological and biological processes. E.g., as a result of using 
nitrate-based fertilizers, their concentrations in surface and ground waters is globally increasing. [20] Let us 
also recall the effects of chemicals used in the past, such as DDT and heavy metals like lead, cadmium and 
mercury. 

Our experience with “conventional” chemicals, including some unpleasant surprises that humanity has 
experienced, can be capitalized in the management of nanomaterial safety. Therefore, the following 
paragraphs describe examples of the toxic effects of chemicals in the past that were unknown for a long time 
as inspiration for a proactive approach to ensure the safety of nanomaterials.  

3.1. A parallel in global contamination - lead 

In the past, lead was added in the form of Tetraethyl lead to petrol in order to increase the octane number and 
hence give higher performance for engines. However, since 1996, Tetraethyl lead has been replaced in petrol 
by potassium compounds, which are less harmful to the environment [21]. Lead emissions into the atmosphere 
have the characteristics of long-range transport; they are able to travel great distances and contaminate the 
components of the environment hundreds of kilometres from the source. After penetrating into the body, lead 
is stored in bones and, to a lesser extent, in the blood. Interestingly, the authors' studies [22, 23] showed that 
the ban on leaded fuels to prevent the release of thousands of tons of lead into the atmosphere from cars led 
to lower levels of lead in the blood of people. Large volumes of nanomaterials which may get into the 
environment in the future could also lead to global contamination, and similar problems as with lead may arise. 
For efficient risk management in the case of lead, it was necessary to develop methods for trace analysis and 
ultra-clean laboratories first, in order to demonstrate global contamination and the fact that it occurred with the 
development of motoring. For this reason, it is necessary to monitor the possible techniques for NMs in the 
environment, which would be able to distinguish natural NMs from ENMs. It is also questionable that, in the 
case of some nanoparticles where specific heteroatoms are not present, a major problem may be identifying 
nanoparticles in a background of natural materials.  

3.2. The parallel of new toxicological properties - bioaccumulable persistent organic pollutants 

The oldest and best-known synthetic insecticide used since World War II is DDT, which has gone down in the 
history of toxicology because of its bioaccumulation ability and persistence. Originally, it was considered very 
safe because of its low acute toxicity and low doses during application. Likewise, substances of the PCB type 
were widely used and they were known for their low acute toxicity. Eventually, DDT, PCBs and other 
substances, now classified as a persistent organic pollutants, were found in the tissues of animals and in 
locations far distant from the site of their application, which indicates a problem with remote transport. 
Moreover, their concentrations in organisms were surprisingly high, which was the result of bioaccumulation 
along the food chain [24, 25]. New, previously unknown forms of toxicity began to manifest as well, such as 
reproductive toxicity almost leading to extinction of the symbol of the USA - the Bald Eagle - due to reducing 
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the strength of its eggshells. It therefore appeared that the risk assessment methods used until then did not 
include new forms of toxicity, and especially new forms of the behaviour of substances in nature 
(bioaccumulation and persistence). This, coupled with insufficient use of the precautionary principle, led to 
extensive contamination by POPs across continents. This can imply that new forms of transport processes, 
accumulation in biological systems and toxicity may also be found in the case of nanomaterials. However, at 
present, there are not sufficiently selective and sensitive methods for tracking the fate of all types of 
nanomaterials in the environment and in the human organism, which is a clear challenge for the development 
of analytical techniques and methods. 

It is also important to stress that some pesticides, globally banned by the Stockholm Treaty, are still used in 
African and Asian countries, e.g. to suppress the occurrence of malaria (DDT, lindane ...). Again, this is an 
interesting moment in terms of the risk management of nanomaterials; we should not evaluate only their 
isolated positive or negative effects, but mainly their mutual comparison, and we should perform a parallel of 
socio-economic analysis required for substances of very high concern (SVHC) under the REACH directives. 

Currently, mainly at the laboratory level, the replacement of conventional pesticides by so called 
nanopesticides is being developed, thanks to which it will be possible to reduce the extent of plant protection 
product use. Despite the fact that the active substance is encapsulated in the form of nanoparticles, it may get 
into the soil as a colloid and subsequently contaminate groundwater or surface water. This type of risk to the 
environment and human health is not yet fully understood; therefore, it is appropriate to identify the behaviour 
and toxicity of nanopesticides and adequately assess them throughout their life cycle before they are placed 
on the market. The question arises whether the current testing procedures used for the authorization of plant 
protection products will be suitable for nanopesticides, or whether specific methods will have to be developed 
[26].  

Another issue to address is the possibility that some nanomaterials will leak into the environment, move therein 
and bioaccumulate even when they are not directly applied as a pesticide. It may be the case of nanomaterials 
used e.g. for decontamination, as well as emissions and waste water containing NMs. There is also a clear 
parallel with toxic chemicals - PCBs, technical materials widely used from the 1920s to 80s, then banned, but 
still occurring as environmental contaminants.  

3.3. Minamata - transformations in the environment leading to increased danger 

Minamata is a bay in Japan where another phenomenon characteristic of environmental toxicity was first 
identified. The gulf waters were contaminated with mercury and in its surroundings an almost epidemic form 
of a specific disease accompanied by neurological disorders occurred, but it took many years before a causal 
link between mercury and the disease was found [27]. The problem was that the concentration of mercury in 
the bay waters and in fish and other products did not correspond to concentrations that would cause any 
disease, but was much smaller. In addition, the health symptoms were not identical to what could be expected 
from contamination with inorganic mercury, which was identified in the gulf. The industrial concern Chisso, 
which was the originator of the contamination, thus refused any association with the disease. Therefore, it took 
several years before the connection was proven and a few more years before precautionary measures were 
taken [27]. The problem was that the toxicity was not caused by the initially discharged inorganic mercury (its 
salt), but by methylmercury produced by its transformation in living organisms; this substance is not only more 
toxic, but also persistent and bioaccumulable. The new phenomenon was the transformation - toxicity is not 
caused by the original substance, but by something quite different, which is formed from this substance by 
natural processes. Chisso was eventually forced to pay compensation totalling more than 250 billion yen.  

The parallel to nanomaterials can be their transformation by natural, but also by anthropogenic, processes. 
Therefore, it is not enough to monitor NM leaks into the environment and the direct exposure of the population, 
but we must also explore their entire life cycle in nature to the moment of their transfer to a reliably harmless 
form, and the possible effects of all significant forms of intermediate products or products of changes. The 
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issue of the necessary development of analytical techniques and toxicological tests for nanomaterials arises 
again, not only for the original ENMs but also for their products. Not only total transformations may be of 
particular interest, but also changes in the surface of nanoparticles, such as corona formation or sorption of 
specific substances altering behaviour in living systems. An example of reactions that could lead to significant 
changes in their properties is the derivatization of fullerenes by polar substituents, when the originally 
hydrophobic and thus water-insoluble compounds are transformed into hydrophilic dispersion-forming 
derivatives.  

4. CONCLUSION 

In the past, the aforementioned chemicals (lead, DDT, POPs, PCBs or methylated mercury) used on a mass 
scale, while insufficiently studied, caused a number of environmental problems, which also had a global 
character. The principle of environmental problems consisted of their previously unknown properties -
persistence, bioaccumulation and long-range transport, which was the cause of global contamination. 
Metabolites of chemicals (DDD and DDE) resulting from DDT, which was used for a long time in the past, can 
still be found along the food chain in the form of residues. These characteristics may represent a parallel with 
nanomaterials, which are frequently used in products of everyday use, while the residue can occur long after 
their application and it can be accumulated. 

A very hot topic in the field of nanomaterials is their transformation. The transformation of nanomaterials can 
be caused not only due to technologies but also due to natural processes, like in the case of mercury and its 
transformation into methylmercury, which was discovered in the past. For this reason, it is not enough just to 
track nanomaterial leaks in the environment and the direct exposure of the population to original nanomaterials; 
it is necessary to study their entire life cycle up to the moment of their transfer to a reliably harmless form. In 
today’s world of monitoring nanoparticles, techniques which would reliably and sufficiently differentiate 
nanoparticles by type and source when moving in the environment are still missing. Therefore, it is important 
to focus on the evaluation or monitoring of the sources of contamination, so that we can identify particles or 
transformed nanoparticles which can cause bioaccumulation or global contamination. 

Despite all efforts and initiatives, there are no valid recommendations for safe exposure to nanomaterials; not 
only for human society, but also for all environmental components. After the experience with the above 
mentioned chemicals, an effort to preserve the precautionary principle to reduce potential risks is pertinent, 
because of hitherto insufficient data on the toxicity and ecotoxicity of nanomaterials. The development of new, 
hitherto missing, analytical techniques or methods and toxicology tests is a challenge for science due to 
possible parallels between the properties of chemicals and nanomaterials. 
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Abstract   

Engineered nanomaterials (ENMs) are applied in a wide range of products worldwide. The use of ENMs results 
in generation of increasing amounts of waste containing nanomaterials. Waste of electronic and electrical 
equipment (e-waste) is one of the main waste streams recycled in municipal and industrial waste. There are 
limited studies that assess the potential exposure to nanomaterials during the recycling processes. The main 
way how e-waste is prepared for the following recycling is the reduction of its size.  

The aim of the study was to carry out the preliminary risk assessment of nanomaterials generated within e-
waste processing. Occupational exposure was measured in a worker's breathing zone at the recycling site by 
Condensation Particle Counter (CPC 3007). Workplace air samples were collected on glass microscope slides 
using the Nano-ID Select Wide Range Aerosol Sampler (NANO-ID Select 005) and analysed by Scanning 
Electron Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy (EDS). The qualitative risk 
assessment has been carried out in CB Nanotool v 2.0. The highest concentrations of nanoparticles were 
detected for the following elements: chromium, copper, zinc, and tin. The average aerosol number 
concentration (size range of 10 - 1000 nm) in workplace atmosphere was 65792 particles/cm3 (SD ±6292 
particles/cm3) for all particles. The level of risk (RL, the risk level based management system) obtained from 
CB tool was equal to RL2 (Periodic review of the tasks, procedures, and controls by OSHH disciplines is 
necessary), and RL3 (Tasks require a standardized one-page permit as a higher level of control documentation 
in justifying the implemented controls will reduce risks relative to operative OELs). Local exhaust ventilation 
was proposed, based on the assessed risk level, to ensure occupational health and safety.  

This field study has been conducted as a case study for the subsequent detailed risk assessment and 
management. 

Keywords: Nanoparticles, e-waste, occupational exposure, qualitative risk assessment 

1. INTRODUCTION 

Engineered nanomaterials (ENMs) are used today in a wide range of nanoproducts and applications [1]. Over 
time, the manufacturing and use of nanomaterials will result in the generation of increasing amounts of ENM-
containing waste [2] as well as waste from the production processes themselves [1]. Solid waste containing 
ENMs cannot be identified as such, and currently, waste containing ENMs is not processed separately but is 
collected and treated together with regular waste. ENMs release into the environment may take place during 
all steps in a waste management system (e.g. collection, recycling, incineration and landfilling) [1]. ENMs could 
be emitted during shredding, milling, sorting and thermal processing, resulting in possible direct exposure in 
the working environment [1]. Only a few experimental studies on ENM fate during End of Life (EoL) are 
available. There are no studies that assess the flows of nanomaterials during the recycling processes, which 
may be the most likely EoL fate for nanoproducts, at least for some developed economies [3]. Recycling of 
waste is one element in strategies of waste minimisation or waste prevention [4]. Effective solid waste 
management is a cooperative effort involving state, regional, and local entities [5]. Waste of electronic and 
electrical equipment is one of the main waste streams recycled in municipal and industrial waste [5]. 
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Information about the fate of nanomaterials in recycling processes is only beginning to emerge. Mostly, 
exposure scenarios are based on modelling, and not on direct evidence [5]. Improved understanding of the 
flows and fates of ENMs within the waste management system is therefore required [1].  

This paper aims at providing information about the waste management of waste containing ENMs. The goal 
of the current work is to carry out the preliminary risk assessment of nanomaterials generated within e-waste 
processing. 

2. METHODOLOGY 

2.1. Process description     

The field study has been carried out in the pre-recycling technology of e-waste processing (collecting of waste, 
dismantling, sorting by hand, shredding and separation of the fractions - non-magnetic metals, iron, glass, 
plastics, etc.). The handled e-waste comprises wash-machines, TVs, cookers, and computers. The dismantled 
material is separated based on the waste catalogue and collected for recycling. The work shift takes 7 hours 
(from 6 AM to 1 PM) with a half hour break. 

The technology is situated in the hall of size 39.5 x 29.5 x 6 m. The whole process consists of following work 
operations (W):  

• W1: line waste rough sorting/gross pre-screening;  
• W2: manual separation of impropriate material - hand sorting;  
• W3: line transport of e-waste to magnetic shredding;  
• W4a: separation of e-waste containing iron (or metal waste);  
• W4b: separation of e-waste based on the customer request. 

 

Figure 1 E-waste processing  

(1) W1 gross pre-screening; (2) W2 hand sorting; (3) W3 magnetic shredder; (4) W3 push e-waste on 
conveyor belt; (5) W4a separation of e-waste containing iron; (6) W4b separation of e-waste 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

621 

Based on the technology of e-waste processing, it was identified which work operations could emit the 
nanoparticles into the working environment. The measured stations were located at W3, W4a, and W4b.  

2.2. Occupational exposure measurement 

Occupational exposure was measured in a worker's breathing zone at the W3, W4a and W4b. Measurements 
of airborne exposures were performed with a condensation particle counter TSI CPC 3007 (CPC 3007), which 
detects particles from 10 nm to >1 μm, and The Nano-ID Select Wide Range Aerosol Sampler (NANO-ID 
Select 005) that was applied for particle collection for subsequent analyses chemical composition. Samples 
from Nano-ID were analysed by Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray 
Spectroscopy (EDS). Given the duration of the different tasks performed during the e-waste processing, it was 
decided that the concentration during 10 minutes period should be measured. Before the task, the background 
concentration (B) of particles in the production hall was measured. 

During the work operations (W3, W4a a W4b), the CPC equipment continuously collected data with a 1-s 
integration time for 10 minutes. Given the duration of the different tasks performed, the total duration of this 
phase was approximately 6 h 30 min. In the end, the outdoor background concentration (O) of particles was 
measured. 

2.3. Control Banding - CB Nanotool version 2.0 

CB Nanotool v 2.0 [7] is a pragmatic tool for risk management of chemicals with insufficient data about their 
toxicological effects and/or exposure. It is based on categorisation of risk as the combination of the hazard 
band and exposure band [6]. The method consists of determining the severity of hazard, based on the 
nanomaterials characteristics, and determining the probability of exposure based on the task operation to be 
performed [8]. The CB Nanotool v 2.0 was chosen due to the possibility of technology involved in the tool. The 
assessment has been conducted for the highest concentration of particles detected by SEM analysis. 

3. RESULTS 

3.1. Measurement results 

The results obtained from CPC 3007 are presented in Table 1. The mean concentration of particles at W3 
surpasses the background level by 28 450 particles/cm3; if it is compared with the mean value from outdoor 
sampling, an 80 838 particles/cm3 increase is found.  

Table 1 Number concentration results 

 
Note: B -background in production hall; W3 - workplace 3, W4a - workplace 4a; W4b - workplace 4b, O - outdoor background 

The mean concentration and standard deviation of all measurements are presented graphically in Figure 1. 

Sample B W3 W4a W4b O

Units #/cm3 #/cm3 #/cm3 #/cm3 #/cm3

Mean 59 736 88 186 60 068 62 657 7 348

Min 35 793 62 978 41 416 41 658 1 435

Max 71 656 113 468 74 011 76 757 32 543

Std. Dev. 6 376 9 904 5 605 4 661 5 338

Number concentration (#/cm
3
)
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Figure 1 Graphical representation of mean value of the airborne particle concentration 

Figure 2 represents the time variation of the airborne particle concentration during the e-waste processing and 
backgrounds. It is possible to identify periods (in W3 data) when the concentration of airborne particles 
increased.  

 
Note: B -background in production hall; W3 - workplace 3, W4a - workplace 4a; W4b - workplace 4b, O - outdoor background 

Figure 2 Graphical representation of the airborne particle concentration in time 

The increase of the concentration of ultrafine particles was most probably caused by blockage of shredder. 
The shredder had to be turned off, and a worker had to get into the shredder to remove the material.  

The samples of all 12 stages collected by the Nano-ID® Select were analysed for metal content by ICP-MS, 
THERMO XSeriesII. The results are presented in Table 2. 
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Table 2 Chemical composition results 

 

The results in Table 2 represent the mass content of the individual size fractions. The smallest detected 
particles were at stage 8 measuring particles 60 nm - 250 nm. The highest concentration of elements at this 
stage was for chromium, copper, zinc, and tin. These elements were assessed in control banding tools, see 
following chapter. 

3.2. Qualitative risk assessment 

The qualitative risk assessment has been done for the nanoparticle elements: chromium, copper, zinc, and tin.  

3.2.1. Health hazard profile of assessed elements 

Chromium in the air is present as particle-bound or dissolved in droplets. Chromium(VI) trioxide (chromic acid) 
and soluble chromium(VI) salt aerosols may produce different health effects than insoluble particulate 
compounds. Exposure to chromium(VI) trioxide results in marked damage to the nasal mucosa and perforation 
of the nasal septum, whereas exposure to insoluble(VI) compounds results in damage to the lower respiratory 
tract. The products of metabolic reduction of chromium(VI) (free radicals and chromium(V) and (IV)) and the 
newly generated chromium(III) are thought to be, in part, primarily responsible for the genotoxic effects that 
may lead to carcinogenicity. Chronic inhalation of chromium(VI) compounds was carcinogenic in rats and mice, 
and a 2-year carcinogenicity study on oral chromium(VI) provided clear evidence of oral cancers in rats and 
gastrointestinal cancers in mice [9]. 

Copper (Cu) is one of the biogenic elements occurring in cells of all organisms. The copper can be present in 
the biological systems in the oxidised (Cu2+) or reduced state. The excessive level of copper can damage 
cellular components, be cytotoxic or cause the oxidative stress [10]. In a study dealing with  miners in copper 
mines , an increased risk of deaths from lung cancer and stomach cancer was found compared with residents 
in the area of the studied mine [11].  

Zinc is an essential element required for numerous basic functions in all living organisms. Inhalation is the 
main route of exposure to zinc in the occupational setting. When zinc as ore or metal and its alloys are exposed 
to temperatures near the metal's boiling point of 907 °C in an oxidizing atmosphere, the formation of fresh zinc 
oxide particles in size of approx. 0.2-1.0 μm occurs. Inhalation exposure to zinc and its compounds can cause 
adverse effects in gastrointestinal tract, as it was reported in a study of workers with 7-20 years of exposure 
in galvanizing industry. 12 out of 15 examined workers experienced frequent episodes of e.g. epigastric or 
abdominal pain, nausea, vomiting, ulcers, constipation [12]. 

Inorganic tin compounds usually enter and leave the human body rapidly following inhalation or oral exposure. 
Interestingly, tin is able to affect the metabolism of various essential minerals, such as zinc, copper, and iron. 
The mechanism is probably related to their absorption and retention. Airborne tin is bound to particulate matter, 
the highest concentrations were found to be associated with respirable particles of 1-3 µm in diameter [13]. 
Studies on the potential genotoxicity and carcinogenicity show conflicting results. Tin smelter workers had an 

ID + NanoID 

Stage

Fe 56

(ug/sample)

Mn 55

(ug/sample)

Cr 52

(ug/sample)

Co 59

(ug/sample)

Cu 63

(ug/sample)

Zn 66

(ug/sample)

Sb 121

(ug/sample)

Pb 208

(ug/sample)

Cd 111

(ug/sample)

Sn 118

(ug/sample)

39060 stage 1 27,830 1,750 0,073 0,172 0,908 4,887 0,034 8,318 0,067 0,207

39061 stage 2 14,004 0,425 0,024 0,035 0,378 2,216 0,015 2,159 0,038 0,071

39062 stage 3 13,164 0,351 0,022 0,022 0,521 1,815 0,012 1,819 0,029 0,084

39063 stage 4 8,813 0,266 0,035 0,015 0,243 1,044 0,008 1,348 0,017 0,059

39064 stage 5 1,332 0,039 0,003 0,002 0,037 0,056 0,000 0,208 0,004 0,015

39065 stage 6 0,905 0,027 0,063 0,002 0,115 1,437 0,000 0,089 0,004 0,007

39066 stage 7 0,672 0,010 0,048 0,003 0,008 0,079 0,000 0,053 0,006 0,000

39068 stage 8 0,027 0,005 0,251 0,001 0,263 1,621 0,011 0,018 0,001 0,338

39069 stage 9 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,056

39070 stage 10 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,045

39071 stage 11 0,000 0,000 0,000 0,001 0,000 0,000 0,000 0,000 0,000 0,045

39072 stage 12 0,000 0,000 0,000 0,001 0,000 0,000 0,000 0,000 0,000 0,048



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

624 

increased risk of lung cancer [14]. In an earlier study [15] however, an increased incidence of lung (or other) 
tumours in tin mill workers was not observed (640 workers employed in the period from 1921 to 1955 [16], 
[17]. According to Robertson (2006) [15] different conclusions from these studies may be based on different 
ways of tin ore handling, its different origins and especially the possible content of carcinogens. Current 
exposure to various chemicals is the overriding factor complicating epidemiological studies on the toxicity of 
tin. 

3.2.2. Inputs and result of qualitative risk assessment 

The inputs for the qualitative risk assessment are mentioned in Table 3. 

Table 3 Information input for CB Nanotool 2.0 

 

For the severity band, the information related to micro- and nano-elements was obtained from databases: 
ECHA registered substances [18], OSHA [19], and NIOSH [20]. The probability band factors were defined by 
the workers’ task characteristics. The results of the risk assessment based on the scores are presented in 
Table 4. 

Table 4 Risk assessment results using CB Nanotool 2.0 

 

Zinc (Zn 66) Copper (Cu 63) Chromium (Cr 52) Tin (Sn 118)

7440-66-6 7440-50-8 7440-31-5

Low est OEL (mg/m3)    ---- 1 1 2

Carcinogen? No No Yes No

Reproductive hazard? No No No No

Mutagen? No No No No

Dermal hazard? Yes Yes Yes No

Asthmagen? No No Yes No

Surface reactivity Unknow n Unknow n Unknow n Unknow n

Particle shape Unknow n Unknow n Unknow n Unknow n

Particle diameter (nm) > 40 nm > 40 nm > 40 nm > 40 nm

Solubility Soluble Insoluble Insoluble Insoluble

Carcinogen? Unknow n Unknow n Unknow n Unknow n

Reproductive hazard? Unknow n Unknow n Unknow n Unknow n

Mutagen? Unknow n Unknow n Unknow n Unknow n

Dermal hazard? Unknow n Unknow n Unknow n Unknow n

Asthmagen? Unknow n Unknow n Unknow n Unknow n

 ---  ---  ---  ---

Low Low Low Low

1.5 1.5 1.5 1.5

Daily Daily Daily Daily

> 4 hr > 4 hr > 4 hr > 4 hr
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Machining, sanding, drilling, or other mechanical disruptions of materials containing nanoparticles

Fume hood or local exhaust ventilation
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B
A
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 B
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D

Estimated maximum amount of chemical 
used in one day (mg)

Dustiness

Number of Employees w ith Similar 
Exposure

Frequency of Operation (annual)

Operation Duration (per shif t)

Name or description of nanoparticle

CAS#
Activity classification

Current Engineering Control

P
a
re

n
t 

m
a
te

ri
a
l

Element Severity score Severity band Probability score Probability band Overall risk band Upgrade Engineering control

Zinc (Zn 66) 56.5 High 27.5 Extremely Unlikely RL2 No

Copper (Cu 63) 76 Very high 43.75 Less Likely RL3 Yes

Chromium (Cr 52) 76 Very high 43.75 Less Likely RL3 Yes

Tin (Sn 118) 69 High 43.75 Less Likely RL2 No
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The level of risk obtained from CB tool was equal to RL2 (periodic review of the tasks, procedures, and controls 
by OSHH disciplines is necessary), and RL3 (tasks require a standardized one-page permit as a higher level 
of control documentation in justifying the implemented controls will reduce risks relative to operative OELs). 
Local exhaust ventilation was proposed, based on the assessed risk level, to ensure occupational health and 
safety. 

3.3 Conclusion 

Unlike in the case of work with traditional materials, the conventional occupational hygiene measurement 
methods might not be fully suitable for agents in a nanomaterial form. However, it is possible to assess 
exposure using various direct-reading equipment and sampling media for subsequent analyses [17]. 
Numerous techniques were identified to measure airborne nanomaterials with respect to particle size, mass, 
surface area, number concentration, and composition. However, as it was confirmed in the Methner article [21] 
some of these techniques lack specificity and field portability, are difficult to use and expensive when applied 
to routine exposure assessment.  

At present, there are practically no occupational exposure limits (OELs) specific to nanomaterials that have 
been adopted or recommended by authoritative standards and guidance organizations. Nevertheless, there 
are some proposals of the OEL values for a few types of nanoparticles, but these values are set up just for 
specific nanomaterials such as TiO2, MWCNT [22]. Based on this, the precautionary principle was applied in 
case of qualitative risk assessment using CB Nanotool v 2.O. The level of risk obtained from CB tool was equal 
to RL2, and RL3. Local exhaust ventilation was proposed, based on the assessed risk level, to ensure 
occupational health and safety. This field study has been conducted as a case study for the subsequent 
detailed risk assessment and management. 
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Abstract  

Nowadays nanomaterials are widely used in industry, medicine, cosmetics, remediation of persistent 
pollutants, and therefore it is important to test their possible harmful effects on both human health and 
environment. However, nanoparticles can be often contaminated by bacterial endotoxins (lipopolysaccharides, 
pyrogens) that can cause false positive results of the (eco)toxicological tests. For this reason, nanoparticle 
samples should always be screened for endotoxin presence before performing any toxicological studies. Some 
types of nanoparticles interfere with traditional methods determining the level of endotoxin contamination. The 
aim of this study was to evaluate two different methods for endotoxin detection and to compare their 
performance. The first commonly used method, chromogenic LAL assay, is fast, and relatively cheap, but it is 
known that the test is susceptible to inconclusive results due to nanomaterial interactions. The second one, 
EndoLISA, is a new, ELISA-based assay in which nanoparticle interference is minimized due to specific binding 
of endotoxin onto a surface. Our results demonstrate that EndoLISA assay can be less sensitive than 
chromogenic LAL assay in low endotoxin concentrations, but can be used at higher endotoxin levels in which 
LAL test cannot be applied. 

Keywords: Chromogenic LAL assay, EndoLISA, endotoxin, LPS, nanoparticles  

1. INTRODUCTION 

1.1. Endotoxins 

Endotoxins, or lipopolysaccharides (LPS), are essential biologically active structural components of the cell 
wall of all Gram-negative bacteria [1]. Endotoxins are very potent stimulators of the immune system even at 
very low concentrations. Their interaction with immune cells (monocytes, macrophages and dendritic cells) 
results in the production of the broad range of secondary messenger molecules (cytokines, chemokines, etc.) 
[2]. Production of cytokines and other mediators is responsible for many pathophysiological reactions, such a 
fever or hypotension [3]. Exposure to high doses of endotoxins can induce strong immunostimulation leading 
to septic shock, tissue damage, multiple organ failure, and disseminated intravascular coagulation, all of which 
can potentially cause death.  

Nanoparticles are increasingly being used in biology and medicine. Endotoxin contamination can cause false-
positive results of toxicity screens [4], and should be, therefore, carefully assessed before performing these 
tests. Nanoparticles are often synthesized in the laboratories that have not been approved for production of 
nanomaterials for clinical use. Moreover, nanoparticles are characterized by large surface area and high 
reactivity that both, along with the previously mentioned fact, increase the risk of endotoxin contamination [5]. 
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1.2. Detection of LPS in nanoparticle suspensions 

Endotoxins can be detected by different methods: in vivo performed rabbit pyrogen test (RPT), Lymulus 
amebocyte lysate test (existing in three formats: gel clot, turbidimetric and chromogenic), recombinant factor C 
assay, monocyte activation-cytokine assay or EndoLISA endotoxin detection (Figure 1). LAL assay has 
established itself recently as one of the most widely used methods for endotoxin quantification in nanomaterials 
due to its convenient use and relatively low price. The LAL assay is based on clottable proteins present in the 
blood cells (amebocytes) of the horseshoe crab (Limulus polyphemus) [6]. However, it has been shown that 
many nanoparticles interfere with this assay [7]-[9]. Recently, EndoLISA assay has been launched on the 
market as a new product quantifying endotoxins. It is an ELISA-based assay promising no interference of 
nanoparticles with the assay due to specific binding of endotoxin onto a surface.  

 

Figure 1 Principle of LAL test (A) and EndoLISA assay (B) 

The aim of this study is to compare the performance of LAL chromogenic end-point assay and EndoLISA test 
in nanoparticle suspensions. Specifically, we focus on the detection limits of the assays being important factors 
influencing the choice of the proper method for endotoxin detection. 

2. MATERIALS AND METHODS 

2.1. Nanoparticle synthesis and characterization  

SiO2 endotoxin-free nanoparticles with a hydrodynamic diameter of 100nm (CBNI NPs) were synthetized at 
Centre for BioNano Interactions, School of Chemistry and Chemical Biology, University College Dublin. The 
particle dispersion was characterized using dynamic light scattering (DLS) and differential centrifugal 
sedimentation (DCS).  

2.2. Chromogenic LAL assay  

Endpoint chromogenic QCL-1000W LAL assay was purchased from Lonza (Walkersville, MD, USA). The LAL 
assay was performed according to the manufacturer’s instructions.  
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Calibration curves were prepared by spiking known amounts (0.1, 0.25, 0.5 and 1 EU/ml) of endotoxin provided 
by manufacturer into endotoxin-free water. SiO2 nanoparticles were diluted to final concentration (100 µg/ml) 
by mixing at 1000 rpm for 30 seconds. Samples of nanoparticles spiked with E. coli endotoxin (0.1, 0.5, 1, 1.5 
and 2.5 EU/ml) were incubated for 30 minutes without shaking. All samples were prepared in duplicates. The 
absorbance signal of the nanoparticle suspensions was detected by Synergy HTX (BioTek) under wave length 
410 nm and once again after the nanoparticles were removed by centrifugation for 10 minutes at 4600 rpm.  

Standard curve was plotted using linear regression model and the endotoxin concentration of the spiked 
nanoparticle suspensions was determined (Table 1). 

2.3. EndoLISA 

The commercial EndoLISA® test (Endpoint Fluorescent Endotoxin Detection Assay) was purchased from 
Hyglos (Regensburg, Germany). All solutions were prepared with endotoxin-free water provided in the kit. 
While performing the test we followed manufacturer’s instructions.  

Standard solutions were prepared by serial dilutions of E. coli endotoxin provided by the manufacturer to obtain 
following concentrations: 0 (blank), 0.05, 0.5, 5, 50, 100, and 500 EU/ml and vortexed at 1400 rpm for 20 
minutes. SiO2 nanoparticles were diluted to final concentration (100 µg/ml) by mixing (1000 rpm) for 30 
seconds. Samples of nanoparticles spiked with E. coli endotoxin (0.1, 0.5, 1, 1.5, 2.5, 5, 25, 50 and 250 EU/ml) 
were incubated for 30 minutes without shaking. Afterwards, nanoparticle samples and standard dilutions (100 
µl) were added into the wells of the microplate. 20 µl of Binding Buffer was added into all wells. The wells were 
sealed with cover foil and incubated at 37 °C for 90 minutes with continuous mixing at 450 rpm. 

After incubation, the liquid was poured out by inverting the plate and dashing the liquid into a basin and 150 µl 
of Wash Buffer was added into each well using a repetitive pipette. This was repeated twice. Then the Assay 
Reagent (100 µl) was added to each well and the fluorescence signal was detected by Synergy HTX (BioTek) 
at 37 °C under excitation (400/30) and emission (460/40) filters at time zero and after 90 minutes.  

Zero minutes values were subtracted from 90 minutes values. The standard curve was plotted using  
4-parameter logistic regression model and the endotoxin concentration of the spiked nanoparticle suspensions 
was determined (Table 1). 

3. RESULTS AND DISCUSSION 

3.1. Nanoparticle characterization 

The hydrodynamic diameter of the SiO2 nanoparticles determined using DLS was found to be 100 nm while 
the size determined by DCS was 83 nm. This observed difference in size is always present in similar samples 
and can be explained by a myriad of phenomena. Two important ones being that hydrodynamic diameter 
includes the adsorbed water and salt shell on the particles and the propensity of DLS to overestimate the large 
particle fraction. In all cases studied, both peaks were monomodal with a PdI <0.2 (DLS). 

3.2. Chromogenic LAL assay and EndoLISA results comparison 

First important step was to plot standard curve from known endotoxin concentrations. The coefficients of 
correlation (r values) for standard curves were 0.991 (Figure 2a) for LAL assay and 0.993 for EndoLISA 
(Figure 2b). 
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Figure 2 A) LAL calibration curve (linear model);  
B) EndoLISA standard (calibration) curve (4-Parameter Logistic Regression Model) 

The results of the spiking experiments of the chromogenic LAL assay and EndoLISA are summarized in 
Table 1. Endotoxin values of spiked samples estimated by LAL assay well corresponded to the endotoxin 
concentration the samples were spiked with. The highest deviation of the spike endotoxin concentration was 
16.6 % in case of 2.5 EU/ml, however value 2.5 EU/ml exceeds the sensitivity range of this assay (0.1 - 1 
EU/ml). We did not detect any interference (inhibition or enhancement) of the SiO2 nanoparticles with the 
assay. This commonly reported phenomenon can invalidate results of the LAL assay [5], [8]-[10] because it 
causes overestimation or underestimation of the endotoxin concentration in the sample and represents the 
main reason why alternative methods for endotoxin detection are needed. 

Table 1 Comparison of results obtained with LAL assay and EndoLISA 

LPS detection method 

  LAL chromogenic assay EndoLISA 

Spike 
concentration 

[EU/ml] 

Detected 
endotoxin 

concentration 
[EU/ml] 

Standard. 
deviation 

Deviation of 
the spike 
endotoxin 

concentration 
(%) 

Detected 
endotoxin 

concentration 
[EU/ml] 

Standard 
deviation 

Deviation of 
the spike 
endotoxin 

concentration 
(%) 

0 0.031 0.0010 - 0.058 0.0000 - 

0.1 0.089 0.0010 10.9 0.289 0.0000 -189.1 

0.5 0.560 0.0123 -6.9 0.379 0.1564 24.1 

1 1.050 0.0327 -5.0 0.659 0.1720 34.1 

1.5 1.523 0.0205 -1.5 1.178 0.0000 21.4 

2.5 2.084 0.0082 16.6 2.258 0.0000 9.7 

5 - - - 5.245 0.2923 -4.9 

50 - - - 49.229 3.5723 1.5 

250 - - - 184.986 19.2943 26.0 

EndoLISA was not as accurate as LAL assay at low endotoxin concentrations although the sensitivity of the 
assay should be higher (from 0.05 EU/ml to 500 EU/ml) compared to chromogenic LAL assay. The accuracy 
of the endotoxin concentration estimation improved at higher endotoxin concentrations with the exception of 
the sample spiked with 250 EU/ml in which deviation of the spike endotoxin concentration was 26%. EndoLISA 
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is, hence, an appropriate tool when higher endotoxin concentrations are expected or in the case when the 
interference of nanoparticles with LAL assays is observed, but when none of these is true, LAL assay 
represents more affordable and convenient way to detect endotoxins in nanoparticle suspensions. However, 
EndoLISA is a relatively new assay that will be probably thoroughly studied in the future and its accuracy can 
be optimized for determining low endotoxin levels. 

4. CONCLUSION 

The performance of LAL chromogenic assay and EndoLISA for endotoxin quantification in nanoparticle 
suspension was compared. We detected no interference of SiO2 nanoparticles with LAL assay. Chromogenic 
LAL assay was shown to be more accurate at low endotoxin concentrations (up to 1.5 EU/ml) but EndoLISA 
was suitable to reliably quantify higher endotoxins levels than LAL assay. Further studies are needed to 
determine the limits of both assays for endotoxin quantification in nanoparticle suspensions. 
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Abstract  

Brake processes have been extensively studied and discussed in the relation to the creation of the brake wear. 
However, the contribution to the environmental pollution is still not clear and there is not unified procedure for 
the evaluation of the potential risk of the brake wear to the environment and human health. Lipid peroxidation, 
which could be defined as the oxidative deterioration of lipids containing any number of carbon-carbon double 
bonds especially polyunsaturated fatty acids, is one of the markers of oxidative stress and linoleic acid as a 
model lipid of cell membrane is used to quantifying the potency of tested compounds to induce peroxidation 
damage (lipoperoxidation) of unsaturated lipids. 

The aim of the study is evaluation of the potential toxicity of brake wear debris and typical constituents used 
in formulation of friction composites for brake linings by cell-free chemical test. For quantifying of 
lipoperoxidation was used test based on the reaction of malondialdehyde (natural product of lipid peroxidation) 
with thiobarbituric acid to produces pink adduct. Brake wear debris from commercial available brake pads and 
reference friction composites were collected after standard brake dynamometer test. Lipoperoxidation was 
evaluated for the collected brake wear debris and for chosen compounds commonly used in brake formulations 
(titanate, barite, iron fibers, bronze fibers, and chromite). Both types of brake wear debris were analyzed by 
scanning electron microscopy and Raman spectroscopy. Experimental results showed slightly toxic character 
for chromite, iron fibers, barite, and brake wear from reference friction composite. 

Keywords: Lipid peroxidation, brake wear debris, oxidative stress, friction composites, environmental  
         pollution 

1. INTRODUCTION 

Brake wear debris is important source of emissions originated from road traffic and may pose negative impact 
to the living organisms [1]. Friction composite for brake lining is heterogeneous mixture of different components 
providing optimal technical parameters for breaking, generally consists of more than 10 constituents including 
fiber reinforcements, abrasives, lubricants, fillers, and phenolic binders [2]. Braking is friction process 
connected with high temperature and pressure during which wear debris is produced, partially with different 
composition (new often oxidized forms) [3]. 

In studies on cell systems focused on toxic effect of wear brake debris cytotoxic ability was demonstrated 
where debris was able to induce oxidative stress and inflammation response of tissue (cells) generally. Several 
studies found that brake wear particles cause damage of tight junctions probably through oxidative stress [4], 
due to their increased surface and high reactivity with biomolecules [5]. Toxic effect was studied also in several 
non-cellular systems as lipid peroxidation of polyunsaturated fatty acid, reactive oxygen species generation 
with 2´,7´-dichlorodihydrofluorescein dye [1], or electron paramagnetic resonance [7]. Non-cellular systems 
have several advantages: small sample consumption, well defined system without interferences, and low-
culture conditions. The disadvantage is the scope of the method where only one metabolic pathway without 
connection to other is monitored. Non-cellular tests therefore seem appropriate for the initial evaluation of the 
potential toxic effects of the studied systems. Method useful for quantifying of toxic effect is lipid peroxidation 
assay which use polyunsaturated fatty acid as model of cell membrane lipid [7]. 
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The aim of the study was to perform basic characterization of collected brake wear debris after standard 
dynamometer test and selected typical constituents used in formulation of friction composites for brake linings 
and evaluation of the potential toxicity by cell-free chemical test of lipid peroxidation. Samples were 
characterized by scanning electron microscope with energy dispersive X-ray spectroscopy SEM/EDX and 
Raman microspectroscopy to determine morphology and phase composition, respectively. 

2. MATERIALS AND METHODS 

2.1. Materials 

For performance of the ability to induce lipid peroxidation following materials were used: linoleic acid, TiO2 
21 nm (Sigma-Aldrich, Germany), trichloroacetic acid, hydrochlorid acid, butanol (Lachner, Czech Republic), 
ethanol (Penta, Czech Republic), butylhydroxyltoluene, thiobarbituric acid (Applichem, Germany), 
NaH2PO4.2H2O, Na2HPO4.12H2O (Lachema, Czech Republic), and distilled water. 

For determination of ability to induce lipid peroxidation these samples were selected: barite, hexagonal 
potassium titanate, bronze fibers, iron fibers, and iron chromite which are industrially produced materials 
commercially used for the production of brake pads and generated brake wear debris (please see chapter 2.2.) 

2.2. Brake wear debris generation 

For generation of brake wear debris automotive full scale brake dynamometer model M2800 (LINK 
Engineering) was used. Brake wear debris was collected after standard dynamometer tests. The nonairborne 
particles (NAP) were collected from surface of dynamometer chamber, the airborne (AP) fraction was collected 
from filter (KS 85 Klima - Service, a.s., Czech Republic) located in dynamometer ventilation system. The AP 
contains particles from different low metallic brake pads and more simulate real traffic conditions. The non-
airborne NAP-1 sample originated from reference brake pad (BP-1). Formulation of BP-1: bronze, brass, CuS, 
Sn, Fe fibers, coke, graphite, aramid fibers, FeCr2O4, BaSO4, ZrO2, SiO2, SiC, Al2O3, MgO, MoS2, ZnO, rubber, 
SnS, and phenolic resin. The non-airborne NAP-2 sample originated from brake pad (BP-2) which has the 
same composition as reference brake pad with addition of 10% hexagonal potassium titanate (formulation of 
this brake pad was the same as in the case of BP-1 and all weights of used components were proportionally 
decreased to obtain same amount of the composite with potassium titanate). 

2.3. Analytical methods used for characterization of tested materials 

Experimental data on morphology and elemental composition of studied materials were obtained from 
scanning electron microscope (SEM) (Philips XL-30), equipped with EDX (EDAX) analysis, samples were 
attached on the carbon conductive tape. Smart Raman system XploRATM (HORIBA Jobin Yvon) with laser 532 
nm (10% of initial laser signal), and grating 1200 grooves/mm was used for measurements of generated brake 
wear particles. Absorbance of lipid peroxidation assay was evaluated by UV/VIS spectrometer CINTRA 303 
(GBC Scientific Equipment). 

2.4. Lipid peroxidation 

The assay used for quantifying of lipoperoxidation is based on the reaction of malondialdehyde (end product 
of lipid peroxidation) with thiobarbituric acid to produces pink product that absorbs at 532 nm. 9 mg of tested 
materials were suspended in 3ml of a buffered (sodium phosphate buffer 0.01M, pH 7.4) micellar dispersion 
of linoleic acid (0.001M) containing 2.5 wt.% of ethanol. The suspension was stirred under indoor UV 
illumination (REPTI GLO 5.0, 26W) at 37 °C for 72 h. The tested material was removed by centrifugation 
(12000 rpm, 30 min) with ethanol solution of butylhydroxytoluene (0.2 wt.%). 1 ml of resulting solution was 
mixed with 2 ml of thiobarbituric acid (0.034M) solution containing HCl (0.025 M), and trichloroacetic acid 
(0.92M) and heated in a boiling water bath for 30 min. Final pink complex was extracted to 3 ml of 1-
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butanolafter cooling in an ice bath. Absorbance of the organic phase was measured at 532 nm by UV/VIS 
spectrometer. The whole experiment was three times repeated. The assay used in the study was modification 
of study presented by Corazzari et al. [7].  

3. RESULTS AND DISCUSION 

Morphology (Figure 1) and elemental composition (Table 1) of commercially utilized materials used for 
preparation of tested friction composites (NAP-1 and NAP-2) were characterized by SEM/EDX.  

 

Figure 1 SEM images of (A) iron chromite, (B) barite, (C) iron fibers, (D) hexagonal potassium titanate,  
and (E) bronze fibers 

Table 1 Summary of elements detected by scanning electron microscopy with energy  
             dispersive X-ray spectroscopy (SEM/EDX) in the studied raw materials 

Material SEM/EDX 

Iron chromite Fe, Cr, O 

Barite C, O, S, Ba, Mg, Ca, Fe 

Iron fibers Fe 

Hexagonal potassium titanate O, K, Ti 

Bronze fibers O, Cu, Sn 

Detected elements in these samples show that commercially used materials are without impurities, except 
barite. Barite contains additive of magnesium, calcium, iron, and carbon. Figure 1 shows different shapes and 
sizes of particles, which correspond to the different function of these materials in brake formulations. Barite 
and titanate are used as fillers, copper alloys and iron fibers as reinforcements, and chromite as abrasive [8]. 
These materials were selected, because they were used in our reference friction composites, as well they are 
typical representatives of brake composites, and are relatively highly represented in formulation of friction 
composites. 
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Figure 2 displays selected images from SEM analysis which showed different morphology, size, and shape of 
studied wear particles. In all cases samples have heterogeneic nature. Image AP in Figure 2 represents 
airborne particles, which are in comparison to non airborne particles (NAP-1, NAP-2) several times smaller but 
as well the sample contains larger particles about 100 - 200 µm in diameter. NAP-1 showed complex and 
heterogeneous mixture of particles with different size and shape, which includes spherical, plated, sharp 
edged, and fibre particles. Spherical particles are typicaly created during high-temperature processes [9].  
NAP-2 in comparison to NAP-1 contains bigger amount of sharp edged particles, which origin is connected 
with mechanical wear. 

 

Figure 2 SEM images of airborne particles from pocket filter (AP), non-airborne particles from referent 
friction composite (NAP-1), non-airborne particles from friction composite with addition of titanate (NAP-2) 

Table 2 summarizes elemental composition of wear debris particles evaluated by SEM/EDX and phase 
analysis (detected compounds) by Raman microspectroscopy. Composition of the NAP-1 and NAP-2 samples 
corresponds to the used raw materials in brake pad formulations (see chapter 2.2). Difference between NAP-
1 and NAP-2 is caused by addition of hexagonal potassium titanate in friction composite. Presence of Ca, 
which was not used in the initial formulation in the NAP-2 sample is probably due to the impurity of the barite 
(see Table 1). AP sample was obtained from more than 10 different low-metallic brake pads, but from the 
results (see Table 2) it is evident, that detected elements and compounds correlate with NAP-1 and NAP 2 
samples. Raman microspectroscopy determined amorphous carbon as main compound in the all studied 
samples, which is probably caused by the phenolic resin degradation [10]. 

Table 2 Summary of the detected elements by scanning electron microscopy with energy dispersive X-ray  
    spectroscopy (SEM/EDX) and compounds by Raman microspectroscopy 

Material SEM/EDX Raman microspectroscopy 

AP C, O, Fe, Cu, Si, S, Zn, Ba, Cr, Mg, Ti, Al, Sn 
amorphous carbon, graphite, silicates, Cu2O, MoS2, 
Fe2O3, Fe3O4 

NAP-1 C, O, Fe, Cu, Si, S, Zn, Ba amorphous carbon, graphite, MoS2, Fe2O3, Fe3O4, 
chromite 

NAP-2 C, O, Fe, Cu, Si, S, Zn, Ba, Cr, Mg, Ti, Ca, K amorphous carbon, graphite, Fe2O3, Fe3O4, chromite, 
pottasium titanate 

Break wear particles may differ considerably from the bulk friction material [2], for example iron oxides were 
detected, but only iron powder was used in formulation of composite. During braking high temperatures and 
pressures are applied which may lead to the formation of the new products (for example oxidation of metallic 
component mainly cooper and iron) [3]. Difference in composition detected by SEM/EDX and Raman 
microspectroscopy may be caused by tendency of wear to form aggregates, where different particles can cover 
homogenous core, layer of amorphous carbon on particles surface or interference of carbon conductive tape. 
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Ability to induce oxidative stress via peroxidation of polyunsaturated fatty acid, linoleic acid exactly was 
evaluated for all studied samples (Figure 3). 

 

Figure 3 Absorbance (532 nm) of pink complex malondialdehyde - thiobarbituric acid corresponds to level of 
lipoperoxidation of linoleic acid incubated with analyzed materials for 72 h at 37 °C with UV illumination. 

HTP-hexagonal potassium titanate, AP-airborne particles, NP-1-non-airborne particles from referent brake 
composite, NP-2-nonairborne particles from brake composite with addition of titanate, negative control (ctrl) - 

linoleic acid, positive control (ctrl) - TiO2. Data are reported as mean ± SD of three measurements 

Significant increase of lipoperoxidation ability from materials forming brake composite shows chromite, barite, 
and iron fibers. Chromium enters cells poorly, but can bind to DNA and induces mutagenesis. Barite is very 
poorly absorbed in the organism and its inhalation may cause benign pneumoconiosis, and in cell membranes 
can block the K+ channels in Na-K pump. Iron can cause oxidative stress, because catalyzes the formation of 
radical, which can damage tissues and biological molecules [11]. Titanate and bronze fibers oxidized linoleic 
acid equally as nonspecific oxidative processes, which are not active in oxidizing linoleic acid. 

Airborne particles are generally considered to be more toxic than non-airborne particles. It is caused by their 
higher reactivity depend on larger surface of particles [10]. Airborne particles may permeate into lung and can 
be transported to the whole organism. They were not able to induce lipoperoxidation in used test. It can be 
caused by aggregating of particles in bigger structures. From NAP samples only NAP-1 is active in oxidizing 
of linoleic acid. Higher values in case of iron fibers can by caused by presence of iron oxides, detected by 
Raman. Decrease of value in NAP-2 in comparison to NAP-1 is probably caused by addition of 10% titanate, 
which does not cause lipid peroxidation (see Figure 3). Probably toxicity of brake wear debris is the most 
influenced by coating of these particles by amorphous carbon [5], which was detected in majority and as well 
by presence of metal oxides (especially iron oxides) in the sample. 

4. CONCLUSION 

Morphology, elemental, and phase composition of selected raw materials used in brake pad formulation 
(chromite, barite, iron fibers, titanate, and bronze fibers) and wear particles produced from braking process 
(airborne and non-airborne fraction) were identified by SEM/EDX and Raman microspectroscopy. Analysis 
showed that all input materials except barite are pure and composition of wear particles of NAP-1 and NAP-2 
samples corresponds to initial formulation of brake composites. Sample AP, however, it is mixture of wear of 
10 different brake pads have very similar composition to NAP samples. In all cases wear particles have 
heterogeneous character and airborne particles are several times smaller in diameter than non-airborne. 
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Evaluation of ability of tested materials to induce oxidative stress via lipid peroxidation showed that only 
chromite, barite, iron fibers, and NAP-1 sample are able to induce lipoperoxidation in used test. 
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Abstract   

Quantum dots (QDS), which belong to the group of nanostructures, have great potential for use in many 
applications, technical, biological and medical. Despite of their great potential, there is an enormous 
disadvantage for quantum dots containing some metalloid elements and heavy metals especially. This 
disadvantage is caused by the gradual release of metal ions and instability of QDs under various conditionin. 
Covering QDs by various modifiers is usually used for QDs stabilization and decrease of heavy metals ions 
release. The accomplishment of desired effect and efficiency of QDs modifications is questionable [cit?]. In the 
present study, ODs stability via their fluorescent properties, size and release of cadmium ions were studied. 
To measure the release of Cd2+ from the core of QDs an electrochemical method, differential pulse 
voltammetry (DPV), was used. Study conducted in mildly alkaline pH, which was close to the actual pH of QDs 
was performed. Four types of CdTe based QDs were used: MPA - CdTe (mercaptopropionic acid), 
MSA - CdTe (mercaptosuccinic acid), GSH - CdTe (glutathione), CdTe / ZnSe (core/shell). During 14 days 
period measurement of fluorescence, zeta potential and release of Cd2+ ions from QDs in two alkaline buffers 
were performed. Fist was phosphate buffer pH 7.6 and and further used a special neutral buffer pH 7.6, which 
simulated the cellular environment. From these data the stability of given modified and core shell QDs were 
assessed. At the end of the study it was found that CdTe / ZnSe core shell QDs maintain high fluorescence 
values together with the lowest released cadmium ions concentration. 

Keywords: Quantum dots, stability, fluorescence, zeta potential, electrochemistry 

1. INTRODUCTION 

Nowadays nanotechnology is often used in many fields because it shows great potential for many applications. 
To the group of nanomaterials belong QDs. Quantum dots may consists of metals or carbon materials [1]. 
Their unique chemical and physical properties suggest that in the future could replace organic fluorophores. 
The biggest advantage of QDs is their broad absorption and narrow emission spectra. A problem that reduces 
utilization of metal QDs is their toxicity [2, 3]. According to the literature various types of core / shell structures 
(CdSe / ZnS, CdTe / ZnS, CdTe / ZnSe) are solutions to reduce toxicity of metal QDs. However, release of 
heavy metals also depends on many other chemical and physical properties of QDs [1, 4, 5]. In the present 
study the stability of CdTe QDs covered different modifications (MPA-CdTe, MSA-CdTe, CdTe-GSH) 
compared to core / shell structure (ZnSe / CdTe) was investigated. Stability and toxicity of QDs are important 
indicators for their applications, such as using in in vivo imaging [6, 7]. The aim of this work is to determine 
how different types of QDs behave in time (measurements were performed in the short and long-term 
experiments - 2 h and 14 days) in a neutral pH (change in size, fluorescence, and the release of metal ions 
were monitored). Collected data were evaluated and served for individulal type QDs stability assessment. 
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2. MATERIALS AND METHODS 

2.1. Chemicals 

All used chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA). High purity deionized water (Milli-
Q Millipore 18.2 MΩ/cm, Bedford, MA, USA) was used throughout the study. 

2.2. Preparation MPA - CdTe 

CdTe MPA QDs were prepared according these steps: 5 mL of cadmium acetate (5.32 mg/mL) was dissolved 
in ACS water (43 mL) and 100 mg of trisodium citrate dihydrate was added with stirring. Mercaptopropionic 
acid (MPA) (1 mL; 60 mg/mL) was slowly added to stirred solution. Afterwards, 1.25 mL Na2TeO3 (4.432 g/L) 
was added. Solid sodium borohydride (50 mg) was added with vigorous stirring and hydrogen evolution was 
observed, followed by colour change of solution to slightly yellow. After 30 min of stirring 2 mL of solution was 
heated in glass vial in Multiwave 3000 Microwave Reaction System (Anton Paar, Graz, Austria) using rotor 
64MG5. Reaction conditions were as follows - power 300 W, 80 °C, ramping time 10 min and hold 10 min [8]. 

2.3. Preparation GSH - CdTe[8] 

Similarly, GSH-CdTe QDs were prepared according to procedure above, only instead of MPA, 246 mg GSH 
was added and reaction temperature 70 °C was used. 

2.4. Preparation MSA - CdTe 

10 mL of cadmium acetate (5.32 mg/mL) and 1 mL MSA (60 mg/mL) were added to 76 mL of deionized water 
and mixed on a magnetic stirrer. 1.8 mL 1M ammonia solution was added to adjust to neutral pH. In the end 
were added 1.5 mL of sodium tellurite (4.43 mg/mL) and 40 mg of sodium borohydride. The solution was stirred 
for 2 hours. The volume of the solution was made up to 100 mL with deionized water. Finally volume 2 mL of 
solution was in glass vial heated in Multiwave. Reaction conditions were as follows - power 300 W, 60 °C, 
ramping time 10 min and hold 10 min [9]. 

2.5. Preparation CdTe / ZnSe 

The ZnSe solution was prepared from zinc acetate 10 mL (4.4 mg/mL) and 1 mL MSA (60 mg/mL) was added 
to 76 mL of milli-Q water with stirring. 1M ammonia solution (1.8 mL) was added followed by 1.5 mL of sodium 
selenite (5.26 mg/mL). In the end 40 mg of sodium borohydride was added to reaction mixture and thoroughly 
mixed for two hours. The volume of the solution was made up to 100 mL with milli-Q water. To prepare 
core/shell CdTe/ZnSe QDs 1 mL of ZnSe solution was added to 1 mL of CdTe QDs and heated at a 
temperature of 60 °C in Multiwave.Reaction conditions were as follows - power 300 W, ramping time 10 min 
and hold 10 min [9]. 

2.6. Preparation of neutral buffer pH 7.6 

Neutral buffer was prepared according to the instructions [10]. 

2.7. Preparation of samples for measurement 

QDs were four times diluted with milli-Q. Then was taken 3.18 mL of every type QDs and added to 44.86 mL 
phosphate buffer. Experiment was prepared in the same manner with neutral buffer. The prepared solutions 
were stored in the light in 25 °C. 

2.8. Electrochemical determination of Cd2+ using DPV 

Determination of cadmium by DPV were performed with 797 VA Computrace instrument (Metrohm, mesto, 
Switzerland), using a standard cell with three electrodes. A hanging mercury drop electrode with a drop area 
of 0.4 mm2 was the working electrode. An Ag/AgCl/3M KCl electrode was the reference and platinum electrode 
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was auxiliary. The analysed samples were deoxygenated prior to measurements by purging with argon 
(99.999%). The parameters of the measurement were as follows: initial potential of −1.3 V, end potential 
+0.12 V, deoxygenating with argon 90 s, accumulation time 240 s, deposition potential −1.3 V, time interval 
0.05 s, voltage step 5 mV, pulse amplitude 25 mV, volume of measurement cell 2 mL. 

3. RESULTS AND DISCUSSION  

First of all were QDs characterized using fluorescence and absorbance spectrophotometry (Tecan, Grödig, 
Austria) and measurement of particle sizes and zeta potentials thank to Dynamic Light Scattering (DLS) 
(NANO-ZS, Malvern Instruments Ltd., Worcestershire, U.K.). As an ideal excitation wavelength was chosen 
400 nm. The greatest value of the fluorescence showed CdTe / ZnSe core shell QDs. 

 

Figure 1 Absorbance and fluorescence of QDs. Utilized excitation wavelength was 400 nm within all cases 

The particle size measurements were performed considering a refraction index of 2.682. The absorption 
coefficient in both cases was 10−3 respectively. The measuring temperature was set at a constant value of 
25 °C. For measurement of size, disposable cuvettes type ZEN 0040, were used, containing 40 µL of sample. 
For the measurements of zeta potential, a disposable cell DTS1070 was employed. In each case, the 
measurement duration depended on the number of runs, which varied between 20 and 40. The equilibration 
time was 120 s. 

Table 1 pH and DLS characterization of QDs  

Sample pH Zeta size (nm) Zeta potential (mV) 

MPA-CdTe 6.7 3.6 ± 0.5 −35.4 ± 0.2 

MSA-CdTe 6.1 10.1 ± 0.9 −36.5 ± 0.1 

GSH-CdTe 6.7 48.0 ± 3.5 −27.2 ± 0.4 

CdTe / ZnSe 6.5 11.7 ± 2.7 −30.3 ± 0.2 

During two hours, the largest increase of cadmium quantum dots modified MPA in both buffers. The smallest 
increase of cadmium after two hours showed MSA-CdTe. Conversely modification MSA showed the largest 
decrease in fluorescence, especially in a neutral buffer. Zeta potential decreased to half from initial values of 
all QDs. In neutral buffer were the zeta potentials significantly better than in phosphate buffer. Lowest zeta 
potential had MPA-CdTe. 
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Figure 2 Study of stability QDs under neutral conditions depending on the time. Short-term interactions. 

Even in the long run QDs modified MSA showed the lowest value in the release of cadmium ions. 
Simultaneously, this modification showed the worst photostability. The results from two-hour experiment 
correspond with the results of the two weeks experiment. 

 

Figure 3 Study of stability QDs under neutral conditions depending on the time. Long-term interactions. 

4. CONCLUSION 

The objective of this experiment was to determine which preparation method of examined CdTe QDs provides 
the most stable quantum dots. Based on the literature has been raised the hypothesis that the most stable 
type of QDs should be core / shell [11]. The results show that the release of the cadmium ions are stable QDs 
modified MSA in a neutral environment. From the viewpoint of the photostability proved the most stable QDs 
modified with MSA. According to the results of fluorescence measurements were MSA-CdTe and CdTe / ZnSe 
least photostable. The results of the experiment show that it is not accurately detectable, that the examined 
QDs are the most stable. From the perspective of different criteria (applied to different applications), each QDs 
respond differently. For each experiment must be chosen QDs that will be appropriate for the selected 
application. 
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Abstract 

The growing industrial, health care, pharmaceutical and water purification application of nanomaterials (NMs) 
has upraised concerns about their effect on the human health and environment. Whether the NM remains 
stable, dissolves with the release of ions, or forms larger aggregates, is crucial in finding out its possible fate. 
Herein, the stability of tannic acid/sodium citrate-stabilized Ag (nAg) and Silicon-Graphite flakes produced 
within the European FP7 project FutureNanoNeeds was investigated at various pH values, ionic strengths (IS) 
and in natural reservoir water. Furthermore, the effect of these NMs in deionised and reservoir water was 
assessed on the soil bacterium Pseudomonas putida. Three methods were applied in order to determine 
stability and behaviour of the NMs, namely differential centrifugal sedimentation analysis, UV-Vis 
spectrophotometry and zeta potential analysis. The kinetics of ion release and/or particle agglomeration was 
strongly pH- and IS- dependent which resulted in change of UV-Vis spectra, particle size distribution and 
particle zeta potential. Low pH caused fast dissolution of nAg whereas no significant effect was observed at 
high pH. In contrary, high pH strongly influenced the stability of Silicon-Graphite flakes. Moreover, it was found 
that the organic matter and ions present in the reservoir water significantly influenced both NMs causing their 
rapid agglomeration and/or dissolution. P. putida was affected by both NMs at concentration of 50 mg/L after 
6h of exposure. Concentrations up to 10 mg/l of Silicon-Graphite did not cause any harm to P. putida in both 
deionised and reservoir water. Interestingly, the negative effect of nAg disappeared in deionised water after 
24h and prevailed in reservoir water.  

Keywords: Stability, nanoparticle, nAg, Silicon-Graphite, environmental fate, Pseudomonas putida 

1. INTRODUCTION 

Increasing production and use of nanomaterials in many fields such as industry, pharmaceutical, food, textiles, 
medicine, agriculture, water/soil remediation and subsequent potential for their release in the environment has 
been raising concerns about their toxicological and environmental effects that need to be addressed. The most 
important step is to carefully describe interactions between nanomaterials (NMs) and different environmental 
compartments considering effect of wide variety of parameters affecting their fate and behaviour, like mobility 
and bioavailability. These issues lag far behind those of human exposure where the exposure scenarios, 
though large, are manageable and to some extent characterized. It is necessary to assess the important 
parameters which affect the environmental behaviour of the NMs in freshwaters, sea water, soil, or other 
natural environmental compartments. The analysis of nanoparticles in environmental media is a difficult task 
due to measurements that are highly dependent upon particle size, concentration and physico-chemical 
characterization [1]. Moreover, nanoparticles in aqueous media are dynamic: agglomeration/aggregation or 
dissolution is unpredictable and the rates are themselves highly dependent on surrounding conditions. In 
addition, nanoparticles can be greatly affected by the matrix components. Similarly, size and size distribution 
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of particles can be affected by ionic strength, pH, or presence of natural organic matter (NOM). When 
measuring nanoparticles in the environmental media, dynamic changes in nanoparticle aggregation and 
dissolution must be considered [2].  

Engineered silver nanoparticles (nAg) have attracted the attention of scientists for their remarkable properties, 
such as electrical, thermal conductivity, optical and antimicrobial (explored in consumer products such as 
cosmetics, textiles, electronics, paints, and water disinfectants) [3]. However, due to the large production and 
use of nAg in many fields, Ag could be released into the environment either as soluble ions, NPs or NP 
aggregates, during various human activities (e.g. industrial process, washing of antibacterial textiles, and 
waste water production) and these release routes raise concerns about potential toxic effects of nAg on the 
environment and human health [3].  

Amorphous Silicon NMs are nano-sized structures that can be applied in various products, such as sunscreen 
lotions, cosmetics, or food [4]. Because of their small size, particles have the potential of internalization through 
different routes to the organisms [5]. The hydrophilic silanol groups (Si-OH) on a silica surface act as binding 
sites for water. The protonation and deprotonation of these silanol groups determine the surface charge of 
silica NPs and the extent of the repulsive energy to keep them dispersed in the solution [6]. The mobility of 
nanoparticles in natural formations is strongly influenced by the dispersion stability of nanoparticles in a 
continuous phase. Typical subsurface conditions such as temperature, pH, and concentration of salts vary 
over wide ranges. It is thus difficult to control the stability of nanoparticle dispersion under reservoir conditions, 
particularly at high salinity and high temperature [7]. Moreover, environmentally relevant extreme conditions 
like low and high pH, ionic strength, and total organic carbon content are explored to determine effect on the 
NPs behaviour. To ensure a safe development of nanotechnology, a good understanding of the behaviour and 
effects of nAg and Silicon NMs on the environment is required.  

The present study aims to investigate the effect of extreme and environmental conditions (i.e. low and high 
pH, various ionic strengths and dissolved organic matter concentration in natural reservoir water) on the 
stability of nAg and Silicon-Graphite NMs developed within the European FP7 project FutureNanoNeeds. 
Moreover, the effect of these materials on the soil bacterium Pseudomonas putida in deionised and natural 
reservoir water was determined. 

2. MATERIALS AND METHODS 

2.1. Materials  

The tannic acid/sodium citrate-stabilized Ag (VHIR_AgNP_15 nm_060516) were obtained from 
FutureNanoNeeds partner Vall d'Hebron Research Institute. The mean size determined using TEM was 15.7 
nm. Silicon-Graphite flakes (IUTA Si@Gra01) NM was obtained from FutureNanoNeeds partner IUTA. The 
Si/C content was 55/45 and the specific surface area was of 19.5 m2/g. Density of bulk silicon was 2.329 g/cm3 
and density of graphite flake was 2.2 g/cm3. This NM was originally developed for battery materials for Li-ion 
Batteries. The Gram-negative soil bacterium Pseudomonas putida strain CCM 7156 was obtained from the 
Czech Collection of Microorganisms, Masaryk University Brno, Czech Republic. The bacterial culture was 
freshly prepared overnight in a Soya nutrient broth (Sigma-Aldrich) at 27 oC before the experiment. The total 
organic carbon (TOC) of Soya nutrient broth was around 5.6 mg/l. 

Deionised water (18.2 MΩ·cm-1) was prepared by an ELGA purelab flex system (ELGA, Veolia Water, Marlow, 
UK). Natural water was sampled in the Harcov reservoir (Liberec, Czech Republic) with a 1 l fisher bottle and 
stored in 8 oC. The basic chemical characterisation of Harcov water is presented in Table 1. 
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Table 1 Physico-chemical characterisation of natural water from Harcov reservoir  

pH [-] ORP [mV] Conductivity 
[µS.cm-1] 

NO3- 

[mg/l] 

NO2- 

[mg/l] 

PO43- 

[mg/l] 

SO42- 

[mg/l] 
DOC [mg/l] 

7.37 225 245 3.7 <0.5 <0.5 21.8 8.7 

2.2. Analytical procedure 

The centrifugal particle sedimentation technique, was used for particle size distribution analysis. 
Measurements were made using CPS Disc Centrifuge (DC24000UHR, CPS Instruments Inc., USA) at a disc 
rotation speed of 24000 rpm and the particle sedimentation was carried out in a 8−24% (w/w) sucrose density 
gradient. Prior to each sample measurement, the instrument was calibrated using a PVC nanosphere standard 
(283 nm). An UV-Vis spectrophotometer (Hach Lange Dr 6000) was used to determine the ultraviolet-visible 
spectral region (300-700 nm) of the samples. The zeta potential values of NPs were determined in freshly 
prepared suspensions by means of a high performance Zetasizer ZS particle size analyser (Malvern 
Instruments Ltd, UK). Each measurement was performed in sequences of ten runs with autocorrelation 
functions set at 10 seconds. The zeta potential of each sample was obtained from the average of three 
measurements. The pH and ORP measurements were determined by a WTW pH-meter equipped with SenTix 
pH electrodes (TMultiLine® Multi 3430 IDS). ORP values are presented as values against a saturated calomel 
electrode (SCE) and were not corrected to the standard hydrogen electrode (SHE). TOC was analysed by a 
Multi N/C 3100 analyser (Jena Corporation, Germany). 

2.3. Experimental procedure 

The NPs were dispersed in aqueous media of (i) extremely low and high pH conditions (pH 2 and pH 11.5), 
(ii) lower and higher ionic strength (IS) conditions (NPs dispersed in 0.5 g/l and 1.0 g/l of NaCl solutions) (iii) 
in deionised water (control), and, furthermore (iv) NPs were dispersed in Harcov reservoir water (unfiltered) 
collected fresh before the experiment. Final volume of each sample was 100 ml. Samples were taken in 
selected time points and analysed.  

Bacterial tests were described in detail in Ref. [8] and Ref. [9]. Briefly, nanoparticle suspension was added to 
the freshly prepared bacterial culture adjusted to 0.008 (±0.002) by optical density at 600 (OD600) in a range of 
final concentrations: 0, 0.001, 0.01, 0.1, 1, 10 and 50 (mg/l). From each sample, 1 ml aliquots were transferred 
into a 24-well plate. Bacteria without NPs were used as negative control (0 mg/l). All samples were incubated 
at 27 oC for 24 hours. Optical density measurement of the samples in 24-well plate was measured at 600 nm 
(OD600) for every 2 hours using multi-mode reader (Synergy HTX, BioTek, USA). Each sample was prepared 
in triplicate. The bacterial growth rate (µ) (OD600/h) was defined by R linear regression of cell density (OD600) 
versus incubation time (hour). Effect of nanoparticle concentration at 10% inhibition on bacterial growth rate 
was also calculated [8, 9]. 

The results were statistically analysed by ordinary ANOVA, Dunnett’s multiple comparison test.  

3. RESULTS AND DISCUSSION 

To determine the stability of nanoparticles in different pH, ionic strength and natural reservoir water, differential 
centrifugal sedimentation (DCS) analysis, UV-Vis spectrophotometry and zeta potential analysis were applied.  

3.1. UV-Vis characterization 

The UV-Vis absorption spectrum of the nAg showed a maximum absorption peak at a wavelength of 401.5 nm 
(Figure 1, Figure 2). The position and width of the UV-Vis absorption spectrum of the nAg depends on the 
size and polydispersity of the particles as well as the presence of adsorbed substances or an oxidation layer 
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on the surface of the particles [10]. In general, mono-dispersed silver nanoparticles bellow 100 nm with no 
adsorbed substances (i.e. ions and/or surfactants) or oxidized surface layer have a narrow peak at a 
wavelength of 390 to 450 nm that varies with particle size. 

 
Figure 1 Effect of extreme pH conditions on UV-Vis spectrum of nAg (50 mg/l) during 14-day test. Left pH 2, 

Right pH 11.5 

 

Figure 2 Effect of lower and higher ionic strength on UV-Vis spectrum of nAg (50 mg/l) during 14-day test. 
Left NaCl 0.5 g/l, Right 1 g/l 

Extremely low pH as well as increased ionic strength significantly affected nAg in deionized water which is in 
good agreement with the work presented by Pinto et al. [11]. Moreover, extremely high pH and different nAg 
concentrations from 4.63 to 463 µM (data not shown) had little effect on the UV-Vis absorbance spectra. 
Stability of Silicon-Graphite NPs in extreme pH and different ionic strength conditions are not shown due to 
non-characteristic UV-Vis absorption spectra in the tested region. 

3.2. Size distribution analysis 

The size distribution of both NMs changed during the incubation time in the natural water taken from Harcov 
reservoir is shown in Figure 3. 

The particle size of nAg increased over time in the reservoir water (Figure 3a) comparing to high stability of 
nAg in deionized water over 14 days. As for Silicon-Graphite NPs, two size distributions were detectable in the 
beginning of the experiment - smaller nanoparticles of ~ 40-50 nm and larger nanoparticles or aggregates of 
~ 250 nm (Figure 3b). The smaller fraction was not detectable after 2 days of incubation in Harcov reservoir 
water. The agglomeration of particles could be caused by lowering the zeta potential (in the beginning of the 
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experiment) which was insufficient for maintaining colloidal stability and therefore resulted in suspension 
destabilization and particle aggregation. As for nAg, complexation of dissolved ions with the carboxyl groups 
on the surface of the citrate-nAg could be the main reason for the reduction in the zeta potential and 
subsequent particle aggregation as reported by [12]. 

(a)

 

(b)

  
Figure 3 Effect of reservoir water on particle size distribution of (a) nAg (50 mg/l) and particle size 

distribution of (b) Silicon-Graphite (50 mg/l) in the beginning (red line), and after 2 (green line), 5 (pink line) 
and 7 (blue line) days 

3.3. Zeta potential analysis 

Generaly, the electric potential near to the surface of the molecule (ie., ζ-potential) is oftentimes assessed and 
applied as an indicator of the surface potential. The magnitude of the surface potential regulates the degree 
of the electrostatic repulsion between molecules therefore accelerating/inhibiting their agglomeration [13, 14]. 
Zeta potential of nAg in reservoir water was less negative in comparison to that of nAg in deionised water, 
indicating a reduced electrostatic repulsion. 

Table 2 Zeta potential of nAg measured in different conditions after 0, 1, 3, 7 and 14 days 

Sample conditions Zeta potential (mV)  

 Day 0 Day 1 Day 3 Day 7 Day 14 

Reservoir water* -20.07 -21.50 -18.40 -22.25 n.a. 

Deionized water -48.9 -44.9 -40.9 -47.5 -48.4 

pH 2 -49.9 -5.11 -0.334 -1.28 -0.087 

pH 11.5 -31 -31.9 -47.7 -38.95 -32.5 

Lower IS -35.6 -36.2 -30.7 -33.9 -40.5 

Higher IS -47.8 -38.1 -38.8 -32.1 -19.1 

*the time points in test conducted in Harcov reservoir water were: 0, 2, 5, 7  

The dispersion surface charge and consequently the hydrodynamic size can be altered by changing the 
solution pH. At low pH, particles have a positive surface charge. When a particle has highly polar bonds, 
multiply charged ions may be adsorbed onto the particle in an aqueous environment, leading to an increase in 
particle surface charge and positive zeta potential. 

Zeta potential has sligtly decreased over 7 days in Silicon-Graphite incubated in reservoir water (Table 3). At 
low pH conditions, zeta potential was of positive values and was slowly increasing, while at high pH conditions, 
it was of clearly negative values. 
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Table 3 Zeta potential of Silicon-Graphite NPs measured in different conditions after 0, 2, 5 and 7 days 

Sample conditions Zeta potential (mV) 

 Day 0 Day 2 Day 5 Day 7 

Reservoir water -6.57 -13.30 -20.85 -20.15 

Deionized water -11.37 -14.80 -4.90 -28.35 

pH 2 5.83 14.70 11.15 14.05 

pH 11.5 -31.63 -23.45 -27.85 -36.45 

Lower IS -16.20 -36.55 -38.95 -47.25 

Higher IS -30.67 -29.65 -32.10 -43.05 

Effect of nAg and Silicon-Graphite on soil bacterium Psedomonas putida 

Bacterial growth was significantly reduced (P < 0.0001) when P. putida grew in presence of nAg (10 mg/l) in 
deionized water and the reservoir water after 6h of incubation (Figure 4a). There was no significant effect of 
Silicon-Graphite on bacterial growth within the concentration range from 0.001 to 10 mg/l. At 50 mg/l 
concentration of both NMs, the bacterial growth rate could not be detected after 6h (Figure 4a). The bacterial 
growth in presence of NPs at concentrations up to 10 mg/l was comparable to the growth without NPs (0 mg/l) 
while it was strongly affected at 50 mg/l (P < 0.0001) except for nAg being harmless in deionized water after 
24h (Figure 4b). The reservoir water contained divers sources of cations, anions and natural organic matter, 
therefore, it could affect bacterial growth in the presence of nAg (50 mg/L) after 24h. 

The effective concentration (EC10) showed that nAg inhibited 10% of P. putida growth at the dose of 3.36 and 
2.86 mg/l in deionized and reservoir water, respectively. EC10 for Silicon-Graphite was determined to be 10.84 
mg/l in deionized water and 12.30 mg/l in the reservoir water (Table 4).   

 
Figure 4 Effect of nAg and Silicon-Graphite on P. putida growth rate after 6h (A) and 24h (B) exposure. DIW 

- Deionised water, RW - reservoir water. The significance level: ****P < 0.0001. 

Table 4 The effective concentration at 10% inhibition, EC10 (mg/l) of nAg and Silicon-Graphite determined  
              for Pseudomonas putida growth in deionized water (DIW) and reservoir water (RW) 

 
nAg  (mg/l) Silicon-Graphite  (mg/l) 

DIW 3.36 10.84 

RW 2.86 12.30 
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4. CONCLUSIONS 

The nAg and Silicon-Graphite particles were characterized in natural reservoir water, at low and high pH, and 
at different ionic strengths (0.5 and 1 g/l of NaCl) conditions in order to determine their stability. The effect of 
NMs in deionised and natural reservoir water was assessed on the soil bacterium Pseudomonas putida. 
Particles were found to be unstable in extreme and environmental conditions rapidly agglomerating especially 
at low pH. High pH appeared to affect stability of nAg not as much, and there could be found connection 
between the ionic strength (amount of NaCl added) and the stability of the materials. Our study shows that 
various cations, anions and natural organic matter present in the reservoir water had strong impact on the 
nanoparticle stability, leading to the aggregation of the particles. Moreover, the growth rate test of soil 
bacterium Psedomonas putida revealed that nAg were more toxic in the reservoir water than in the deionised 
water after 24h, in contrary to the Silicon-Graphite which had shown an oposite tendency. The reason why 
remains unclear and will be subjected further investigation. 
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Abstract 

Carbon nanotubes (CNTs) are a popular sample for various nanotechnology studies. However, they are very 
difficult to synthesize en masse. As a result, researchers have started looking at alternatives with similar 
properties. One of the candidates to replace CNTs in some nanocomposite materials is cellulose nanowhiskers 
(CNWs), structures that can be readily produced from plant sources. To determine the feasibility of substituting 
CNWs for CNTs, it is important to verify the two materials have similar morphologies and nanomechanical 
properties. One must first establish a baseline for comparison by accurately characterizing CNW properties at 
nanoscale. To this end, three CNW samples were examined using an atomic force microscope (AFM) with 
non-contact AFM mode and an AFM-based fast nanomechanical mode. The target properties for evaluation 
were the samples' topography to determine the nanowhiskers' size and shape and their Young's modulus 
values. The ensuing AFM measurements yielded topography data showing the nanowhiskers ranging from 
100 to 1000 nm in length and 1 to 3 nm in width. Nanomechanical property data acquired with the AFM in fast 
nanomechanical mode demonstrated the CNW samples had a modulus value of approximately 180 GPa. Not 
only do these measurements establish a baseline CNW to CNT comparison for topography and a specific 
nanomechanical property, but they also demonstrate the viability of AFM as an effective tool for dimensional 
nanometrology and quantitative property measurements of novel nanocomposite components. 

Keywords: Atomic force microscopy, cellulose nanowhiskers, nanomechanical, topography, Young’s  
                   modulus 

1. INTRODUCTION 

Cellulose nanowhiskers (CNWs) are biopolymer nanomaterials [1] that look and act in many ways like carbon 
nanotubes. But, unlike carbon nanotubes, which are hard to synthesize in volume, the CNWs are produced 
from trees and other plants, so that the supply of the CNWs is endless and the mass production of it is cost 
effective. Driven by such technical, economic and environmental advantage, people have looked into using 
CNWs, instead of carbon nanotubes, to create novel nanocomposite materials [2] that are lighter and stronger. 
Mechanical property of nanocomposite materials can be heavily dependent on exact shape, size, and 
morphology of CNW elements that go in there to reinforcing it. So, novel metrology technique suitable for 
accurately characterizing CNW’s shape, size and morphology is needed [3, 4]. 

2. EXPERIMENTAL 

Three samples of cellulose nanowhiskers suspension were prepared for scanning. The CNW suspension 
samples were labeled as Sample 1, Sample 2, and Sample 3. A droplet of each sample further diluted in DI 
water was placed onto freshly cleaved Mica substrate. Liquid droplet residue was blown off using air puff and 
the sample was left in ambient air to dry. The sample was then mounted onto a commercial Atomic Force 
Microscope (AFM) [5] stage for imaging. The sample was imaged in air in non-contact mode or fast 
nanomechanical mode [6], called PinPoint mode AFM, using Si-based cantilever AFM probes. 
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3. RESULTS AND DISCUSSIONS 

All of the three samples of CNWs showed similar shapes and sizes in AFM topographies. The topography of 
Sample 1 in Figure 1a shows the CNW rods are relatively long and straight. The CNWs are approximately 
100 to 1000 nm long and 1 to 3 nm wide, as measured from the AFM height profile in Figure 1b. It is assumed 
that the CNW rods have circular cross sections and the width is determined by measuring the height of the 
CNWs. It is interesting to note that the CNWs are well distributed and appear to be oriented along diagonal 
direction. The air puff that was applied to drive off the residual droplet from the Mica surface was aimed such 
that the droplet was forced to flow from one side to the opposite side. This rapid droplet flow may have induced 
the force gradient suited for the CNWs to flow and orient in the direction of the liquid flow.   

Although not as preferentially oriented, as shown in Figures 2a and 3a, the CNWs of similar shapes can be 
observed from the AFM topographies of the other two samples, Sample 2 and Sample 3, respectively. They 
also appear relatively straight and well dispersed but not as densely distributed-bending or entanglement of 
CNWs were minimal. The width of the CNWs from the Sample 2 and 3 ranging from 1 to 3 nm can be seen 
from the AFM height profiles of Figures 2b and 3b, respectively. 

 
Figure 1a AFM topography image of CNW sample 1. Scan size: 1000 x 1000 nm. Image size: 256 x 256 px 

 
Figure 1b Line profile of AFM topography data imaged in Figure 1a 

It is noted that more nanofibrils are seen from the Sample 1 topography than those of the Sample 2 and Sample 
3 because the sample 1 was not diluted with DI water as highly as the other two samples. 
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Figure 2a AFM topography image of CNW sample 2. Scan size: 1000 x 1000 nm. Image size: 256 x 256 px 

 
Figure 2b Line profile of AFM topography data imaged in Figure 2a 

 
Figure 3a AFM topography image of CNW sample 3. Scan size: 1000 x 1000 nm. Image size: 256 x 256 px 
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Figure 3b Line profile of AFM topography data imaged in Figure 3a 

Image in Figure 4a is topography of CNWs dispersed on Mica which is overlaid with a color scale of Young’s 
modulus values measured in the PinPoint mode. In this mode, the force-distance (f-d) curve is acquired from 
each pixel in the areas where topography is imaged, and from each f-d curve, elastic modulus is calculated 
and mapped out in real-time in unison with corresponding topography image. The darker color scale in Figure 

4a refers to a lower modulus value. The CNWs are seen darker than surrounding Mica which indicates that 
the CNWs are not as stiff as the surface of mica. The modulus line profile in Figure 4b shows the modulus 
value for CNWs is ~180 GPa while that for Mica is ~ 210 GPa. The measured value of the CNF’s Young’s 
modulus is not too far off of the value of 150 GPa that is predicted theoretically for crystalline cellulose 
nanowhiskers [7].   

 
 

Figure 4a AFM topography image of CNWs dispersed on Mica and overlaid with a color scale of Young’s 
modulus values measured in PinPoint mode. Scan size: 1000 x 1000 nm. Image size: 256 x 256 px 

250 nm 
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Figure 4b Line profile of AFM topography data imaged in Figure 4a 

4. CONCLUSION 

The CNWs were successfully imaged in high resolution and high quality using commercially available AFM. 
The CNW samples that were well dispersed on Mica without much entanglement allowed for easy 
measurements of the width, length as well as Young’s modulus of individual CNWs. The results demonstrate 
that AFM can be used for dimensional nanometrology as well as quantitative nanomechanical property 
measurements for CNW characterization. 
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Abstract 

Environmentally friendly polymers can be produced by modification of non-biodegradable synthetic polymers 
with a biodegradable polymer. Polypropylene (PP) is a thermoplastic polymer difficult to be decomposed by 
microorganisms in environment. On the other side, polycaprolactone (PCL) is nontoxic, biodegradable polymer 
material which can be blended with various synthetic polymers over a wide composition range. The aim of this 
work is therefore to investigate the possibilities of improvement the properties of PP as well as its 
biodegradability by blending with biodegradable PCL. The main problem in preparation of PP/PCL polymer 
blends is compatibility between polymers. In this work there are presented the thermal properties and 
compatibility of PP and PCL polymer blends reinforced with nano sized titan dioxide (nTiO2) particles as well 
as effect of nTiO2 reinforcement before and after UV irradiation. The neat polymers, PP/PCL and 
PP/PCL/nTiO2 polymer blends were prepared by melt compounding within a twin screw extruder, while the 
granules of the blends were compression moulded in a hydraulic press. The thermal properties of the neat 
polymers, PP/PCL and PP/PCL/nTiO2 blends are measured using the differential scanning calorimetry, 
dynamic mechanical analysis and thermogravimetry techniques. The obtained results show that the particles 
of nTiO2 as filler in PP/PCL blends have the photocatalytic effect and improve the photocatalytic degradation 
during UV irradiation. Furthermore, photodegradation process might occur through chain scission reactions, 
crosslinking and consequently photocatalytic degradation of these polymers. 

Keywords: Polypropylene, polycaprolactone, nTiO2, thermal stability, polymers blends, thermal properties 

1. INTRODUCTION 

Plastics play a major role in environmental pollution and the dumping of plastic waste into the environment has 
caused serious problems to flora and fauna. Unlike natural polymers, most synthetic polymers cannot be 
decomposed by microorganisms, hence the landfill approach becomes inefficient, and other plastics waste 
management should be found [1]. Modification of non-biodegradable synthetic polymers with a biodegradable 
polymer producing environmentally friendly polymers is one of the alternative methods to solve this problem. 

Poly(ε-caprolactone) (PCL) is more and more popular due its excellent biodegradability, biocompatibility and 
bioresorbability [2]. PCL is semicrystalline biodegradable and noncytotoxic polymer with outstanding 
permeability to thermal properties currently used as biomaterial [3]. Polypropylene (PP) has a high crystallinity 
which imparts properties such as high tensile strength, stiffness and hardness, but also brittleness and high 
melting point. This polymer resists humidity and chemicals but it is easily oxidized due to the presence of 
tertiary carbon atoms in the backbone chain. When polymer is used in outdoor applications, the environment 
negatively influences the service-life. Photodegradation is degradation of a photodegradable molecule caused 
by the absorption of photons. Photodegradation causes photooxidative degradation which results in breaking 
of the polymer chains or crosslinking, produces radicals and reduces the molecular weight, causing 
deterioration of mechanical properties and leading to useless materials, after an unpredictable time. Among 
various types of photocatalysts, TiO2 (commonly known as Titania) is extensively used for degradation of 
organic pollutants. Titania is a promising photocatalyst due to its inexpensiveness, good photo stability, non-
toxicity, and high-reactivity [4]. Titania nanoparticles absorb in the UV region, and hence when blended with 
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the polymer they absorb UV light effectively. Upon UV irradiation, TiO2 nanoparticles generate electrons and 
holes which promote the formation of free radicals. These radicals can react with polymer materials and result 
in their oxidation and decomposition. Our motivation for this work is therefore to investigate the possibilities of 
improvement the properties of PP as well as its biodegradability by blending it with biodegradable PCL and 
reinforced with nano sized titan dioxide (nTiO2) particles where PP is one of the most studied polymers, PCL 
is one of the most studied biopolymers and TiO2 has been widely used for photodegradation of polymers due 
to its photocatalytic behaviour. In this work, we present the results obtained from the photodegradation 
experiments of PP/PCL and PP/PCL/nTiO2 blends. The effect of UV radiation and photocatalytic degradation 
on the thermal properties of blends was studied. Photodegradation experiments were carried out under 
simulated sunlight irradiation, to approach real situations of a material disposed in landfills. 

2. EXPERIMENTAL 

2.1. Materials 

Isotactic polypropylene (iPP) (Moplen 500N) was supplied by Basel Polyolefines, Germany, MFI 12 g/10min, 
ρ=0.9 g cm-3 at 230 oC. The PCL (Polycaprolactone 440744-500G) average molecular mass Mn of 70,000-
90,000 g/mol by GPC, Mw/Mn < 2, density 1.145 g/mL at 25° C) was supplied by Sigma-Aldrich, Germany. TiO2 
nano powder (denoted as nTiO2, particles 21 nm, commercial grade Aeroxide P25) was supplied by Sigma-
Aldrich, Germany. 

2.2. Sample preparation 

The compounding of PP and PCL with nTiO2 content of 5 wt. % was performed with a Rondol 21mm LAB 
TWIN twin-screw extruder. The temperatures of the five zones were 170 °C, 180 °C, 180 °C, 200 °C and 200 
°C from the feeding zone to the die and the rotation speed of 60 min-1 was used. The samples used for the 
measurements were prepared by pressing the extruded granules in a hydraulic press Dake Model 44-226 at 
190°C. 

2.3. UV irradiation 

The photodegradation of PCL samples was investigated in air at a temperature of 40 oC, using a low-pressure 

mercury lamp unit (ultraviolet chamber Suntest) which emits radiation at λ= 290 nm. Irradiation time was 30 
days.  

2.4. Experimental techniques 

2.4.1. Dynamic mechanical analysis (DMA) 

Dynamic mechanical analysis (DMA) experiments were performed using a DMA 983 Analyzer (TA). The mean 
dimensions of specimens were (20.00 x 12.00 x 3.00 mm). The storage E' and loss modulus E'’ were recorded 
at 1Hz and at the heating rate of 3 °C min in a wide temperature range (-100 °C to 150°C). DMA testing was 
carried out on three samples per material. The loss and storage moduli (E‘‘, E‘) were recorded as a function 
of temperature, and the glass transition temperature (Tg) was taken to be the maximum of the loss moduli 
versus temperature curve. 

2.4.2. Differntial scanning calorimetry (DSC) 

Thermal transitions (melting Tm, crystallization Tc temperatures as well as degree of crystallinity (χc) of the 
blends before and after irradiation were measured using a Mettler Toledo DSC 822e calorimeter according to 
the ASTM D-3418-82 standard under N2 as purge gas. The samples were measured over the temperature 
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range -100 °C to 190 °C during heating and cooling at a heating rate of 10°C/min. The degree of crystallinities 
(χc) of the samples was evaluated according to the following equation:  

                           (1) 

where ΔHm is the experimental melting enthalpy obtained by DSC measurement and ΔHm
0 is the melting 

enthalpy of the completely crystalline PP (165 J/g [5]) and PCL (142 J/g [6]).  

2.4.3. Thermogravimetric analysis (TGA) 

Thermal stability of the blends before and after UV irradiation was determined with a TA Instruments Q500 
system analyser. About 10.0±0.5 mg of each sample was placed in a platinum pan and heated from 25 to 600 
°C at a heating rate of 10°C min−1 under nitrogen atmosphere (60 ml/min). 

3. RESULTS AND DISCUSSION  

3.1. PP/PCL blends dynamic mechanical behaviour-before and after UV irradiation 

DMA allows determining the viscoelastic properties and provides information on the glass transition 
temperature Tg (above which significant chain motion takes place) of the all PP/PCL blends. The temperature 
dependence of loss modulus (E'') for unirradiated and irradiated PP/PCL/nTiO2 blends are shown in Figure 1 
and 2, respectively. Figures show two distinct Tg's at -54.1 °C [7] and 19, 7°C [8] which are related to PCL and 
PP, respectively. αc relaxation as shoulder on PP maximum has been attributed to motion of an amorphous 
phase in crystalline phase of PP. The Tg values obtained from the curves in the DMA measurements for all 
blends are shown in Table 1. The results given in Table 1 indicate that the Tg’s of the PP and PCL shift towards 
to each other with increase in PCL content. This behaviour indicated on partial miscibility at the polymer-
polymer interfaces. In the presence of TiO2 nanoparticles the Tg of PP and PCL in the PP/PCL/nTiO2 blends 
were respectively at lower and higher temperatures than those of the neat polymers, which mean that 
nanoparticle addition reduced the chain mobilities of these polymers and also that better miscibility had been 
achieved. After UV irradiation, the Tg of PP decreased and PCL increased in PP/PCL/nTiO2 blends compared 
to unirradiated blends. This behaviour can be attributed to oxidative degradation which further leads to the 
chain scission during UV irradiation which is enhanced with TiO2 nanoparticles. The results indicate that UV 
degradation is further supported by the photocatalytic activity of the nTiO2 particles which enhances the 
degradation process because nTiO2 particles acts as a photocatalyst, i.e. it accelerates the chemical reaction 
of degradation. 

 
Figure 1 Loss modulus (E’’) of the of the PP/PCL blends without and with TiO2 before and after UV 

irradiation 
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As it can be noted from Table 1, the storage modulus for the PP/PCL/nTiO2 blends decreased after UV 
irradiation due to the photocatalytic activity of the TiO2 nanoparticles which accelerates the process of blends 
degradation. 

3.2. PP/PCL blends thermal behaviour-before and after UV irradiation 

DSC measurements were used to determine the change of the melting temperatures (Tm) and crystallinity (χc) 
of PP/PCL/nTiO2 blends with UV irradiation. Figure 2 shows the DSC second heating and cooling curves of 
PP/PCL blends with 20 and 80 wt % of PCL in PP before and after UV irradiation. The melting temperatures 
of crystalline phase of PP and PCL were determined to be 165.1 oC and 57.4 oC, respectively (Table 

1).However, the DSC curves of polymer blends show two peaks associated with the melting temperatures of 
their component polymers. For PP/PCL blends, the Tm did not change very much by the addition of the TiO2 
nanoparticles as given in Table 1. On the other hand, the degree of crystallinity of PP decreased due to the 
retarding effect of the TiO2 on PP crystals and physical hindrance of TiO2 particles to the motion of polymer 
molecular chains.  

 

 
Figure 2 DSC heating and cooling curves of a) PP/PCL 80/20 and b) PP/PCL 20/80 blends without and with 

TiO2 before and after UV irradiation respectively 

However, increase in degree of crystallinity was seen for PCL. This increment was probably due to the 
nucleating agent effect of the TiO2. As shown in Table 1, results revealed that crystallinity degree of PP and 
PCL was increased after UV irradiation. According to the results, due to the photocatalytic nature of TiO2, TiO2 
absorbs UV light photons and promotes the formation of radicals HO , O2 −, HO2 resulted in the chain scission 
and chain branching. Increasing the degree of crosslinking increased mobility of polymer chains and increased 
the crystallinity degree. Also, these radicals are responsible for the TiO2 photocatalytic activity. 
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3.3 PP/PCL blends thermal stability-before and after UV irradiation 

Thermogravimetric analysis (TG) provides quantitative information about the thermal decomposition of the 
polymeric materials, from which the thermal stability can be evaluated. Figure 3 shows the TG curves for 
unirradiated and irradiated PP/PCL blends. The initial degradation temperature (Tonset) of the neat PP and PCL 
and unirradiated and irradiated PP/PCL blends taken from the TG thermograms are summarized in Table 1.  

 

Figure 3 TG curves of the PP/PCL PP/PCL 80/20 and PP/PCL 20/80 blends without and with TiO2 before 
and after UV irradiation 

Table 1 Thermal properties of PP/PCL blends before and after UV irradiation 

 

Sample 

 

Tg(°C) from DMA E'25°C 

(GPa) 

Tm(°C) χc (%) Tons(°C) 

PP PCL PP PCL PP PCL PP PCL 

PP - -54.1 2.3710 165.1 - 59.7 - 420.2 - 

PCL 19.7 - 0.6033 - 57.4 - 39.6 - 354.6 

PP/PCL 80/20 15.0 -48.6 2.1840 162.8 54.0 40.4 5.1 408.3 351.6 

PP/PCL/nTiO2 80/20/5 14.4 -50.4 2.3620 162.8 54.0 36.5 6.3 409.2 350.8 

PP/PCL/nTiO2 80/20/5 UV 16.8 -45.0 1.2070 162.1 51.0 36.4 5.5 402.7 350.0 

PP/PCL 50/50 13.5 -51.3 2.3200 162.9 55.2 35.5 10.4 414.7 353.5 

PP/PCL/nTiO2 50/50/5 14.1 -51.9 1.2600 161.9 55.2 23.5 14.4 423.0 354.4 

PP/PCL/nTiO2 50/50/5 UV 10.4 -41.7 0.8819 160.3 52.7 27.5 18.9 415.4 356.9 

PP/PCL 20/80 17.0 -45.4 1.4490 161.3 54.2 31.6 4.4 418.1 354.0 

PP/PCL/nTiO2 20/80/5 - -47.8 0.8853 164.1 55.3 7.5 27.8 421.6 357.1 

PP/PCL/nTiO2 20/80/5 UV -2.4 -36.8 0.7289 161.6 54.3 9.4 37.3 427.1 358.3 

During thermal decomposition the TG curves display a two stage decomposition process for all samples 
before and after UV irradiation. The first step corresponding to the decomposition of PCL i.e. chain scission 
of the ester (C = O) group with Tonset of 354.6 °C while the second step corresponds to the chain scission of 
PP matrix with Tonset of 420.2°C. The values of Tonset indicate that the initial decomposition reaction for PP 
begins at higher temperature than for PCL. Thus, it may be concluded that the unirradiated PP polymer is 
more stable against thermal decomposition than the unirradiated PCL. It can be seen from Table 1 that Tonset 
increases by the addition of nTiO2 in blends. Therefore, it can be concluded that TiO2 enhance the thermal 
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stability of PP/PCL blends. From Table 1, it was shown that the thermal stability of PP/PCL blends increases 
with increasing the ratio of PCL for the unirradiated and irradiated blends. Also, the thermal stability of irradiated 
PP/PCL blends with all its compositions are thermally stable than those of unirradiated. This behaviour is due 
to the formation of a crosslinked structure localised at the surface of the PCL during UV irradiation. As 
expected, the formation of irradiation induced crosslink has improved the thermal stability of irradiated PP/PCL 
blends. 

CONCLUSION 

A modification of no biodegradable synthetic polymers by a biodegradable polymer is producing 
environmentally friendly polymers. The main problem in modification of no biodegradable synthetic polymers 
with biodegradable polymers is compatibility between polymers mixtures with different properties. In order to 
investigate the aging process of PP/PCL blends without and with nTiO2 filler with UV irradiation samples were 
subjected to accelerated aging. The obtained results show that the particles of nTiO2 as filler in PP/PCL blends 
have the photocatalytic property and improves the photocatalytic degradation after UV irradiation. 
Furthermore, photodegradation process might occur through the chain scission reactions, crosslinking and 
consequently photocatalytic degradation of polymers. The thermal stability of irradiated PP/PCL blends with 
all its compositions are thermally more stable than those of unirradiated, this is due to crosslinking. 
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Abstract   

Polyamide plays an important role in biomedical application such as suture material, coated textile against skin 
infection, wound dressing, catheters and bone tissue scaffolds. Surface modification of polyamide is very 
crucial factor to improve its performances by imparting desirable biomaterial properties. This report is focused 
on the efficient reduction of amide functional groups to secondary amine on Nylon 6 film surface with borane-
tetrahydrofuran (BH3-THF) complex, followed by further alkylation. More precisely, we have studied the 
reaction of benzyl chloride (C6H5CH2Cl) in presence of potassium tert-butoxide (t-BuOK) on the modified Nylon 
6 films. Thus, introduction of benzyl group to secondary amine of modified Nylon 6 has been accomplished. 
This type of transformation is expected to be generally applicable for functionalization of almost any polyamide. 
By using different alkylation reactions we will be able to tune the surface properties of polymers obtained for 
almost any applications. We also hope that polymers thus obtained will be biocompatible. The surface 
modifications were confirmed by both non-spectral methods and spectroscopic as well as microscopic 
analyses. Water contact angle (WCA) and free surface energy (FSE) measurements indicated the significant 
change in surface morphology that were established by X-ray photoelectron spectroscopy (XPS), Fourier-
transform infrared spectroscopy (FT-IR), Raman spectroscopy and atomic force microscopy (AFM). We are 
firmly convinced of the future prospect for further surface modification of these functionalized nylon 6 films with 
high potential in the field of biomedical application.  

Keywords: Biomedical application, surface modification, polyamide, biocompatibility  

1. INTRODUCTION 

Nylon 6, a polyamide, is a commercialized polymer that is widely used in biomedical applications because of 
its strength, flexibility, toughness and biocompatibility [1]. Polyamides in the form of suture materials, coated 
textiles against skin infection, wound dressings, catheters and bone tissue scaffolds are well known on a global 
scale [2-4]. Chemistry of polymer surface plays an important role and further modification of polymer by 
introducing specific functional groups on the surface improves its performance. Since nylon membranes 
comprise negligible concentration of terminal amino groups, activation of amide groups should allow more 
homogenous distribution of activated groups on the surface of nylon [5]. Nylon surfaces are modified by either 
physical or chemical methods. The first category includes mainly the treatment with UV radiation and plasma. 
Lack of the formation of well-designed surface is one among the limitations when employing physical methods. 
A more efficient modification approach is application of chemical methods by reaction at the amide groups 
through hydrolysis, O-alkylation and N-alkylation [1].  
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This research article is focused on the efficient reduction of amide functional groups to secondary amine on 
the surface of Nylon 6 film by borane-tetrahydrofuran (BH3-THF) complex [6], followed by further alkylation. 
More precisely, we have studied the reaction of benzyl chloride (C6H5CH2Cl) in presence of potassium tert-
butoxide (t-BuOK) on the modified Nylon 6 films. Thus, introduction of benzyl group to secondary amine, 
available on modified Nylon 6 surface, has been accomplished as a model reaction for further future approach. 
We will be able to tune the surface properties of polymers by using different alkylation reactions. We expect 
that, the nylon 6 thus obtained will maintain biocompatibility. Water contact angle (WCA) and free surface 
energy (FSE) measurements indicated the significant changes in the surface morphology which were 
subsequently confirmed by X-ray photoelectron spectroscopy (XPS), Fourier-transform infrared spectroscopy 
(FT-IR), Raman spectroscopy and atomic force microscopy (AFM).  

2. EXPERIMENTAL 

2.1. Materials     

Polyamide- nylon 6 (PA6) film, with the thickness of 0.015 mm, was supplied by Goodfellow Cambridge Ltd., 
(Huntingdon, England). Borane-Tetrahydrofuran complex (1 M, BH3-THF), potassium tert-butoxide (t-BuOK), 
benzyl chloride (C6H5CH2Cl) were obtained from Sigma-Aldrich Co., CZ. Solvents like tetrahydrofuran (99.8% 
THF), dimethyl sulfoxide (99% DMSO), acetone (99.5%), ethanol (96%), 2-propanol (99.8%), hexane (99.9%) 
and hydrochloric acid (35% HCl) were purchased from Lach-Ner, s.r.o., CZ. All washings were performed 

by deionized water.  

2.2. Methods 

Preparation of samples 

Nylon 6 films, cut into 2 cm × 2 cm, were thoroughly rinsed with water, ethanol, 2-propanol, acetone, THF and 
hexane. The washed samples were dried at 50°C for 3 h under vacuum (VACUUBRAND® 10 mbar Oil-Free 
Diaphragm Vacuum Pump) and stored in desiccator. THF and DMSO were dried before using for carrying out 
the reactions. 

Reduction of nylon 6 with BH3-THF 

The amide function groups of nylon 6 samples were reduced to secondary amine by following the procedure 
described in Herrera-Alonso et al. using nylon 6/6 film [6]. Dry THF (25 ml) was introduced into the Schlenk 
flask (250 ml) kept under argon atmosphere, containing 5 weighed dry samples with stir bar. BH3-THF solution 
(4 ml, 1 M) was added at 0°C and stirred in 150 rpm. After equilibrium attained at room temperature (for an 
hour), the temperature was increased to 50°C and maintained for 24 h. After cooling down to room 
temperature, the reduced samples were washed with THF, 1 M HCl, distilled water, THF, ethanol, acetone and 
hexane in sonicating bath. The samples were dried at 50°C for 3 h in vacuum and stored in desiccator until 
next modification. The samples with reduced surface have been referred as nylon 6-NH. 

N-alkylation with C6H5CH2Cl 

t-BuOK ( 0.0561 g, 0.5 mmol) was introduced into the Schlenk flask (250 ml) kept under argon atmosphere 
containing 5 weighed nylon 6-NH samples and stir bar. Dry DMSO (20 ml) was added into the flask and stirred 
at 150 rpm for 1 h, at room temperature. Subsequently, the solution containing dry DMSO (10 ml) and 
C6H5CH2Cl (0.115 ml, 1 mmol), premixed and equilibrated at room temperature for an hour, was added via 
syringe into the reaction mixture. The reaction was allowed to occur for 1 h and 3 h respectively. The modified 
samples were rinsed thoroughly in the sonicating bath with DMSO, water, ethanol, THF, acetone and hexane; 
then dried at 50°C for 3 h in vacuum and stored in desiccator. Thus modified samples have been referred as 
nylon 6-NCH2Ph. 
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Surface Characterization 

The WCAs and FSEs (Kwok-Neumann model) were measured using a portable computer-based instrument 
with special purpose software following ISO 27448:2009 test method (See System E, Advex Instruments, CZ). 
WCA measurement is one of the rapid, easy and useful surface analytical techniques. The θ/2 method was 
used to analyse the profile of sessile drop, assuming the liquid drop to be part of a sphere. WCA values were 
calculated from the equation (1), 

Ñª� $Ò/2& =  ℎ/s                                       (1)  

where Ò = static contact angle, ℎ = droplet height and s = half of the droplet width [7]. Contact angle 

measurements were performed by vertically dispensing 20 droplets (3.5µl/droplet) of deionised water on each 
sample. The mean values were taken for plotting the WCA histograms; all the values for each sample were in 
a range of ±3°. The FSEs of the mean values of WCAs were directly measured by the software.  

X-ray Photoelectron Spectroscopic (XPS) measurements were done by a Thermo Scientific K-Alpha X-ray 
Photoelectron Spectrometer (Thermo Fisher Scientific) using a monochromatic Al Kα radiation (hν= 1486.6 
eV). The Nicolet™ iS™10 FT-IR Spectrometer (Thermo Scientific™, USA) and the DXR™ Raman 
Spectrometer (Thermo Scientific™, USA) were used to examine the changes in surface composition after the 
modifications of nylon 6 to nylon 6-NH and nylon 6-NCH2Ph respectively, using wet chemistry method. The 
topography of the unmodified and modified nylon 6 films was studied in the air at atmospheric pressure with 
NanoWizard® 3 NanoScience AFM (JPK Instruments, Germany). Scans of the samples and subsequent 
evaluation of the surface roughness (Ra) were always conducted on surface areas of 10x10 µm and 1x1 µm. 
Measured data were processed using the freeware softwares Gwyddion and JPK Data Processing.  

3. RESULTS AND DISCUSSION 

3.1. Modification of Nylon 6 surface 

The reduction reaction of amide functional groups on Nylon 6 film surfaces to secondary amine (nylon 6-NH) 
using borane-tetrahydrofuran (BH3-THF) complex, followed by further N-alkylation reaction of nylon 6-NH with 
benzyl chloride (C6H5CH2Cl) in presence of potassium tert-butoxide (t-BuOK) forming nylon 6-NCH2Ph are 
shown below (Scheme 1).  

 

 

Scheme 1 The schematic representation of Nylon 6 film surface modification; unmodified nylon 6 (1),  
nylon 6-NH (2), nylon 6-NCH2Ph (3) 
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3.2. WCAs and FSEs 

The WCAs measurement of the unmodified and modified films is presented in Figure 1a. The significant 
increase of mean WCAs by 11° after modification of nylon 6 films to nylon 6-NH was the indication of surface 
composition alteration by BH3-THF. Further modification of nylon 6-NH to nylon 6-NCH2Ph again increased 
mean WCAs by 11° and 12° for 1 h and 3 h reactions respectively. 

The FSEs decreased consecutively after surface modifications of nylon 6, as the mean WCAs increased for 
consecutive reactions. The FSE values before and after modification of nylon 6 are shown in Figure 1b.  

 

Figure 1 Surface modification of Nylon 6: WCA data (a), FSE data (b) 

3.3. XPS analysis 

The shifting of the binding energy of high resolution C1s and N1s spectra, comparing nylon 6 and nylon 6-NH 
(Figures 2a, 3b), clearly indicates the reduction of amide functional groups on nylon 6 surface to amines after 
modification with BH3-THF. The introduction of benzyl group by N-alkylation of nylon 6-NH forming nylon 6-
NCH2Ph with benzyl chloride after 1 h and 3 h reactions was significant and was confirmed by the increase in 
binding energy of C1s spectra and by the changed pattern of N1s spectra (Figures 2c, 3d).  

 

Figure 2 Surface modification of nylon 6 to nylon 6-NH: C1s spectra (a), N1s spectra (b); introduction of benzyl 
groups by 1 h and 3 h reactions forming nylon 6-NCH2Ph: C1s spectra (c), N1s spectra (d) 
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3.4. FT-IR and Raman spectroscopy analyses 

Figure 4a shows the comparison between the FT-IR spectra of nylon 6 and modified nylon 6-NH films. The 
characteristic vibrations of amide group (νCONH2 1636 cm-1 and 1541 cm-1) and the aliphatic groups (νCH2 2854 
cm-1 and 2926 cm-1) of nylon 6 are visible for both samples before and after the reaction with BH3-THF. There 
is a new band appears at 2382 cm-1 corresponding to imine groups introduced via chemical treatment, 
indicating the step towards reduction of amide to amine. Moreover, the increase in intensity of aliphatic band 
stretching vibration confirms the conversion of amide to amine due to the reduction reaction of nylon 6 films. 
The modification of nylon 6-NH by introduction of benzyl group forming nylon 6-NCH2Ph film could not be 
detected by FT-IR due to the sensitivity limitation. Therefore, the surface composition changes were studied 
by Raman spectroscopy. Figure 4b shows the strong Raman shift at 2870-3100 cm-1 for nylon 6-NCH2Ph 
films, obtained by both 1 h and 3 h reactions of nylon 6-NH with benzyl chloride, although the Raman intensity 
is higher for 3 h reaction confirming the better modification in longer time. 

 

Figure 3 FT-IR spectra of unmodified nylon 6 and modified nylon 6-NH (a); Raman spectra of further 
modification from nylon 6-NH to nylon 6-NCH2Ph (b) 

3.5. AFM analysis 

The AFM values of surface roughness (Ra) obtained in two different areas (10 x 10 µm and 1 x 1 µm) for 
unmodified nylon 6 and modified nylon 6-NH, nylon 6-NCH2Ph indicated significant change in the roughness 
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after chemical reaction of nylon 6; thus confirmed the surface modification. Obtained Ra values are presented 
in the table 1.  

Table 1 The changes in Ra values before and after surface modification of nylon 6 

             Samples 

Surface area 

Nylon 6 Nylon 6-NH Nylon 6-NCH2Ph 

(1 h) 

Nylon 6-NCH2Ph 

(3 h) 

(10 x 10) µm2 34.8 nm 25.9 nm 138.3 nm 187.6 nm 

(1 x 1) µm2 5.1 nm 17.1 nm 22.3 nm 21.0 nm 

4. CONCLUSION 

The both non-spectral and spectroscopic methods as well as microscopic analyses confirmed that the naturally 
abundant surface amide groups of nylon 6 were successfully and efficiently reduced to amine groups which 
have been further modified by N-alkylation reaction of amines after reduction. The model reaction of N-
alkylation of nylon 6-NH to nylon 6-NCH2Ph confirmed the future scope of tuning the polymer surface to graft 
other functional groups using various compatible reagents for broader spectrum of applications including 
biomedical field. The modified surfaces are expected to be biocompatible due to the presence of amine groups. 
The FSEs of modified surfaces were in the range between 33 mJ/m2 and 26 mJ/m2. Mentioned values are 
expected to be an idal for lowest bacterial adhesion and biofilm formation. This approach opens up new 
possibilities for surface modification of polyamides, particularly nylon 6. 
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Abstract 

TiO2 nanocolumn arrays are prepared via porous-anodic-alumina-assisted anodizing of Al/Ti or Al/TiNx layers 
in an oxalic acid electrolyte. The upper Al layer is anodized at 40 V to form a nanoporous anodic film; then the 
Ti or TiNx underlayer is re-anodized to 100 V. This leads to the growth of anodic TiO2 or N-containing TiO2 
nanocolumns within the alumina pores, which are approx. 40 nm wide and 160 nm long. The crystallinity and 
doping degree of the nanocolumns are modified by the annealing in air or vacuum at 600°C. Cyclic 
voltammetry, electrochemical impedance spectroscopy, and Mott-Schottky analysis revealed n-type 
semiconducting properties of the N-doped nanocolumns whereas most of the undoped TiO2 nanocolumns 
exhibited dielectric behavior. The calculated doping concentration and the flat-band potential vary with the 
annealing conditions. This allows for controlled alteration of the depletion layer thickness in order to enhance 
the photoelectrochemical water-splitting ability of the films by improving photogenerated charge carrier 
separation and band-gap tuning. The N-containing nanocolumns appeared to possess trap states, as 
manifested by Fermi level pining, which may provide additional benefits for heterogeneous charge-carrier 
transport for water oxidation. 

Keywords: Porous anodic alumina, anodizing, Mott-Schottky analysis, photoelectrochemical water splitting 

1. INTRODUCTION 

Nanostructured titanium dioxide has been studied extensively as photoanode material for water oxidation 
thanks to its high chemical and thermal stability, low costs, high abundance, as well as band edges being 
favorably aligned with water redox potentials [1-4]. However, the relatively large bandgap (3.0 eV for rutile and 
3.2 eV for anatase [5]) and the low electron conductivity (0.3 cm2·V−1·s−1 [6]) have limited its widespread 
utilization [7, 8]. In recent years, extensive efforts have been applied to employ TiO2 as photoelectrode material 
in photoelectrochemical (PEC) cells for solar-driven water splitting. To improve its efficiency, several 
fundamental directions are being explored: (i) increasing the absorption of solar energy through reduction of 
the band gap by band-gap engineering, (ii) reducing the energy losses caused by poor charge transport 
through enhancing the charge carrier conductivity, and (iii) reducing the energy losses associated with charge 
recombination by introducing internal electric fields (e.g. a depletion layer at the semiconductor surface) 
required for effective charge separation [9, 5]. 

In this work, we have prepared arrays of N-free and N-doped TiO2 nanocolumns by porous-anodic-alumina 
(PAA)-assisted anodizing of Ti [10, 11] or TiNx [12] thin films embedded in the PAA and studied their 
electrochemical properties by means of cyclic voltammetry, electrochemical impedance spectroscopy (EIS), 
and Mott-Schottky (M-S) analysis with respect to the nitrogen concentration and annealing conditions, in order 
to reveal the influence of formation conditions on the conductivity, doping level, and depletion (space charge) 
layer thickness. The results will provide a better understanding of how N-doping or annealing affects 
semiconducting properties of the nanocolumn arrays prepared by PAA-assisted anodizing.  
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2. EXPERIMENTAL PART 

The nanocolumn arrays were prepared via anodizing of Al/Ti or Al/TiNx bilayers (approx. 20 at.% of nitrogen 
mixed with titanium) sputter-deposited on oxidized silicon wafers [10-12] (hereafter N-free and N-doped, 
respectively). The anodizing and re-anodizing were performed in a through-flow two-electrode electrochemical 

cell with a stainless steel counter electrode in 0.3 mol⋅dm−3 oxalic acid at 22 °C. The layer of Al was anodized 
potentiostatically at 40 V, this being followed by a potentiodynamic re-anodizing of the underlying Ti or TiNx to 
100 V. Afterwards, some of the samples were annealed in the ambient atmosphere or in vacuum (10−4 Pa) at 
600 °C for two hours, which resulted in three types of nanocolumns (as-anodized, air-annealed, or vacuum-
annealed) prepared from the two precursor underlayers.  

Electrochemical characterization (cyclic voltammetry, EIS, and M-S analysis) was carried out in a borate buffer 

(0.5 mol⋅dm−3 H3BO3, 0.5 mol⋅dm−3 Na2B4O7 aqueous solution, pH 7.4) at 22 °C in the dark. A µAutolab 
III/FRA2 Metrohm Autolab Potentiostat/Galvanostat was used as the potentiostat and impedance analyzer. A 
three-electrode setup was employed with a sample connected as working electrode, an Ag/AgCl reference 
electrode, and a gold sheet as counter electrode. For cyclic voltammetry, the current response was measured 
in a potential range from −0.56 to 1.44 V vs. RHE, with a scan rate of 50 mV⋅s−1 starting from open-circuit 
potential. The EIS measurements were performed from 1.44 to −0.56 V vs. RHE over a frequency range from 
10 kHz to 0.1 Hz with 10 mV excitation amplitude. The impedance data were analyzed by computer simulation 
and fitting in Autolab Nova Software.  

3. RESULTS AND DISCUSSION 

Figure 1a-c shows schematically the preparation of TiO2 nanocolumn arrays embedded in a PAA matrix via 
anodizing/re-anodizing of an Al/Ti (Al/TiNx) bilayer [10-12], as described in Experimental Part. The 
nanocolumns grow inside the alumina nanopores, and their geometrical parameters can be tuned by varying 
the formation conditions. In this study, we prepare one possible type of their morphology shown in a scanning 
electron microscopy (SEM) image in Figure 1d at circumstances of varying their crystallinity and oxygen 
concentration by the annealing conditions, in order to alter their semiconducting properties, especially the 
doping level. 

Cyclic voltammograms obtained at low voltages for the as-anodized, air-annealed, and vacuum-annealed 
nanocolumn arrays prepared from the N-free and N-doped titanium underlayers are shown in Figure 2a, b. 
Several trends are noticed: (1) for both the N-free and N-doped underlayers, the current density (thus also the 
conductivity) depends on the annealing conditions and increases in the order as-anodized < air-annealed < 
vacuum-annealed samples, (2) for all the conditions, the current density is higher for the N-doped samples as 
compared with the N-free surfaces, (3) the I-V curves are asymmetric for most of the samples, with lower 
anodic current densities as compared with the cathodic ones. Besides, when measured to more anodic 
voltages (Figure 2c), the vacuum-annealed N-free and N-doped samples show a substantially higher current 

 

Figure 1 (a-c) Schematic illustration of PAA-assisted anodizing of an Al/Ti bilayer resulting in the formation 
of PAA-embedded TiO2 nanocolumns. (d) A cross-sectional SEM image showing an example of PAA-

embedded TiO2 nanocolumns, approx. 40 nm wide and 160 nm long 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

671 

 

Figure 2 Cyclic voltammograms obtained at low voltages in the borate buffer in the dark for the (a) N-free 
and (b) N-doped TiO2 nanocolumn arrays, both of them as-anodized, air-annealed, and vacuum-annealed. 
(c) Cyclic voltammograms of the vacuum-annealed N-free and N-doped arrays obtained at higher anodic 

potentials. The first measured cycle of each sample is shown by pale blue or pale orange color. The absolute 
value of current density is used. The arrows point out the measurement direction 

density in the initial than in the consecutive measurement cycles, reaching two plateaus at 1.7 V vs. RHE of 
3 μA·cm−2 for both samples and at 3.5 V vs. RHE of 150 μA·cm−2 only for the N-doped sample. These plateaus 
are not present in the consecutive measurement cycles, however, the N-doped surface still reveals a 
substantial current density rise at about 3.5 V vs. RHE, corresponding to the second plateau. The air-annealed 
and as-anodized arrays of the two N contents do not show these features and have the current densities of 1-
2 orders of magnitude lower (about 0.1 μA·cm−2 at 5.5 V vs. RHE, not shown).  

In addition, voltage-dependent EIS measurements were performed for all array types, in order to gain insight 
into their semiconducting properties. Two sets of measured EIS data for the two air-annealed samples are 
presented in Figure 3 in the form of Bode plots. All EIS data were fit in the whole frequency range using an 
equivalent electrical circuit composed of one or two capacitive layers in series (shown as insets of Figure 3). 
One of the capacitances usually corresponds to the space-charge layer formed at the top of the columns, 
another one, with the higher capacitance and lower resistance, is attributed to the Helmholtz layer [13]. A 
constant phase element (CPE) is used to account for non-ideal behavior of the space-charge layer. M-S plots 
for all the samples are obtained by plotting CSCL−2 vs. potential (see Figure 4), where the doping density  

 

Figure 3 Bode plot representations of EIS measurements of the (a) N-free and (b) N-doped air-annealed 
nanoarrays obtained in the borate buffer at DC voltages from 1.44 to −0.56 V vs. RHE. The measured data 
are represented by dots, whereas the solid lines are the fits by equivalent electrical circuits shown as insets 

(SC = space charge layer, HL = Helmholtz layer, DL = dielectric layer) 
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Nd can be obtained from the slope of the linear part according to the M-S relation for n-type semiconductors: 

,        (1) 

where CSCL/A is the capacitance of the space charge layer per area, e is the elementary charge, ε is the 
vacuum permittivity, εr is the relative permittivity of TiO2 (εr = 70), E is the applied potential, Efb is the flatband 
potential, kB is the Boltzman constant, and T is the temperature. Two types of behavior can be distinguished. 
First, a relatively constant capacitance, independent on the potential, is revealed for the N-free as-anodized 
and air-annealed samples (M-S plots in Figure 4a, b). This is seen also in the corresponding Bode plots 
(Figure 3a), where the impedance modulus and phase curves overlap for all potentials. This kind of behavior 
is typical for dielectrics. The second type is observed for all N-doped arrays and the vacuum-annealed N-free 
sample, with a positive slope and saturated marginal regions in the M-S plots (Figure 4), typical for n-type 
semiconductors. The corresponding Bode plot (Figure 3b) shows clearly that both the impedance modulus 
and phase shift change substantially with the potential. In addition, the slope in the M-S plots is divided into 
two parts by a plateau, which can be most easily distinguished for the N-doped air-annealed array (Figure 4b), 
giving a pair of Nd and Vfb values for each sample. 

For those arrays that reveal n-type semiconducting behavior, we calculate Nd from Equation 1, i.e. from the 
slope of the corresponding M-S plot as marked in Figure 4 (the slope at the more cathodic potential is used), 
taking into account the electrochemically active area (the column tops, not the PAA matrix), being about 11% 
of the apparent area, and assuming the same value of εr = 70 for both N contents. The results are shown in 
Figure 5a. Also, the depletion layer thickness (eventually the dielectric layer thickness) is calculated from the 
capacitance obtained from EIS at 1.44 V vs. RHE, taking 11% of the apparent area and εr = 70 for both N 
contents and neglecting the influence of the PAA (see Figure 5b). The M-S analysis therefore shows that most 
of the samples reveal clearly n-type semiconducting behavior, with Nd increasing in the order as-anodized < 
air-annealed < vacuum-annealed N-doped arrays (Figure 5a). 

We expected the same trend for the N-free surfaces, but rather dielectric behavior is revealed for the as-
anodized and air-annealed samples. There may be another explanation for the dielectric behavior of these two 
array types. Provided they are semiconducting and have a low value of Nd, the depletion layer may extend into 
the whole column length and the applied cathodic potential may not be cathodic enough to shrink the depletion 
layer to the column tops and to reach the flat-band conditions, as is the case of the other arrays, having higher 
Nd. The thickness of the depletion/dielectric layer as calculated from the measured capacitance supports this 
consideration. To eventually prove this, EIS measurements at more negative potentials are needed. 

 

Figure 4 Mott-Schottky plots calculated from fits of the potential-dependent EIS measurements 
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Figure 5 (a) Donor density Nd calculated for the different types of TiO2 nanocolumn arrays from the Mott-
Schottky plots. (b) Depletion layer thickness calculated from the capacitance obtained by EIS measurements 

at 1.44 V vs. RHE 

Two main conclusions come out from the M-S analysis. Both the annealing treatment and the doping with 
nitrogen affect the donor density in the TiO2 nanocolumns, influencing their electron conductivity, while Nd 
increases in the order as-anodized < air-annealed < vacuum-annealed samples and the N-free < N-doped 
arrays. This is in a good agreement with the cyclic voltammetry results, where the current density (also the 
conductivity) shows the same trends (Figure 2a, b). The altering of Nd-value via changing the annealing 
conditions is consistent with the literature reports demonstrating that a thermal treatment of TiO2 in oxygen-
deficient environments leads to creation of oxygen vacancies (VO) in the material, which act as shallow donors 
and lead to n-type semiconducting behavior [7, 11]. This effect depends mainly on the annealing temperature, 
the initial VO concentration in the sample, and the partial O2 pressure in the gas phase [9]. Therefore, the loss 
of oxygen is more pronounced by the annealing in vacuum than in ambient atmosphere. In addition, the 
vacuum annealing seems to lead to a substantial reduction of the columns, as we observe their re-oxidation 
during cyclic voltammetry to higher anodic potentials (Figure 2c), as manifested by the lower current density 
plateau of about 3 μA·cm−2 present for the vacuum-annealed nanoarrays. 

The presence of nitrogen in the TiO2 nanocolumns increases the measured donor density and also the 
conductivity for all the annealing treatments. N doping is known to narrow the band gap of TiO2 [5], which 
enhances the visible light absorption. Also, N doping may lead to formation of impurity states within the band 
gap of TiO2 [5]. The M-S analysis of the N-doped arrays performed in this work shows a distinct plateau (best 
visible for the air-annealed sample shown in Figure 4b), which may be attributed to Fermi level pinning due to 
trap states [15]. This may be an indication of the prevailing N-doping mechanism. In addition, the second 
plateau, appearing during the cyclic voltammetry to higher anodic potentials (about 150 μA·cm−2) only for the 
N-doped vacuum-annealed sample, may reveal information about the chemical state of nitrogen in the anodic 
films. Detailed investigation of these effects is being carried out. Beside the effects described above, the 
crystallinity of the arrays may have substantial influence on the semiconducting properties and conductivity of 
the columns. This will be addressed in a future study. 

4. CONCLUSIONS 

Electrochemical properties of N-free and N-doped TiO2 nanocolumns prepared via PAA-assisted anodizing 
and post-anodizing annealing in different atmospheres have been studied. Cyclic voltammetry and Mott-
Schottky analysis have revealed that the incorporation of nitrogen and the annealing at oxygen-deficient 
conditions lead to a significant rise of n-type donor concentration in the titanium-oxide nanocolumns, which is 
thus tunable by several orders of magnitude. The space charge layer thickness can be adjusted accordingly. 
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The present findings are of vast importance for future utilization of the TiO2-based nanocolumn arrays for 
photoelectrochemical water splitting, in order to obtain nanocolumns with good electrical conductivity and a 
space charge layer localized at the column surface, so as to substantially enhance the photogenerated charge 
carrier separation in these nanoarrays.  
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Abstract 

The intense 738 nm narrow band luminescence of the SiV-centers for polycrystalline nanodiamonds produced 
by shock wave synthesis followed by grinding and separation into fractions with median sizes from 25 to 1000 
nm are observed for all fractions. Polycrystals composed of tightly connected differently oriented diamond 
nanocrystals with mean sizes of 10-15 nm were formed by merging the boundary areas of the crystal lattices 
of adjacent nanocrystals. Size-dependent structural and luminescent properties were studied by comparative 
Raman and luminescence spectroscopy. Analysis of the Raman spectra from luminescent diamonds with 
median sizes from 1000 nm to 180 nm shows damage of the intergranular layers with the increase of 
amorphous carbon content. Raman spectroscopy for the fractions from 180 nm to 25 nm shows damage of 
the cubic diamond nanocrystals with the appearance of disordered carbon structures, which increases with 
decreasing median size accompanied with a strong decrease of the luminescent intensity. It was found than 
SiV luminescence intensity has a maximum at the median size of about 180 nm that is controlled by competition 
between deactivation of the SiV-centers by defects in the diamond nanocrystal lattice and nonradiative 
recombination centers in the volume of the intergranular layers. 

Keywords: Nanodiamonds, SiV-center 

1. INTRODACTION 

Diamonds can be synthesised by different methods including CVD techniques and static synthesis at high 

pressure (up to 7 GPa) and high temperature (up to 2200°C) which have found broad applications in the 
industry. This work presents diamonds synthesised by shock wave synthesis. Diamond powders were 
manufactured by Microdiamant USA, and commercially distributed by L. M. Van Moppes & Sons SA (Geneva, 
Switzerland) under the trade name Super SyndiaTM SSX,[1]. According to the manufacturer a powder of 
polycrystalline diamond particles of micron size (10-60 µm) consisting of individual diamond nanocrystals with 
sizes not exceeding 20-25 nm each. Diamond nanocrystals are tightly bound together by means of the spliced 
edges of the crystal lattices and by covalent bonds of shorter atomic groups existing on the grain boundaries. 
Diamond powders was grinded with following separation to powders of polycrystals with smaller different 
median sizes (25-1000 nm). Rapid synthesis and direct conversion of graphite to diamond in air results in the 
formation of fairly large numbers of defects in the presence of impurity atoms in the crystalline lattice of 
polycrystalline. This can leads to the appearance of NV- and SiV-centers, for example, which can be identified 
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by electron paramagnetic resonance [2] and luminescence spectroscopy. Probably Content of luminescent 
NV- or SiV-centers can be controlled by with synthesis shock wave parameters. To investigate dependencies 
and make structural characterization Raman and luminescence spectroscopy are particularly adequate as they 
permit the quick and contactless investigation of the samples without disturbing the structure of the constituent 
materials. 

2. EXPERIMENTAL 

We have investigated set of polycrystalline diamond produced by shock wave synthesis powders with a median 
size of diamond polycrystals from 1000 to 25 nanometers was obtained by step-by-step fractionation of once 
milled starting powder. Size fractionation of the submicron dust was accomplished by centrifugation or 
sedimentation in water the micron fraction with median particle size 1-2 microns. According elemental analysis 
there are traces of graphite phase and content of other elements as follows: Fe - 9000 ppm, Si - 4870 ppm, 
Ca - 790 ppm, Al - 260 ppm, Cu - 170 ppm, Mg - 150 ppm, Ni - 50 ppm, Ti - 30 ppm, Mn - 30 ppm. Each 
fraction was subsequently extra-purified and then washed in rinsing water several times. According the XRF 
data, in the extra-purified nanodiamonds there are some content of silicon about 5-6 ppm level, while the 
content of other metal pollutants (except alkaline metals) is below 1-3 ppm. More detailed description of 
samples described if ref. [3] 

For a clear understanding of structure on Figure 1 shown characteristic HRTEM images of the polycrystalline 
diamond fraction. Diamond nanocrystal domain was analyzed by using the method similar to ref. 4, which uses 
the FFT spots to determine the domains. Cubic diamond crystallites and twinning boundaries are clearly seen 
on the images.  

The secondary emission spectrum 500-800 nm spectral range from diamond powder with median size 
~180 nm is shown on Figure 3. Figure 3 also shows also an example of the deconvolution of the luminescence 
background. Luminescence broadband background observed in secondary emission spectra also usual for 
diamonds particles produced both by detonation techniques [5] and CVD methods [6] and is attributed to a 
broad orange-to-red PL caused by NV. This deconvolution was performed for the spectra of all samples for 
subtracting the luminescence background. The spectrum shows characteristic photoluminescence (PL) and 
Raman bands observed in the spectra of all fractions of polycrystalline diamonds. The 738 nm narrow line 
observed in the spectra of all fractions is attributed to PL from Si-V colour centers formed by the intercalation 
of silicon atoms into the crystal lattice of diamond particles.  

 

Figure 1 (a) - (c) Characteristic HRTEM images of the smalest grade of polycrystalline diamond fraction. 
Areas shaded in different colors correspond to the individual crystallites with different orientation. Scale bars 

of 4 nm are shown 
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Figure 2 Characteristic spectrum of secondary emission polycrystalline diamond fraction for excitation 

wavelength of 488 and 514 nm. The deconvolution of the broad PL background is shown for spectrum with 
wavelength of 488. The pink circle shows the region of the Raman spectrum 

Figure 3 presented Si-V center PL (a) and Raman signal (b) for few median sizes of nanodiamond powder 
after subtraction of broad background luminescence. Figure 3a displays a characteristic set of Raman spectra 
from samples of diamond polycrystals with different median size. Bands assignment for Raman spectra shown 
well-known Raman bands such as diamond Raman band [6] at about 1332 cm-1 and bands of disordered 
nanocarbon structures [7]. These characteristic bands were dominate for all spectra. It is worth noting that 
Raman cross-section for diamond at 488 nm excitation wavelength is smaller by more than one order of 
magnitude than for sp2 carbon. nanostructures we can conclude that the structure of the studied samples is 
dominated by the diamond phase. Bands of disordered nanocarbons place at ~1350 cm-1 (D), ~1530 cm-1 (A), 
~1587 cm-1 (G), and ~1625 cm-1 (D'). The presence of the G-band in the spectra points out to the presence of 
sp2-bonded C atoms. The D and D' bands correspond to the breathing vibration of aromatic rings in the carbon 
network and their intensities are proportional to the degree of structural disorder in graphite-like structures[7].  

Figure 3 (a) Representative set of Raman spectra of the polycrystalline diamond fractions with different 
median size for excitation wavelength 488 nm. (b) Representative set of Si-V center PL spectra of the 

polycrystalline diamond fractions with different median size for excitation wavelength 488 nm 

500 550 600 650 700 750 800

0

100

200

300

 Original spectra - 514,5 nm exitation
 Original spectra - 488 nm exitation
 Fitted spectra
 Si-V LuminescentDiamond luminescent
 Diamond luminescent

S
ec

. e
m

. i
nt

en
si

ty
, A

rb
. u

n.

Sec. em. wavelenght, nm

Raman 
signal

800 1000 1200 1400 1600 1800

0.0

0.5

1.0

1.5

2.0

2.5

3.0

 50 nm
 175 nm
 750 nm

R
am

an
 In

te
ns

ity
, A

rb
. u

n.

Raman Shift, cm-1

Average size:

725 730 735 740 745 750 755 760

-10

0

10

20

30

40

50

60

 25 nm
 100 nm
 175 nm
 375 nm
 1000 nm

Lu
m

in
es

ce
nt

 In
te

ns
ity

, a
rb

. u
n.

Luminescence wavelenght, nm

Si-V Luminescence
738 nm

Av. size:



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

678 

Figure 3b presents spectrum of PL after subtraction of broad background luminescence. It is clearly seen that 
PL intensity depends of median size of nanodiamods. To better understanding graph was constructed between 
the mean size and intensity of Si-V center PL which is presented on Figure 4.  

 
Figure 4 Size dependence of the integral intensity of the Si-V center luminescence band. Excitation laser 

wavelength: 488 nm 

3. DISCUSSION 

The size dependences of the SiV-center luminescence band at 738 nm shown in Figure 4 presence of a clear 
maximum at ZM = 180 nm. The maximum can be caused by competition between two processes taking place 
in the samples during grinding. The presence of two different phases of diamond, where each can be 
responsible for a process can give rise to a maximum. There are two diamond phases in all samples with 
different median size: cubic diamond in the nanocrystals and hexagonal diamond, located in the intergranular 
layers. The diamond Raman band intensity reflects the content of diamond crystal phases. It is cleary seen 
that till the maximum point of PL for the samples with median sized ~180 nm there is no sufficient changes in 
structure of raman diamond band at 1332 cm-1. For the samples with median sizes less than 180nm we can 
see decreasing of raman signal intense. This process can be attributed to increasing amount of defects in 
cubic diamond phase. In support of this assumption we can see increasing of signal from disordered 
nanocarbons which is appears from damaged cubic diamond phase. For the bigger size we don’t see sufficient 
changes in strusture on raman spectra. We can make a assumption that decresing of size for the samples till 
180nm providing by destroing twining boundaries between diamond nanocrystals. The latter was associated 
to the formation of recombination centers inside covalent bonds of shorter atomic groups existing on the grain 
boundaries, opening non-radiative decay channels in disordered regions. At the same time, the decrease of 
the PL intensity upon increase of size from 180 nm to 1000 nm requires additional assumptions. 

4. CONCLUSION 

In this work Raman and luminescence spectroscopy were used for investigating polycrystalline diamond 
powders produced by shock wave synthesis followed by grinding and separation into fractions of different 
polycrystal median size in the range 25-1000 nm. The TEM data used to estimate the diamond polycrystals 
structure which consist of 10-15 nm nanocrystals with thin (2-3 nm) intergranular layers. A distinctive feature 
of the diamond powders studied is the presence of a narrow intense PL band of SiV centers at 738 nm. It is 
the first case of Si-V color centers found in diamonds produced by short duration dynamic synthesis. Was 
cleary shown that Si-V center PL intensity depends on the polycrystalline powder mean size and has a 
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maximum at size ≈180 nm. This maximum is the result of competition between two nonradiative channels 
luminescence quenching the opposite depending on the average size of a polycrystalline powder. The process 
of increasing the luminescence with size reduction from 1000 nm to 180 nm is associated with a nonradiative 
recombinatio centers n in the volume of the intergranular layers. The concentration of these recombination 
centers decreases with decrease in the average size of the polycrystal which causes PL increase up to an 
median size of 180 nm. Further grinding resulting damage of crystal structure of the nanocrystals and the 
formation of additional defects with increasing amount of disordered carbon. The concentration of defects in 
crystal structure increases with decreasing size of the polycrystal and leads to suppression of luminescence.  
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Abstract 

Recently, the arrangement of diffraction primitives according to a phyllotactic model was presented. This 
arrangement was used to benchmarking purposes of the e-beam writer nano patterning. The phyllotactic 
arrangement has several interesting properties. One of them is related with the coherence between the nano- 
or microscopic domain of individual optical primitives and the properties of visually perceived images crated 
by these structures in the macro domain. This paper presents theoretical analysis of the phyllotactic 
arrangement in the referred context. Different approaches enabling the creation of diffractive optically variable 
images are proposed. The practical part of the presented work deals with the nano patterning of such structures 
using two different types of the e-beam pattern generators. One of them is a system with a variable shaped 
beam of electrons, while the other one is a system with a Gaussian-shaped beam. E-beam writing strategies 
and the use of inherent spiral patterns for exposure ordering and partitioning are also discussed. 

Keywords: Nano patterning, spiral grating structure, phyllotactic pattern, e-beam writer 

1. INTRODUCTION 

This contribution is related to the planar optical device based on the optical elements arrangement according 
to a phyllotactic model. This model originally describes positions of seeds in sunflower head [1]. Seed positions 
in polar coordinates may be defined accordingly to [1] by equation (1), where k is the number of seeds, c is 

the scale factor and θ0 is the angular factor (coined the divergence angle in botany). This model was used in 
various domains in the past decades. Recently, it was used also as a benchmarking pattern for e-beam 
lithography [2]. 

 (1) 

We present an analysis of the mentioned arrangement from the optical point of view. Characteristic triangles 
that may be observed in the arrangement are described. Relation between seed distances and periodicity of 
derived spirals are described. The practical part of the presented work deals with the nano patterning of such 
structures using e-beam pattern generators. 

2. METHOD 

One important feature of the phyllotactic arrangement of seeds according to equation (1) is a constant size of 
the area attributed to each individual seed. The size of this area, let us say the elementary surfaces A0, can 
be derived in four different ways. The first way is based on the circular surface around each seed and depends 
on the scale parameter c, see equation (2). Let us note that three circles around three adjacent seeds are 
partially overlapping and thus there remains some area in between them that is not covered by any circle. 

 (2) 

{ } { }0

2/1
;; ϑϑ ⋅⋅= kkcr kk

2

0 cA ⋅= π
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The second method is derived from the area of elementary annulus that can be imagined as an orbit which 
can be populated by just one seed, see equation (3). Here, the radii rk-1, rk, rk+1 represent distances of three 
successive seeds from the pole of the model. 

 (3) 

The third method is derived from the area of the circular sector comprising a single seed, see equation (4). 
When considering the model with k seeds, the angular distance between two angularly adjacent seeds is 

∆θk = 2π / k.  

 (4) 

Finally, the fourth method defines the size of the elementary surfaces as twice the area of the triangle - edge 
Dx and altitude Lx in equation (5) - formed by the considered seed and its two closest neighbors. More 
generally, the size of the elementary area can be derived from triangles which have one vertex in the centre 
of the considered seed and two vertices in the centre of two seeds along dome derived spirals. 

 (5) 

These equations and their combination can significantly facilitate the preparation of the seed model and the 
design and analysis of the discussed seed arrangement. 

 
(a) 

 
(b) 

Figure 1 Vogel's model [1]: a simple arrangement of 400 seeds with highlighted  
part of the basic spiral, two sets of derived spiral parts and one selected triangle tr X (a);  
edges and altitudes of two limiting isosceles triangles tr A and tr B (b); see text for details 

Figure 1(a) shows a simple seed arrangement of a counterclockwise Vogel's model [1] with 400 seeds. A part 
of the basic spiral is highlighted, starting from the model pole. Furthermore, two sets of derived spirals 
(21 spirals of each 21st seed and 34 spirals of each 34th seed) are also featured. Three adjacent seeds form 
an elementary triangle of the arrangement (tr X). When travelling from the model pole to its circumference, 

2
2 11

0
−+ −⋅⋅= kk

k

rr
rA π

kkrA ϑ∆=
2

1
0

xx LDA ⋅=0



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

682 

triangles cyclically change the shape from the first limiting triangle to the second limiting triangle and back to 
the first one. These limiting triangles are shown in Figure 1(b) and described below. 

2.1. First limiting triangle - tr A 

Figure 1b shows two limiting triangles of the arrangement. The first one (tr A) is an isosceles triangle. Its edges 
(D1, D2) are marked by red color and related altitudes (L1, L2) are marked by blue color. The arrangement of 
seeds of the simple phyllotactic model according to the equation (1) is characterized in that for the most of the 
seeds there exist two closest neighboring seeds, wherein the positions of these three seeds form the vertices 
of the common triangle. The shape of these triangles varies with the direction from the pole of the model 
towards its border; simultaneously, the orientation of the triangles is continuously changing as they are aligned 
to directions of the derived spirals. The altitudes of the mentioned triangle represents the periodicity of the 
network of seeds in the vicinity of the given triangle. This periodicity is significant for the construction of the 
diffraction optical device, since it affects the degree of the light bending on the periodic structure (according to 
the grating equation).The special lengths and altitudes of the triangle edges are marked as follows: D1 (base 
of tr A), L1 (associated altitude) and D2 (shoulders of tr A), L2 (associated altitude). The edge lengths relative 
to the scale of the phyllotactic model c are expressed by equations (6) and (7) exploiting the introduced 
constant fm (fm = √5 / 2). The numerical values of the distances are as follows: D1 ~ 1.6763c and 
D2 ~ 2.0530c. The values of associated altitudes are derived from the distances using equation (5), their 
numerical values are L1 ~ 1.8741c and L2 ~ 1.5303c. The distance D1 represents the shortest distance 
between adjacent seeds in the given arrangements while L1 is its longest periodicity value. 

 (6) 

 (7) 

2.2. Second limiting triangle - tr B 

The other limiting triangle (tr B) is an isosceles right-angled triangle, see Figure 1b. The special lengths of the 
triangle edges are marked as follows: D3 (ordinates of tr B) and D4 (hypotenuse of tr B); the associated altitudes 
are L3 and L4. Accordingly to equations (8) and (9), their numerical values are: D3 ~ 1.7725c; D4 ~ 2.5066c; 
L3 ~ 1.7725c; L4 ~ 1.2533c. 

 (8) 

 (9) 

2.3. General triangle - tr C 

Generally, the shape of all triangles (tr C) in the arrangement is in between the limiting triangles. The lengths 
of their edges, denoted Dtr C, 1 (the shortest edge), Dtr C, 2, and Dtr C, 3 (the longest edge), are given by inequalities 
(10), (11), and (12), respectively. We may conclude that the distance between two adjacent seeds is within the 
interval (D1; D4), that is approximately (1.6763c; 2.5066c). 

 (10) 

 (11) 

 (12) 
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{ } { }ππ ⋅⋅= ccLD ;; 33

{ } { }2;2; 44 ππ ⋅⋅= ccLD

31,1 DDD Ctr <<

32,2 DDD Ctr <<

43,2 DDD Ctr <<
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2.4. Equivalent equilateral triangle - tr 6 

It seems interesting to compare the variability of the phyllotactic arrangement with the rigid grid of equilateral 
triangles (tr 6). The edge D6 and the altitude L6 of the equilateral triangle are given by equation (13). These 
values are related to the scale factor c of the phyllotactic model. The arrangement of this type has the same 
number of seeds per unit area as the phyllotactic arrangement with the same scale factor c. 

 (13) 

3. EXPERIMENT 

The presented method was used for the implementation of algorithms that enable to predict the shape of a 
diffractive pattern observable when a large size arrangement is prepared as a planar relief microstructure. Two 
approaches were adopted; the first one is simply based on the simulation of the first order diffraction behavior, 
see Figure 2a; the second one handles also higher diffraction orders and their combinations, see Figure 3a. 
In order to validate the presented method and simulation algorithms we prepared several samples of planar 
relief structures that exhibit diffractive behavior; one of results is depicted in Figure 3b. These structures were 
prepared using e-beam lithography patterning and standard lithographical process. 

 
(a) 

 
(b) 

Figure 2 Diffractive pattern of the phyllotactic arrangement:  
simulation results (a); real sample photo according to [2] (b) 

4. RESULTS AND DISCUSSIONS 

Figure 2 shows the comparison of first-order diffraction simulation results and the previously published picture 
of a real sample [2]. It may be seen that both diffraction patterns present some similarities although the 
matching is not perfect. This is due to the optically variability of the diffractive pattern that depends on lighting 
and observation conditions. 

Figure 3 shows the comparison of the second simulation algorithm (including higher diffraction orders and 
their combinations) together with a picture of a real sample. This planar relief structure sample is relatively 
coarse, with the scale factor c = 2  µm. This value ensures the visibility of at least 4 diffraction orders in 
standard observing conditions. Figure 3a showing the simulation results uses different grey values for 
highlighting locations with particular periodicity. Azimuth orientation of characteristic triangles must lie within 

predefined limits (in this particular case the tolerance is ±2 degrees) in order to the region is highlighted. In this 
case the matching between the simulation and the observation is quite close. 

{ } { }3)2(;32; 66 ⋅⋅⋅= ππ ccLD
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(a) 

 
(b) 

Figure 3 The diffractive pattern of the planar optical phyllotactic arrangement showing higher-order  
light diffraction, c = 2 µm, circle diameter 20 mm: model (a); picture of the real sample (b) 

5. CONCLUSIONS 

We presented the method for analysis and design of large scale phyllotactic arrangements. The method was 
validated by a planar relief structure that has the expected diffractive functionality. Ongoing and future work 
covers several related topics, e.g. detailed analysis of the seed model (the shape and the size of particular 
optical elements), multi-level arrangements (the nesting of two or more phyllotactic models with distinctively 
different levels of finesse), diffractive optically variable image device [3], elaborated analysis of the diffractive 
pattern shape and properties, advanced e-beam patterning issues (dosing, partitioning, fractioning, etc.), 
analysis of structures with the sub lambda / 2 [4] and sub 100 nm value of the scale factor. 
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Abstract  

Industrial fly ash may be used as the substrate in synthesis of zeolites. The impact of process parameter on 
the product is high, in relation to this, in the presented work the influence of base concentration, used in the 
synthesis process, was investigated. It was proved that it is possible to obtain different product of synthesis as 
well as different yield of synthesis with the use of differentiated concentration of the base solution. The lower 
pH values resulted in obtaining P1 zeolite while the use of higher concentrations was favorable for the 
production of sodalite. 

Keywords: Zeolite, fly ash, hydrothermal synthesis 

1. INTRODUCTION  

In relation to high amounts of fly ash being produced in power plants and heat power plants, new directions of 
this materials use are being searched for. Chemical composition of fly ash enable to use it as a substrate for 
the synthesis of new materials, one of the proposition is zeolite synthesis. There exist several methods of fly 
ash conversion into zeolites [1, 2]. The most widespread is hydrothermal synthesis method, due to its relative 
simplicity. A lot of research indicate that it is possible to obtain zeolites in the hydrothermal process [3, 4]. What 
is characteristic, is that the change of synthesis parameters may significantly influence the process [4, 5, 6, 7]. 
The parameter of high importance is the concentration of alkali used in the process.  
It was experimentally proved that it is possible to receive zeolites in very wide range of concentration values, 
form value around 2 mol/dm3 [7] up to 15 mol/dm3 [8]. Literature data indicate that the increase in alkali 
concentration influences the process of digestion of raw material [9], what suggest that more condensed 
solutions would positively influence the reaction outcome. In the performed experiments testing of the influence 
of change in alkali concentration on the zeolites products was presented.   

2. EXPERIMENTAL 

2.1. Raw material 

For the experiments fly ash form the pulverized coal-fired boiler equipped with SCR installation was selected. 
For the synthesis fly ash unprocessed samples were collected form main fly ash containers.  

2.2. Apparatus 

Determination of fly ash oxide composition was performed according to polish standard PN-EN 450, w plasma 
spectrometer Thermo iCAP 6500 Duo ICP. The mineralogical phase content was examined with the use of 
XRD diffractometer PANalytical - Empyrean, equipped with radiation source Cu-Kα (λ=1.5406Å). The analysis 
was performed for the angle ranges 2θ 3-90° with step size 0.02°/min in the ambient temperature. Based on 
polish standard PN-EN 450-1 loss on ignition analysis was done. Estimated values for the values of fly ash 
fines were presented, the examination was performed with the use of Hosokawa Alpine 200 LS-N Air Jet Sieve, 
with the use of 45 µm sieve. The use of air jet sieve Hosokawa Alpine 200 LS-N equipped with sieved 200 µm, 
90 µm, 45 µm, 32 µm i 20 µm provided information about the granulometric curve. The samples structure 
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analysis was performed with the use of Bresser Advanced ICD 10x - 160x Trino equipped with Delta Optical 
DLT-Cam PRO 5MP USB 2.0. 

2.3. Raw material analysis results 

Analysis of oxide content (symbol K4M) was presented in Table 1. As a result of XRD analysis of raw material 
diffractogram presented in Figure 1 was obtained. The presence of mullite and quartz as dominant phases.  

Table 1 Oxide content in fly ash  

 
SiO₂ Fe₂O₃ Al₂O₃ Mn₃O₄ TiO₂ CaO MgO SO₃ P₂O₅ Na₂O K₂O BaO SrO LOI 

K4M, % 50.1 6.53 28.3 0.04 1.28 1.37 1.1 0.44 1.16 0.45 2.14 0.16 0.12 6.48 

 
Figure 1 Unprocessed fly ash diffractogram   

The examination of loss on ignitron value represented the value of 6.48%, estimated fitness value was 28%, 
what gives information of high content of fine particles in raw material. Granulometric curve for raw fly ash is 
presented in Figure 2. In the Figure 2 symbols correspond to fly ash particles size ranges F1 >200 µm, 200 
µm> F2 >90 µm, 90 µm> F3 >45 µm, 45 µm> F4 >32 µm, 32 µm> F5 >20 µm, 20 µm> F6. Presented 
granulometric curve confirms high share if very fine particles fraction in selected for synthesis material. 

 
Figure 2 The share of examined fly ash fractions  

w
t%

Fraction 

Share of K4 fly ash fractions 
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Photograph of fly ash selected for the synthesis was presented in Figure 3. 

 

Figure 3 K4M fly ash, magnification 160x 

Silica/alumina fly ash ratio is 1.77, what based on literature data, allows to expect that fly ash selected for 
those experiments will give positive effect in the zeolite synthesis process. The XRD diffractogram analysis 
show that mullite and quartz, which are silica and alumina source are present. Additionally the amorphous halo 
in the angle range 20-40 2θ was present, what proves the presence of glassy phase which will undergo 
digestion in first place [10]. Loss on ignitron value of 6% should not significantly influence the synthesis 
process, the fitness value as well as granulometric curve giving information of high amount of fine particles 
allow to expect the raw material to be good substrate for the zeolites synthesis, as fine particles will undergo 
digestion process in first place. Presented results of raw material analysis provides information that this 
material is suitable for the synthesis of zeolites out of fly ash.  

2.4. Synthesis procedure 

In the experiment hydrothermal synthesis of zeolites out of fly ash was performed. For the synthesis below 
parameters were selected:  

• temperature: 900C   
• time: 24 hours 
• fly ash amount: 10 g 
• alkali used: 200ml NaOH    
• mixing of solution during synthesis: yes 
• rinsing with water: five times with the same amount of distillated water  
• drying: 1050C, 6 hours 

Five processes of synthesis were performed aimed at determination of the alkali concentration influence on 
the experiment result. There were selected concentrations of values: 3 mol/dm3, 3.5 mol/dm3, 4 mol/dm3, 4.5 
mol/dm3 i 5 mol/dm3. The identifiers for received samples were introduced: K4M- result of synthesis in the 
alkali solution of 3 mol/dm3 concentration, K4 3.5M result of synthesis in the alkali solution of 3.5 mol/dm3 

concentration, K4 4M- result of synthesis in the alkali solution of 4 mol/dm3 concentration, K4 4.5M result of 
synthesis in the alkali solution of 4.5 mol/dm3 concentration, K4 5M- result of synthesis in the alkali solution of 
5 mol/dm3 concentration. 

2.5. Synthesis results 

In Table 2 the identifiers of samples received as a synthesis products were presented along with the type of 
zeolite synthesized. 
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Table 2 Symbols of samples and synthesis zeolitic products  

Identifiers of samples received as a result of performed synthesis  Alkali concentration, mol/dm3 Zeolite 

K4M   3  P1 

K4 3.5M  3.5  P1 

K4 4M  4 trace P1, sodalite 

K4 4.5M  4.5 Sodalite 

K4 5M  5 Sodalite 

The products of synthesis were identified with the use of XRD method. Diffractograms of all samples were 
presented in Figure 4.  

 
Figure 4 Hydrothermal synthesis products XRD diffractograms  

In Figures 5-9 there are presented pictures of synthesis products.  

  

Figure 5 Synthesis product magnification 160x, 1) K4M, 2) K4 3.5M 
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Figure 6 Synthesis product magnification 160x, 1) K4M 4M, 2) K4M 4.5M 

 

Figure 7 Synthesis product magnification 160x, 1) K4M 5M  

2.6. Results analysis 

As a result of performed synthesis it was found that it is possible to receive zeolite materials with the use of 
proposed method, with increasing value of alkali concentration in the ranges 3-5 mol/dm3. It was proved that 
the change of alkali concentration results in obtaining different zeolite products as well as different yields of 
synthesis. With the increasing concentration zeolite P1 which crystallized in sample K4M is disappearing while 
sodalie occurs. Estimated relative efficiencies, which calculation was based on comparison of areas under the 
most intensive reflections of appropriate phase [2], lead to identification of decrease of zeolite P1 efficiency in 
line with trend K4M>K4 3.5M>>K4 4M. In the sample K4 4M only trace reflections from zeolite P1 were found. 
In samples where higher concentration of base solution was used - 4-5 mol/dm3 - reflections characteristic for 
sodalite were found. Once the analogical comparison of reflections intensities was done it was found that the 
amount of sodalite is increasing in case of higher base solution concentration used. The trend for decreasing 
amount of sodalite is as follows: K4 5M>K4 4,5M>K4 4M. The observation of samples with the use of optical 
microscope, there were no significant differences in the morphology of samples found in reaction products. 
Analyzing the change in relation to raw material, it can be stated that synthesis products were characterized 
by more fine particles, texture of samples may be described as more uniform.   

In relation to application possibilities of using zeolite materials P1, it is intentional to use in experiments base 
concentration of value 3 mol/dm3. However, experimental results indicate that in case of will to receive sodalite 
it will be more beneficial to use higher base solution concentration. Trend observed in the research indicate 
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that one zeolite phase disappears for the advantage on the other one, with increasing value of base solution 
concentration. This can indicate that secondary dissolution of zeolite P1 in conditions of higher concentration 
of base solution and its recrystallization in the form of sodalite. Similar observations were also found by other 
researchers [3, 11, 12]. Secondary recrystallization is a result of increase of dissolution of building materials, 
what was noticed and described in other research [9].   

3. CONCLUSIONS 

Performed experiments proved the possibility of receiving zeolites from fly ash samples from the process of 
hard coal burning. Series of samples, characterized by differentiated valued of base solution concentration, 
along with constant remaining parameters, allowed to determine the influence of basicity of solution on the 
zeolite synthesis process. The results of experiments indicate that it is possible to receive different products 
as well as highlighted receiving of differentiated efficiencies in relation to synthesis zeolites products. It was 
fund that the increase in sodium hydroxide up to value 5 mol/dm3 was more beneficial for the crystallization of 
sodalie, once lower concentrations (3 mol/dm3) were preferential for the formation of zeolite P1.  
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Abstract 

This contribution is focused on study on transport properties of selected probe (Rhodamine 6G) in reactive 
hydrogels. Hydrogels represent important material either from scientific point of view, as well as from the view 
of possible applications. In present work, hydrogels based on thermoreversible biopolymer agarose were used. 
This non-reactive agarose hydrogel matrix can be filled with additional homogeneously distributed molecules 
(e.g. polyelectrolytes). For these purposes we have selected sodium alginate, hyaluronic acid, carrageenan, 
sodium polystyrene sulfonate, dextran and chitosan. This type of model reactive hydrogels was used as a 
medium for subsequent transport experiments. Two types of experimental settings of transport experiments 
were used in experimental part of this work (both based on diffusion process). The first method was based on 
the simple macroscopic study on diffusion of Rhodamine 6G from solution into cuvettes containing individual 
agarose-based reactive hydrogels (diffusion model of constant source). The second used technique was based 
on Rhodamine 6G self-diffusion measurement (method of fluorescence correlation spectroscopy). Both used 
methods showed to be valuable for deeper description and characterization of interactions and mobility of 
selected probe in reactive agarose-based hydrogel matrices. The results are indicating that the transport and 
barrier properties of individual agarose-based reactive hydrogels are significantly affected by polyelectrolyte 
charge and its charge density. The results of present work in connection with deep meta-analysis of literature 
can significantly contribute to further applied research and development in the area hydrogels and carrier 
materials based on complexes with different biopolymers and polyelectrolytes. 

Keywords: Diffusion, fluorescence correlation spectroscopy, hydrogels, polyelectrolyte, reactivity 

1. INTRODUCTION 

Gels represent outstanding materials, which can be found both in nature and in natural processes, as well as 
have many applications in human driven processes such as food industry, medicine or chemistry of detergent 
[1]. From physicochemical point of view, gel can be described as dispersion system, in which the dispersion 
phase is connected into three-dimensional network. Inside of this interconnected network the dispersion 
medium is closed. According to the type of interactions between particles or chains of the dispersion phase, 
gels can be divided on physical or chemical gels. Moreover, according to the used dispersion medium in the 
gel, we can distinguish hydrogels (medium is water) or oleogels (medium is oil) [2, 3]. Generally, gels are often 
described as materials on the border between solids and liquids. This means that at some specific conditions 
gels can have properties of liquids (viscous properties, can flow). On the other side, under different conditions, 
they can behave as solids (elastic response). All these findings result in some specific advantageous properties 
of hydrogels such as easy manipulation with samples, preparation at defined size and shape, easy 
mathematical description, almost no effects of convection, comparable speed of diffusion in comparison with 
liquids etc. [3, 4]. Above mentioned properties are highly attractive especially toward the possible applications 
of these extraordinary systems. 

The beneficial properties of hydrogels can be used also in the area of drug delivery systems. Hydrogels (or 
generally gels) consist of highly porous structure, which can be easily tuned (the density of cross-linking, the 
degree of swelling of gels…) according to the needs of the application. Moreover, hydrogels are generally also 
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highly biocompatible [5]. The high porosity of three-dimensional hydrogel networks also tender free cavities for 
incorporation of additional substances such as drugs or other active compounds. For the area of hydrogel 
based carrier systems, the knowledge of drugs loading kinetics as well as a rate of release of the drug or other 
active compound from the system, its stability at different conditions, diffusion coefficient of the small molecule 
or macromolecule through the gel network seems to be crucial [6]. Most of hydrogel-based drug carriers belong 
to the group of swelling-controlled drug delivery systems [7]. 

For purposes of present work, the carrier systems were modelled by agarose hydrogel. Generally agarose is 
an example of thermoreversible polysaccharide, which can at specific condition form hydrogel. More details 
on the way of agarose hydrogel preparation can be found in [8]. Agarose hydrogel represents non-reactive 
three-dimensional network, containing free pores. These pores can be used as free cavities, which are 
available for loading with additional substances (drugs or other active compounds). In present work we have 
used polyelectrolytes. The addition of polyelectrolytes into non-reactive agarose structure provides free 
reactive centres for binding of oppositely charged species. These hydrogels containing available reactive 
centres as well as original pure agarose hydrogel were used in transport experiments. Generally, the 
knowledge of transport properties of such systems can shed a new light on the phenomenon of mobility and 
barrier properties and controlled release of different species in studied system. All this findings can be 
beneficial mainly for better prediction of behaviour of hydrogel-based carrier systems and their response on 
external stimuli (e.g. change of pH, ionic strength, temperature). 

2. EXPERIMENTAL 

2.1. Materials and Methods 

All the materials used in experimental part of present work were purchased from Sigma-Aldrich (p.a. purity 
grade). For preparation of agarose hydrogels solid agarose powder was used (Type I, low EEO, Sigma 
Aldrich). Subsequently, these agarose-based non-reactive hydrogels were modified by incorporation of 
polyelectrolytes into the hydrogel matrix during the initial step gelation process. More details on the way of 
hydrogels preparation and incorporation of polyelectrolytes into hydrogels can be found in chapter 2.1.1. The 
polyelectrolytes used in this work were sodium alginate, hyaluronic acid, carrageenan, sodium polystyrene 
sulfonate, dextran and chitosan. All used polyelectrolytes were characterized through determination of their 
molecular weight and hydrodynamic radius using the method of SEC-MALS (combined instrumental settings 
from Agilent and WYATT). More details on the way of determination of both molecular weight and 
hydrodynamic radius as well as on the settings of the instruments can be found in our previous publication [9-
11].  

2.1.1. Preparation of agarose hydrogels 

Agarose based hydrogels studied in present work were prepared by simple dissolving of accurate weight of 
agarose powder in exact volume of distilled water (milli-Q purity grade). The temperature was increased up to 
85 °C. At this temperature, agarose stars to be soluble in water. After decreasing of the temperature of this 
mixture back to the normal laboratory temperature, the agarose chains are getting involved into the final 3D 
structure of agarose hydrogel. For preparation of agarose-based hydrogels containing individual incorporated 
polyelectrolytes the procedure of agarose hydrogel preparation was similar with previously listed one used for 
preparation of pure agarose hydrogels, the only difference was in the fact, that defined part of distilled water 
was substituted by polyelectrolyte solutions. All the agarose based hydrogels in present work were prepared 
with fixed content of agarose 1 wt. %. The concentrations of individual polyelectrolytes, which were 
incorporated into agarose structure, were following: 0, 0.002, 0.005, 0.010 and 0.100 wt. %. 

For FCS determination of self-diffusion coefficient of Rhodamine 6G the procedure of individual hydrogels 
preparation was similar. The only difference was in the fact, that the samples for FCS already contained 
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homogenously dispersed constant concentration of diffusion probe (Rhodamine 6G, concentration in the 
hydrogels ≈ 5×109 M). The probe was added into the initial mixture of agarose powder and water respectively 
into the mixture of water and polyelectrolyte before heating up of the samples. The remaining procedure of 
agarose hydrogels preparation was the same as was described in previous paragraph. 

2.1.2. Macrodiffusion experiments 

Macroscale diffusion processes in agarose-based hydrogels were in this work represented by simple 
observation of time development of in-depth diffusion of selected probe (Rhodamine 6G) from its the source 
diffusion solution (0.01 g / dm3) into classical spectroscopic cuvettes filled with individual hydrogel samples 
(both pure agarose hydrogels as well as hydrogels with different incorporated polyelectrolytes), which were 
during the diffusion experiments immersed inside the diffusion solution. More details about the sample 
preparation procedure can be found in chapter 2.1.1. At defined duration from the beginning of the diffusion 
experiments (24, 48 and 72 hours) the cuvettes with individual agarose-based hydrogels were taken out from 
the solution, carefully dried and the concentration of Rhodamine 6G in dependence on the distance from the 
solution/hydrogel interface was determined by means of UV-VIS spectrometry (the method of calibration curve; 
for measurements used cuvette holder with adjustable measuring position). More details on mathematic 
description of used diffusion model as well as on settings of the diffusion experiment can be found elsewhere 
[8, 12, 13]. For the comparison of different hydrogel samples as well as for the effect of the concentration of 
incorporated polyelectrolyte and also for mutual correlation with microscale diffusion approach, the values of 
effective diffusion coefficient were determined. 

2.1.3. Microscale self-diffusion measurements by fluorescence correlation spectroscopy (FCS) 

Microscale observation of diffusion phenomenon of used probe (Rhodamine 6G) in individual 1 wt. % agarose-
based hydrogel samples (both pure agarose hydrogels as well as hydrogels with different incorporated 
polyelectrolyte) was performed using FCS on MicroTime 200 instrument (PicoQuant, Germany) equipped with 
fluorescence microscope Olympus IX71 (used setup of system: laser wavelength 510 nm, dichroic mirror 
514 / 640 nm, emission filter 550 / 49, laser intensity 6.6 μW). Moreover during FCS measurements 2 SPAD 
detectors were used, which allowed us to use cross-correlation for data evaluation. To maintain uniform 
measurement conditions, at the beginning of the experiment the xz scan was performed and the position of 

glass-gel interface was identified. Afterwards, xy scan was performed 5 µm above the glass surface and 3 
points were chosen for measurements for each sample. Subsequently for FCS analysis each individual 
hydrogel sample was prepared in five replicates. The main outcome from FCS analysis is coefficient of self-
diffusion of Rhodamine 6G in each individual hydrogel sample. 

3.  RESULTS AND DISCUSSION 

Reactive hydrogels can be listed as an example of carrier systems with possible applications in different areas 
of human driven processes such as in medicine, cosmetology etc. The knowledge of transport properties of 
these carrier systems represents one of most crucial parameters necessary for their proper description and for 
prediction response of these systems after application of external stimuli. Generally, the knowledge of transport 
properties of these systems can shed a new light on different phenomenon such as release or sorption of 
specific molecules or nanoparticles, swelling…etc. The experimental works of present paper focused on the 
study of transport properties of selected probe (Rhodamine 6G) in model systems based on agarose hydrogels 
with incorporated polyelectrolytes. For these purposes two different approaches based of diffusion were used. 
Firstly, the macro-diffusion approach was applied (results shown in chapter 3.1). For better description of 
internal transport of used probe (Rhodamine 6G) inside of all studied hydrogels, the observation of self-
diffusion coefficient by means of fluorescence correlation spectroscopy (FCS) was used (results shown in 
chapter 3.2). 
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3.1. Macro-diffusion experiments 

Firstly, the classical macroscale approach on the study of transport of selected probe (Rhodamine 6G) was 
used. The performed diffusion experiments were processed according to the diffusion model of constant 
source. More details on the mathematical model, description of data evaluation or necessary conditions of the 
model can be found in [12, 13]. The data shown in Figure 1a illustrate the dependence of obtained value of 
effective diffusion coefficient (the value of diffusion coefficient in which the influence of formation of the 
interactions in the system as well as of torturous movement in porous structure of gel matrix is hidden) on the 
content of sodium alginate in the sample. Similar results were obtained for diffusion in hydrogels containing 
also other negatively charged polyelectrolytes (carrageenan, polystyrene sulfonate, hyaluronic acid). On the 
other hand for hydrogels containing dextran and chitosan, we have observed no differences respectively small 
increase of effective diffusion coefficient. These findings illustrates importance of electrostatic interactions that 
are formed during the process between positively charged solute (Rhodamine 6G) and oppositely charged 
polyelectrolytes in hydrogels. These interactions significantly slow down the diffusion process. Subsequently 
the lower value of effective diffusion coefficient is observed. These findings are supported by data shown on 
Figure 1b respectively by the picture of the cuvettes after 24 hours diffusion of Rhodamine 6G in hydrogels 
(Figure 2a). The determined ratios of Rhodamine 6G concentrations at the interface gel /solution (Figure 1b) 
are indicating high affinity of agarose-based hydrogels towards the diffusing solute (Rhodamine 6G). This 
phenomenon is significantly increased with the increased content of incorporated negatively charged 
polyelectrolytes in hydrogels. Moreover, the picture shown on Figure 2a is in good agreement with both above 
listed findings. It indicates, that higher content of polyelectrolyte in hydrogel caused higher determined 
concentration at the interface (or up-concentration of Rhodamine 6G in comparison with its concentration in 
solution) but on the other hand, the distance, where the probe diffused from the interface with increasing 
content of oppositely charged polyelectrolyte in hydrogel, decreased.  

  

Figure 1a) Dependences of effective diffusion coefficients and b) Ratios of Rhodamine 6G concentrations at 
gel / solution interface on content of polyelectrolyte in hydrogels (here shown data for sodium alginate)  

From the comparison of agarose-based hydrogels containing the same amount of incorporated 
polyelectrolytes shown on the Figure 3a is obvious, that the most significant decrease of effective diffusion 
coefficient of Rhodamine 6G was observed in hydrogels with negatively charged incorporated polyelectrolytes 
(PSS, sodium alginate, hyaluronic acid, carrageenan). For this phenomenon, the density of the charge of 
polyelectrolyte seems to be important parameter. On the other side for dextran and chitosan, there was almost 
no difference between obtained values of effective diffusion coefficient in pure agarose hydrogel and in 
hydrogels containing dextran respectively chitosan. As was already listed earlier, the explanation of this 
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findings is connected with electrostatic interactions, which are not formed between positively charged 
Rhodamine 6G and dextran respectively positively charged chitosan. 

 

Figure 2 Picture of development of Rhodamine 6G diffusion in agarose hydrogels with variable content of 
polystyrene sulfonate (increasing content from left to right), results shown here are for 24 hours diffusion 

3.2. Microscale self-diffusion measurement by fluorescence correlation spectroscopy (FCS) 

For better description of internal transport of selected model probe (Rhodamine 6G) inside utilized reactive 
hydrogels, the method of FCS was used. This method is based on observing fluctuations of fluorescence signal 
resulting from random motion of Rhodamine 6G in and out of the confocal volume, which is created in the 
sample by focused laser beam. Stronger fluctuations (for definite temperature and viscosity of the solvent) 
mean, that the molecule spends less time in the confocal volume, its diffusion is therefore faster and this 
consequence can be quantified by high diffusion coefficient. Because diffusion coefficient of Rhodamine 6G in 
water solution is known, it is easy to compare values of Rhodamine 6G diffusion coefficient measured in 
agarose hydrogel matrix with values for free diffusion in water. From this comparison, suggestions about 
influence of agarose gel matrix and addition of reactive polymer into the agarose gel on Rhodamine 6G 
diffusion can be made. Obtained diffusion coefficients of Rhodamine 6G inside pure agarose hydrogels as well 
as hydrogels with incorporated 0.1 wt. % of individual polyelectrolytes are listed on Figure 3b. 

 

Figure 3a) Effective diffusion coefficients of Rhodamine 6G obtained from macro-diffusion and b) Diffusion 
coefficients of Rhodamine 6G obtained from FCS measurement, both figures for diffusion in agarose 

hydrogels with 0.1 wt. % of added polyelectrolytes (AG = agarose, Car = carrageenan, HyA = hyaluronic 
acid, Alg = sodium alginate, PSS = polystyrene sulfonate, Dex = dextran hydrochloride, Chit = chitosan) 
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The observed changes of diffusion coefficients of Rhodamine 6G after additions of individual polyelectrolytes 
inside hydrogels confirmed results from macro-diffusions. The decrease in diffusivity of Rhodamine  
was observed for hydrogels containing oppositely charged polyelectrolytes (=negatively charged 
polyelectrolytes). The density of the charge of incorporated polyelectrolyte seems to have also significant effect 
on absolute value of diffusion coefficient. On the other hand, FCS measurements confirmed, that in the case 
of added dextran or chitosan, there were almost no changes of diffusivity of Rhodamine 6G in samples. 

4. CONCLUSION 

This work was focused on the study of transport properties of reactive hydrogels from macro and microscopic 
point by means of measuring diffusivity of selected probe - Rhodamine 6G inside of individual hydrogel 
samples. From the obtained experimental data it is obvious, that both experimental approaches were in good 
correlation. The most significant outcome from the measurement was that the electrostatic interactions, which 
can be formed between the charged probe and oppositely charged functional groups of polyelectrolytes 
incorporated inside hydrogels, can significantly decrease the mobility of the probe inside the gel matrix. 
Moreover the charge density of polyelectrolyte was defined as second important parameter. To sum up, above 
mentioned methods seem to be suitable for deeper characterization of transport properties of complex systems 
such as hydrogels with incorporated polyelectrolytes, which is highly desirable mainly for their possible future 
applications as carriers systems of various substances. 
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PERFORMANCES 

SHIMOGA D. Ganesh, PALEM Ramasubba Reddy, SAHA Nabanita, SÁHA Petr 

Tomas Bata University in Zlin, University Institute, Centre of Polymer Systems, Zlin,  
Czech Republic, EU 

Abstract  

Recent advances in Nano-biotechnology, offer potential longer duration storage options for silver nanoparticles 
(SNPs) with preferable capping agents where a plentiful efforts have been given to minimize the toxicity effects 
SNPs. To overcome the toxicity scenario of SNPs, a novel green methodology was put forward in the present 
investigation. Biogenic SNPs were synthesized using water extract of Garden Rhubarb (GR) stems under 
ambient conditions. The method demonstrates an eco-friendly, instant and easy route for stable SNPs 
synthesis. The formation of instant SNPs was analyzed by visual observation and monitored by UV-visible 
(UV-vis) spectrophotometer. The characteristic surface plasmon resonance (SPR) band at 445 nm, revealed 
the formation of SNPs. The X-ray diffraction (XRD) pattern of green SNPs showed their crystalline structure. 
SEM and TEM studies revealed that the shape of SNPs was spherical and has approximate diameter within 
100 nm range. The zeta potential measurements on 180th day after SNPs synthesis, revealed the stability and 
size distribution of SNPs. The values are 29.6mV, 28.1mV and 24.1mV for three varied compositions of AgNO3 

(1mM) and GR extract. The high dielectric constant (H') has been observed for GR mediated SNPs, the H' 
values were found to reach the minimum value of 40000 at frequency 1MHz. Suitable tuning of the dielectric 
performances can conclusively prove their applications in multifunctional sensors, optical, and charge storage 
devices. 

Keywords: Green synthesis, silver nanoparticles, zeta potential, dielectric properties 

1. INTRODUCTION  

The classical physical and chemical routes for the synthesis of nanoparticles has overwhelmed by green 
protocol. Plant mediated route has gained considerable interest because of the advantages over the 
conventional synthesis. Silver nanoparticles (SNPs) should be free from toxic contaminants for their effective 
applications in biomedical field; this can be addressed by green route, wherein, harmless, non hazardous 
reducing agents were involved [1, 2]. Among the other metal nanoparticles, SNPs exhibits high electrical and 
thermal conductivity, chemical stability, catalytic activity which promoted thier applications in conductive 
coatings, flexible electronics, sensors and actuators. With suitable composite materials the technical 
applications can be reframed in electrochemical sensors [3], biomedicine, and microelectronics [4]. Garden 
Rhubarb (GR) is phytochemically distinct from Chinese Rhubarb [5] and used for the preparation of edible 
stuffs such as pizza and cakes in european regions and in some parts of the united kingdom. In the present 
article, an ecofriendly, economically viable and stable SNPs synthesis is focused following an instant green 
route where, an aqueous extract of GR stems at ambient temperature was used without the utilization of 
capping agents. We hypothesize that quinone and emodin type natural phytochemicals [6] are responsible for 
the reduction of silver salt (AgNO3,) to SNPs. To the best of our knowledge, there has been no report on the 
synthesis of SNPs using the aqueous extract of GR stems. First time, we reported about the activity of GR 
stem extract as a bioreductant for silver nitrate solution and capping agent for the stabilized SNPs [7].  
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2. EXPERIMENTAL SECTION 

2.1. Synthesis of GR stem extract and GR-SNPs   

10g of fresh GR stems are washed under running water prior to chopping in to pieces of nearly 2 cm 
dimensions. The chopped stems were added to 50mL of Double Distilled Water (DDW) and heated to 60°C 
for 1h. The pink turbid solution was filtered through porous (≈11μm) sterilized cellulose membranes. The 
collected light-pink extract was used as bioreductant for SNP synthesis and stored at <10°C for further use 
(See Figure 1).  

 

Figure 1 Scheme of GR-SNPs synthesis in different reaction mixture: (A) GR Extract + AgNO3 solution 
variation, (B) both GR extract and AgNO3 solution variation and (C) GR extract variation+ AgNO3 solution  

The protocol for the synthesis of GR-SNPs involves the aqueous silver ions (1 mM solution of silver nitrate) 
and GR extract (bioreductant) .Typically, 1 mM AgNO3 solution was mixed with GR extract in the volume ratio 
of 1:2 respectively and stirred occasionally at 150-200 rpm over a period of 10-20 min at room temperature (≈ 
18-20º C). The noticeable color change was observed from pink to brown, confirms the formation of colloidal 
SNPs. It was further confirmed by UV-Vis spectroscopy (VARIAN-EL08043361). The colloidal SNP 
suspensions were analyzed instantly after 30 min by broadband impedance analyzer (Novocontrol Concept 
50) at ambient temperature. Further spectroscopic characterization, GR-SNPs were isolated by centrifugation 
at 10000 rpm, thereafter, 24h followed by repeated washing of GR-SNPs by DDW and collected as brown 
solid after drying in an oven at 60 º C for 10h. 

2.2. AC electrical measurements of GR-SNPs   

The frequency dependence of AC conductivity (`ac), dielectric constant (Hʹ) and dielectric loss (tan «) of the 
aqueous colloidal suspension of AgNPs comprising GR extract was made in contact with gold plated glass 
electrodes and performed the measurement by broadband impedance analyzer (Novocontrol Concept 50) at 
ambient temperature. The amplitude of applied AC voltage was 1V for the analysis. The electrical contacts 
were checked to verify the ohmic connection and analysis was carried out in the frequency range from 1 Hz to 
1 MHz 

3. RESULTS AND DISCUSSION 

Bioreduction of the AgNO3 to SNPs by GR extract was monitored at ambient temperature and depicted in 
Figure 2 The intense absorption band in the range of 420 - 460 nm was observed due to surface plasmon 
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excitation of SNPs, which confirms the formation of GR-SNPs. DLS measurements showed the particles are 
distributed in the range of 50-120nm and majority of the particles are below 100 nm. The polydispersity index 
(PI) value for the colloidal suspension was found to be 0.196 with nanoscopic size distribution of GR-SNPs. 
The formation of GR-SNPs is further evidenced by SEM analysis (Figure 3). 

 
Figure 2 UV-vis spectra of Garden Rhubarb (GR) extract derived SNPs between 420 - 460 nm 

 

Figure 3 SEM micrograph of GR-SNPs: size and surface morphology 

The zeta potential values for GR-SNPs suspensions are 34.8 ±1.5mV on 90th day. It indicates that SNPs 
capped by GR extract are stable and prevent agglomeration for long duration (Figure 4a). The XRD pattern 
clearly depicts that the GR-SNPs are crystalline and major diffraction peaks are observed at 38.23, 45.64, 
64.28, and 76.83o could be attributed to the (111), (200), (220) and (311) crystallographic planes thereby 
confirming the presence of SNPs (Figure 4b).  
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Figure 4 (a) Zeta potential distribution and (b) XRD plot of GR-SNPs 

Frequency dependence variation of dielectric constant (at room temperature) was presented in Figure 5. The 
variation of AC conductivity as a function of frequency at ambient temperature is depends on its dielectric 
nature, at low frequencies; `ac varies linearly and increases steeply above the frequency 1200 Hz. Frequency 
independent ac conductivity is observed in low frequency region (<1200 Hz) and is illustrated in Figure 5a. It 
is also observed form the plot of Figure 5b that, in general, it follows inverse, as followed by almost all the 
dielectric and ferroelectric materials. Dispersion with relatively very high dielectric constant can be observed 
in H'- frequency plot, the dielectric constant values (measured at 106 Hz at room temperature) were found to 
reach the minimum value of 4x104 at 106 Hz. Dielectric loss (tan «) as a function of frequency increases with 
increase of frequency and attains a value of 32 at 5x105 Hz (See Figure 5c). The dielectric losses of all the 
SNPs are below 2 at 6.5x103 Hz.  

 

 

 

 

 

Figure 5 Frequency dependence variation of (a) AC conductivity of GR-SNPs (b) dielectric constant of GR-
SNPs (c) dielectric loss of GR-SNPs, for constant volume of GR (4ml) and varied amount of AgNO3 solution  

This increase in the dielectric loss with the increasing frequency is usually associated with fast Ag+ ion drifting 
in connotation with formed SNPs of various sizes and allowance in dipole polarisation or interfacial polarisation 
due to interactions of the Ag+ ions and SNPs [8, 9]. The model is based on the classical hopping of electrons 
over the barrier. The mechanisms of dipole polarization were more complex, since Ag+ ions are in random 
movement with SNPs, which is a conducting material [10]. The AC conductivity reaches constant value of 
1.1x10-3 S/cm to 1.6x10-3 S/cm at 106 Hz. The difference in the ac conductivities was found to be almost 
negligible. An additional factor affecting the molecular mobility is the in situ reduction of high mobile Ag+ ions 
by the aqueous extract of GR. 
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4. CONCLUSION 

The current research mainly focused on biosynthesis of SNPs from GR stem extract and termed as 
“GR-SNPs”. This study reports about an instant, eco-friendly and reproducible method for the synthesis of 
SNPs. It has been noticed that, the intended use of SNPs in electronic industry is possible by incorporation of 
SNPs in various polymeric materials which can finally build a hybrid composites.By controlling the 
arrangements of SNP clusters within the composites, the strength and hardness of the hybrid composites will 
exhibit an enhanced electrical properties. It has been postulated that, electronic capacitors with high energy 
storage densities and low operating voltage, materials with high H' and low conductivity is the necessary criteria 
[11]. In such applications, it is necessary to develop structurally well defined core/shell particles with GR-SNPs 
cores surrounded by insulating material. Therefore, suitable tuning of the dielectric performances of polymeric 
and/or ceramic composite can conclusively prove their applications in multifunctional sensor and high 
frequency operating devices.  
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Abstract 

E-beam lithography is a flexible technology for various diffraction gratings origination. The e-beam patterning 
typically allows for the creation of optical diffraction gratings in the first diffraction order. However, the very high 
resolution enables also the patterning of structures providing the zero-order diffraction. Recently, we presented 
a work on the structural colors of metallic layers covering both regular-line structures and CGH (computer 
generated hologram) structures. This work presents a study dealing with zero-order diffraction structures with 
self-similar properties. The practical part of the work is focused on two aspects: design parameters and 
technological issues. Variations in design parameters include the tone of the structure (positive or negative), 
the density of filling, the filling factor, and the depth of the structures. The achieved gamut of colors may by 
primarily extended by the proper selection of metal deposition technology and its parameters, and further by 
the proper selection of the metal and the thickness of its layer; these are the technological issues.  

Keywords: E-beam writer, nano patterning, self similarity, diffraction grating 

1. INTRODUCTION 

Recently, we presented a study on structural colors of metallic surfaces [1]. Both the structural colors and the 
asymmetric diffraction gratings belong to well-known strong security features of diffractive optically variable 
image devices [2]. Within the study on e-beam benchmarking patterns [3], we also presented one particular 
diffractive arrangement based on a quasi regular filling of a given area by the filling of elementary diffraction 
entities; this nature inspired approach uses the prosperous Vogel's model [4] of sunflower seed arrangement.  

This contribution deals with zero-order diffraction structures that embody self-similar properties of the visible 
diffraction pattern. Sample planar relief structures are prepared using the Gaussian type e-beam pattern 
generator Vistec EBPG5000plusES. The finer is the patterned structure the better is the choice of the Gaussian 
type generator over the one with the shaped beam [5]. Alternatively, a combined exposure using both types of 
pattern generators (the Gaussian type for finer parts and the variable shaped type for coarser parts) represents 
an interesting option. 

2. METHOD 

Proposed arrangements of optical elements are described by two models. The first model defines coordinates 
of individual optical elements; this model is derived from a simple Vogel's model [4]. This model is for the 
purpose of simplicity two dimensional, the positions of a set of k optical elements arranged in a planar circular 

area are expressed in polar coordinates (rk; θk) according to equation (1). Here, the constant c is a main radial 
scale factor that basically defines the distance between adjacent elements. Homogeneous intensity of the 
optical element filling is ensured by selecting the exponent q = 2. Larger value of q makes the filling 
successively denser in the areas far from the central point (pole of the model), i.e. for larger value of k. Angular 

dependency of the optical element filling is derived from the angular constant θ0, which can be positive (CCW 
model) or negative (CW model); this constant should be an irrational number which has no good rational 

approximations [6]; usually, the appropriate value that fulfills this requirement is a golden angle - π × ( 3 - √5 ) 
in radians or approximately 137.5 degree. 
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 (1) 

The second model is a seed model that defines the shape and size of each seed (i.e. each optical element). 
Within this contribution we use the same cylindrical shape of each optical element, according to equation (2). 
The radius ρk of each micro cylinder is derived from the scale factor c and from the filling factor FF. The filling 
factor of 50 % means that one half of the total circular area populated by optical elements is formed by the 
sum of all individual element areas, while the other half represents the surrounding space. The height hk of 
each micro cylinder is kept constant over the whole circular area. The numerical value of hk depends on the 
physical realization, in our case it is related to a particular exposure dose D. 

 (2) 

The equation (2) is valid for any micro element shape with a circular base (cone, sphere). Alternatively, the 
square shape may be used (for micro objects in the shape of cube, cuboid, prism or pyramid). Then the micro 
object size ρsq is given by equation (3). Similar relations can be found for other shapes of the micro object 
base. 

 (3) 

There is a limit of the filling factor when the adjacent seeds (of the fixed size and shape) start to overlap. This 
limit depends on the shape of the seed base. The limit value of the filling factor for the circular base (FFc,max) 
and for the square base (FFsq,max) are described by equations (4) and (5) respectively; these values are derived 

from the minimum distance between seeds in the given coordinate model - ∆min = c × √π × √fm. Here, the 

constant fm is an arithmetic mean value of Φ and Φ-1 - Φ = ( √5 + 1 ) / 2. Numerically, the values of maximum 
filling factor are FFc,max ~ 70.21 % and FFsq,max ~ 44.72 % (in fact, in the close vicinity of the pole these values 
are slightly different). 

 (4) 

 (5) 

The density of optical element filling is practically constant, however there exists a small variation of distance 
between adjacent elements. This variation is hardly observable directly, but it is the origin of locally slightly 
different arrangement that may create differently visible colors of zero-order diffraction order. Moreover, these 
variations have a partial self-similarity property; the characteristic visible pattern is repeated with the increasing 
size from the pole of the model toward its perimeter. 

3. EXPERIMENT 

We prepared a testing set of small planar relief structures in order to validate the presented concept. The 
testing sample was patterned using the e-beam writer Vistec EBPG5000plusES (Gaussian type, with electron 
energies of 50 and 100 keV respectively). A thin layer of PMMA resist (thickness tPMMA > 1000 nm) was 
deposited on a 4-inch silicon wafer by the spin coating method. 
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Table 1 Parameters of the positive-tone testing patterns (values of the filling factor FF [%] and the scaling 
              factor c [nm], the resolution factor res = 1 nm for all variants) 

 variant 

1 2 3 4 5 6 7 

FF [%] 50 50 50 50 50 50 50 

c [nm] 280 320 360 400 450 500 600 

 variant 

8 9 10 11 12 12 14 

FF [%] 60 60 60 60 60 60 60 

c [nm] 280 320 360 400 450 500 600 

 variant 

15 16 17 18 19 20 21 

FF [%] 70 70 70 70 70 70 70 

c [nm] 280 320 360 400 450 500 600 

Table 2 Parameters of the negative-tone testing patterns (values of the filling factor FF [%], the scaling  
               factor c [nm] and the resolution factor res [nm]) 

 variant 

22 23 24 25 26 27 28 29 

FF [%] 50 50 50 50 60 60 60 60 

c [nm] 600 600 600 600 600 600 600 600 

BSS [nm] 10 20 50 1 10 20 50 1 

Data preparation. Each test variant is composed of a large number of elementary optical elements, the 
number is in order of 107 depending on the scale parameter c. Testing data are composed of two sets: 126 
positive variants and 48 negative variants (see the layout in Figure 2). The positive variants have cylindrical 
micro holes (the area of the elements was exposed) while the negative variants have cylindrical micro pillars 
(the surrounding area of the elements was exposed). Parameters of the positive-tone variants are summarized 
in Table 1; parameters of the negative-tone variants are listed in Table 2. Size of each positive variant is 
2.5 mm; size of each negative variant is 1.0 mm (these negative variants require much longer exposure time). 

Exposure and development. A positive resist PMMA was used for the recording, the exposure dose D range 
from 100 to 200 µC/cm2 (variants denoted A to F in Figure 1). An important factor that influences both the 
fineness of individual seeds and the writing speed is the resolution res of individual spot positions. While the 
res factor was set to 1 nm for all positive-tone variants, the negative-tone variants have a variable res factor, 
see details in Table 2. A proper care of proximity effect handling was necessary [7]. The exposed pattern was 
developed by n-amyl-acetate (nAAc). The planar relief structure was checked by optical microscope and the 
relief depth was checked using SPM (scanning probe microscopy). The relief depth trel varies according to the 
exposure dose in the range 100-450 nm. None variant was developed to the bottom of the resist layer. 

Metallization. Two similar samples were realized as previously described. After the resist development 
process, each sample was finished with a different kind of metallization. The first sample of the planar relief 
structure was sputtered by a silver layer with the thickness tAg ~ 100 nm. The sputtering process has quite 
isotropic characteristics. The second sample was metalized by vapor deposition: a thin aluminum layer with 
the thickness tAl ~ 40 nm; the vapor deposition process has more anisotropic character than the sputtering.  
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Figure 1 Layout of the tested pattern: 
126 positive-tone variants and 48 negative-tone variants 

4. RESULTS AND DISCUSSIONS 

Results of the sample preparation procedure are depicted in Figure 2. The mode of metallization has a visible 
impact on the color palette; generally, the variants of the sample covered by vapor deposited Al layer are 
darker and less pronounced. Within each of the samples the dependency of the color on the technology 
parameters (scaling parameter c, filling factor FF, exposure dose D) is validated. The robustness of the 
technology process was verified by the realization of the third sample (an equivalent to the sample 2), the color 
palette of both samples is practically indiscernible. 

 
(a) 

 
(b) 

Figure 2 The palette of 126 positive-tone variants and 48 negative-tone variants: 
sample 1 metalized by Al vapor deposition (a);  

sample 2 metalized by Ag sputtering (b) 

Figure 3 shows the micro photo (magnification 50×) of one selected variant (D05) from both testing samples. 
Microstructures are characteristic by zero-order diffraction pattern which is of a different kind than the first 
order diffraction pattern presented in [3]. Labeled radii of successive blue rings in Figure 3b are approximately 
52; 90; 143; 229; 357 and 589 microns, respectively. The mean ratio of two successive radii in this sequence 
is 1.626 that seems to be quite close to the ratio of 1.618. 
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(a) 

 
(b) 

Figure 3 Micro photo of one selected variant (D05): sample 1 (a); sample 2 (b); see text for details 

Observations of scanning electron microscope (SEM) images indicate that the exposure dose D has an impact 
on both the aspect ratio (the ratio of the structure depth and the distance between adjacent elements) and the 
filling factor (the sum of individual elements area within a given region and the area of this region). Figure 4 

shows SEM images of two selected variants of the negative-tone testing patterns from sample 1 (with vapor 
deposited Al layer). 

 
(a) 

 
(b) 

Figure 4 SEM images of the negative-tone testing patterns,  
sample 1 with vapor deposited Al layer: variant A22 (a); variant F22 (b) 

The similar color palette can be observed by the naked eye (or by photographic camera) and by the optical 

microscope (magnification 50×). We prepared an algorithm that enables the conversion of different image 
sources into the unified format, see Figure 5a and b. Further, this image layout is used to process the color 
spectrum of each individual variant, see Figure 5c. This enables the comparison of the color hue, saturation 
and color span of each particular variant.  

5. CONCLUSIONS 

A method to prepare self-similar patterns that present variation of structural colors was presented. Real 
samples were prepared using the e-beam lithography patterning. The samples exhibit large gamut of 
achievable colors. Ongoing work includes several topics related to the presented one.  
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(a) 

 

(b) 

 

(c) 

Figure 5 Analysis of the sample 2 with sputtered Ag layer, positive-tone variants A1-F21: an overview 
photographic picture of the sample prepared for image processing (a); a set of 126 integrated micro photos 

prepared for image processing (b); a color spectra of the micro photo set (c)  
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Abstract 

Membranes are typically created by a thin silicon nitride (SIN) layer deposited on a silicon wafer. Both, top and 
bottom side of the wafer is covered by a thin layer of the silicon nitride. The principle of silicon nitride 
membranes preparation is based on the wet anisotropic etching of the bottom side of the silicon wafer with 
crystallographic orientation (100). While the basic procedure for the preparation of such membranes is well 
known, the nano patterning of thin membranes presents quite important challenges. This is partially due to the 
mechanical stress which is typically presented within such membranes. The resolution requirements of the 
membrane patterning have gradually increased. Advanced lithographic techniques and etching procedures 
had to be developed. This paper summarizes theoretical aspects, technological issues and achieved results. 
The application potential of silicon nitride membranes as a base for multifunctional micro system (MMS) is also 
discussed. 

Keywords: E-beam writer, silicon nitride membranes, nano patterning, anisotropic etching 

1. INTRODUCTION 

The extensive overview of various microfabrication techniques is comprehensibly elaborated in [1]. This study 
of the grid production using micro and nano structured membranes is based on the current trend and 
application potential of these elements, such as beam splitters for X-ray spectroscopy, calibration standards 
for electron microscopy (EM), both transmission EM (TEM) and scanning EM (SEM), application processing 
of ultra-violet (UV) and extreme UV light [2], micro electro-mechanical systems (MEMS) for micro-sensors and 
micro-fluidic applications, grid for processing of electron beam in the electron optics [3] and many others. 

The technology of silicon nitride membranes was studied and developed since a couple of years, e.g. 
a pressure sensor with Si3N4 diaphragm [4]. In the actual work, the membranes are not used as a support for 
functional structures but the structure is created directly in the SIN layer. Different etching techniques had to 
be adopted for the technology steps: plasmatic etching [5], reactive ion etching, and anisotropic wet silicon 
etching [6]. High resolution e-beam nano patterning ([7], [8], [9]) was necessary due to the grid resolution 
requirements. 

The aim of this contribution is to prepare chips with nano-structured silicon nitride (SIN) membrane, which 
application belongs to the field of electron optics, namely the study of the properties of coherence of the 
electron beams in SEM [10], [11]. This application requires a structure on the surface of a thin membrane with 
open slits in the range of 50 to 100 nm. The system of these slits forms the basis for the diffraction grating. 
Parametric inputs for two selected motifs of such structure are depicted in Figure 1. 
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Figure 1 Two selected diffraction gratings motifs for structuring of the nitride membrane 

2. METHOD 

The first step before the actual implementation is the feasibility study, in terms of which there is also a record-
defined grid structures on the electron beam pattern generator. This is followed by identification of appropriate 
techniques, equipment selection and determination of critical technology steps, which are supposed to require 
the optimization of process parameters. The result of the study is a schematic illustration of the main steps of 
the production process, see Figure 2. 

 

Figure 2 The result of the study: a schematic illustration of the main steps of the  
production process - lithography on the top (polished) side of the silicon wafer 
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Technological procedure for the realization of a nano-structured nitride membrane comprises the following 
steps (probably critical process requiring optimization is marked by*, critical process with the necessary 
optimization is marked by **): 

• deposition of molybdenum (Mo); 

• deposition of the PMMA resist; 

• * exposure of the motif grid using EBL (Vistec EBPG5000+ES); 

• * process of resist development  in the mixture IPA : H2O; 

• plasma etching of the PMMA in O2; 

• * transferring of the grid motif from PMMA to Mo layer by the RIE method (see details in Table 1); 

• ** transferring of the grid motif from Mo to Si3N4 layer by RIE (see details in Table 2); 

• wet etching of the Mo layer (H3PO4 : HNO3 : H2O). 

These lithography process steps of the top side of the wafer are followed by the bottom side lithography steps 
and by the finalization steps. 

3. EXPERIMENT 

On the polished side of the wafer with a silicon nitride (SIN) layer, a thin layer of molybdenum (thickness 
w = 20 - 25 nm) was deposited by magnetron sputtering. Next, on this molybdenum (Mo) layer, a thin layer of 
electron resist poly(methyl methacrylate) - PMMA (molar weight, MW = 950k, a thickness of 110 nm) was 
deposited by spin coating. A record of the grating motif to the resist layer was exposed by an electron beam 
pattern generator EBPG5000plusES (Vistec, actually Raith). The exposed motif was developed by immersion 
in a centrifuge using a high contrast developer based on isopropyl alcohol IPA (IPA : H2O in ratio 1 : 10). The 
developing process was checked by both optical microscope and profilometer.  

The next step was to remove resist residues (polymer and solvent residues in holes of the grating motif). For 
this purpose we used a plasma etching process in oxygen at Diener Nano plasma apparatus (see e.g. [5]), 
a plasma apparatus with a cylindrical chamber and capacitively excited plasma at a frequency of 40 kHz. 
Etching parameters were as follows: gas flow of 40 sccm (standard cubic centimeters), chamber pressure of 
0.4 mbar, high frequency power of 500 W (at 40 kHz), cycle time 90 seconds. During this step, the thickness 
of the PMMA layer was reduced across the silicon wafer by approximately 25 nm (i.e. about 22 % of the initial 
thickness). At the same time, there has been a thorough check of the nitride layer in the holes of the PMMA 
mask.  

The transferring of the grating motif into the layer of molybdenum was performed using the RIE apparatus with 
inductively coupled plasma (ICP) brand Oxford Instruments. We selected a recipe with the gaseous mixture of 
sulfur hexafluoride (SF6) and argon (Ar) for the etching of molybdenum. It was necessary to verify parameters 
of Mo layer etching experimentally, on a number of samples. Optimization of the process parameters in this 
case was necessary, in order to avoid etching of the nitride film. The depth of etching was verified with a 
contact probe at the profilometer Alpha 120 brand KLA Tencor. The Mo etching rate at selected recipe was 
set to the range of 2 to 2.5 nm/sec. Final optimized parameters of etching used during transmission of the 
grating motif into the Mo layer are shown in Table 1. 

Table 1 Process parameters: the molybdenum mask etching  

Step Gas Time Power ICP Power RIE Twafer 

Tempering SF6 (50 ccm) + Ar (40 ccm) 120 s 0 0 60 °C 

Etching SF6 (50 ccm) + Ar (40 ccm) 12 s 3000 W 10 W 60 °C 
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The Mo layer etching was followed by a step during which the PMMA layer was removed. This process took 
place through the plasma combustion in oxygen. The reason for this choice of dry way resist removal is to 
avoid possible contamination of the Mo mask in case of application of solvents. 

The next step was the transferring the motif grid into the SIN layer through the Mo mask by the RIE method. It 
was chosen a gas mixture of tetrafluormethan (CF4) and fluoroform (CHF3) for the etching of the nitride. The 
selectivity of the SIN etching through the Mo mask is in this process approximately 1 : 20 (Mo : SIN). The use 
of the Mo layer for the transfer of the grid motif to the SIN layer is preferable, compared to the direct 
transmission of motif over PMMA, because there is not such significant expansion of the etched holes in the 
lateral direction caused by the loss of the etching mask during etching process. The transfer of the grid image 
is in this case almost perfect. The actual process of etching of the nitride layer was one of the most critical 
points of the process. This was due to the technological requirement to etch only 80-90 % of the total 
thicknesses of the SIN layer with very high uniformity of etch rates over large area. The reason for this 
requirement was to avoid the opening of the silicon surface in the holes etched in the SIN, i.e. the etching must 
be carried so that the silicon surface remains masked by at least a thin residue of the SIN layer. That means 
that the portion of nitride layer covers the underlying silicon substrate to ensure that on this side there will be 
no etching of the silicon surface in a subsequent process of the anisotropic etching of the hole from the back 
side of the wafer. To achieve this technological requirement, it was necessary a tedious process of tuning 
parameters of the etching in the RIE apparatus, including test reproducibility of the etching. In order to achieve 
a better control the etching process, i.e. that etching did not proceed too rapidly, it was necessary to optimize 
the rate of excitation of plasma by reducing the ICP power. In terms of the repeatability of the etching process, 
it appears necessary to adjust the basic length of the tempering step. The tempering step has two roles: first, 
the heating of the sample to the working temperature and, secondly, the homogenization of the working gas 
concentration in the chamber before the onset of the etching. It was proven that the length of the tempering 
cycle of 180-240 seconds is appropriate for the temperature of 60 °C.  

Final etching parameters, which led to the etching of holes in the SIN layer to the depth of 64 to 69 nm, are 
shown in Table 2. 

Table 2 Process parameters: the etching of silicon nitride through the molybdenum mask 

Step Gas Time Power ICP Power RIE Twafer 

Tempering CF4 (10 ccm) + CHF3 (40 ccm) 180 s 0 0 60 °C 

Etching CF4 (10 ccm) + CHF3 (40 ccm) 26 s 1000 W 50 W 60 °C 

4. RESULTS 

The grid motif after etching was inspected by the AFM (atomic force microscope) Nano-R brand Pacific 
Nanotechnology (Figure 3 and Figure 4). Besides this surface relief scan, an inspection using a SEM 
Magellan 400 brand FEI was also carried on (Figure 5 and Figure 6). 

The etching of grid motif holes into the nitride layer completed the lithographic process on the top polished 
side of the silicon wafer - Figure 2, steps from a) to h) - and it was followed by the lithographic process of 
machining the unpolished (bottom) side of the wafer by the wet anisotropic etching of silicon.  

The whole process was accomplished by the finalizing etching step that finished the opening of the remaining 
residual SIN layer on the top side of the silicon wafer. 
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Figure 3 The image of the etched motif in the SIN 
layer (AFM scan); the line width of 200 nm and the 

gap of 200 nm (scale on the z axis is 132 nm) 

Figure 4 The image of the etched motif in the SIN 
layer (AFM scan); the line width of 100 nm and the 

gap of 200 nm (scale on the z axis is 82 nm) 

  

Figure 5 The SEM image of the etched surface  
of the nitride layer with the grid motif after the RIE 
process; the line width of 200 nm and the gap of 

200 nm 

Figure 6 The SEM image of the etched surface  
of the nitride layer with the grid motif after the RIE 
process; the line width of 100 nm and the gap of 

100 nm 

5. CONCLUSIONS 

We have described processes used during fabrication of grid motifs with sub-100-nm openings for free-
standing structure in Si3N4. Samples with the free-standing gratings were recently used at the Institute of 
Scientific Instruments of the CAS in Brno for the study of coherence of the primary electron beam in the low 
energy scanning electron microscope and electron diffraction in scanning electron microscope. Recently, the 
first results of the study were presented [10], [11].   

We expect further use of this fabrication technology for the preparation of more complex free-standing 
patterned structures for study of electron diffraction and for other applications such as preparation of free-
standing patterns for processing of EUV light, soft-X-ray radiation and metrology. 
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Abstract  

Hydrogen sorption in chosen intermetallics MgmXn (Mg17Al12, Mg2Ga, mixture of β-Mg-In phases, Mg2Si and 
Mg2Sn) formed by magnesium and elements from the 13th (X: Al, Ga, In) and 14th (X: Si, Sn) groups was 
studied between the room temperature and T = 350 °C. Hydrogen pressure p varied from 10-3 MPa to 6 MPa. 

Hydrogen solubility in α phase (solid solution of hydrogen in MgmXn before the hydride phase was nucleated) 
was close to hydrogen solubility in pure Mg. Concentration cH of hydrogen solved in MgmXn depended linearly 
on pressure p; dependence of cH on temperature T was relatively weak. MgH2 was the main hydrogen storage 
phase in all the compounds MgmXn. Nucleation of MgH2 at 350 was observed at pressure above approximately 
1 MPa in Mg17Al12 and above 2 Ma in other compounds. Maximum values of cH in hydride-containing 
compounds MgmXn detected at T = 350 °C depended on the stability of MgmXn.  

Keywords: Hydrogen, hydrogen storage, Mg alloys, hydrogen solubility, MgH2  

1. INTRODUCTION 

One of the key technology issues of clean power generation, energy transport and energy storage based on 
hydrogen is effective storage of hydrogen itself. Magnesium is a prospective candidate base component of 
hydrogen storage alloys, because its hydride, MgH2, contains 7.66 wt. % H2. However, poor kinetics of MgH2 

formation during hydrogen storage and reverse decomposition into Mg and hydrogen during hydrogen 
desorption is a serious obstacle that prevents a wide application of pure Mg as a hydrogen storage material 
[1-7]. Great effort has been devoted in literature to find ways how to improve the sorption kinetics by catalysis. 
Particles of catalyzing phase(s) were deposited on the surface of Mg-rich grains that are the main hydrogen 
reservoir [5, 6]. They acted as entrance gates for hydrogen.  

It was reported earlier [8, 9] that light construction Mg-based alloys, exposed to corrosion environment, showed 
less corrosion damage in the vicinity of Mg17Al12 particles. Bearing in mind this fact together with the possible 
catalytic effect of Al [10, 11], it can be supposed that this phase, harmful in construction materials due to its 
brittleness, may be beneficial in function materials designed for hydrogen storage. Similar effect can be 
expected in other elements from the 13th group of periodic table. Beneficial effect upon the hydrogen storage 
was reported also in Mg alloyed by elements from the 13th and the 14th group [5, 12-15].   

In the present work, hydrogen sorption behavior of chosen ball-milled MgmXn intermetallics (X= Al, Ga, In, Si, 
Sn) was studied with the aim to judge the availability of MgmXn to catalyze the hydrogen sorption in Mg. 
Acceptable hydrogen solubility and resistance to form hydrides are desirable: high solubility assures good 
hydrogen throughput and hydride phase is characterized by low hydrogen diffusivity. 

2. EXPERIMENTAL 

The compounds Mg17Al12, Mg2Ga, βn-Mg-In (a mixture of phases βn - mainly Mg3In), Mg2Si and Mg2Sn were 
prepared by induction melting of pure components (Mg with Al, Ga, In) and by subsequent ball-milling in 
hydrogen, or by ball-milling only in hydrogen (Mg with Si, Sn). The samples were ball-milled using Fritsch- 
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Pulverisette 6 (450 rpm, 10min milling / 50min cooling - 14 times repeated; mass ratio of the balls to the charge 
was about 240). Powder samples were taken out of the ball mill jar in the glove box, weighted and sealed into 
sorption cell - all manipulations were done in Ar protective atmosphere. The mass of powder samples for the 
sorption experiments was about 150 mg.  

Hydrogen sorption characteristics were measured using Sieverts-type gas sorption analyzer PCT-Pro Setaram 
Instrumentation. This equipment enables safe and fully automated repeated sorption measurements. The 
study was carried out at temperatures between the room temperature and 350°C and under hydrogen pressure 
from 10-3 to 6 MPa. The purity of both hydrogen and helium (calibration gas) was 6N.  

The samples were annealed at 360 °C for 2 hours. The hydrogen solubility in MgmXn was estimated first at 
temperature 250°C and then at temperature 350°C. The onset of hydride nucleation, equilibrium hydrogen 
pressure of hydride phase and cHmax were estimated at 350°C. After the measurement at 350 °C, the phase 
composition of (hydrogenated) samples was performed by XRD phase analysis by X’Pert Pro MPD device 

using CoKα radiation.  

3. RESULTS AND DISCUSSION 

Concentration of absorbed hydrogen, cH , in dependence on hydrogen pressure p is plotted in Figure 1a-c 
and in Figure 2b, c for elements from the 13th and 14th group, respectively.  

   
Figure 1 Dependence of hydrogen absorption in MgmXn compounds with X from 13th group 

  

 

Figure 2 Dependence of hydrogen absorption in MgmXn compounds with X from 14th group 

At the temperature of T = 250 °C, the hydride nucleation was very slow, therefore measurement was conducted 
in supersaturated solid solution of hydrogen in MgmXn  up to the highest hydrogen pressure. For X=Ga, no 
measurable hydrogen solubility was obtained. Negligible difference between cH found at 250°C and 350°C 
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was observed at low pressure p for X=Al, In, Si and Sn. All measured values of cH were close to hydrogen 
solubility known for pure Mg [16] (gray areas in Figures 1, 2).  

 

 

 

 

Figure 3 Hydrogen solubility in βn-Mg-In  
Figure 4 Hydrogen solubility in Mg2In at 350 °C 

Systematically higher hydrogen solubility, cH, - compared to that in pure Mg - was found only in βn-Mg-In, where 
the Henry’s constant, kH (p = kH cH), significantly depended on the temperature (see in Figure 3). Average 
values of Henry’s constants for other MgmXn are listed in Table 1.  

At temperature T = 350°C, the onset of hydride nucleation was detected - see the abrupt increase in cH - 
Figure 4. The nucleation started for X=In at about p = 1 MPa, for other X at about p = 2 MPa.  

  

Figure 5 XRD pattern measured with hydrogenated MgmXn. X from the 13th (a) and 14th (b),  
group respectively 
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It can be seen in Figures 1, 2 and in Figure 4, where the sorption curves measured at 350°C are plotted for 
comparison that values of maximum hydrogen content, cHmax, are negligible for X from the 14th group, where 
the compounds MgmXn are very stable (measured by the value of critical temperature Tc of respective MgmXn 
compounds [17] - see in Table 1).  

The phase composition of samples MgmXn was analyzed after the hydrogen sorption experiment at  
T = 350°C. XRD patterns are shown in Figures 5a, b and results of Rietveld analysis are listed in Table 1. 

It can be seen that the only hydrogen-containing phase is MgH2. This is qualitatively in agreement with the 
general reaction scheme [18] 

.       (1) 

According to Eq.(1), hydrogen under elevated pressure dissociates MgmXn compounds into hydride MgH2 and 
elemental X. This reaction runs easier if MgmXn is not too stable ([17]), which is evident if the content of MgH2 
obtained for X from group 13 and 14 is compared (Table 1).   

Table 1 Characteristics of studied materials 

 

 

 

 

 

 

 

 

 

It can be speculated that hydrogen can be partly absorbed in MgmXn without formation of hydride (hydrogen 
sorption in hydrogen supersaturated MgmXn). The hydrogen sorption behavior observed at temperature 250°C 
can be taken as an evidence for this conclusion: The increase in cH was observed even at pressures, where 
the presence of hydride could be expected.  

It should be noticed that the weight ratio of MgH2 and X obtained by XRD (Table 1) did not reflect quantitatively 
the Eq. (1): The ratio of maximum values of cHmax obtained from sorption experiments (see Figure 4, and Table 

1) does not agree with amount of hydrogen calculated by Rietveld (phase) analysis from amount of MgH2 
(Table 1). This quantitative discrepancy originate, most likely, in non-equilibrium conditions of hydrogenation.  

4. SUMMARY  

Hydrogen sorption was studied in Mg17Al12, Mg2Ga, in a mixture of β phases βn-Mg-In, and in compounds 
Mg2Si and Mg2Sn. Measured dependence of hydrogen concentration cH on hydrogen pressure p was linear 
for small values of p and for temperature between 250 °C and 350 °C. It was found that hydrogen solubility in 

XnHMgmHmXMg nm +→+ 22

group MgmXn T c c H
 max k H

 °C wt. % H2 MPa/wt.%H2 MgmXn Mg X MgH2 MgO

13 Mg17Al12 437 I.95 78.1 ± 3.9 1) 84.1 0 0.7 13.VI 1.VII

Mg2Ga 373 I.19 127.5 ± 1.6 2) 73.7 0 0 26.I 0.2

β n-Mg-In4) 360 0.71 70.1 ± 2.3 3) 80.8 4) 1.VI 1.0 13.IV 3.II

14 Mg2Si 1085 0.09 60.8 ± 1.7  1) 87.6 0 8.IX 0 3.IV

Mg2Sn 771 0.08 149.0 ± 8.1  1) 94.3 0 5.VII 0 0

1)  average value for  temperatures from interval 250 °C - 350 °C
2)   for values measured at  350 °C
3)   for values measured at  250 °C
4)  mainly Mg3In

phases in charged sample (after 350 C) in wt. % 
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MgmXn did not depend strongly on the temperature and that it is close to that for pure Mg. The only studied 
material, where the distinct temperature dependence was observed and where, at the same time, the hydrogen 
solubility was significantly higher than solubility in Mg was a mixture of β phases βn-Mg-In.  

In the temperature interval 250 °C - 350 °C, none of the studied compounds showed the hydride formation 
below the pressure 1 MPa. This is important from the point of view of application of MgmXn in the field of 
hydrogen storage, since the rate of hydrogen diffusion in hydride can be expected slower than in the lattice 
without hydride phase. 

5. CONCLUSION 

Comparing the hydrating behavior of studied materials, it can be concluded that the mixture of β phases βn-

Mg-In is the material that shows the highest hydrogen solubility in α phase of MgmXn. Its resistance to form 
hydride phase is sufficient for the application as catalyst phase in hydrogen storage alloys.  
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Abstract   

Nanoparticles are promising scaffolds for applications such as imaging, chemical sensors and biosensors, 
diagnostics, drug delivery, catalysis, energy, photonics, medicine and more. Surface functionalization of 
nanoparticles introduces an additional dimension in controlling nanoparticle interfacial properties and provides 
an effective bridge to connect nanoparticles to biological systems. With fascinating photoluminescence 
properties, carbon dots (C-dots), carbon-containing nanoparticles that are attracting considerable attention as 
a new type of quantum dot, are becoming both an important class of imaging probes and a versatile platform 
for engineering multifunctional nanosensors. In this study we focused on CQDs synthesis, characterization 
and stability study by spectrophotometric methods. 

Keywords: Carbon quantum dots, bioimaging, biosensing, polyvinylpyrrolidone 

1. INTRODUCTION 

A quantum dot (QD) is a nanocrystal small enough to exhibit quantum mechanical properties. Nowadays, 
researchers have studied applications for quantum dots in optical physics and for in vivo imaging in the field 
of biomedicine [1, 2]. In this point of view, quantum dots have quickly filled in the role, being found to be 
superior to traditional organic dyes on several counts, one of the most immediately obvious being brightness 
as well as their stability [3]. It has been estimated that quantum dots are 20 times brighter and 100 times more 
stable than traditional fluorescent dyes. Also, their surface modification by various chemical compounds 
predestine their specific usage and could give them the unique behaviour properties [4]. Carbon-based 
quantum dots are a new class of carbon nanomaterials with sizes below 10 nm which are characterized by 
high (aqueous) solubility, robust chemical inertness, facile modification, low toxicity and good biocompatibility, 
entrust them with potential applications in bioimaging, biosensor and biomolecule/drug delivery [5]. There are 
many different ways to synthesize various functionalized and non-functionalized CQDs. Their properties 
depend on the different methods of CQDs preparation such as pyrolysis, electrochemical exfoliation, acidic 
oxidation, hydrothermal treatments, microwave passivation, laser ablation, thermal oxidation, and emulsion-
assisted methods [5]. Commonly used are carbon materials with different sizes such as graphite, carbon 
nanotubes, carbon soot, activated carbon, graphite oxide or different molecular precursors such as citric acid 
or glucose [6, 7]. Carbon nanoparticles are being explored widely for use in cancer treatment. Studies reveal 
that cancer treatment using radio waves can heat and destroy a tumour, lymphoma, or metastasized cancer 
[8, 9]. Excellent optical properties of CQDs originate from carboxyl or hydroxyl groups passivated by a polymer. 
One of the promising polymeric compound is water-soluble polyvinylpyrrolidone (PVP) used as a binder in 
many pharmaceutical tablets [10, 11]. PVP is amphiphilic, non-ionic, soluble in water and in many organic 
solvents, biocompatible, stable etc. It is a polymer with a large range of applications and is certainly first choice 
polymer in the biomaterials area. Due to its non-toxicity and water-solubility, PVP is a very attractive polymeric 
carrier of compound functionalities of interest as those of the scheme, which are multifunctional side chain 
conjugates analogous for instance to the conjugates PHPMA-dox already in advanced clinical trial in the 
treatment of cancer [12]. It was proven that PVP led to an efficient composite that showed highly catalytic 
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activity towards the formation of C-C bonds. In this study, fluorescent CQDs were synthesized using citric acid 
covered with PVP as the source of carbon precursors and characterized afterwards.  

2. EXPERIMENTAL PART 

2.1. Chemicals 

Chemicals used in this study were purchased from Sigma-Aldrich (St. Louis, USA) in ACS purity unless noted 
otherwise. The deionized water was prepared using reverse osmosis equipment Aqual 25 (Czech Republic). 
The deionized water was further purified by using apparatus MilliQ Direct QUV equipped with the UV lamp. 
The resistance was 18 MΩ. The pH was measured using pH meter WTW inoLab (Weilheim, Germany). 

2.2. Composition of the neutral and acidic cellular simulant fluid 

As a neutral cellular simulant fluid was used the mixture of 212 mg/l MgCl2∙6H2O, 6415 mg/l NaCl, 318 mg/l 
CaCl2∙4H2O, 179 mg/l Na2SO4∙10H2O, 148 mg/l Na2HPO4, 2703 mg/l NaHCO3, 180 mg/l disodium tartrate 
dihydrate, 144 mg/l trisodium citrate dihydrate, 175 mg/l sodium lactate, 118 mg/l glycine and 172 mg/l sodium 
pyruvate. As an acidic cellular simulant fluid was used the mixture of 142 mg/l Na2HPO4, 6650 mg/l  NaCl, 71 
mg/l Na2SO4, 29 mg/l CaCl2∙4H2O, 450 mg/l glycine and 4084.6 mg/l potassium hydrogen phthalate. 

2.3. CQDs preparation 

CQDs were prepared as follows: into a 100 ml three-neck flask were added 10 ml of ethylene glycol, 1 g of 
PVP (10 kDa) and 1 g of citric acid. The solution was heated on 180 ºC for 4 h under flow of nitrogen, and then 
cooled down to room temperature. Into cooled solution Milli-Q water was added and then stirred for few 
minutes. Solutions were purified 24 h by dialyzing against Milli-Q water with a D-Tube maxi dialyzer. During 
24 h of dialysis ethylene glycol was removed from solution.   

2.4. Characterization of CQDs size 

The average particle size and size distribution were determined by quasielastic laser light scattering with a 
Malvern Zetasizer (NANO-ZS, Malvern Instruments Ltd., Worcestershire, UK). Nanoparticle water solution of 
1.5 ml was put into a polystyrene latex cell and measured at a detector angle of 173°, a wavelength of 633 
nm, a refractive index of 0.30, a real refractive index of 1.59, and a temperature 25 °C. 

2.5. Scanning electrochemical microscopy of CQDs 

Scanning electrochemical microscope model 920C (CH instruments, Austin, TX, USA) consisted of 10 mm 
measuring platinum disc probe electrode with potential of 0.35 V. Glassy carbon disc electrode with O-ring as 
conducting substrate used potential of -0.40 V. To immobilizing the CQDs on the substrate GC electrode were 
allowed to dry at room temperature and washed by electrolyte to remove unbounded dots. Platinum measuring 
electrode was moving from 20 µm above the surface. The mixture consisted of 5 % ferrocene in methanol 
mixed in ratio 1:1 with 0.05 % KCl in water (v/v). Measuring was performed in Teflon cell with volume of 1.5 
mL according to the following parameters: amperometric mode, vertical scan was carried out in area 800 × 
800 µm with rate 500 µm.s-1. Quiet time was 10 s. Electrochemical measurements were performed in a three-
electrode configuration using platinum wire as a counter electrode and Ag/AgCl/ 3 M KCl as a reference 
electrode. 

2.6. Fluorescence measurement 

Fluorescence spectra were acquired by a multifunctional microplate reader Tecan Infinite 200 PRO (TECAN, 
Switzerland). Excitation wavelength was 310 nm. The fluorescence scan was measured within the range from 
340 nm to 800 nm per 2-nm steps. The detector gain was set to 100. The samples (50 μl) were placed in 
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transparent 96 well microplates with flat bottom by Nunc (Thermo Scientific, USA). All measurements were 
performed at 25 °C controlled by the Tecan Infinite 200 PRO (TECAN, Switzerland).  

2.7. Descriptive statistics 

Data were processed using MICROSOFT EXCEL® (USA). Results are expressed as mean ± standard 
deviation (S.D.) unless noted otherwise (EXCEL®).  

3. RESULT AND DISCUSSION  

Here, we have synthetized carbon quantum dots (CQDs) prepared by pyrolysis of the organic precursor (citric 
acid) and PVP as a capping agent (Figure 1a). The polymer provided surface functionality, which leads to the 

enhanced luminescence and chemical stability as confirmed by fluorescence intensity measurements. The 
stability behaviour and the particle size were determined using dynamic light scattering measurements used 
to determine the size distribution profile of nanoparticles in solution (Figure 1b and 1c). From the obtained 
results the incipient instability of CQDs in aqueous solution and the ability to coagulate or flocculate is obvious. 

Figure 1 A) Synthesis of PEG-functionalized CQDs using citric acid as the carbon source and PEG as the 
capping agent. B) Z- potential analysis of CQDs and C) Size distribution of CQDs. D) Scanning 

electrochemical microscopy of CQDs (right 3D view, left 2D view). E) Fluorescence spectra of CQDs in the 
concentration range 4 - 1000 µg/ml. The excitation wavelength was 310 nm. The fluorescence scan was 

recorded in the range 340 - 800 nm. G) The dependence of CQDs (4 - 1000 µg/ml) on fluorescence 
intensity 
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The negative charge is proposed for modification by positively charged ligands which could be specified to 
various tissues in the in vivo imaging approaches. The particle diameter was 3.1 nm as showed on the graph 
Figure 1c. In order to image the reduction and oxidation properties of nanoparticles, scanning electrochemical 
surface scans were measured at constant height and the resulting maps are depicted in Figure 1d. From 
SECM map it was obvious that the surface was currently in the range from -7.6 to -11 nA which refers to 
oxidation surface properties of CQDs. Finally, we determined the fluorescence properties of CQDs. We have 
studied the fluorescence spectra at different excitation energy ranging from 325 nm - 600 nm and found out 
that the highest fluorescence intensity was achieved at the excitation wavelength of 310 nm, which shows 
emission maximum at 376 nm. On the Figure 1e the fluorescence spectra of CQDs measured at optimized 
conditions are shown. Subsequently, we determined the dependence of nanoparticle concentration on 
fluorescence intensity. The calibration curve in the range 0 - 1000 µg/ml showed a linear trend with following 
equation y = 45825x + 493.29 and R² = 0.9989. From obtained results we can conclude, the quenching 
phenomenon of CQDs has not been observed in higher concentrations.  

 

Figure 2 Dependence of CQDs fluorescence on time (0 - 10 hours), A) neutral cellular simulant fluid (pH 7.6) 
and B) acidic cellular simulant fluid (pH 4.6). Dependence of CQDs size on time (0 - 10 hours), C) neutral 

cellular simulant fluid (pH 7.6) and D) acidic cellular simulant fluid (pH 4.6) 

Herein, we also have studied the stability of CQDs in two environments presented by natural and acidic cellular 
simulant fluid, pH 7.6 and 4.6, respectively. At first, we studied stability of fluorescence 500 µg/ml carbon 
quantum dots. From obtained results the decrease of fluorescence is obvious, caused probably by change of 
environment due to its ionic strength. In the case of Neutral buffer it is shown (Figure 2a) that the fluorescence 
of CQDs is stable in time 0 - 10h and the same trend was estimated in the case of acidic environment of buffer 
solution (Figure 2b). The results obtained of light scattering measurement provide an aggregation of CQDs in 
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environment with higher ionic strength in both cases of acidic and neutral buffers. The size of nanoparticles 
increased up to 900 nm in neutral solution (Figure 2c). This could be caused by various ions contained in 
cellular simulant fluid such as MgCl2, NaCl, NaHCO3, CaCl2 and others that are present in lower 
concentrations. The exact composition of the buffers is described in materials and methods. The particle size 
shows stability in time, thus, they do not disintegrate in environment with higher ionic strength. The Z-potential 
shows similar values in both buffers and the same fluctuation effect as in ACS water was confirmed. As regards 
the neutral buffer, the Z-potential increases in higher ionic strength up to 15 mV. Similar results were obtained 
in the case of particle incubated in acidic environment. As shown on Figure 2d, the particle size increases to 
490 nm, whereas the Z-potential exhibits gentle decrease to ~10 mV in comparison with CQDs in ACS water. 
As shown previously, the various ions such as NaCl, potassium hydrogen phthalate, glycine and others 
mentioned in materials and methods, caused the rapid nanoparticle aggregation. These results provide topic 
for further investigation of CQDs, functionalized by PVP, as its behaviour has to be improved before application 
in in vivo experiments. 

4. CONCLUSION 

Highly fluorescent CQDs have been prepared by one-step carbonization of citric acid followed by coating with 
PVP. The CQDs are graphite nanospheres (3.1 nm average diameter) show low negative charge (-11 mV) 
and oxidation properties of its surface. The CQDs are a promising tool in in vivo imaging due their easy 
preparation and good fluorescence properties. The investigation of CQDs stability behaviour shows, the 
fluorescence decreases in the environment of neutral and acidic cellular simulant fluid as well as nanoparticles 
aggregation in the presence of higher ionic strength. Further investigation of CQDs stability in body fluids is 
still required. 
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Abstract   

Plasma polymerized hexamethyldisiloxane coatings have been attracting interest of many researches. Due to 
their properties, these materials have a great potential to succeed in large field of applications such as 
protective anti-scratch layers on plastic substrates, corrosion protection coatings, barrier films for 
pharmaceutical packaging etc. Functionalized organosilicon plasma polymers have been investigated for 
development of unique biomaterials. Addition of a suitable dopant during plasma polymerization is one of the 
ways to form specific functionalities modulating chemistry, physical properties as well as biocompatibility of 
the films. In the present work, low pressure RF capacitively coupled discharge was used to deposit 
organosilicon thin films with nitrogen-containing functional groups on single crystalline silicon substrates. 
Resulting plasma polymers were investigated by several methods aimed primarily at determination of chemical 
composition, surface microstructure and mechanical properties. The present study includes results of Fourier 
transform infrared spectroscopy, X-ray photoelectron spectroscopy, confocal microscopy, atomic force 
microscopy and nanoindentation, and their comparison with respect to deposition parameters.   

Keywords: Thin films, hexamethyldisiloxane, PECVD, FTIR, XPS, AFM, nanoindentation 

1. INTRODUCTION 

Hexamethyldisiloxane (HMDSO) - based coatings have been investigated these days by many scientific 
groups. Due to their properties, these materials have a great potential to succeed in large field of industrial 
applications such as protective anti-scratch layers on plastic substrates, corrosion protection coatings, barrier 
films for pharmaceutical packaging etc. [1]. Plasma polymerized HMDSO (ppHMDSO) has been studied for 
several applications in medicine. These types of layers were investigated for possible usage as a protective 
coatings for medical implants [2], [3]. They were also successfully applied onto magnetic nanoparticles that 
are very perspective for medical applications [4], [5]. For example, it is possible to create super-hydrophilic 
surface by plasma polymerization of HMDSO [6], which prevents the aggregation of the particle cores in 
organic solvents [7].  

By means of doping of variety of elements, it is possible to influence plenty of factors of HMDSO-based thin 
films, like mechanical properties, conductivity, surface free energy, biocompatibility etc. It was proved, that the 
nitrogen content in diamond-like carbon (DLC) or silicon-nitride HMDSO coatings strongly influences 
mechanical properties of the films. By addition of nitrogen or ammonia during plasma enhanced chemical 
vapor deposition (PECVD) process it is possible to adjust coatings hardness, elastic modulus or fracture 
toughness for desired industrial application [8], [9].  

HMDSO-based organosilicon plasma polymers with amount of amine functional groups on the surface can 
find wide application in various fields of biochemistry, biology and medicine. Functionalization of organosilicon 
materials is commonly achieved by plasma treatment in nitrogen or ammonia [10], [11], or by deposition of 
functionalized coating on organosilicon surface [12]. Organosilicon plasma polymer with a content of amine 
functional groups can be deposited from gaseous monomer containing these functionalities [13], or by addition 
of suitable dopant to organosilicon monomer during PECVD process [14].  
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This study deals with properties of nitrogen-doped pp-HMDSO in dependence on parameters of PECVD 
process, that were originally developed and investigated as protective coatings for polymer substrates, and 
discusses their possible usage for bioapplications.  

2. EXPERIMENTAL DETAILS 

Thin films were prepared in RF capacitive discharges at low pressures (10 ÷ 30 Pa) from mixture of HMDSO 
(SiO2C6H18) and nitrogen in a parallel plate reactor. The bottom electrode served as the substrate holder and 
it was coupled to RF generator (13.56 MHz) via a blocking capacitor. Double-side polished silicon substrates 
were placed on the bottom electrode, the RF voltage of which was superimposed with a negative DC self-bias. 
The supplied power was kept at 50 W for all depositions and flow rates of HMDSO and nitrogen were changed. 
Changes of the flow rates are represented by the ratio R of nitrogen flow rate and HMDSO flow rate.  

Properties of the prepared films were studied by several characterization methods. Chemical composition of 
the resulting coatings was investigated by Fourier transform infrared spectroscopy (FTIR) using spectrometer 
Bruker Vertex 80v, in range from 370 cm-1 to 7500 cm-1 with 500 scans and resolution 8 cm-1. All manipulations 
of measured absorption spectra were performed by using OPUS program. Other optical method used for study 
of deposited layers was ellipsometry in UV and visible region. All ellipsometric data were measured by Jobin 
Yvon UVISEL equipment at tree angles of incidence 55 °, 65 ° and 75 °, in the spectral region of 240-800 nm. 
Thicknesses of plasma polymers were determined from fitting resulting data in program newAD by using 
PJDOS dispersion model [15].  

Surface chemical composition was investigated by X-ray photoelectron spectroscopy (XPS). The XPS 
measurements were done on the ESCALAB 250Xi (ThermoFisher Scientific). The system is equipped with 
500 mm Rowland circle monochromator with microfocused Al Kα X-Ray source. An X-ray beam with 200 W 
power (650 microns spot size) was used.  The XPS analysis was performed on surfaces under Ar+ ion 
bombardment cleaning (3 keV ion energy, sputtering time 5 minutes). The survey spectra were acquired with 
pass energy of 50 eV and resolution of 1 eV. High-resolution scans were acquired with pass energy of 20 eV 
and resolution of 0.1 eV. In order to compensate the charges on the surface electron flood gun was used. 
Spectra were referenced to the hydrocarbon type C 1s component set at a binding energy of 284.8 eV. The 
spectra calibration, processing and fitting routines were done using Avantage software. 

Surface microstructure was observed by confocal laser microscope LEXT OLS4000 3D and then in more detail 
by atomic force microscope Ntegra Prima NT-MDT in semicontact mode. Surface parameters were 
investigated in Nova Px program.  

Nanoindentation data were obtained using Hysitron TI950 nanotriboindentor equipped with diamond Berkovich 
tip. The quasistatic loading curves with 20 unloading segments were applied in the load region from 200 to 

11000 µN to study the depth profile of the hardness and elastic modulus of the coating/substrate systems. 

3. RESULTS AND DISCUSSION 

The chemical composition of the films was investigated by combination of two available characterization 
methods: FTIR and XPS. The transmittance measured in IR region is influenced by both, the specific plasma 
polymer and the silicon substrate. The substrate influence was eliminated dividing the composite signal by the 
transmittance of the substrate used. The resulting relative transmittance (Figure 1) was then analyzed 
according to the available literature. Significant absorptions corresponding to the Si-O-Si vibrations at  
800 cm-1 and 1066 cm-1 were observed in all of analyzed HMDSO-based coatings (Figure 1) [16]. The peak 
at 960 cm-1 was assigned to the Si-N bond [17], while the absorption region between 1100 and 1250 cm-1 

includes three types of organic bonds: SiOC, CO, CN [14], [18]. Absorption regions shown in Figure 1 around 
1600 cm-1 and 3200 cm-1 connected with specific functionalities are problematic for interpretation. The peak at 
the position of 1570 cm-1 identified as NH bending vibration is common for amide (NC=O) compounds as well 
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as C=O vibration at ~1660 cm-1 [19]. However, absorption band of C=O overlaps with NH2 scissoring signal of 
primary amines. The presence of primary amines cannot be disproved according to the IR spectroscopy, 
because the region of relative transmittance between 3000 cm-1 and 3550 cm-1 includes NH stretching of 
primary amines, secondary amines and amides. In addition, it is common to observe in spectra of primary 
amines significant absorption in the range of frequencies 3150-3250 cm-1, which is attributed to the first 
overtone of NH2 scissoring [20]. NH stretching absorption peaks overlap with OH stretching vibration. Since 
the studied plasma polymers were exposed to the atmosphere before FTIR measurement, they probably 
include significant amount of adsorbed water, which is represented by OH absorption aproximately at 3400 
cm-1 (stretching vib.) and 1600 cm-1 (bending vib.) [21].  

 
Figure 1 Examples of IR spektra for selected ratios R of flow rates of nitrogen and HMDSO 

The XPS study of surface chemistry showed presence of four elements: Si, O, C, N listed in Table 1. Oxygen 
is the most abundant element on surfaces of analyzed organosilicon polymers. Its atomic concentration varies 
between 49-60 at. % in dependence on ratio R of gaseous mixture (Table 1). Plasma polymers with maximum 
quantity of oxygen consist of minimum amount of nitrogen and carbon (Table 1). Atomic concentration of 
silicon varies around ~35 at. %. The high amount of oxygen possibly arises from the high amount of adsorbed 
water, which was found in absorption peaks in measured IR spectra around 1600 cm-1 and 3400 cm-1, which 
are mostly created by OH vibrations. 

Table 1 Results of XPS analysis of the surface including atomic concentrations of elements and chemical  
              bonds 

R N 

(at.%) 

C-NH2 

(at.%) 

SiNO2 

(at.%) 

NSi3 

(at.%) 

C 

(at.%) 

C=O 

(at.%) 

Si 

(at.%) 

Si2+ 

(at.%) 

Si4+ 

(at.%) 

Si3N4 

(at.%) 

O 

(at.%) 

3 4.6 1.7 1.3 1.6 9.9 3.1 33 17 17 5 49 

5 4.9 0.4 0 4.6 8.5 0.6 32 4 24 4 54 

9 4.0 0.5 0.9 2.6 5.9 0.7 35 5 23 7 55 

14 3.0 0.7 0.2 2.1 4.5 0.3 34 9 23 2 55 

17 1.7 0.1 0 1.6 2.5 0.2 35 1 28 7 60 

21 1.6 1.5 0 0.1 2.2 0.1 36 2 31 3 60 

33 3.8 2.0 0 1.8 5.3 0.5 35 6 22 6 55 
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The complete functional composition of measured layers was derived from the fitting of Si2p, C1s and N1s 
XPS signals. Individual components of the fits were identified according to the available literature [16], [22]. In 
this text, we will concentrate on content of functionalities, which are interesting for bioapplications. 
Unfortunately, the results of fitting of N1s signal show, that the majority of nitrogen is bonded to silicon atoms 
in silicon nitride (NSi3) and SiNO2. Atomic concentration of C-NH2 is negligible (Table 1). However, ratio of flow 
rates of HMDSO and nitrogen R influences the concentrations of C-NH2 and NSi3 in N1s environment as well 
as elemental composition. According to the Table 1, atomic concentration of surface nitrogen and C-NH2 reach 
the minimum at about R=17 and then there is an increase. For possible applications in biological and medical 
fields it will be advantageous to investigate wider range of R>17 and find limit for increase in the proportion of 
nitrogen and amine groups on the surface. C1s signal includes six compounds in sum: Si-C, C-C, C-N,  
C-O/COH, C=O (aldehydes, ketones, amides) and OCO (acetal). Atomic concentration of C=O groups, that 
belong together with amines to functionalities suitable for immobilization of biomolecules and cell cultivation 
[23], listed in Table 1 is similar to amine amount. In order to investigate the nature of silicon environment the 
Si2p peak was fitted with a sum of three contributions: silicon bonded to two oxygens (Si2+), silicon with four 
bonds to oxygen (Si4+) and silicon coordinated in silicon nitride (Si3N4). The Si2+ corresponds to the initial 
structure of silicon in HMDSO, while Si4+ corresponds to inorganic silicon oxide. Silicon environment is formed 
mainly by inorganic compounds, however i tis possible to influence character of the surface by optimalization 
of deposition parameters (Table 1).  

Two different techniques were used for observation of surface microstructure: confocal microscopy and AFM. 
HMDSO plasma polymers can be considered as smooth with number of nanoparticles, which are spread over 
the observed area (Figure 2). The film hardness and elastic T modulus decreased with R from 9 to 0.7 GPa 
and from 65 to 18 GPa, respectively. However, this decrease was mostly caused by the decrease of the bias 
voltage with increasing R.  

 

Figure 2 Example of surface microstructure of doped pp-HMDSO investigated by AFM for R=21 

4. CONCLUSION 

Organosilicon thin films with nitrogen-containing functional groups were deposited using RF glow discharges. 
The films were investigated by several methods aimed primarily at determination of chemical composition, 
surface microstructure and mechanical properties. The FTIR and XPS analyses revealed inorganic/ organic 
nature of plasma polymers. Surfaces of investigated pp-HMDSO are poor for amine functionalities and 
because of this reason they are not suitable for immobilization of biomolecules, however they could be 
potentially applied as an interlayers between substrate and functionalized coatings. 
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Abstract   

The applications of nanoparticles or ultrafine glidant particles are increasing over the last years. In most of 
these industry applications the flow behavior of the particles is critical issue for the proper design of the 
processes and devices. Therefore, flowability tests including ratio ffc (consolidation stress to unconfined yield 
strength), bulk properties measurements and novel patented angle of repose Zenegero method were 
performed. The new method is based on a continuous flow of particles whose flow dynamics doesn’t affect 
with the fall of bulk material the target arrangement of material pile. Evaluation of pile angle is performed at 8 
views rotated around the perimeter of the pile ensuring more accurate result. The most commonly used glidant 
such as Aerosil®, Cab-O-Sil® and magnesium stearate were taken for three type of flowability tests evaluation. 
In order to understand the nanoparticles flow behavior was also determined their particle size distribution, 
compressibility and cohesion. Initial results show that new Zenegero method gives more comprehensive flow 
information and good sensitivity. In addition, it was confirmed that the flowability of glidant with a narrow particle 
size distribution leads to good flow conditions. This study reveals how choice of flow characterization method 
can play a key role in multi-factorial determination of the glidant type. 

Keywords: Flowability, angle of repose measurement, glidant, bulk properties  

1. INTRODUCTION 

Glidants are incorporated into solid dosage forms to improve the flow properties of powders or granulates [1]. 
These are excipients adsorbing during mixing (preparation of tableting mixture) on the surface of the powders 
- particles of other excipients or active pharmaceutical substances. In the phase of pouring the tableting mixture 
from the hopper into the tableting press die glidants reduce friction between particles and between particles 
and the wall of the hopper. The consequence of friction reduction (i.e. improving of the mixture flowability) is 
the uniform die filling with the powder mixture, ensuring of required weight and content uniformity of produced 
tablets. Glidants also prevent sticking of pressed powders on compression thorns and tablets capping [2]. For 
capsules, addition of glidants ensures a high accuracy of metering and a uniform distribution of active 
ingredients. There is some controversy over the exact mechanism, but two theories exist. The first is that fine 
glidant powders coat the relatively larger host powders, increasing interparticle distance and decreasing 
interparticle forces. The second one is that the glidant powders act in a manner analogous to ball-bearings, 
decreasing friction of rough surfaces [1]. Finely divided amorphous silica, silicon dioxide and magnesium 
stearate are commonly used glidants. The above listed were therefore used in this study. This work compares 
accessible and simple flowability methods for glidants which can be used and show a new patented method 
of angle of repose determination in order to classify powders into particular flowability modes. Methods for 
powder flowability characterization described in the literature are numerous and exist in many variations [3, 4]. 
But only one individual test is not always able to measure small differences in flow between similar powders 
and to rank their flow properties [5]. In this study were therefore used several methods for determining of 
glidants flowability and data were mutually compared in order to gain reliable measurement result. The particle 
size distributions, compressibility and cohesion of glidants were selected as the basic characteristics. 
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2. MATERIALS AND METHODS 

2.1. Materials  

Three commonly available and often used glidants were used in this study. These are Aerosil® 380, Cab-O-
Sil® M5 and magnesium stearate (Figure 1). Aerosil® and Cab-O-Sil® are fumed silica (SiO2+4HCl). Magnesium 
stearate is also known as octadecanoic acid and magnesium salt with chemical formula C36H70Mg4.  
 

Figure 1 SEM images of Aerosil® 380 (A), Cab-O-Sil® (B) and magnesium stearate (C) 

The figure shows that fumed silica (namely Ca-O-Sil®), which is produced by flame hydrolysis of chlorosilanes, 
cannot be captured as isolated primary particles but as agglomerated aggregates. For the mechanism of 
glidants action are their primary particles indispensable (Figure 2). Agglomerates are broken down by the 
shear forces that occur during powder processing. 

Figure 2 Detail of the primary spherical Cab-O-Sil®. particles necessary for the mechanism  
of glidant action 

2.2. Particle size distribution 

A particle size analyzer CPS Disc Centrifuge DC24000 was used for measuring particles size distribution. The 
analyzer measures particle using centrifugal sedimentation within an optically clear spinning disc that is filled 
with fluid. Sedimentation is stabilized by a density gradient within the fluid, and accuracy of measured sizes is 
insured through the use of a known size calibration standard before each test. The concentration of particles 
at each size is determined by continuously measuring the turbidity of the fluid near the outside edge of the 
rotating disc. 

50 μm  

A 

30 μm  

C B 

100 μm  

1 μm 
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2.3. Bulk properties 

The device used for bulk properties measurement was an FT4 Powder Rheometer. FT4 is a universal powder 
tester, combining patented blade methodology for measuring flow energy. The methodologies allow 
measurement of flow energy in relation to many variables and all packing states, shear properties of 
consolidated or unconsolidated powders, bulk properties - bulk density, compressibility, cohesion, angle of 
internal friction AIF and flowability FFC. The procedure for bulk properties measuring without automation 
devices is given below. An accurately weight amount of glidant was poured into a 200 ml glass cylinder. The 
bulk volume was recorded and then the cylinder was tapped for 10, 500 and 1250 taps. Every reduced 
apparent volume was recorded (V0 - V1250). Bulk density BD (weight and V0 ratio), tapped density TD (weight 
and V1250 ratio), Carr’s index CI (Equation 1) and Hausner ratio HR (Equation 2) of each glidant was 
calculated as follows [6]. 

           (1) 

            (2) 

The packability was determined from the tapped density according to Kawakita and Ludde equation 
(Equations 3 and 4) [4]. 

            (3) 

            (4) 

Where n is the tap number, C donates the volume reduction and V0 and Vn are the glidant bed volume as the 
initial and nth tapped state respectively. The plot of n/C versus n is linear. The compactibility 1/a can be 
obtained from the slope a. Cohesivity 1/b is obtained from the intercept 1/ab of the plot. 

2.4. Angle of repose 

New patented device (Zenegero method) for an angle of repose measurement is in the Figure 3 [7]. The 
device consists of a frame which comprises a horizontal beam (1) and attached vertical beam (2), on which is 
using clamp with a hand lever (3) fastened the arm (4). On the arm is placed holder (5), into which is fastened 
the funnel (6). To the beam (1) is mounted rotary stand (7) with the camera (8) and contrast wall (9). Beneath 
the beam is places collecting vessel.   

 

Figure 3 Schematic representation of the device for angle of repose measurement 
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Measured material is transported into the funnel using vibrating conveyor (10). Material is poured into the bowl, 
while gradually creating the pile and surplus material falls into the receptacle. After the pile creation starts the 
drive giving the bowl rotation. The bowl rotates around its vertical axis and the camera (8) successively records 
a pile of all eight sides. The results are processed by the eScope software. 

3. RESULTS AND DISCUSSION 

Particle size distribution of Aerosil® 380, Cab-O-Sil® and magnesium stearate are represented in Figure 4. The 
figure 4 shows that Cab-O-Sil® exhibits the monomodal distributional distribution of particle sizes with a 
significant in the area of about 90 µm. Unlike Aerosil® 380, this has bimodal distributional curve and multimodal 
distribution of magnesium stearate.  

 
Figure 4 Particle size distributions (         Cab-O-Sil®,           Aerosil® 380,          magnesium stearate) 

Cab-O-Sil® contains 96 % particles to 98 µm, Aerosil® 85 % and magnesium stearate only 2.15 % particles to 
the same size.  

Data obtained using powder rheometer Freeman FT4 and calculated from bulk properties are given in  
Table 1. Parameters of compressibility and cohesion based on automated measurements are in good 
agreement with calculated results of compactibility and cohesivity. The compactibility (1/a) defines the degree 
of volume reduction and the cohesivity (1/b) is a constant related to cohesion [4]. Compressibility determining 
changes in a powder’s density as a result of a directly applied consolidation load (related to compactibility). 
Compressibility of powder is very important. Good compressibility is required for example to ensure sufficient 
strength of tablets in order to get problem-free manipulation and transport.  

Aerosil® and Cab-O-Sil® show similarly high value of compressibility (they comprise nanoparticles and large 
amount of air) unlike magnesium stearate with significant lower value. The same is in case with parameter of 
compactibility. The cohesion factor is minimal for Aerosil®, and increases for Cab-O-Sil® and magnesium 
stearate (again in accordance with calculated cohesivity (1/b)). For the initial indication of glidants (powders) 
compression ability parameters and its cohesion degree is normally possible to use only measurements of 
bulk properties (bulk and tapped densities) from which it is very easy to deduce these parameters. 
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Table 1 Comparison of cohesion and compressibility values measured using powder Rheometer FT4 and  
              calculated from bulk properties 

Material Aerosil® Cab-O-Sil® Magnesium stearate 

Compressibility, % 37.1 ± 0.6 34.2 ± 0.8 18.8 ± 0.1 

Cohesion, kPa 0.09 ± 0.02 0.72 ± 0.17 1.07 ± 0.04 

Compactibility (1/a), - 5.9 ± 0.4 3.1 ± 0.2 2.4 ± 0.2 

Cohesivity (1/b), - 19.4 ± 1.7 36.9 ± 1.8 47.8 ± 2.4 

Values of Carr’s index, Hausner ratio, angle of repose and angle of internal friction are shown in Table 2. The 
angle of repose has been evaluated using newly developed Zenegero method which is based on continual 
flow of particles thereby reducing the flow dynamics and increasing reproducibility of the particle arrangement 
(section 2.4). Another advantage of this method is reduction of the human factor by automated scanning of 
formed pile at eight different rotations. Evaluation according to the angle of repose has got seven levels, thus 
also little difference in the value of the angle of repose may indicate the different classification into flow regimes 
of powders. Evaluation of flowability (classification into regimes) of tested powders according to various 
indicators is in Table 3.  

Table 2 Flowability indicators for glidants, CI - Carr’s index, HR - Hausner ratio, AOR - Angle of repose,  
              AIF - Angle of internal friction 

Material CI, % HR, - AOR, ° AIF, ° 

Aerosil® 17 1.2 40.1±0.5 30.5 ± 0.29 

Cab-O-Sil® 28 1.4 36.7±1.0 30.6 ± 0.9 

Magnesium stearate 39 1.7 42.1±1.3 24.2 ± 0.6 

Table 3 Evaluation of glidants flowability using various methods  

Classification according to          Aerosil® Cab-O-Sil® Magnesium stearate 

Carr’s index [8] Good flow Poor flow Very poor flow 

Hausner ratio [8] Good flow Poor flow Very poor flow 

Angle of repose [8]  

Adequate (no needed help) on 
limit with average flow (may 

linger) 

Adequate (no needed 
help) on limit with good 

flow 
Average flow (may linger) 

Flow index [6] Free flowing Free flowing Easy-flowing 

Generally, the best flowability exhibits material with larger particles. In this case it would be the magnesium 
stearate, which contains a fraction of up to about 20 µm. An important parameter is also particle shape and 
cohesiveness. Particle shape of magnesium stearate (leaf shape, sharper edges) contributes to an easier 
locking of particles and therefore also to the worse flowability and compressibility. Conversely, spherical 
particles with a smooth surface of the colloidal silica exhibit good flowability. Aerosil® and Cab-O-Sil® show 
similar bulk properties. Classification of Aerosil® a Cab-O-Sil® is the same as in case of assessment of 
flowability according to flow index. According to Carr’s index, Hausner ratio and angle of repose is Aerosil® 
classified into the two levels higher regime (better flowability) than Cab-O-Sil®. It is possible to say, that best 
flow properties from tested glidant has Aerosil®. According to angle of repose indicator is, however, Aerosil® 
classified into the proportional regime as Cab-O-Sil®, but on the limit with average flow, which is one level 
lower. According to AOR exhibit the best flow properties Cab-O-Sil®. Aerosil® and Cab-O-Sil® are chemically 
identical substances i.e. colloidal silica, but each prepared by a slightly modified technology (depending on the 
producer). Both substances are recommended as glidants. Even so, there are between them differences in 
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flowability and cohesion. The role of the technologist remains to use the most of this knowledge to compile the 
optimum formulation of solid dosage forms.  

4. CONCLUSION 

In this study, the basic characteristics of glidants were determined. It has been demonstrated, that  
Cab-O-Sil® exhibits monomodal distribution curve, unlike multimodal particle distribution of magnesium 
stearate. Values of compressibility and cohesion of glidants were determined by two different methods, which 
were in relative agreement. In particular, four different flow characterization methods of glidants were 
compared and discussed. Determination of flowability regime according to flow index has discovered that 
Aerosil® and Cab-O-Sil® belong into the same group always having trouble-free of flow. Dividing according to 
the flow index classifies magnesium stearate into the group belonging immediately before group of Aerosil® 
and Cab-O-Sil®. Minor differences in the flowability of Aerosil® and Cab-O-Sil® were recognized in case of 
using method according to Carr’s index, Hausner ratio and angle of repose. Carr’s index and Hausner ratio 
are straightforward and well-established method that allows good differentiation for fine glidants. But the results 
are strongly affected by the initial pouring of the powder. These limits are removed by angle of repose Zenegero 
method, where fine material is continuously transported by the vibrating conveyor. This method is therefore 
suitable for fine nanoglidants.  
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Abstract   

Tapping mode atomic force microscopy (TM-AFM) and scanning spreading resistance microscopy (SSRM) 
were found to be useful scanning probe microscopy (SPM) techniques for the characterization of surface 
conductivity and morphology of the conductive ceramics-like and graphene-containing nanocomposite 
prepared from polyaniline/montmorillonite (PANI/MMT) nanocomposite. In this work, the changes in 
conductivity and morphology of PANI/MMT nanocomposites before and after heat treatment are studied. 
PANI/MMT nanocomposite was prepared using oxidative polymerization of anilinium sulfate by ammonium 
peroxydisulfate in the presence of MMT particles (size fraction < 40 µm). Prepared PANI/MMT powder was 
pressed into tablets using pressure 400 MPa. These tablets were calcined in dynamic argon atmosphere at 
temperature 1400 °C for 1 hour. The changes of local current on the surface and on the fractures (i.e. in the 
internal volume) of tablets were studied using SSRM and the local current maps of PANI/MMT nanocomposites 
before and after calcination were compared. SSRM shows that while after the calcination the conductivity in 
the internal volume of the sample strongly increased, the conductivity on the surface disappeared. Tapping 
mode is characterized by a less sample-tip interaction and, therefore, with respect to the nature of prepared 
nanocomposites, provides images without many visible artefacts.  

Keywords: Polyaniline, montmorillonite, graphene, tapping mode atomic force microscopy, scanning  
         spreading resistance microscopy 

1. INTRODUCTION 

Scanning spreading resistance microscopy (SSRM) is a scanning probe microscopy (SPM) technique used 
for the measurement of surface conductivity. This characterization method is useful technique and allows to 
locate the nonconductive and conductive areas of the sample surface, especially of semiconductor materials 
and devices [1, 2]. The Figure 1a shows the principle of SSRM. Constant bias voltage is applied between the 
conductive tip and the conductive sample and the flowing current is measured simultaneously when the tip 
scans the surface. The measurement takes place in contact mode and SSRM offers both two dimensional 
imagining of local current distribution and appropriate images of contact morphology. With respect to the nature 
of sample, the quality of the resulting images depends mainly on the value of the bias voltage applied between 
the tip and the sample, on the choice of the type of conducting layer on the tip, and on the probe with 
appropriate stiffness of the cantilever. 

Tapping mode atomic force microscopy (TM-AFM) technique is method which is used for the characterization 
of surface morphology. Oscillated cantilever moves near the sample surface and tip touches the surface only 
for a short time. In contrast with contact mode, scanning with oscillated cantilever allows to work with softer 
and easy to damage materials such as polymers or bioorganics.  
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Graphene-containing nanocomposites, a group of synthetic conductive materials which have gained in 
importance in recent years, find great application such as anti-corrosive protective coatings, ultra-barriers for 
organic electronics or food and pharmaceutical packaging [3-6]. Graphene or graphene oxide can create 
nanocomposites with large scale of materials, for example polymers [3, 4], Al2O3 [5], or layered double 
hydroxides [6].   

These materials usually containing commercial available graphene [3-5], or graphene synthetized using spark 
plasma sintering method [7]. Original method of preparation graphene from polyaniline was published by 
Čapková et al. [8]. Graphene-containing nanocomposite was prepared from polyaniline/montmorillonite 
(PANI/MMT) intercalate via high pressure (400 MPa) and high temperature (1400 °C) treatment [8]. The 
presence of graphene in final nanocomposite was confirmed by Raman spectroscopy (Figure 2) [8].  

Intensive band with maxima centered at 2701 cm−1 was found in 
spectrum of calcined sample. This band is generally ascribed to 
2D (historically named G’) overtone band of graphite, but high 
intensity of the band is typical for graphene [9, 10]. Raman 
spectrum (Figure 2) also contains the disorder band showing 
defects (1355 cm−1) and the graphitic band determining 
orderliness of the carbon structure (1597 cm−1). Presence of 
amorphous carbon is confirmed by broadness of the bands  
[9, 10]. Combination of Raman spectroscopy, molecular modeling 
and X-ray diffraction of both materials (i.e., PANI/MMT precursor 
and resulting graphene-containing nanocomposite) led to the 
conclusion that PANI→graphene transformation occurs in the 
interlayer space of MMT.  

Only slight attention has been paid to SPM methods such as TM-
AFM or SSRM which are capable to perform local conductivity measurements and detailed images of 
morphology.  

Therefore, the main aim of this work is the use of TM-AFM and SSRM for study the influence of the heat 
treatment on the PANI/MMT nanocomposites and description of the changes in surface conductivity and 
morphology. Differences between the surface and internal volume (measured on fracture of tablets) of non-
calcined and calcined samples are also compared.  

2. EXPERIMENTAL 

2.1. Materials and preparation of the samples  

Aniline, ammonium peroxydisulfate and sulfuric acid were used as received from Lach-Ner, Czech Republic. 
Na-MMT Portaclay® was purchased from Ankerpoort NV, Netherland. Nanocomposite PANI/MMT was 
prepared by mixing the aniline solution in sulfuric acid and ammonium peroxydisulfate with aqueous 

Figure 1a) The principle of SSRM measurement b) Arrangement of MMT particles intercalated by PANI in 
the pressed tablet (side view) 

Figure 2 Raman spectrum of calcined 
PANI/MMT intercalate 
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suspension of MMT particles (size fraction < 40 µm) at room temperature. Although the polymerization of 
aniline was completed within 40 minutes (blue color of suspension turned into dark emeraldine green - 
conduction form of PANI), the suspension was stirred for 6 hours. The green solid was collected on a filter by 
rinsing with distilled water and dried for 48 hours at 40 °C. Shift of MMT basal reflection (12.45 Å → 12.85 Å) 
suggested successful intercalation of MMT by PANI chains [8]. Powder samples were pressed into square 
tablets (28×28 mm, thickness 2.039 mm) using ZWICK 1494 press at room temperature, without any 
lubrication and binder. Applied pressure was 400 MPa. Increase in intensity of MMT basal reflection showed 
strong texture of PANI/MMT intercalate, i.e. MMT(001) planes are parallel to the tablet plane [8]. Schematic 
illustration is provided in Figure 1b. Non-calcined sample was denoted as P/M. 

2.2. Thermal treatment 

Tablet pressed from PANI/MMT powder was calcined in the furnace of the DIL 402 C/7 dilatometer (Netzsch 
GmbH, Germany) at the maximum temperature 1400 °C for 1 hour. The heating and cooling rate was 
15 K·min−1 and the protective 99.999% Ar atmosphere with the constant flow rate 20 ml·min−1 was used. 
Calcined sample was denoted as P/M(1400), where the number means the temperature used. 

2.3. Measuring methods 

The surface morphology of non-calcined and calcined samples was studied using the TM-AFM with SolverNext 
(NT-MDT) atomic force microscope. For the measurement noncontact probes NSG30 (NT-MDT) were chosen. 
Local current maps of P/M and P/M(1400) sample were obtained using the same atomic force microscope 
operated in the mode of SSRM. During SSRM constant bias voltage +5 V was applied between the measured 
conductive sample and conductive tip. SSRM was performed in contact mode with the probes FMG01/Pt with 
platinum-coated tip (NT-MDT). The images of morphology and local current maps were evaluated using 
Gwyddion software. 

3. RESULTS AND DISCUSSION 

3.1. Measurement of morphology 

The results of TM-AFM scanning are presented in Figure 3 for P/M and Figure 4 for P/M(1400) sample. 
Figure 3 shows the morphology on the surface (Figure 3a) and in the internal volume (Figure 3b) before 
calcination. In comparison with the surface of P/M sample (Figure 3) in the internal volume the layers of MMT 
oriented perpendicular to direction of pressure can be clearly seen (compare with Figure 1b). 

 

Figure 3 Tapping mode AFM images of P/M sample, a) morphology of the surface, b) morphology in the 
internal volume (measured on the fracture) 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

742 

After the calcination the surface of the sample P/M(1400) changed (Figure 4). The surface of sample 
(Figure 4a) sintered and shows significantly different character in comparison with P/M. The average surface 
roughness decreased from 955 nm (P/M) to 257 nm (P/M(1400)). In some areas the bubble-like structures 
were created. In the internal volume the layers perpendicular to direction of pressure are less visible 
(Figure 4b). This fact confirms that during calcination the transformation of P/M occurred both on the surface 
and in the entire volume. Figures 3 and 4 demonstrate how clear images of morphology can be obtained using 
TM-AFM. 

 

Figure 4 TM-AFM images of P/M(1400) sample, a) morphology of the surface; b) morphology in the internal 
volume (measured on the fracture) 

3.2. Measurement of surface conductivity 

The distribution of local current was studied using SSRM on the surface and in the internal volume of the 
samples. The changes in the surface conductivity of P/M and P/M(1400) samples were compared and all 
results can be seen in Figure 5 and Figure 6, respectively.  

Figure 5 shows the local current map 
in the internal volume (Figure 5a) and 
on the surface (Figure 5c) of P/M 
sample, i.e. before the heat 
treatment. On this typical local current 
map the maxima of the current 
achieved the value 34.7 nA and 15.4 
nA. The average value of the current 
is ~ 5.9 nA (measured on the fracture) 
and ~ 1.1 nA (measured on the 
surface). 

The morphology of the surface 
measured simultaneously in contact 
mode can be seen in Figures 5b and 

5d. In contrast with TM-AFM, the 
contact mode is characterized by a 
strong sample-tip interaction and with 
the respect to the nature of samples it 
provides images with many visible 

Figure 5 SSRM images of the P/M sample, a) local current map and 
b) respective morphology of surface; c) local current map and  

d) respective morphology in the internal volume 
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artefacts. This is the reason why TM-AFM lacking this deficiency was chosen for the imaging of the morphology 
in Figures 3 and 4. 

After the calcination the surface conductivity of P/M(1400) sample disappeared (Figure 6a). Measured values 
of current in the order of pA are typical for the nonconductive sample (e.g. glass).  

On the other hand, the conductivity in the internal volume increased and the maximum of the current is 536 nA. 
Current maxima are detected on the edge of large particles as shown by arrows in Figures 6c  

and 6e. Average value of the current is 27.2 nA which is almost five times higher than for P/M sample. It means 
that the thermal treatment caused the changes resulting to decrease in conductivity on the surface, but strongly 
increase in conductivity in the internal volume of P/M(1400) sample. This result suggests importance of MMT 
particles for the PANI→graphene transformation occurring in the MMT interlayer space. 

The morphology of the surface measured simultaneously with current maps in contact mode can be seen on 
Figures 6b, 6d and 6f. 

 

 

4. CONCLUSION 

This work was focused on the application of the SPM techniques, TM-AFM and SSRM, for the characterization 
of PANI/MMT and derived graphene-containing nanocomposites. The PANI/MMT nanocomposites were 
prepared using oxidative polymerization of anilinium sulfate by ammonium peroxydisulfate in the presence of 
MMT particles, pressed into tablets using pressure 400 MPa and calcined in dynamic argon atmosphere at 
temperature 1400 °C for 1 hour to form ceramics-like graphene-containing nanocomposite. Presence of 
graphene in calcined sample was confirmed by Raman spectroscopy. The surface conductivity and 
morphology were measured using TM-AFM and SSRM on the surface and in the internal volume and 
differences between non-calcined and calcined samples were compared. Before the heat treatment in the 
internal volume the layers of MMT were oriented perpendicular to direction of pressure and the average of 
current measured on the fracture was 5.9 nA. After the heat treatment the surface of tablet sintered and in the 

Figure 6 SSRM images of the P/M(1400) sample, a) local current map and b) respective 
contact morphology of surface; c), e) local current maps and d), f) respective contact 

morphologies in the internal volume 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

744 

internal volume the MMT layers were less visible. The conductivity on the surface disappeared, but in the 
internal volume the conductivity strongly increased and the maximum of current is fifteen times higher than 
the maximum of the current in the case of non-calcined sample. The maxima of current were detected on the 
edge of large particles. Present results clearly demonstrate that the TM-AFM and SSRM is a highly suitable 
technique for characterization of the morphology and conductivity and localization of the conductive and 
nonconductive areas of the solid samples. 
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Abstract   

The method of sample preparation is a widespread problem in all types of measurements from nanoparticles 
to coarse material. This article focuses on a specific method of sample preparation namely on determination 
of TiO2 nanoparticles size distribution. The treatment of sample comprising a higher number of nanoparticles 
is complicated. Nanoparticles often cluster together and thereby affect the course and the results of 
measurement. Therefore, a brief comparative study examining the effect of vibration on the degradation of 
nanoparticles and demolition of submicron agglomerates. Experimental work was carried out using a vibration 
exciter and the size of TiO2 nanoparticles was then measured on the CPS Disc Centrifuge DC24000 in the 
laboratory of Bulk Solid Centre Czech Republic. The study was performed on four different TiO2 samples, 
compared and evaluated for several time vibration periods. From the first results can be seen that slight 
changes in the composition of the sample greatly affect the degree of particles clumps comminution in the 
measuring liquid. 

Keywords: Titanium white, TiO2, nanoparticles, nanoparticles size, vibration  

1. INTRODUCTION 

Preparation of samples containing large quantities of nanoparticles is often very complicated and demanding 
process. The problem arises in case of nanoparticles clumps formation that can affect measurement and 
evaluation. In this experiment was used vibratory excitation for separation of nanoparticles clumps, which 
allows to interrupt energetic bonds between particles and particles clumps. Set of four TiO2 samples was 
selected for measurement. This set was exposed to vibratory excitation in the time interval. In this interval were 
agglomerates separated and measured with CPS DC24000 Disk Centrifuge device. Since the measuring 
device CPS DC24000 Disk Centrifuge is a rotational rheometer, working with throughput of particles through 
so called density gradient, consisting of several layers of liquid with different density, it is necessary to create 
also the liquid mixture (suspension) for measuring and separation of the sample. 

2. MATERIALS 

Titanium white as a substance is a chemical compound of oxygen and titanium. This substance occurs in the 
world mostly in three mineral forms whose modification is titanium white. Anatase, Rutile and Brookite [1]. 
Other forms also exist, but not in such large quantities [2]. These minerals are very fragile, with a composition 
of 59.9 % Ti and about 40.06 % O and is insoluble in acids. 

Anatase is a mineral having a tetragonal structure. It has the most stable structure of nanoparticles 
approaching 11 nm with a density of about 3.9 g/cm3. This material has a perfect cleavage according to (101) 
while the fracture is conchoidal. 
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Second of these minerals is Rutile. Rutile is also a mineral having a tetragonal structure. It has the most stable 
structure of nanoparticles above 35 nm with a density of about 4.2 - 4.3 g/cm3. This material has a perfect 
cleavage according to (101) worse according to (100) while the fracture is uneven and conchoidal. 

Last of these minerals is Brookite. This mineral has rhombohedrical structure. It has the most stable structure 
of nanoparticles between 11 - 35 nm with a density of about 4.1 g/cm3. This material has a perfect cleavage 
according to (120) with half-conchoidal fracture [2]. 

The most common usage is as a pigment for its brightness and large refractive index. It absorbs UV radiation 
and transforms it into harmless heat. It is used in cosmetics (creams, sun creams), pharmaceuticals 
(medicines, tablets, toothpastes), food (E171), it is highly hydrophobic (water-repellent), therefore it is used to 
manufacture windshields, glasses. Suitably modified titanium dioxide can be also used as a photocatalyst. It 
is also used in some types of solar cells and in medicine allows growing together bones with the implants. 
Selected samples were labeled A, B, C, D. Where the samples A, B, D are Rutile type and sample C is Anatase 
type. 

3. METHODS AND EQUIPMENT USED DURING THE EXPERIMENT 

For this research was used laboratory equipment of Bulk Solid Center of the Czech Republic located on the 
campus of VSB - Technical University of Ostrava, which participates in the European subsidy program CENET. 
Test samples were separated using FRITSCH ultrasonic-cleaner Laborette 17 device and measurement using 
rotational rheometer CPS disk centrifuge RPS 24000. Subsequently the results were evaluated and compared. 

3.1. Separation of particles 

Test samples were separated using FRITSCH ultrasonic-cleaner Laborette 17. This device works with a 
combination of the frequency generator (35 kHz) and the liquid bath (diameter 24.5 cm, height 13 cm) with a 
capacity of 5.6 liters. The ceramic oscillator generates from underneath the spa highly energetic vibrations and 
in a liquid bath arises so called cavitation effect, which cleans the necessary tools or loosens particles put in 
the requested suspension. In this case was used the second option of this device.  

In laboratory test tubes were prepared 20 ml suspensions (H2O - 90%, Ethanol p.a. - 10%). Into these 
suspensions was added 0.5 g of the measured material (Formula A, B, C, D). The test tube was then inserted 
into the bath of Fritsch ultrasonic - cleaner laborette 17 device using the stand for flasks. The bath was filled 
with water in an amount of 5 liters. After the frequency generator start began to spread through water frequency 
of oscillation with frequency of 35 kHz. This effect caused separation of the sample. Gradually were taken 
samples (2 ml) in the time horizon 10, 20, 30, 40, 50 and 60 minutes of the cavitation excitation duration. 
Subsequently was measured and analysed particle distribution of samples using the CPS disc centrifuge CPS 
DC24000 device. 

3.2. Particle size distribution  

The particle size distribution was carried out using already mentioned CPS disc centrifuge CSF 24000 device, 
whose measurement range is 0.01 to 40 microns. This device works on the principle of centrifugal 
sedimentation. In the transparent rotary cell is formed so called Density gradient, which consists of several 
layers of liquids of different density. Throughout this gradient pass measured particles, which are accelerated 
by the centrifugal force of the rotating cell and decelerated with difference of fluid density in layers of gradient. 
The size and concentration of particles is detected by a laser places on the outer edge of the rotating cell [3]. 
Before measurement it is important to calibrate the measurement method using the calibration standard, which 
defines the possible defects during measuring and enter parameters required for the materials used in the 
tracking software DCCS (The Disc Centrifuge Control System), which enables analysis and data collection, 
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setting of the rotational speed of the rotating cell dependent on the measured material and specified particle 
size range of the measured material. The results are graphs and measurement sheets with analysis of 
measured sample particle distribution. Parameters of measured samples were determined as follows with 
standard tables. Titanium white: Anatase, Measured range 0.05 - 1.2 micrometres, Particle Density 3.9 g/ml, 
Particle refractive index 2.49. Particle Absorption 0.075 K, Non-Sphericity Factor 1. Rutile, Measured range 
0.05 - 1.2 micrometres, Particle Density 4.25 g/ml, Particle refractive index 2.9, Particle Absorption 0.075 K, 
Non-Sphericity Factor 1. Calibration Standard Parameters: PVC in DI water, Peak Diameter 0.377 
micrometres, Half Height Peak Width 0.2 micrometres, Particle Density 1.385 g/ml. Solvent parameters: Fluid 
Density 0.997 g/ml, Fluid Refractive Index 1.349, Fluid Viscosity 1.02 cps. 

4. MEASUREMENT AND EVALUATION OF RESULTS 

Preparation of samples A, B, C, D is described in sub-chapter 3.1. After removing the sample is always 
prepared the set of 5-7 measurements for the credibility of the resulting values. These data were evaluated 
and entered into subsequent graphs and tables. 

Density gradient was created according to the recommended tables for the material using per cent distribution 
of the necessary elements (Table 1 and Table 2). 

Table 1 Creation od density mixtures for the gradient 

Density gradient of 
the mixture  

H2O 
(%) 

Saccharose 
(%) 

Ethanol 
p.a. (%) 

Total weight of 
mixture (g) 

Hight 83.7 7 9.3 32 

Low 87.3 3 9.7 30 

Table 2 Creation of gradient with combination of high a light liquid density 

Injection  1 2 3 4 5 6 7 8 9 

Hight (ml) 1.6 1.4 1.2 1.0 0.8 0.6 0.4 0.2 0 

Low (ml) 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

To avoid contact of the measured material with the gradient, it is necessary to inject a liquid hydrocarbon 
dodecane, whose physical state closes gradient. Thus, when injecting the sample occurs, wrapping of the 
sample with dodecane and the sample passes through a gradient, without being in contact with it. Because of 
the gradient pollution, it was necessary to change the gradient approximately every second measurement. 

After creation of the gradient, entering all parameters and starting the measurement it is necessary to calibrate 
the measurement. This is done before the sample measurement when prompted by the program. It is injected 
0.1 ml of calibration standard. After calibration occurs measurement of the sample. It is injected again 0.1 ml 
of solvent with the measured sample, for our case, samples A, B, C, D (A - Rutile with 2.59% admixture, B - 
Rutile with 1.53% admixture, C - Pure Anatase, D - pure Rutile), which were taken during the separation 
ultrasonic in Fritsch - laborette cleaner 17 at intervals of 10, 20, 30, 40, 50 and 60 minutes.  

Afterwards the measurement was evaluated and the resulting values are shown below (Figure 1 and 
Figure 2).  
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Figure 1 Percentage of particle size of TiO2 between 244.9 and 336.4 mikron depending on the duration of 
frequency excitation in water bath 

 

Figure 2 Percentage of particle size of TiO2 between 68.8 and 94.5 nanometres depending on the duration 
of frequency excitation in water bath 
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When examining the influence of the action of ultrasonic vibrations onto prepared samples were found that 
during the time period of action has changed the percentage of the particle size. On each sample acted the 
same effects, but the percentage of particle sizes varied differently. If we take the larger particles or 
agglomerates according to Figure 3, the largest proportion of these particles are in size from 244.9 to 336.4 
nanometres, see Figure 1. X-axis of this chart is for clarity logarithmic and the relative number of particles was 
taken as a percentage of the maximum number of particles of all samples. It can be seen that the largest 
clumps were formed in sample A, which contained after 10 minutes of vibrations excitation 25.94% particles 
representation in the sample. After 60 minutes of vibrations excitation reduced the percentage of particles in 
the sample to 10.7%. In this sample, it was observed the highest percentage of clump of particles dilution 
15.24%. In the other samples was also observed the percentage decrease of fraction /clumps of particles, but 
not so vigorous. In sample B 4.21%, sample C - 2.83% and Sample D - 1.18%. These values are average 
values measured in the range. The negative value indicates the increase and the positive decrease in the 
fraction /clump of particles in the measuring range. 

 

Figure 3 Relative percent difference in the sample time horizon of 10 and 60 minutes 

The biggest percentage changes in number of particles were observed in the range from 68.8 to 94.5 
nanometres, see Figure 2. Where again the largest percentage increase in the number of particles resulted in 
sample A -7.34%. In the other samples were also detected percentage changes in number of particles B -
2.72% C - 1.41% and 0.05% D. The percentage increase of the fine fraction particles was caused by dilution 
of clumps. Very interested is the sample C. It is special because in duration of the frequency excitation has 
changed its distribution curve minimally to almost nothing. 
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Table 3 Percentage of samples at specified intervals 

Time 
(min) 

The percentage representation of the fraction in the sample (%) 

Fractions from 244.9 to 336.4 nanometers Fractions from 68.8 to 94.5 nanometers 

Sample A Sample B Sample C Sample D Sample A Sample B Sample C Sample D 

10 25.94 21.04 6.8 16.2 7.81 8.72 12.79 11.12 

20 17.15 17.73 6.36 13.56 9.26 10.39 13.56 15.91 

30 16.74 20.38 6.63 11.45 12.9 8.42 14.58 14.04 

40 10.81 18.16 7.86 12.4 14.23 10.68 12.86 14.81 

50 9.76 19.45 8.25 14.81 13.69 9.98 13.46 12.09 

60 10.7 16.83 9.63 17.38 15.15 11.44 14.2 11.07 

5. CONCLUSION 

In this study was determined the effect of sample preparation for measurement of the TiO2 nanoparticles size 
distribution. In this study it was found that the vibration affects particle size distributions (structure) of samples 
and agglomerates separation. It was found the influence of vibration on particle size distribution of particles 
during separation of samples A, B, C and D. The biggest impact of vibration excitation was recorded on the 
sample A, where the percentage of fraction with clumps decreased by 15.24% and the percentage of fine 
particle fraction increased by 7.34%. In the other sample was also seen decrease of agglomerates of particles 
and an increase in the fine fraction Table 3. Very interested is the sample C where the influence of vibration 
was minimal. Probably, it is due to the chemical purity of this sample. It is important to determine the 
appropriate time interval for sample preparation. The time interval at which to measurements will be 
satisfactory and representative. It is true that every material has its own specific characteristics and 
parameters. Because of this evaluation were divided into two results group - for titanium white with admixtures 
and chemically pure. Take account was taken of all measurements and percentages of particles. Therefore, it 
we recommend the mean value of the time interval for sample preparation. For titanium white with admixtures 
it is 40 minutes and commercially pure titanium white 20 - 30 minutes. 
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Abstract 

Originally, the e-beam lithography (EBL) is a technique for creating high-resolution black and white masks for 
the optical lithography. Multi-level relief structures can be also prepared using EBL patterning. Their 
preparation is based on the image patterning with a gradient of exposure doses. Large-area multi-level 
structures can be effectively prepared using the electron beam pattern generator with a variable shaped beam. 
We present several writing strategies. Basically, the main writing strategy uses one stamp (i.e. one elementary 
exposure of the shaped electron beam) per one elementary area with the same exposure dose. This simple 
approach is fast and flexible, however it does not guarantee optimal results. The main problem is an 
imperfection of the stamps (size, shape, and homogeneity). Advanced algorithms are based on multiple 
exposure of the same elementary area, the total local exposure dose is a sum of several different elementary 
exposures (stamps). Using these algorithms, a smoother surface of the structure can be achieved. On the 
other hand, the writing speed is considerably decreased. Tradeoff between the achieved parameters and the 
writing speed is discussed for selected set of writing strategy algorithms.  

Keywords: E-beam pattern generator, variable shaped beam, grayscale lithography, multi-level grating 

1. INTRODUCTION 

Multi-level and blazed diffraction grating are one of strong security features included in diffractive optical 
variable image devices for optical document security applications [1]. Such high quality asymmetrical gratings 
are difficult to be prepared by optical methods, usually some kind of advanced lithography techniques is to be 
adopted. The e-beam lithography is one of suitable techniques. However, the realization of high quality blazed 
profile with the surface roughness in the 10-nm range is not easy, mainly if the high writing speed is required. 
The multi-level gratings are one of the typical patterns where the resolution of the shaped beam pattern 
generator is adequate and its writing speed is better than that of the Gaussian type pattern generator [2], 
especially when the number of levels increases. Several aspects must be considered during the patterning of 
large-area samples (several square centimeters or inches) of such kind of gratings. 

• The exposure process is composed of a series of elementary variable-size exposures (stamps). The 
requirements to the homogeneous current distribution with the stamps are high, thus appropriate 
methods for adjustment and check of this homogeneity is important [3], [4]. 

• The choice between two available writing modes of the BS600 pattern generator, the standard mode 
(maximum stamp size is 6.3 microns, lower current density), the TZ mode [5] (technology zoom mode, 
maximum stamp size 2.1 microns, higher current density). 

• The quality of blazed gratings profile is deteriorate by the proximity effect if the appropriate correction 
methods [6], [7], [8], [9] are not adopted; this problem becomes obviously more important as the grating 
period decreases. 

• Homogeneity of large-area grating is also related to the stamp homogeneity over the exposure field [10]. 
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2. METHODS 

We present four writing strategies represented by four different algorithms, see Figure 1. The basic approach 
(algorithm I) uses approximately square stamps, their size is derived from grating period and number of levels 
by which the blazed profile is approximated. Dosing of individual stamps is set such that the dose gradient of 
required number of exposure levels is achieved. The drawback of this approach is in the border between 
adjacent stamps; usually, small discrepancies of stamp dimensions and the current uniformity of individual 
stamps makes some differences in locally absorbed dose, these differences locally modify the flatness of the 
multi-level relief (Figure 2) and decrease the optical quality of diffraction gratings. The algorithm II uses 
exposure stamps of minimum size (~ 200 nm); the stamp induced relief modulation is moderated and its 
spacial frequency is transposed to higher values; this approach however decreases importantly the writing 
speed. Two smoothing algorithms are proposed. They use the realization of dose gradients by integration of 
doses of several overexposed stamps. While the algorithm IIIA performs the relief smoothing in one direction 
(perpendicularly to the grating lines, the algorithm IIIB performs the smoothing in both X and Y directions [11]. 

 

Figure 1 Schematic representation of writing algorithms: basic algorithm I (a); minimum-size stamps 
algorithm II (b); smoothing algorithm in one direction IIIA (c); smoothing algorithm in two directions IIIB (d); 

and its basic sub pattern (e) 

 

Figure 2 AFM scan of the 16-level grating; period Λ = 10 µm, depth h ~ 730 nm 
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3. EXPERIMENT 

A sample for comparison of various algorithms using the e-beam writer BS600 was prepared. The test structure 

is composed of 22 square areas 1 mm × 1 mm. Each square is filled with a multi-level grating with 10-micron 
period (periodicity of lines). Three different algorithms were used to generate the gratings, denoted I, IIIA, and 
IIIB in the text above. The testing sample layout is depicted in Figure 3. Table 1 summarizes basic parameters 
of the gratings. 

Figure 3 Layout of the testing motifs, see details in the text and in Table 1 

Table 1 Number of levels, testing motifs from Figure 3 

motif dose 
[µC/cm2] 

algorithm number of levels 

variant 1 variant 2 variant 3 variant 4 variant 5 

A 10 I 50 32 25 16 8 

B 20 I 50 32 25 16 8 

C 10 IIIA 8 16 32   

D 20 IIIA 8 16 32   

E 10 IIIB 8 16 32   

F 20 IIIB 8 16 32   

The testing motifs were exposed using the e-beam writer with a rectangularly shaped beam Tesla BS600 
(acceleration voltage 15 kV). As the first step it was necessary to measure the uniformity of the current 
distribution of the electron beam stamps in a Faraday cup [3]. Next, prior to the grating motifs exposure, we 
exposed technological testing structures for checking the adjustment of the BS600 electron optical system. 
The testing motif data was recorded to PMMA layer on Si wafer. We used a monolayer PMMA with a molecular 
weight MW ≈ 350k, and the thickness w ≈ 2000 nm. The given molecular weight was chosen because of the 
possibility of achieving required shape and slope of the sensitivity curve (low resist contrast). 

The development of the test sample after exposure was carried out in a spin processor by application of a 
developer - n-amyl-acetate (nAAc) with concentration of 98.5 %. The development was performed gradually 
in five steps, with an overall time of 450 seconds. After each step we inspected the recorded grating structures 
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and technological tests with an optical microscope. The development was terminated when the test area with 
exposure dose of 40 μC/cm2 was fully cleared from the resist to the silicon surface. This dose value 
corresponds to the depth of the grating motifs of 200-250 nm and 400-500 nm, for the maximum grid dose of 
10 μC/cm2 and 20 μC/cm2 respectively. The grating depth of 200-250 nm is suitable for optical evaluations 
(diffraction efficiency measurements). 

After the development step, the surface relief of sample grids structures was measured using an atomic force 
microscope (AFM), type Nano-R from Pacific Nano Technology. Data analysis and the evaluation of profile 
roughness was performed using the software tool NanoRuler+.  

4. RESULTS AND DISCUSSIONS 

Evaluation and benchmarks for the comparison of recorded structures were selected as follows: surface quality 
(surface roughness Ra), optical performance of the gratings (diffraction grating efficiency η), exposure time of 
a particular pattern (writing speed). Hereafter, we present for the purpose of compactness only the results that 
were measured on the patterns with the lower exposure dose (10 µC/cm2), i.e. all variants of patterns A, C and 
E.  

Let us start with the comparison of the writing speed. The fastest writing algorithm in this respect is the basic 
writing method (A1-A5), as expected. According to the assumptions the smoothening algorithm (C1-C3 and 
E1-E3) requires longer computational and exposure time but, with today's computational performance of 
typical personal computers, it remains within acceptable limits.  

Figure 4 shows AFM profile scans of the implemented grating with selected writing strategies. Two set of 
profiles (8-level structures and 16-level structures) are presented. The grating prepared with the basic 
unoptimized writing strategy is plotted in blue (A5, A4); the two reliefs resulting from the optimized strategies 
are plotted in red (C1, C2), and in green (E1, E2). It was observed that the higher degree of relief approximation 
(a higher number of levels or steps) implies the more smoothing profile and the reduction of step artifacts. The 
rounding of profile grid is primarily due the nonlinear dependence of sensitivity curves for a given combination 
of resist and developer. In the case of the basic writing algorithm, transition zones between adjacent levels are 
more pronounced for the gratings recorded with a higher number of levels (compare lines A5 and A4 in 
Figure 4). Considerable enhancement of the surface roughness is seen in the direction perpendicular to the 
grating lines for both types of smoothed structures (IIIA and IIIB), see Figure 5.  

The average roughness Ra is evaluated from the optically active area of the grating surface. The result is 
depicted in Figure 6, where the Ra dependency on the number of levels N of the recorded gratings is plotted. 
The result implies that the surface roughness is significantly reduced in case of both smoothing writing 
strategies (IIIA and IIIB, lines C1-C3 and E1-E3 respectively). Regarding the smoothing algorithms (C1-C3 
and E1-E3) it holds that with the increasing number of levels there is a strengthening of the positive effect of 
surface roughness reduction. Conversely, regarding the basic unsmoothed structure (A1-A5) the surface 
roughness seems to increase with the increasing number of levels; it is probably caused by the increasing 
amounts of transitions between adjacent stamps that cause inhomogeneity in absorbed energy. 

The final phase of the evaluation was the measurements of the diffraction gratings efficiency. Prior to the 
measurements the resist layer was sputtered by a silver layer with thickness of about 100 nm. Then, the 
measurements were performed on the apparatus consisting of laser source (λ = 650 nm), detector, luxmeter 
with cosine filter and angularly adjustable holder. Measurements took place at approximately normal incidence 
of the laser beam. We measured the intensity of up to the 4th diffraction order (-4 to +4, including the zero 
order, i.e. the reflection). It was always necessary to measure the intensity of the laser reflection from the 
unpatterned silver layer. The measurement results are presented in the graph of Figure 7. One can observe 
relatively high efficiency of the first diffraction order, which is about 60-80 % in all cases. 
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Figure 4 Comparison of the measured multi level grating profiles:  

8-level approximation with step width of 1250 nm and step height of ~ 36 nm (above);  
16-level approximation with step width of 600 nm and step height of ~ 18 nm (bottom) 

 
Figure 5 Comparison of the smoothing algorithms results: AFM scan along the grating line 

  

Figure 6 Evaluation of the average surface 
roughness (Ra) measured at the optically active 

surface of the gratings 

Figure 7 Measured diffraction grating efficiency for 

the diffraction gratings orders m ∈ <-4, 4>, measured 
by red laser (λ = 650 nm) 
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5. CONCLUSIONS 

We presented several algorithms for writing strategy of multi-level relief gratings. New algorithms are based 
on the dose gradient that relies on the exposure dose accumulation during multiple exposures. The e-beam 
writer with a shaped beam BS600 was used for the patterning of sample structures. The analysis of results 
shows the positive effect of the new algorithms on the optical properties of the prepared relief gratings. The 
related ongoing work is continued in two directions. First, the optimization of the presented algorithms is on 
the way such that they are able to handle both the sensitivity curve nonlinearities and the proximity effect 
correction for short-period gratings. Second, we are focused on the optimization of the algorithms which are 
based on the minimum-size stamps. The achieved results are very useful both in the field of diffractive optically 
variable image devices and in the area of light beam processing in the visible region. 
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Abstract 

Binary relief phase-modulated gratings provide symmetrical diffraction of the incoming light beam. 
Asymmetrical gratings, e.g. asymmetrical triangular blazed gratings, are characteristic by an asymmetrical 
diffraction behavior, where one of the first diffraction orders is more important than the other one. Electron 
beam lithography is a suitable and flexible tool for patterning of such kind of gratings. High quality results can 
be readily obtained when the period of the grating is relatively large and the relief depth is relatively low, this 
is the case of gratings with a small blaze angle. As the blaze angle increases, the quality of result suffers from 
several patterning-related issues. One of the problems is a reflection of the incoming light beam from the back 
slope (anti-blaze facet) of the blaze grating. We propose a novel configuration, with a ribbed modulation of the 
back slope. This modulation is perpendicular to the direction of the grating grooves. This paper presents an 
analysis of the proposed blazed grating configuration. E-beam pattern generators were used to prepare a few 
samples of blaze gratings with a ribbed back slope. One part of the experiment was performed with a Gaussian-
shaped beam and another one with the variable-shaped beam. Results of the experiment are presented. 
Finally, we discuss the optical performance of two blaze gratings with similar parameters, one of them is with 
the flat back slope and another one is with the ribbed back slope.  

Keywords: Nano patterning, blazed diffraction grating, Gaussian-type beam, variable-shaped beam,  
       electron beam writer 

1. INTRODUCTION 

Asymmetrical gratings, e.g. asymmetrical triangular blazed gratings, are characteristic by an asymmetrical 
diffraction behavior, where one direction of diffraction orders is more important than the other one. Electron 
beam lithography is a suitable and flexible tool for patterning of such kind of gratings [1], [2]. However, the 
realization of high quality blazed profile with the surface roughness in the 10-nm range is not easy, mainly if 
the high writing speed is required [3]. Furthermore, electron scattering during the exposure process plays an 
important role and its influence on grating profile quality must be handled with care [4]. Quality results can be 
obtained when the period of the grating is relatively large and the relief depth is relatively low, this is the case 
of gratings with a small blaze angle. As the blaze angle increases, the quality of result suffers from several 
patterning-related issues. One of the problems is a reflection of the incoming light beam from the back slope 
of the blaze grating. We propose a novel configuration of a blazed grating, with a ribbed modulation of its back 
slope. 

2. METHOD 

Relief of the blazed grating is basically composed of two slopes: a front slope and a back slope. The front 
slope should be as flat and smooth as possible. Generally, the back slope is required to be almost 
perpendicular to the surface of the structure because such configuration reduces the bending of incoming light 
into subsidiary diffraction orders. Even in the optimal case the back slope of the blazed grating partially 
influences the amount of light directed to the subsidiary diffraction orders. 
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In this paper we propose an asymmetric blazed grating with modification of the back slope, see Figure 1. The 
structural modification of the back slope consists in adding the notches forming the secondary perpendicular 
grating with the period higher than the main period of the blazed grating. This secondary grating is basically 
performed vertically with respect to the main plane of the blazed grating. The secondary grating is also partially 
nested into the front slope of the blazed grating; the rate of this nesting is represented by a modulation depth 
factor.  

  

Figure 1 Blazed grating schematically: (a) standard configuration; (b) ribbed back-slope configuration 

3. EXPERIMENT 

We performed two experiments in order to validate the presented method of modification the back slope of the 
blazed grating. 

3.1. Short period sample experiment 

The first experiment was performed using the variable shape e-beam pattern generator BS600 working with 
the electron energy of 15 keV. Three variants were prepared: one variant (variant 0) with the flat back slope 
and two variants with the ribbed back slope. A small detail of the edge of the structure layout is depicted in 
Figure 2. Each pattern fills in the square area of 2 mm × 2 mm. The gratings are designed to have a period of 
2000 nm and the depth of 270 nm; the blazed relief is approximated by 8 levels, thus one step is 250 nm wide 
and 39 nm deep. The perpendicular period of the ribbed back slope was selected to be 1000 nm (variant 1) 
and 500 nm (variant 2) respectively. The modulation depth was 250 nm in both cases, i.e. the width of just one 
exposure level. The maximum exposure dose was adjusted (accordingly to previously performed dose test) to 
25 µC/cm2. The exposure was performed to the top part of the 1600 nm thick PMMA resist layer coated on the 
silicon wafer. The nAAc developer (12 minutes) was used for revealing the blazed relief. 

   

Figure 2 Layout of the first sample experiment with period of 2000 nm: a) standard configuration;  
b) and c) ribbed back-slope configuration with perpendicular period of 1000 and 500 nm respectively 
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3.2. Long period sample experiment 

The second experiment was performed using the Gaussian e-beam pattern generator EBPG5000plusES 
working with the electron energy of 100 keV. The gratings are designed to have a period of 25 µm and 
a variable depth according to the exposure dose in the range 1000-8000 nm; the nominal value should be 
3000 nm. The blazed relief is approximated by 64 levels, thus one step is 391 nm wide and 48 nm deep. 
Modulation of the back slope was performed by thin perpendicular notches of 500 nm × 100 nm with 
separation distance of 500 and 1000 nm, respectively. The notches are positioned just on the back slope edge 
from the unexposed side. Thus, the nominal modulation depth was 500 nm. The maximum exposure dose was 
in the interval 180-300 µC/cm2. The exposure was performed to the thick PMMA resist layer (10 µm) spin 
coated on the silicon wafer. 

4. RESULTS AND DISCUSSIONS 

4.1. Short period sample results 

The relief of the first sample from the BS600 pattern generator was measured using the atomic force 
microscope. Figure 3 shows the relief of three performed variants: variant 0 with the plane back slope, 
variant 1 with the ribbed back slope and the perpendicular period of 1000 nm, and variant 2 with the ribbed 
back slope and the perpendicular period of 500 nm. Measured profile depth was approximately 260-290 nm. 

 
a) 

  
b) c) 

Figure 3 AFM profiles of blazed grating samples with period of 2000 nm: a) standard configuration;  
b) and c) ribbed back-slope configuration with perpendicular period of 1000 and 500 nm respectively 

We performed measurements of light power bended to appropriate diffraction orders (-2; -1; 0; +1; +2). Three 
samples of period 2000 nm and the depth of ~ 270 nm (cf. Figure 2 and Figure 3) were measured (the variant 
0 with the flat back slope, the variant 1 with the ribbed back slope and the cross period of 1000 nm, and the 
variant 2 with the ribbed back slope and the cross period of 500 nm). Measurement was performed at the 
wavelength 632 nm and both polarisations; see Table 1. The 3rd orders are directed almost along the structure 
plane in this measurement configuration, so the results for these diffraction orders were unconvincing and they 
are disregarded in the following analysis. 
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Table 1 Results of energy distribution in diffractive orders, measured at wavelength of 632 nm, both TE and  
  TM polarizations 

Diffraction order Efficiency ratio (arb.u.) 

var.0, TE var.0, TM var.1, TE var.1, TM var.2, TE var.2, TM 

+2 0.01 0.05 0.02 0.01 0.01 0.03 

+1 0.70 0.57 0.66 0.59 0.57 0.67 

0 0.08 0.15 0.09 0.14 0.02 0.12 

-1 0.07 0.03 0.03 0.05 0.10 0.03 

-2 0.07 0.05 0.04 0.03 0.09 0.04 

Sum 0.93 0.86 0.85 0.81 0.79 0.90 

The first order efficiency is in all cases slightly above 60 % what is in accordance with the interval 60-70 % 
reported in [1]. We observed a negligible decrease in the efficiency of the main diffractive order (+1) in the 
case of the blazed gratings with the ribbed back slope (variants 1 and 2) with respect to the case of the flat 
back slope (variant 0). Also, the sum of measured diffraction order is somehow decreased in the variants 1 
and 2 because a part of energy is directed to perpendicular diffractive orders. On the other hand, the decrease 
of zero order (variant 2) and the decrease of the negative orders (-1 and -2, variant 1) present an interesting 
result. It is to be noted that this improvement is not as important as originally expected. 

4.2. Long period sample results 

Here the results of the sample performed using the EBPG5000plusES pattern generator are described. 
Figure 4 shows a view of a ribbed back slope (light area) of the grating with period 25 microns and the height 
of relief approximately 7600 nm. The upper dark part of the image is a top of the resist layer while the lower 
dark area is the surface of the silicon substrate. The perpendicular period is 1000 nm in this case. It may be 
observed that the intended modulation of the back slope is visible only to the depth of some 3 microns. The 
deeper part of the back slope seems to lose the modulation due to electron scattering effects in the resist. 

Figure 5 shows a detail of the interface between the top of the resist layer and the modified back slope, in this 
case the perpendicular period is 500 nm. This result seems to be of low interest from the optical grating point 
of view. Nevertheless, it might be interesting for study of electron scattering events and especially in the 
evaluation of the forward scattering model and its parameters [5]. 

 

Figure 4 SEM image of a back slope, height 7600 nm (sample tilt 30 degree) 
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Figure 5 Detailed SEM image of a back slope, height 7600 nm (sample tilt 30 degree) 

5. CONCLUSIONS 

We presented a method that is intended to reduce subsidiary diffraction orders of blazed gratings. Two 
samples were prepared in order to validate this concept: the first one was performed using the variable shape 
electron beam pattern generator at 15 keV and the second one was performed using the Gaussian electron 
beam pattern generator at 100 keV. Measurements performed on the first sample confirmed the reduction of 
intensity in subsidiary diffraction orders, however the performance was improved only partially. 
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Abstract  

Humic acids were fractionated using universal buffer solutions in the range of pH values 2-12. The methods 
of dynamic light scattering and gel-permeation chromatography were used to investigate the molecular 
organization of humic acids in eluates. The obtained results were supplemented by ultraviolet/visible 
spectrometry, measurement of the zeta potential, conductivity and pH values. Fractionated humic acids had 
the supramolecular character and their molecular organization was strongly affected by pH value of 
surrounding medium. Observed changes in the secondary structure of humic acids were connected with the 
changes in colloidal stability, particle size distribution, and polydispersity. 

Keywords: Humic substances, molecular arrangement, conformation, particle size, zeta potential 

1. INTRODUCTION     

Humic substances have a colloidal character, whose size and negative charge are strictly dependent on 
surface functional groups [1], [2]. They exhibit different structures at different conditions and participate in both 
nutrient and contaminant transport, and they support the soil structure and its pH [1]-[4]. They behave as rigid 
spherocolloids or compacted networks at high humic concentrations, low pH values, or high neutral electrolyte 
concentrations, but as flexible linear colloids at low humic concentrations and high pH values [5]-[8]. The 
physicochemical properties of humic substances, such as their biopolymer chain structure and colloidal 
character, are closely related to the solution chemistry, e.g. the electrolyte and pH. They are able to rearrange 
and restructure themselves in response to environmental changes such as changes in pH, ionic strength, and 
moisture. The significance of the secondary structure of dissolved humic substances in their interactions in 
nature has been attributed to entrapment in structural voids, adsorption on surfaces, and partitioning into the 
hydrophobic interiors of micelle-like structures and humic aggregates [9]-[11]. Many authors (e.g. [6], [12] and 
[13]) confirmed that humic molecules in solution are organized in supramolecular associations of relatively 
small molecules loosely bound together by dispersive interactions and hydrogen bonds. Other results are 
indicative of the presence of both macromolecules and supramolecules in humic substances in solution [14], 
[15].  

This work is focused on the humic acids, as the part of humic substances corresponding with the division of 
humic substances into humins, humic and fulvic acids according the solubility [16]. Since the humic substance 
is not a single well-defined molecule but a mixture of various heterogeneous particles or aggregates containing 
a variety of functional groups resulting in polyelectrolyte and polyfunctional properties, it cannot be treated as 
an ordinary complex-forming ligand in the interaction with ions. This complex nature of humic substances 
makes it difficult to obtain precise information on its chemical structure and properties. One of the ways of 
overcoming these difficulties is to separate the humic acids into several fractions which reduces their 
heterogeneity. In this work, the method of extraction procedure of gradient pH values was used to fractionate 
the humic acids [17], [18]. 
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2. MATERIALS AND METHODS 

Humic acids were purchased from the International Humic Substances Society (Leonardite Standard HA 
1S104H). They were fractionated by dissolving in the universal buffer solution NaOH-H3PO4-CH3COOH-H3BO3 
(the pH region 4-12). The finely ground humic sample was mixed with the buffer solution at the lowest pH value 
(pH = 2) in the ratio 2 g / 100 cm3 and stirred for 24 h. The insoluble residue was (partially) dissolved in the 
buffer solution with the higher pH value and the whole procedure was repeated [15], [16]. Obtained leachates 
were analyzed by the UV/VIS spectrometry (Hitachi U-3300), potentiometry (Mettler Toledo Five Easy Plus) 
dynamic light scattering (Zetasizer Nano ZS) and size exclusion chromatography (SEC) coupled with 
multiangle static light scattering, differential refractive index and UV/VIS detection (SEC chromatographic 
system from Agilent Technologies, detectors from Wyatt Technology).  

3. RESULTS AND DISCUSSION 

On the basis of the previous experiences [15], [16], we prepared several humic fractions and investigated their 
properties with respect to their molecular arrangement, stability and secondary structure. As estimated, the 
partial dissolving of humic acids in the buffers caused only negligible changes in their pH values (see Figure 1). 
The solubility of some humic fractions in buffers with acidic pH values was enabled by the presence of strong 
acidic functional groups. Although typical average values of pKa of humic acids are between 3 and 5, some 
fractions can have the pKa values very low, which enable them to dissociate in relatively acidic solutions, which 
support the solubility of humic acids at low pH values [15]-[18]. 

 
Figure 1 Equilibrium pH values and zeta potential of humic fractions dissolved in buffer solutions (data 

obtained in ref. [16] are shown for comparison - blue circles) 

The colloidal stability of obtained humic fractions was characterized on the basis of their zeta potential. Their 
values were affected by polyelectrolyte character of humic acids, negative charge and character of surface 
functional groups. As we can see (Figure 1), the increasing pH values of buffer solutions were connected with 
the decrease of zeta potential resulting in the higher stability. The one fraction, which did not corresponds with 
this trend is the fraction dissolved at pH 8. Its particles appeared as neutral without a charge. This observation 
is surprising and its explanation is not easy. In general, two simultaneous processes can influence resulting 
value of zeta potential and colloidal stability of humic substances. They are the dissociation of acidic functional 
groups and de-aggregation (breaking of humic aggregates into smaller molecular associations and finally into 
humic molecules) caused by H-bonds breaking, having opposite effects on the value of zeta potential [18]-
[20]. Some authors, e.g. [1], [22] and [23], described gradual decreasing of zeta potential with the increasing 
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pH value of buffer solution and a plateau in region around pH 5-6. On the other hand, the minimums between 
pH 5 and 8 (depending on concentration) were detected in [21]. Authors assumed, that the dissociation of 
acidic groups in the acidic region can be considered as the prevailing process leading to a negative charge 
increase, more negative values of zeta potential, and finally to its minimum. At higher pH values (from the 
minimum upward), de-aggregation process likely predominates over dissociation, resulting in decrease of 
particle sizes. Our results are different. They correspond partially with [1], [20] and [21], but the increase of the 
colloidal stability in the acidic region is very small. The values of zeta potential are relatively high and obtained 
systems are not stable (similarly as in ref. [1]). The maximum of zeta potential was detected for pH 8 and the 
strong decrease of its values was observed in the alkaline region. Comparing with above mentioned studies 
[1], [21]-[23], we measured leachates of humic acids in buffer solutions. Therefore only a part of humic acids 
is dissolved and our bulk sample was fractionated into several different parts. The solubility of humic acids and 
the stability of dissolved particles in acidic mediums is not high [1], [16]-[18]. The drop of colloidal stability 
around pH 8 is probably connected with the sequential extraction of humic fractions and the fact that the 
majority of humic fractions soluble in acidic and neutral mediums were exhausted by dissolving in buffer 
solutions with lower pH values. The increase of colloidal stability in alkaline region corresponds with the 
increase of humic solubility. 

 

Figure 2 Humification index Q46 and polydispersity of humic fractions dissolved in buffer solutions 

As mentioned, changes in molecular organization with pH are connected also with changes in size of dissolved 
particles. The traditional approach to characterization of molecular weight and particle size of humic 
substances is the use of so called humification index Q46 presented in Figure 2. It is the ratio of absorbance at 
465 nm to at 665 nm and its value is usually for humic acids <5 [18], [23]-[25]. The low value of humification 
index for strong acidic (pH 2) and strong alkaline (pH 12) solutions showed on the presence of humic fractions 
with higher molecular weight and humification degree. The higher values may be indicative of the presence of 
smaller humic particles and oxygen containing functional groups. More details about particle size distribution 
were obtained using DLS and SEC (Figure 3). The humic fraction containing strong acidic groups and humic 
particles with relatively narrow distribution was dissolved in the buffer solution with pH 2. Results of DLS 
indicated the presence humic aggregates whose size decreased with the increasing pH value. In middle pH 
region, dissolved humic fraction had wider particle size distribution, which resulted also in slightly higher 
polydispersity (Figure 2). The strong increase of polydispersity is related to bimodal character of humic 
fractions extracted at pH 12.  
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Figure 3 Particle size distribution of humic fractions at pH 2, 6 and 12 determined by SEC (left) and DLS 
(right) 

Although, the average particle size obtained using DLS is highest for the humic fractions obtained at pH 2 and 
12 (around 1000 and 550 nm, respectively), their molecular arrangements are very different. In the case of 
strong acidic conditions (and low concentrations caused by low solubility), the aggregation of humic acids and 
the formation of large particles were detected. At low pH, protonated functional groups partake in hydrogen-
bonding that crosslinking humic chains both inter- and intra-molecularly [1], [14], [22], [26]. The increase of pH 
promotes the humic solubility, dissociation of their acidic functional groups and expansion of coils as a 
consequence of high affinity of humic acids to surrounding alkaline solution. As we can see in Figure 3, more 
fractions were dissolved at pH 12. In intermediate region (pH 4-10), the average size increased slightly from 
220 to 320 nm. According to results presented in ref. [22], the decrease in the size of humic colloids was 
affected more by the ionization of phenolic acidic groups, than by that of carboxylic ones, which was probably 
because, in the case of ionized carboxylic groups, humic colloids were still capable of generating H-bonds. 
Our results showed that that humic substances appeared to be composed of two main fractions: one which 
exhibited clear macromolecular behavior in solution, with macromolecules and/or very stable molecular 
aggregates present; and another fraction that was principally formed by molecular aggregates (supramolecular 
associations), which also included molecules of low molecular weight and an unclear macromolecular nature. 
Macromolecules, small molecules, and supramolecular associations all seem to coexist in humic systems 
which correspond with conclusions stated in [1], [14] and [21].  

4. CONCLUSION 

In this work, the molecular arrangement of fractionated humic acids was studied. The methods of UV/VIS 
spectrometry, dynamic light scattering, zeta potential measurement, and size exclusion chromatography were 
used in order to monitor changes in secondary structures in dependence on pH of buffer solution used for their 
extraction from the bulk sample. It was found that the conformational arrangement changed with the pH and 
concentration which was given by different solubility at different pH values. In general, the organization of 
humic systems can be divided into several parts, but the main change in the secondary structure of humic 
acids was observed at around pH 8. Very low stability and absence of negative charge was observed for this 
humic fraction. Humic fractions obtained at acidic conditions showed much lower colloidal stability in 
comparison with alkaline solutions. The leachates of humic acids in alkaline buffer solutions exhibited different 
behavior. The reason is the alkaline pH value, which caused the formation of an open unfolded structure 
available for polar interactions, which was partially restricted with increasing concentration.  



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

766 

ACKNOWLEDGEMENTS   

Materials Research Centre at FCH BUT-Sustainability and Development, REG LO1211, with financial 
support from National Programme for Sustainability I (Ministry of Education, Youth and Sports). 

REFERENCES 

[1] ANGELICO, R., CEGLIE, A., HE, J. Z., LIU, Y. R., PALUMBO, G., COLOMBO, C. Particle size, charge and colloidal 
stability of humic acids coprecipitated with Ferrihydrite, Chemosphere 2014, vol. 99, pp. 239-247.  

[2] KLUČÁKOVÁ, M., KOLAJOVÁ, R. Dissociation ability of humic acids: Spectroscopic determination of pKa and 
comparison with multi-step mechanism. Reactive and Functional Polymers 2014, vol. 78, no. 1, pp. 1-6.  

[3] KLUČÁKOVÁ M., PEKAŘ M. Study of structure and properties of humic and fulvic acids. III. Study of complexation 
of Cu2+ ions with humic acid in sols. Journal of Polymer Materials 2003, vol. 20, no. 2, pp. 145-154.  

[4] KALINA, M., KLUČÁKOVÁ, M., SEDLÁČEK, P. Utilization of fractional extraction for characterization of the 
interactions between humic acids and metals. Geoderma 2013, vol. 207-208, pp. 92-98.   

[5] PINHEIRO, J. P., MOTA, A. M., d’OLIVIERA, J. M.R., MARTINHO, J. M. G. Dynamic properties of humic matter by 
dynamic light scattering and voltammetry. Analytica Chimica Acta 1996, vol. 329, no. 1-2, pp.15-24.  

[6] SUTTON, R., SPOSITO, G. Molecular structure in soil humic substances: The new view. Environmental Science & 
Technology 2005, vol.  39, no. 23, pp. 9009-9015. 

[7] CHEN, C. L., WANG, X. K., JIANG, H., HU W. P. Direct observation of macromolecular structures of humic acid by 
AFM and SEM. Colloids and Surfaces, A: Physicochemical and Engineering Aspects 2007, vol. 302, no. 1-3, pp. 
121-125.  

[8] KLUČÁKOVÁ, M., KARGEROVÁ, A., NOVÁČKOVÁ, K. Conformational changes in aqueous solutions of humic 
acids. Chemical Papers 2012, vol. 66, no. 9, pp. 875-880. 

[9] SHAFFER, R., VON WANDRUSZKA, R. The effects of conformational changes on the native fluorescence of 
aqueous humic materials. American Chemical Science Journal 2014, vol. 4, no. 3, pp. 326-336.  

[10] ENGEBRETSON, R. R., AMOS, T., VON WANDRUSZKA, R. Quantitative approach to humic acid associations. 
Environmental Science & Technology 1996, vol. 30, no. 3, pp. 990-997. 

[11] ENGEBRETSON, R. R., VON WANDRUSZKA, R. Microorganization in dissolved humic acids. Environmental 
Science & Technology 1994, vol. 28, no. 11, pp. 1934-1941. 

[12] NUZZO, A., SANCHEZ, A., FONTAINE, B. PICCOLO, A. Conformational changes of dissolved humic and fulvic 
superstructures with progressive iron complexation, Journal of Geochemical Exploration 2013, vol. 129, pp. 1-5.  

[13] WANG, L. F., WANG, L. L., YE, X. D., LI, W. W., REN, X. M., SHENG, G. P., YU, H. Q., WANG, X. K. Coagulation 
kinetics of humic aggregates in mono- and di-valent electrolyte solutions, Environmental Science & Technology 
2013, vol. 47, no. 10, pp. 5042-5049.  

[14] BAIGORRI, R. FUENTES, M., GONZALEZ-GAITANO, G., GARCIA-MINA, J. M. Analysis of molecular aggregation 
in humic substances in solution. Colloids and Surfaces, A: Physicochemical and Engineering Aspects 2007, vol. 
302, no. 1-3, pp. 301-306.  

[15] ESFAHANI,   M. R., STRETZ, H. A., WELLS, M. J. M. Abiotic reversible self-assembly of fulvic and humic acid 
aggregates in low electrolytic conductivity solutions by dynamic light scattering and zeta potential investigation. 
Science of the Total Environment 2015, vol. 537, pp. 81-92. 

[16] STEVENSON, F. Humus Chemistry: Genesis, Composition, Reactions. John Wiley and Sons: New York, 1994. 

[17] KLUČÁKOVÁ, M. Characterization of pH-fractionated Humic acids with respect to their dissociation behaviour. 
Environmental Science and Pollution Research 2016, vol. 23, no. 8, pp. 7722-7731. 

[18] KLUČÁKOVÁ, M., KALINA, M. Composition, particle size, charge and colloidal stability of pH-fractionated humic 
acids. Journal of Soils and Sediments 2015, vol. 15, no. 9, pp. 1900-1908.   

[19] ATALAY, Y. B., CARBONARO, R. F., DI TORO, D. M. Distribution of proton dissociation constants for model humic 
and fulvic acid molecules. Environmental Science & Technology 2009, vol. 43, no. 10, pp. 3626-3631. 

[20] LEENHEER, J. A., WERSHAW, R. L., BROWN, G. K, REDDY, M. M. Characterization and diagenesis of strong-
acid carboxyl groups in humic substances. Applied Geochemistry 2003, vol. 18, no. 3, pp. 471-482. 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

767 

[21] JOVANOVIC, U. D., MARKOVIC, M. M., CUPAC, S. B., TOMIC, Z. P. Soil humic acid aggregation by dynamic light 
scattering and laser Doppler electrophoresis. Journal of Plant Nutrition and Soil Science 2013, vol. 176, pp. 674-
679. 

[22] ALVAREZ-PUEBLA, R. A., GARRIDO, J. J. Effect of pH on the aggregation of a gray humic acid in colloidal and 
solid states. Chemosphere 2005, vol.  59, no. 5, pp. 659-667. 

[23] CHEN, Y., SENESI, N., SCHNITZER, M. Information provided on humic substances by E4/E6 ratios. Soil Science 
Society of America Journal1977, vol. 41, no. 2, pp. 352-358.  

[24] CHEN, J., GU, B., LEBOEUF, E. J., PAN, H., DAI, S. Spectroscopic characterization of the structural and functional 
properties of natural organic matter fractions. Chemosphere 2002, vol. 48, no. 1, pp. 59-68 

[25] ENEV, V., POSPÍŠILOVÁ, L., KLUČÁKOVÁ, M., LIPTAJ, T., DOSKOČIL, L. Spectral characterization of selected 
natural humic substances. Soil and Water Research 2014, vol. 9, no. 1, pp. 9-17. 

[26] PALMER, N. E., VON WANDRUSZKA, R. Dynamic light scattering measurements of particle size development in 
aqueous humic materials. Fresenius Journal of Analytical Chemistry 2001, vol. 371, no. 7, pp. 951-954.  

 

 

 

 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

768 

EFFECT OF BASALT NANOPARTICLES ON MECHANICAL AND THERMAL 

CHARACTERIZATION 

JAMSHAID Hafsa a,b, MISHRA Rajesh a, NOMAN Tayyab Muhammad a 

a Technical University of Liberec, Faculty of Textile Engineering,  
Department of Material Engineering, Liberec, Czech Republic, EU 

b National Textile University, Faculty of Textile Engineering,  
Department of Fabric Manufacturing, Faisalabad, Pakistan 

Abstract 

In this investigative study, composites which are based on basalt, Jute, Polyester and Polypropylene are 
formulated with epoxy resins and basalt nano particles. An ultrasonic probe with high intensity was used to 
obtain a homogenous mixture of epoxy resin and nano particles of basalt, the nano particles through sonic 
cavitation were infused into resin. The measurement of loading effect of nano particles on mechanical 
properties such as tensile modulus, impact strength and flexural modulus was conducted. Shifting of thermal 
degradation temperatures of composites with addition of basalt nano particles to higher temperatures was 
observed in Thermo-gravimetric (TG/DTG) composites. The thermal stability of composites increased 
considerably by the addition of basalt. A better fiber-matrix interfacial interaction in hybrid composites was 
observed in the images of tensile fractured sides of composites during observation in images of scanning 
electron microscope. On the basis of results, it is evident that with reference to performance, prime important 
factor is miscibility of nanoparticles in resins. 

Keywords: Nano composites, basalt fiber, thermal stability, mechanical properties 

1. INTRODUCTION 

Modern engineering design constitutes of a very important share of polymer composites. Polymer composites 
can, due to high specific strength, replace metallic components in variety of application. They can provide a 
reduced weight with same strength. The discovery of nano particles, at the end of 20th century, has provided 
a new importance to the polymer composites in design engineering. At least one dimension of these 
nanoparticles belongs to the nanometer dimension. There are many types of nano particles. There are various 
metal oxides, most typical are TiO2 and Al2O. The addition of nanoparticles can help in improvement of 
properties of fiber reinforced composites [1]. 

The great asset of polymer composites is their strength whereas main disadvantages involve poor electrical 
conductivity and low usage temperatures. For ideal applications in structure the materials should be chemically 
and thermally stable, possess light weight as well as good mechanical properties along with low cost. No real 
material possess these properties in reality. 

In previous decades with the usage of better technology, more advanced fibers were prepared along with new 
reinforcements out of which, basalt is most promising. Basalt possesses properties in similarity with glass fiber 
with advantage of simplicity in production process, improved chemical and heat resistance. A simple cleaning 
and grinding process will make ready for production with just rightly acceptable raw material.  
The raw material for basalt fibers is, abundantly present basalt rock which naturally exists. It can be used as 
reinforcing filler for a wide range of composites such as dispersion reinforced cements and basalt plastics. It 
has advantages of good thermal stability at higher temperatures, low cost and good resistance to solvents and 
acids [2]. 
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Basalt fibers, being a relatively recent induction in composites as reinforcement, is yet to be investigated in 
terms of utility in various areas. A bulk of previous work focussed on epoxy composites and basalt designed 
to capitalize on thermal stability of basalt. [3-4] with the advantage of low cost compared to carbon/epoxy 
composites and superiority in terms of strength over E-glass, basalt is presented as a valuable alternative in 
many applications. 

Only a few researchers who managed to create a composite by embedding basalt fiber in a polymer matrix.  
From previous researches over basalt woven hybrid composites expresses excellent thermal stability and 
mechanical properties [5]. This research is focused on use of combination of basalt as nano particles with 
hybrid woven basalt structures for structural applications. The aim of this research was, development of new 
type of nano particles along with testing and preparation of woven hybrid composites structures of basalt with 
nano particles. Very few investigation over use of basalt in hybrid structures are carried out. Prepared 
composites were characterized by their thermal, mechanical and morphological properties. 

2. MATERIAL & METHODS 

2.1. Material 

Basalt(B) was supplied by the company Kamenny Vek (KV). Polyester (PET) and Jute (J) yarn used in this 
study were available commercially. Polypropylene (PP) yarn was received from company Syntheic. The 
materials were used as received. The details of yarns are given in Table 1. Green epoxy resin CHS-Epoxy 
G520 and hardener TELALIT 0600 were supplied by Spolek, Czech Republic. It is a low molecular weight 
basic liquid epoxy resin containing no modifiers, certified by International Environmental Product Declaration 
Consortium (IEC).Nano particles of basalt were made by ball milling method .For nanoparticle size distribution 
Zetasizer Nano ZS (Malvern Instruments, UK) was used and particle size was 230 nm. We added 3 wt% 
nanofiller in the composites produced. 

2.2. Methods 

Hybrid fabric samples were developed with Plain weave from Basalt/Jute (B/J),Basalt/Polyester(B/PET) and 
Basalt/Polypropylene(B/PP) yarns. Non- hybrid Basalt/Basalt (B/B) fabrics were also developed. All fabrics 
were made on the CCI sample loom with the same density for all fabrics, 12 threads/cm in warp and 8 
threads/cm in weft .All the fabric variants were measured, according to standardized procedures. Yarn tensile 
properties were measured as presented in Table 1. 

Table 1 Properties of fibers and yarn 

Properties  Basalt  Polyester Polypropylene Jute 

Diameter of fibers (micron) 12 22 34 18 

No. of filaments 890 900 300 - 

Linear density of yarn (Tex) 295 250 292 296 

TPM (Twists/m) 20 24 30 180 

Tensile strength (N) 92.75 88.91 57.44 41.43 

Tensile elongation % 1.29 12.55 12.27 1.39 

Tenacity (N/tex) 0.315 0.305 0.23 0.139 

Modulus M Pa 9.378 1069 721 3.741 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

770 

Preparation of Nanocomposites: 

The Basalt hybrid and non-hybrid composites were fabricated using hand layup method with single ply of the 
reinforcing fabric. Epoxy resin was used as matrix (matrix comprising of both resin and nanoparticles) with a 
hardener at weight ratio of 100:32 (by weight) according to manufacturer recommendations. The composite 
layup along with Teflon sheets were sandwiched between a pair of steel plates and cured at 120°C for 1.0 h 
in mechanical convection oven with predetermined weight. The fiber volume fraction (Vf) of all composites was 
around 0.4. Specimens of various dimensions were then cut from the sheets for various testing. 

Mechanical testing: 

Tensile tests were performed by a TIRATEST universal tensile tester computer controlled according to  
standards EN ISO 527-5.From the force-elongation curves the tensile strength and the elongation at break  
values were determined. The tensile modulus was calculated from the slope fitted to the initial portion of the 
stress-strain curve. 

Three point bending tests were performed on a computer controlled, TIRATEST type universal tester according 
to the EN-ISO 14125standard. The deformation rate was 2 mm/min.  

Impact strength (Charpy) was carried out in an impact tester EN-ISO 14125 rectangular using CEAST RESIL 
5.5 with a force of 22 J at a velocity of 2.9 m/s. The width and thickness of the specimen were measured and 
recorded. The work of fracture/impact strength values were calculated by dividing the energy in J recorded on 
the tester by the cross-sectional area of the specimen.  

The average values of 5 specimens for each sample in each direction have been reported. 

Thermal Properties: 

The Mettler Toledo TGA/SDTA851
e
 instrument was used to study the thermal gravimetric behaviour (thermal 

stability and degradation) of the composite. Thermo gravimetric analysis was performed under dynamic 
nitrogen atmosphere. The samples were heated from 25°C to 700°C at a heating rate of 10°C/ min to yield the 
decomposition temperature and mass loss. 

Morphology: 

Morphology analysis was done by SEM. The SEM photographs composites were taken using a scanning 
electron microscope TS5130-Tescan SEM at 20 kV accelerated voltage. The surfaces of the samples were 
coated with gold by means of a plasma sputtering apparatus prior to SEM investigation and were investigated 
at 2,000 × magnification to observe the fiber matrix adhesion. The microstructure of fracture surfaces was 
examined by Scanning Electron Microscope (SEM) techniques in order to identify the relevant fracture 
mechanisms involved. Prior to analysis the fractured samples were also coated with gold and samples were 
examined with different zoom level for obtaining high resolution image.  

3. RESULTS AND DISCUSSION 

3.1. Mechanical testing: 

Measurement of tensile properties is the most common mechanical measurement. It is used to determine the 
behavior of a sample while under an axial stretching load. The tensile properties of the composites material is 
dependent on tensile properties of fiber, matrix and interfacial bonding of resin and reinforcement material. 
Normally in fiber reinforced composites, the modulus of a composite material is dependent on the reinforcing 
fiber properties. The tensile properties of nanocomposites are shown in Figure 1. Superior mechanical 
properties are observed in warp direction, compared with weft direction in all nanocomposites. The composites 
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fabrics contains more number of yarns in warp direction than in weft direction. Due to its higher yarn at warp 
direction composite having lower density might be the reason why its performance shows contrast with weft 
direction of composite. 

From Figure 1 it can be observed that after 100 % basalt composites, structures which have polyester has 
highest modulus, followed by PP composites. As polyester has more filaments, less liner density and low twist 
so after relaxation warp come closer so high level of crimp in warp direction which make them stiffer. 

  

(a) Warp (b) Weft 

Figure 1 Comparison of modulus of composites 

The flexural modulus is a measure of the resistance to deformation of the composite in bending. Very similar 
result is observed in the flexural strength of the composites which is shown in Figure 2. It can be seen that, 
B/B composites has higher bending properties as bending properties also dependent on fiber properties so it 
follow the same trend as tensile properties. As like tensile properties, flexural behavior of composite is found 
higher in case of warp direction than weft direction. Less yarns in weft direction of composite limit their tensile 
stress dispersion. Therefore, as the tensile stress tries to propagate upwards, delamination failure occurred 
thus reducing its flexural strength. Moreover, our research work found the highest flexural properties compared 
to the tensile properties for different fiber orientation. The strengths from the flexure test look much larger than 
that from the tension test, although the material failed in same way i.e. tension. It is also evidence that our 
material also follows theory and experiment that has been proposed by others [6].This is due to the size effect, 
which is well documented. The size effect is the decrease of mean strength with increasing flaw-sensitive 
volume under stress. 

  

(a)Warp (b)Weft 

Figure 2 Comparison of Flexural modulus of composites 

Impact Strength of textile reinforced composites is a measure of the ability of the composites to resist the 
fracture failure under stress applied at high speed and is directly related to the toughness of the composites. 
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Fibers play an important role in the impact resistance of composites as they interact with the crack formation 
and act as stress- transferring medium. Fiber absorbs part of the energy during an impact, but they also 
distribute some of the load internally. This excess energy can induce cracking and delamination. Next to fiber, 
another important factor that influences the impact energy is the fiber-matrix interfacial shear strength. It can 
vary depending on the adhesion between fiber and matrix. It can be observed from Figure 3, that non-hybrid 
basalt structures has highest impact strength followed by B/PP and B/J structures respectively. The increase 
in the impact strength with the basalt fibers content can be attributed to the higher energy dissipation at the 
fiber/matrix interface in order to detach the fibers from the matrix. It can be described to the fact that PP yarn 
decreases the stiffness and rigidity of the composite, thus causing an increase of impact resistance.  

  

(a) Warp (b) Weft 

Figure 3 Impact strength of composites 

3.2. Interfacial Properties of the Composites  

Interface is the key region which determines, to a great extent, the set of properties of all heterogeneous 
systems, including composite materials. To find out the fiber matrix adhesion inside the composites, SEM 
studies were carried out. SEM images of the composites are presented in Figure 4. Photography of damaged 
sample confirms the following failure modes in composites such as fiber breakage, matrix shear failure, shear 
failure between fiber and matrix, and breakage in interfiber cleavage area. A composite fail in tension, it can 
be due to brittle failure or fiber pull-out. This is clearly indicated for B/PP composites that fiber pull-out is quite 
higher and the bonding between fiber and matrix is not good. Small gaps are evident in the matrix near to the 
fibers However, for B/B B/J and B/PET composite interface suggested better fiber matrix adhesion which is 
supported by low fiber pull-out. The data presented above for the mechanical properties of composites, also 
supported the SEM observation. 

  

B/PET B/PP B/J(impact fracture  

Figure 4 SEM images 
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3.3. Thermo gravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) is used to study the thermal stability of composites. 

 

Figure 5 Combined TGA graph of all materials 

The TGA curve of the neat green epoxy resin shows a gradual weight loss with increasing temperature which 
started around 350°C. From thermogram it is observed that a degradation starts around 350oC with a maximum 
degradation at 420oC. The curves presented indicate the existence of only one main mass-loss region, always 
located between 350 and 420oC which is higher than pure epoxy as mention in previous research [5]. This 
region can be attributed to the thermal decomposition of the polymer matrix.  

It can be viewed that degradation of B/B composites starts around 370oC due to degradation of epoxy. Overall 
mass loss is less than epoxy composites [5]. 

In B/J hybrid composites, two stage degradation occurs: First stage is responsible for jute fabric and second 
stage is for Nano Epoxy. Figure 5 shows that maximum degradation temperatures of B/J composite for first 
and second stage are 320oC and 430oC respectively. 100 % weight loss is not possible due to basalt fiber. 
During thermal decomposition of lignin, relatively weak bonds break at lower temperature whereas the 
cleavage of stronger bonds in the aromatic rings takes place at higher temperature. Corresponds to the thermal 
decomposition of hemicellulose and the glycosidic links of cellulose. 

In B/ PP decomposition is a two-stage process characterized by a first step in the temperature range 347oC-
380oC which may be attributed to degradation of resin, followed by second weight loss at 478oC and almost 
completely depleted. Polypropylene is liable to chain degradation from exposure to heat, Oxidation usually 
occurs at the tertiary carbon atom present in every repeat unit. 

It can be noticed from Figure 5 that the polyester degradation follows a two-step reaction scheme 
characterized by a first step in the temperature range of 350oC-420oC followed by a second decomposition 
step located in the range 470oC-600oC. This behavior is determined by random scission of the polyester 
backbone (ester linkage) and to the oxidation and the breakage of the secondary bonds.  

The thermal analysis has illustrated that nanocomposites are stable until 350oC. From the thermogram TGA, 
it can be viewed that the maximum degradation temperature Tmax has significantly improved for  B/PET fabrics 
and the thermal stability of the composites have been improved, which justifies the development of strong 
fiber-matrix interface in composite 
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4. CONCLUSIONS 

The performance of the nanocomposites was evaluated. This article compares and discusses the mechanical 
properties/ thermal properties in the warp and weft direction of polymer composites reinforced by basalt woven 
fabric .This study shows that basalt/epoxy composites reinforced with basalt nanoparticles present higher 
mechanical performance than conventional basalt fiber reinforced epoxy matrix composites. A series of 
nanocomposites was developed. SEM micrographs revealed that well-dispersed and non-agglomerated 
nanocomposite systems were produced. These nanocomposites are a promising candidate for developing 
structural applications. 
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Abstract 

The present work aims to investigate the characteristics of high temperature vacuum brazed WC-Co-NiCrBSi 
coatings deposited on 16MnCr5 steel substrate. The coatings characteristics like morphology, microstructure, 
chemical composition and the appearance of the interface with the substrate have been analyzed by means 
of Scanning Electron Microscopy (SEM) combined with energy-dispersive X-ray spectroscopy. The hardness 
profile of the cladding is evaluated with the help of a Vickers microhardness tester. Size, occurrence and 
distribution of pores and microcracks has been estimated using image processing of SEM micrographs. X-ray 
diffraction measurements performed on the on the brazed composite cladding, have been done in order to 
identify possible phase transformations during the thermal treatment. Tribological behavior is assessed with 
the aid of a tribometer utilizing a pin-on-disk testing arrangement. Corrosion resistance is appraised using the 
potentiodynamic polarization method in 3.5% NaCl solution at room temperature in a three-electrode cell 
configuration. This coating technology makes possible the deposition of high quality hardfacings, with minimal 
influence on metallic substrate. The achieved porosity degree (approximately 1%) is similar to the values 
reported in literature. It was found that the mean coefficient of friction is approximately two times lower for the 
WC-Co-NiCrBSi composite, compared to 16MnCr5. Consequently, the wear rate of the coating is more than 
20 times lower than that of the unprotected substrate material. The electrochemical measurements resulted in 
a lower corrosion current density, correlated with a significant improvement in the corrosion behavior. 

Keywords: Vacuum brazed coatings, WC-Co-NiCrBSi characteristics, wear and corrosion resistance 

1. INTRODUCTION 

In spite of the fact that brazing process is usually employed as a joining technique, this study aims to investigate 
the possibility of using this method as a coating technology, which brings fresh and innovative solutions for 
deposition of functional coatings on disparate surfaces. Brazing process exhibits the capability to generate 
joints with high strength, through the formation of a metallurgical bond between the components. Employed as 
a coating technique, this method concludes in higher cohesion and adhesion of the coating to the substrate 
[1, 2]. Moreover, the versatility of this process allows a wide variety of chemical compositions and final coating 
thicknesses to be deposited. These coatings may be applied as alternatives to a wide variety of applications, 
in which resistance to both corrosion and wear is simultaneously required [2, 3]. The properties of WC-based 
composite coatings obtained by high temperature vacuum brazing, such as their morphology as well as wear 
and corrosion behavior are still barely known [4].  

This work aims to study the development of functional composite coatings with metallic matrix based on 
NiCrBSi self-fluxing alloy reinforced with WC-Co hard particles, using the high temperature vacuum brazing 
method. Employing this method, wear and corrosion resistance of various components can be successfully 
improved. 
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2. EXPERIMENTAL PROCEDURE 

Flexible composite tapes were manufactured by mixing 75 wt.% NiCrBSi with 25 wt.% WC-Co powder with an 
additional 3.5 wt.% special formulated Nitrile based organic binder, followed by rolling of the mixture in order 
to form cloths with 3 mm thickness. Both types of powders are commercially available from Höganäs AB 
(Sweden). Chemical composition of the feedstock materials is presented in Table 1. The tapes obtained in this 
manner were cut to desired shape and fixed onto the substrate surface. As substrate material, a commercially 
available 1.7131 (16MnCr5) case hardening steel was machined to the corresponding dimensions and ground 
with SiC paper in order to remove potential oxides. 

Table 1 Chemical composition of flexible tapes (wt.%)  

 Ni Cr B Si Co Fe C W wt.% 

WC-Co - - - - 7.5 - 5.7 Bal. 75 

NiCrBSi Bal. 14.42 3.23 4.36 - 3.83 0.72 - 25 

Organic binder Nitrile based special formulation 3 - 3.5 

High temperature brazing process was performed in a HITERM 80-200 cold wall vertical vacuum furnace at a 
stable vacuum state of 3.5 x 10-4 mbar. Detailed procedure of brazing parameters and the optimization process 
was described elsewhere [5]. 

Microscopic investigations have been conducted utilizing a Philips XL 30 scanning electron microscope and 
elemental analysis of the coating was carried out by energy-dispersive X-ray spectroscopy with a EDAX XL-
30 detector. Phase identification was performed implementing a Philips X’ Pert X-ray diffractometer in the 
interval of 20° < 2θ < 100°. 

Determination of tensile adhesive strength was carried out on an INSTRON 5584 universal testing machine, 
having in mind the indications of EN 582: 1993. The sample arrangement had a diameter of 20 mm, a total 
length of 62 mm, with a coating thickness of 2 mm. 

Hardness of the composite coatings was determined with a Zwick/Roell YHVµ-S microhardness tester using 
a Vickers microindenter (ISO 6507). The applied load of the diamond pyramid was of 1 kgf for 15 s.  

In order to compare the wear resistance of the WC-Co-NiCrBSi to that of the 16MnCr5 steel substrate, 
investigations were performed with a CSM Instruments tribometer with a ball-on-disk arrangement, following 
the instructions of DIN 50324. The total sliding distance was 1890 m (10000 laps) with a linear speed of 15 cm 
s-1 on a radius of 3 mm, and a normal load of 10 N was applied through a 6 mm cemented tungsten carbide 
ball (static partner). All tests were carried out under dry sliding conditions, at standard room temperature and 
pressure.  

The electrochemical corrosion behavior was evaluated through potentiodynamic polarization, employing a 
IVIUM Vertex potentiostat/galvanostat in a three-electrode cell, according to ISO 13129 standard. Working 
electrodes were prepared from both types of materials, a platinum disk was used as counter electrode and a 
saturated calomel electrode as reference. The testing medium was a 3.5 wt.% NaCl neutral solution, at room 
temperature. All polarization studies were performed with a scan rate of 10 mV min-1. 

3. RESULTS AND DISCUSSIONS 

During the high temperature vacuum brazing process, the organic binder decomposes at approximately 550°C, 
leaving behind numerous interconnected pores, favorable for the capillary action. Simultaneously with the rise 
in temperature, at 960°C, the Ni-based self-fluxing alloy reaches its solidus temperature. 
A stabilization hold at 10°C below this temperature for 10 min is mandatory to uniformly distribute heat and 
reach the set ΔT. The hold of 60 min at the brazing temperature of 1100°C provided sufficient time for the alloy 
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to melt, gain the optimum fluidity to infiltrate, fill the hollow spaces between the WC-Co particles and wet the 
substrate. Additionally, this hold ensures the propitious environment for the diffusion process between the 
braze alloy, cermet particles and substrate material in order to obtain high quality hardfacings with a strong 
metallurgical bond [5].  

The coatings morphology and microstructure obviously has a major impact on the mechanical properties, 
tribological and corrosion behavior [6-8]. In connection with previously mentioned statement, microstructure of 
the substrate/coating system is shown in the cross-section micrograph (Figure 1). High temperature vacuum 
brazed coatings have a dense structure with a uniform cermet distribution. One can clearly observe that the 
melted self-fluxing alloy infiltrated between the WC-Co particles, cementing them with the metallic matrix. The 
maximum temperature to which the materials are exposed during brazing (1100°C) cannot melt tungsten 
carbides. Although, diffusion from the metallic matrix towards the cemented WC and substrate, as well as 
dissolution of Co into the matrix during brazing of WC-based coatings has been reported [6]. 

 

Figure 1 BSE cross-section micrograph and EDX spectra that correspond to the line-scan and the four 
distinct regions across the interface 

Furthermore, EDX spectra collected from four distinct regions are also presented in Figure 1. In spot 1 (bright 
grey), the corresponding EDX spectrum indicates the presence of Ni and Cr, which confirms the statement 
regarding the diffusion of elements from the brazing alloy into the cermet particles. Area 2 (light grey) is situated 
at the interface region, where the highest inter-diffusion reaction between the metallic matrix and the substrate 
takes place, as well as dissolution of the hard metal. A clean, inclusion and porosity free interface can be 
observed, while the EDX spectrum manifests peaks for Ni, Fe, Co, Cr and Si. At a distance of about 50 µm 
from the interface in the substrate, corresponding to region 3 (dark grey), the elements Ni and Si are still 
present. Deeper in the base material, (area 4, dark grey), EDX analysis indicates only the elements matching 
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the chemical composition of the 1.7131 steel. The EDX scan corresponding to the line drawn on the SEM 
micrograph, further consolidates the data obtained from the microscopic investigations and the affirmations 
regarding diffusion and dissolution processes. 

X-ray diffraction measurements indicate a vast amount of possible phases due to the very complex nature of 
WC-Co-NiCrBSi brazed coatings. The XRD diffractogram presented in Figure 2 reveals that the hardfacings 
consist predominantly of WC (35%), and Cr3Ni5Si2 ternary metal silicide (31%), closely followed by CrNi3 
intermetallic phase (27%), with additional hard Cr2B3, wear resistant phase (7%). 

 

Figure 2 XRD pattern of high temperature vacuum brazed WC-Co-NiCrBSi coating 

Presence of other phases is highly plausible because of the high number of involved elements. Due to the low 
process temperature (1100°C), compared to the melting temperature of tungsten carbide (~2850°C) and the 
lack of oxidizing elements, no decarburization of WC (normally resulting in the formation of the more brittle 
W2C phase) was observed. Areas susceptible to stress concentration can appear while loaded under working 
conditions due to considerable differences in microstructure, physical and mechanical properties between the 
WC-Co cermet, Ni-based metallic matrix and the substrate material. Because of the high quantity of ceramic 
type reinforcement, tensile fracture of the functional coating was dominantly a brittle one, with cracks 
propagating through the carbide particles, leaving behind a small amount of plastic deformation in the ductile 
matrix. Tensile cohesive strength of the coating itself reached a mean value of 120 MPa, which is well 
correlated with the values reported by other researchers [7].  

Vacuum brazed WC-Co-NiCrBSi composites exhibit a variable hardness in the coating cross-section. The 
values range from a minimum of 647HV1 (corresponding to the matrix) up to a maximum of 1132HV1 (cermet 
particles), with a mean of 896HV1. The relatively low hardness values are attributed to pores located in the 
tested areas. The substrate material (1.7313) is known to have 470HV if case hardened and 170HV when soft 
annealed. 

Dry sliding wear measurements were performed for both materials (substrate and coated sample) under 
identical conditions. The coefficient of friction was monitored and registered during the entire testing period 
and can be observed in Figure 3. The lowest value for both types of samples coincided with the start of the 
investigation (0.159 for the steel and 0.207 in case of the coating). However, it quickly changes, when the 
systems enter kinetic friction, increasing up to approximately 0.55. Concomitant with the completion of the first 
couple of laps, a decrease is observed. This phenomenon lasting only a very short period is due to reduction 
in surface roughness, being more visible for the substrate material because of the lower bulk hardness. 
Subsequently, after ~1500 laps, the coefficient of friction rises again for the next ~50000 laps. Contrary, after 
~1000 laps, the WC-Co-NiCrBSi coating shows a lessening in friction, which reaches steady state at ~40000 
laps, and remains generally stable, with a coefficient of around 0.28 until the end of the test. When the 
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coefficient for 16MnCr5 sample reaches approximately 0.85, it also enters steady state, that lasts until the 
surface degrades and the friction becomes highly unstable, behavior which is accordant with sever wear. 
Meantime, the hardfacing shows only a few deviations, attributed to pull-out of metallic matrix caused by 
adhesion [8]. Decisively, a maximal friction coefficient of 0.931 was measured during the ball-on-disk testing 
of the steel substrate, with a mean of 0.670. Significantly lower values were determined in the case of the 
functional coating, registering a maximum of 0.573 and an average of 0.329.  

 

Figure 3 Coefficient of friction evolution for 16MnCr5 substrate material and WC-Co-NiCrBSi coating 

The wear rates assessed after measuring the depth and width of the tracks left behind by the WC-Co static 
partner are in good agreement with the results of previous investigations (microhardness, coefficient of friction). 
One can clearly notice the difference in sliding wear behavior between 16MnCr5 substrate material and WC-
Co-NiCrBSi functional coating in the micrographs of Figure 4. 

  

Figure 4 Digital micrographs of the sliding wear track for 16MnCr5 (left) and WC-Co-NiCrBSi (right) 

The considerably wider and deeper worn section found on the metallic surface concluded in numerical values 
for the wear rate of 2.087∙10-6 mm3 N-1 m-1, compared to only 1.561∙10-8 mm3 N-1 m-1 in the case of the 
composite hardfacing. Furthermore, the formation of an oxide film and galling causing additional friction and 
adhesion between the static partner and the sliding (rotating) steel specimen can be observed. The digital 
micrograph of the coating’s surface displays sporadic areas where the pull-out occurred.  

Figure 5 illustrates typical Tafel plots for the discussed samples subjected to potentiodynamic electrochemical 
corrosion in 3.5 % NaCl solution. It is clear that the corrosion current density (icorr) of the brazed coating is 
substantially lower than that of the 16MnCr5 steel. The corrosion potential (Ecorr) of the hardfacing is shifted to 
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more positive potentials (-250 mV), due to the chemical composition of the Ni-based metallic matrix. The anodic 
Tafel slope of the coating shows an inclination to passivate, due to the presence of a relatively high amount of 
chromium (~14%) in the alloy. Adversely, the steel sample points no tendency towards passivation.  

 

Figure 5 Tafel plot of 16MnCr5 and WC-Co-NiCrBSi in 3.5 % NaCl solution 

Both corrosion current density and corrosion potential lean toward a lower reaction rate and consequently 
better corrosion resistance of the coated sample compared to the uncoated one is expected. Due to the fact 
that transition metal carbides have high resistance to NaCl solutions, corrosion of WC-based composite 
coatings manifests throw the dissolution of the metallic binder. This creates an area in which the metallic matrix 
is depleted, leaving behind only a skeleton of WC particles with severely affected properties.  

4. CONCLUSIONS 

The investigations performed in this study underline a mean hardness of 896HV1, which is almost 2 times 
higher than that of case hardened 16MnCr5 steel. The mean coefficient of friction was more than 2 times lower, 
correlated with a ware rate more than 20 times lower compared to 16MnCr5 values. Adhesion strength was 
found to be higher than 120 MPa, fact which confirms a good metallurgical bond between the coating and the 
substrate. Moreover, a lower corrosion current density was measured for the WC-Co-NiCrBSi functional 
composite coating, leading to a significant improvement in corrosion resistance. 
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Abstract   

Civil Engineering is a sector that moves within the macroscale. The use of Nanotextile requires 
an understanding of various phenomena on a basic level, i.e. in the micro and nano-scale. If we move 
in the macrocosm is the possible influence of some forces to neglect. However, the negligence for nanotextile 
is not possible. Software, which are used for calculations of diffusion properties of building materials do not 
provide for modelling the properties of membranes nanotextiles satisfactory results. The probable cause is 
negligence complex internal structure of these materials. Modelling of physical and chemical properties of 
nano-membranes is important for their successful use in various technological fields, including construction. 
As a suitable software seems Comsol MultiPhysic, since it is possible to model multiphysics happening, i.e. 
that can be added to the modelling include the forces acting on the micro and nano level (for example van der 
Waals forces). It is also possible to record the program structure and will create a pre e.g. in a text editor or 
AutoCAD and assign the material parameters. 

Keywords: COMSOL MultiPhysic, nanotextiles, physical properties, material parameters 

1. INTRODUCTION 

Civil Engineering is a field that so far the use of nanotechnology rather conservatively. In the present 
nanotechnology is used primarily as nanoparticles, which are scattered in various paint or spray compositions 
[1]. Nano is used in present are e.g. as filters [2, 3] Protective layer [4], fittings [5]. For use of Nanotextiles in 
the construction industry, it is essential to know their properties and interactions with the environment. 
Nanotextiles is a material which has a very high porosity. This property is an obstacle to the use of standard 
macroscopic models [6]. To create a successful model, it is necessary to establish the structure nanotextile [7, 
8, 9]. After determining the structure is another important step in understanding the interactions between 
environment and nanofibers. Interaction is obviously derived from the problem. The resulting properties of 
nano should thus be determined as a numerical solution of the corresponding 3D model. 

2. MODELLING IN COMSOL MULTIPHYSIC 

The best program for modelling the properties of nanotextiles seems to be the program Comsol Multiphysic. 
The program enables the modelling of various physical phenomena. The program serves not only for modelling 
but also for simulation tasks in many fields of physics (e.g. Engineering, transport of moisture and heat or 
chemicals). Tasks are described by differential equations of first and second order. For solving individual tasks, 
the program uses the finite element method. The big advantage is less time-consuming to solve physical 
problems. Indisputable advantage of this program is the clarity of the model where desktop we have a preview 
of the model and the process of creating the model. The program uses COMSOL MultiPhysic a clear tree 
structure. 

Before modelling is necessary to accurately specify the problem, i.e. to describe the phenomenon studied 
using concepts that correspond to the selected computer modelling technique. The model can be defined using 
particle technique (microscopic level), continuous modelling (macroscopic level), or a combination of the 
previous two techniques. If the specified problem is to create the model. When creating a model, there are 
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different simplification, because we do not know all the properties studied phenomenon. In this section it is 
necessary to pay attention to the possibility of a bad model formulation. The next step is solving the problem 
itself, which is usually solved system of ordinary and partial differential equations. The final step is to compare 
modelling results with experimental data. [10] 

If the procedure defined in the previous paragraph for modelling in Comsol Multiphysic can be modelling the 
program to summarise in a few basic steps. The first step is to create a geometry that can be created using 
CAD Woe For example, in a graphics editor or read formats VRML and STL, 2D files in DXF format and 3D 
files in NASTRAN. The second step is to enter the property. This step, defines the initial and boundary 
conditions, i.e. they are assigned to individual areas, surfaces, edges and points variables, expressions or 
corresponding functions. In this section, we can use the library, where there are predefined materials. The 
third step is defining the network, which is the basis for the finite element method. The fourth step is solving 
the model itself. The role is a possible solution COMSOL graphical interface or the command line MATLAB. 
The last step is processing the results, which can be calculated using different variables to show graphs. The 
results can be processed graphically or animate formats into AVI or GIF. Solutions can also be exported to 
text files. [11] 

2.1. The practical demonstration 

The sample is created in 2D space. The model consists of lines formed 
from polystyrene and the air gaps with a square structure (Figure 1). Foam 
was chosen because it is one of potential materials for the manufacture of 
nanotextiles usable in construction. Polystyrene is a very good insulator. 
The demonstration model the linear progression temperatures this 
structure. 

In the processing example first selects the physical environment. In the 
menu is set space in which will be modelled (in our case 2D) and the 
application mode, which is in this case the transport of heat. It is also 
necessary to set up whether the case is stationary or non-stationary. In 
this case will be used stationary calculation. Further parameters are set, 
i.e. the dimensions of individual segments (Figure 1), and at the same 
time, the value of individual constants. In this case it is necessary to define 
the dependence of the equivalent thermal conductivity on the thickness, 
which will allow any change in the dimensions of the air cavities is 
automatically changed and thermal conductivity of the air cavity 
temperature (Table 1). Since there is only a table of specific values, this 
is a function of the interpolation. It is also necessary to choose how 
the function will behave if it comes out of the defined values. In this case 
will have a linear approximation. 

Table 1 The equivalent thermal conductivity depending on the thickness of the air gap [12] 

Air layer thickness [mm]  5 10 50 300 

The equivalent thermal conductivity [W/mK] 0.045 0.067 0.313 1.88 

The next step is to define the geometry according to the specified example and choice of materials. COMSOL 
MultiPhysic program includes a library of materials. It is therefore possible to select the material from the library 
or define a new one. For this example was chosen polystyrene, which was in the library of materials. After 
entering the geometry and materials is defined way to spread heat. It spreads when heat is only one way (in 
this sample leadership) you should not need to modify the default settings. Characteristics required to calculate  

Figure 1 The schema of the 
problem 
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the heat conduction to take on the assignment of materials. Now it is necessary to set the boundary conditions. 
At the beginning, all boundaries assume adiabatic conditions. These conditions need to be changed at borders 
that are exposed to known conditions. In this example, is defined inner (20 °C) and outdoor (10 °C), which is 
governed by Newton boundary condition. The last step is necessary to create a finite element mesh, which will 
be used for this demonstration predefined styles (Figure 2). Now we can proceed to the actual calculation. 
The calculation results can be displayed using different graphs (Figure 3) or generate the calculated values 
to the table. 

3. CONCLUSION 

COMSOL MultiPhysic program can be a very good tool in solving various physical phenomena that take place 
in nanotextiles. First, it is necessary to analyze the problem, determine the basic physical interactions studied 
phenomena and then choose the appropriate mathematical model for the phenomenon. The results also 
depend on the selected geometry of the material structure. Effect of structure on the properties 
of the nanotextiles can be performed using various simulations using numerical methods. Examples of such 
structures include computations involving chaotic network of lines and multi-layer systems. 
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Figure 2 The finite element 
mesh 

Figure 3 The resulting temperature curve (on the right with the 
isotherms) 
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Abstract  

Method for measuring a distribution of electric potential distribution in a layer of polymer solution under real 
conditions during electrospinning enables detection of charged quasi-layers organized in the polymer solution. 

Keywords: Electric double layer, Debye layer, electrospinning, polymer solution 

1. INTRODUCTION 

Electrospinning is a method for manufacturing polymer nanofibres, utilizing strong electric field applied on a 
layer of polymer solution. Self-organization leads to the formation of fibers. Polymer solutions are not perfectly 
conductive. These solutions are usually dielectric fluids. Electric fields then enters the solution. It can be 
assumed that the polymer macromolecules somehow organizes in the direction of the electric field. Our method 
allows measuring the distribution of electric potential within the layer of polymer solution. The potential changes 
make it possible to conclude the arrangement of macromolecules. The first works were carried out in [1]. 

2. METHODS 

An important consequence of existence of electrical charges on particle surfaces is that when influenced by 
the applied electric field, the charges can exhibit certain effects. These effects are collectively defined as 
electro kinetic effects. The [2], [3] and [4] show various forms of direct and indirect measurements of electric 
double layer in solution. In all cases, two plate electrodes were inserted into the electrolyte. 

In case of electrospinning on a free surface of the solution, measurement according to [2], [3] and [4] cannot 
be considered, since the second electrode - nanofibres collector - is distant from the liquid surface. To create 
the electrospinning effect, a minimal electric intensity at the surface of free surface is required in the order of 
2.5 MV / m [5]. Inspired by tunneling microscopy, [1] used the method of measuring electrical potential in a 
solution by means of a needle electrode. The size of the potential is read depending on the position of the 
measuring electrode in comparison to the base. A drop of polymer solution is placed on an electrically 
grounded base, which is a typical arrangement electrospinning in real conditions. We assume that in conditions 
just before the initiation of electrospinning, polymeric macromolecules organizes in a drop of solution. The 
organized macromolecules are likely to create electrically charged quasi-layers. We are able to detect their 
position and thickness in the axis of the drop. 

The measurement electrode moves within the drop of solution. Surface of the drop creates a partial electrical 
shielding of the external field. The measurement electrode uses an electrometric amplifier input with 1013Ω 
resistance to measure actual electrical potential in the given point. In case of needling the polymer drops from 
the outside by means of an electrode, a deformation will occur due to surface tension and deformation of the 
outer electric field. This method is unusable for our purpose. Therefore, a method of moving the electrode 
within the polymer solution was used [1]. 

3. EXPERIMENTAL 

The first measuring equipment model in [1] had a manual drive, since there was no electrical interference on 
the sensitive amplifier. Detection of measuring electrode position was performed using a rotary incremental 
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encoders. Feed of the electrode sliding bolt and the encoder was 
geared so that it secures achieving resolution of the electrode 
position of 23 nm / div. High voltage was applied on the collector at 
a distance of approximately 3 cm from the surface of the drop. To 
ensure that the drop is of a constant size during the process, the 
dosage of the liquid was performed under visual control. The image 
of the drop has been magnified and projected on a screen using an 
optical system. According to the image on the screen a moment 
where the electrode touched the surface of the drop was 
determined. Measurements were laborious and time consuming. 
Yet, interesting results were obtained. 

 
Figure 1 Photo of the measurement equipment [1] 

 

Figure 3 The results of measuring changes in electrical potential using the illustrated device [1] 
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4. CONCLUSIONS 

Our future work lies in improvement of the measuring device [1]. An asynchronous electric motor will be used 
as the measuring electrode. The base frequency of the electrical interference created by the motor is of 50 Hz. 
This interference can be eliminated by software. The motor shaft will be fitted with an incremental encoder. A 
1:40 gearing will be mounted between the motor and the displacement of measuring electrode, which will 
improve the resolution of position sensing electrodes to 11.5 nm / div. All data will be recorded using a multi-
channel A / D converter and sent to a computer. Additionally, the computer will be used to control the actuator 
of the device. The quantity of obtained data will allow evaluation of the level of electric potential inside drops 
of polymer solution along the whole path of the electrode feed. We expect to determine changes of electrical 
potential and to measure the size of the area with changed potential. 
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Abstract 

Optoelectronic devices play very important role in life nowadays. Most of the devices are widely used in fields 
ranging from image processing and fiber optic communication to common consumer electronics (twilight 
switches, house security systems, etc.), where components such as photodiodes, laser diodes, 
phototransistors, photomultipliers, optical isolators, LEDs or OLEDs are mounted. Accurate procedure is 
necessary during the preparation to achieve their fully functionality. Because the devices are mostly prepared 
as multilayer systems, there is a requirement for correct functional thickness of layers. The thickness of the 
layers could be checked not only during the deposition but also retrospectively in the case of some failures 
during their deposition. The method of ion beam milling can be used for cross section preparation and can 
achieve cross sections of soft materials or material combinations consisting of hard and soft components, 
which are used in devices. This contribution deals with case study of SEM thickness layer characterization of 
optoelectronic device on cross section, which was prepared by ion milling. 

Keywords: Lon beam milling, optoelectronic device, scanning electron microscopy (SEM), diamond saw 

1. INTRODUCTION 

Optoelectronic devices play very important role in life nowadays. Optoelectronics elements are classified into 
different types such as light emitting diode (LED), photodiode, solar cells, optical fiber, laser diodes, etc. [1]. 
Highly used element is first named LED, the device generating light when suitable voltage is applied. The using 
of organic films and foils’ substrates films in optoelectronics allow to produce flexible elements nowadays. 
Because the devices are mostly prepared as multilayer systems, there is a requirement for correct functional 
thickness of layers. The thickness of the layers could be checked not only during the deposition but also 
retrospectively in the case of some failures during their deposition. The method of ion beam milling can be 
used for cross section preparation and can achieve cross sections of soft materials or material combinations 
consisting of hard and soft components [2], which are used in devices. 

 
Figure 1 Construction of LED 
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2. ION BEAM MILLING 

Ion beam is a powerful tool for a various application and systems operating focused ion beam have been 
produced for over twenty years. Nowadays the application in dual beam systems (combination of SEM and 
focused ion beam - FIB) is very popular, which is used for patterning or modifying of surface in nanoscale and 
then the patterned surface is examined by SEM. Focused ion beam can be used for lithography or FIB imaging 
as well. Ion beam plays also very important role in sample preparation for electron microscopy and also in 
cross sectioning of hard/soft, porous, heat sensitive, brittle and heterogeneous material for (SEM), 
microstructure analysis (EDS, WDS, Auger, EBSD) and, AFM investigations (Figure 2) [3]. 

 

Figure 2 Ion beam milling system Leica EM TIC 3X (right) and the detail of chamber with 3 ion guns (left) 

3. SAMPLE PREPARATION 

3.1. Cutting and polishing 

Sample LED diode (Figure 1) was on glass substrate and before ion beam milling was necessary to cut it 
in the middle of diode, where all active layers were deposited (sandwich structure). The cutting was done by 
diamond saw with 15 000 rpm cooled with water. After cutting, the sample was polished by sand paper with 

roughness of 2 µm and subsequently 0.9 µm at 2500 rpm with water cooling. All this procedures were carried 
out by instrument Leica EM TXP. 

3.2. Ion beam milling 

Thereafter the sample diode was milled by ion beam in chamber of Leica TIC 3X instrument (Figure 2). 
Because the diode consisting of hard and soft material combination it was necessary to use sample cooling 
by liquid nitrogen to avoid melting of polymer layers during the ion bombardment. Argon is used as the process 
gas. The chamber was evacuated to 9.10-5 mbar and working pressure in the chamber was set to 2.10-4 mbar.  

The process was consisting of 3 steps: 

1) Time of process 3 hours, ion guns accelerating voltage of 6 kV, current of 2.2 mA, the sample 
temperature: 0 °C (the temperature of the sample could be higher because the cover glass was etched 
by ion beam first)   

2) Time of process 3 hours, ion guns accelerating voltage of 6 kV, current of 2.2 mA,  
the sample temperature: -15 °C)   
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3) Time of process 3 hours, ion guns accelerating voltage of 6 kV, current of 2.2 mA,  
the sample temperature: -15 °C) 

After these steps the sample diode was etched through all layers and was prepared for SEM inspection. 

4. RESULTS 

The processed sample diode was inspected by scanning electron microscope FEI Nova NanoSEM 450 and the 
thickness of individual layers were determined (Figure 3 and Figure 4). 

 

Figure 3 Individual layers of LED diode with visible traces after ion beam milling 

 

Figure 4 Individual layers of LED diode (1-substrate glass, 2 - ITO, 3 - PEDOT, 4 - active layers [4],  
5 - ZnO nanoparticles, 6 - sputtered layer of aluminum [5]) 

The thickness of individual layers are following; ITO layer of 109 nm, PEDOT layer of 47 nm, active layer of 80 
nm and layer of ZnO nanoparticles varies from 150 to 390 nm because the layer is not homogenous and 
nanoparticles differ in their size.  
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5. CONCLUSION 

We successfully prepared cross section of LED diode by ion milling system. This cross section of hard and 
soft material combination was prepared by ion milling with liquid nitrogen cooled sample. We determined the 
thickness of layers composing LED diode prepared by ourselves, so we are able to control layer thickness not 
only during the deposition but also retrospectively. 
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Abstract 

The main aim of this contribution is the study of mechanical properties of hydrogels systems by classical 
rheological techniques (oscillation measurements) and further correlation of mechanical properties with inner 
structural and mechanical properties determined by novel microrheological techniques (dynamic light 
scattering, fluorescence correlation spectroscopy). As a model hydrogel medium; agarose as a representative 
polysaccharide will be used. The main advantage of the agarose hydrogel is their thermoreversibility and non-
reactivity. Therefore the agarose hydrogels can be prepared with defined properties. As the studied samples 
will be agarose hydrogels with different concentrations in mixture with biopolymers. As the suitable 
biopolymers; chitosane, alginate, hyaluronate will be used, and for comparison also polystyrenesulfonate will 
be used. The main emphasis will be taken on time and temperature dependence on mechanical properties 
determined by macro- and microrheological techniques. Further fluorescence labeling hydrogels samples will 
be studied and the ability of probes penetrated into the hydrogels. 

Keywords: Microrheology, hydrogels, rheology, polyelectrolytes 

1. INTRODUCTION 

Gels are the dispersion systems formed by particles (dispergum) with the size about 1 - 1000 nm and by 
dispersion medium (dispergens), which occupies majority part of gels. Gels are the semi-solid materials with 
the 3D network, which are formed for example by cross-linking of linear polymers [1]. The gel formation 
depends on the number of the created nodes between the long chains and the more of nodes create the rigid 
material. The gels are portioned by according to behavior of dispergens as lyogels and xyrogels. Lyogels are 
the gels, which obtained the solution (organic solution, water, etc.) and xerogels are the gels without solution 
(so called dry gels). For our experiments we used agarose gels with the water solution, and then are called 
hydrogels. Agarose is the natural biopolymer; it is polysaccharide with the gelation properties, which is 
descripted in chapter 2.1.1. 

Hydrogels belong to one of the most used drug forms in pharmacy especially for drug delivery, tissue 
engineering, bioseparation or biosenzoring [2 - 5]. The functions of drug forms are depended on the many 
factors (structure, addition of other compounds, inner structure, dissolution etc.). Their properties and behavior 
in human body are based on the right function of drug delivers, dissolution or releasing of drugs. The mean 
properties have the effect on the diffusion of drugs and the compounds from outer side into the hydrogels  
[6 - 10], which have further effects on their functions.  

The function of hydrogels is based on mechanical properties, too and then the viscosity determines the 
behavior of hydrogels. For the characterization of mechanical properties is possible used to rheology, which 
belongs to common method for determination of visco-elastic properties [11-12]. This method is used for the 
macroscopic observation of mechanical hydrogel properties, but some changes must not be observed 
immediately. The microscopic mechanical properties are possible to measure by microrheology. It is the new 
young method based on the dynamic light scattering (DLS) and fluorescence correlation spectroscopy (FCS). 
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This instrumentation has big potential for the characterization of mechanical properties in micro scale. The 
principle of methods is description in chapter 2.1.3 and 2.1.4.  

2. EXPERIMENTAL 

2.1 Materials and Methods 

2.1.1. Preparation agarose hydrogel with addition of biopolymers  

Agarose is a natural biopolymer isolated from seaweeds (Floridae and Gelidium). Our experiments are based 
on polysaccharides - agarose - formed by linear units D-galactose and 3,6-anhydro-L-galactopyrane galactose 
with the molecular weight 120 000 Da. Agarose represents thermoreversible polysaccharide, which can at 
specific conditions form hydrogel. Agarose is insoluble in water at laboratory temperature, on the other side at 
high temperature (approximately 85 °C) it starts to be soluble. The long chains of agarose are untwisted at 
high temperature and after decrease of temperature of sample (30 - 40 °C) are the chains intertwined. Our 
experiments are based on the optically clear 1 wt. % agarose hydrogel with the addition of 0.1 wt. % of 
polyelectrolyte. The procedure of the preparation of agarose hydrogels with different content of polyelectrolyte 
is follows: the accurate weight of powder agarose (Type I, low EEO, Sigma Aldrich) was placed into the beaker 
with exact volume of pure distillated (mili-Q) water. The mixture was heated up to 85 °C, when the agarose 
became soluble. Then melting agarose was allowed at laboratory temperature. When the temperature 
decreases, the agarose chains are getting involved into the final structure of hydrogels (30 °C). 

2.1.2. Macro rheology (REO) 

Agarose hydrogels with different addition of polyelectrolytes were prepared according preparation procedure 
mentioned in the section 2.1.1.  

The mechanical properties of agarose hydrogels with addition of different polyelectrolytes (alginate, 
hyaluronate, chitosan and polystyrene sulfonate) were determined by classical macrorheological experiments 
(realized on Rheometer AR-G2, TA Instruments). As suitable experiments - two types of oscillatory 
measurements were chosen. Firstly, the linear viscoelastic region (LVR) was determined by amplitude 
deformation test (strain sweep). The experimental parameters of the strain sweep experiments were set as 
follows: constant frequency of oscillation - 1 Hz, temperature - 25 °C, conditioning step - 3 minutes, dynamic 

range of deformation amplitude - 0.01-100 %, measuring gap - 1000 µm. The main aim of these experiments 
was determination of linear viscoelastic region. From this region, the constant amplitude of deformation must 
be chosen for further experiments (frequency sweep).  

Frequency sweep measurements were realized on the same instrument as above mentioned strain sweep 
tests. Parameters of these experiments were set as follows: constant amplitude of deformation (chosen from 
the linear viscoelastic region) - 0.5 %, temperature - 25 °C, dynamic range of oscillation frequency - 0.1-20 Hz, 

measuring gap - 1000 µm. 

Titanium sensor plate-plate with diameter 40 mm and Peltier plate for maintenance of accurate temperature 
was used for all mentioned experiments.   

2.1.3. Dynamic Light Scattering (DLS) 

For deeper discussion of influence of polyelectrolytes content on viscoelastic properties of studied samples 
two micro-scale rheological methods were utilized. Firstly, the method of dynamic light scattering with further 
extension to DLS microrheology was used. This method is based on observing of the movement of tracer 
particles with defined particle size (polystyrene monodispersed particle size standard with nominal particle size 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

794 

100 nm) in the samples. The second utilized micro-scale rheological method was fluorescence correlation 
spectroscopy (FCS). More details about FCS measurements can be found in following chapter 2.1.4.   

To perform DLS microrheological experiments firstly the method was optimized on series of pure agarose 
hydrogel with variable concentration of agarose ( ). Subsequently, the individual samples of hydrogels with 
different incorporated polyelectrolytes (fixed concentration 0.1 wt. %) were used. More details about way of 
sample preparation can be found in chapter 2.1.1.  

DLS microrheology experiments on both these groups of samples (pure hydrogels with variable concentration 
of agarose as well as hydrogels with different incorporated polyelectrolytes) were carried out on Zetasizer 
Nano ZS instrument (Malvern Instruments). For DLS analysis the samples with additionally homogeneously 

dispersed tracer particles (polystyrene monodisperse, 100 nm, ratio: 20 µl of tracer solution on 5 ml of total 
volume of hydrogel) were prepared directly into glass cuvettes (classical cuvettes for routine UV-VIS 
spectroscopy). The cuvettes with individual samples were tempered at 25 °C (for 30 minutes) and 
subsequently analyzed by DLS microrheology method. From obtained raw data (autocorrelation function of 
tracer movement in studied samples) the main outcome from the method, the dependences of mean square 
displacement (MSD) of tracer particles in individual hydrogel samples on observation time were determined. 

2.1.4 Fluorescence Correlation Spectroscopy (FCS) 

Fluorescence correlation spectroscopy measurements were carried out using a time-resolved confocal 
fluorescence microscope MicroTime 200 (PicoQuant) equipped with an inverted microscope (Olympus IX 71) 
containing a water immersion objective (Olympus UPlansApo, 60×1.2/NA). An excitation light of 470 nm was 
applied to excite the samples.  

The method of FCS is able to determine the viscoelastic properties of studied samples by means of observing 
of movement of fluorescently labeled tracer particles in sample. The utilized measuring method is called 
microrhelogy. For purposes of this type of measurement two different fluorescently labeled tracer particles 
were used. For pure agarose hydrogel and hydrogels containing negatively charged (PSS, sodium alginate, 
hyaluronic acid) and neutral polyelectrolytes (dextran) sulphonated polystyrene tracer particles with nominal 
particle size 30 nm were used. On the other side for hydrogel containing positively charged polyelectrolyte 
(chitosan) amino-modified polystyrene tracer particles with nominal particle size 100 nm were used. From 
observed number of particles flowing through the confocal volume during the measurement, the viscosity of 
studied material is calculated. Subsequently, the obtained data were fitted by SymphoTime64 software. The 
main outcome from the method was again as from DLS microrheology the dependence of MSD of tracer 
particles in studied hydrogels on the observation time. 

3. RESULTS AND DISCUSSION 

3.1. Macro rheology (REO) 

The main aim of the strain sweep experiments was the determination of linear viscoelastic region of all agarose 
hydrogels with different addition of polyelectrolytes. All experimental data are summarized in Figure 1.  

From the graphical dependence (Figure 1a)) is obvious, that all agarose hydrogels independently of addition 
of polyelectrolytes have very similar viscoelastic behavior. The linear viscoelastic region is in the range from 
0.01 % to 0.5 % amplitude of deformation. Therefore 0.5 % amplitude of deformation was chosen as a suitable 
value for further oscillation experiments (frequency sweep). From the macro rheological point of view, there 
are no significantly changes in the mechanical properties of agarose hydrogels with addition of polyelectrolytes 
according to strain sweep amplitude experiments. 
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Figure 1 a) Strain sweep amplitude test and b) frequency sweep test for agarose hydrogels with different 
polyelectrolytes (× represents pure agarose hydrogel with 1 wt. % of agarose, × represent 1 wt. % of 

agarose hydrogel with 0.1 wt. % of polystyrene sulfonate, × represents 1 wt. % of agarose hydrogel with 0.1 
wt. % alginate, × represents 1 wt. % of agarose hydrogel with 0.1 wt. % of hyaluronate and finally × 

represents 1 wt. % of agarose hydrogel with 0.1 wt. % of chitosan 

As was mentioned above, the mechanical properties of agarose hydrogels were studied also by second 
oscillation test (frequency sweep experiment). All experimental data obtained from this type of experiments 
are summarized in Figure 1b). It is obvious, that there are only slight differences in values of complex moduli 
for different agarose hydrogels. If we will compare pure agarose hydrogel with the same concentrated agarose 
hydrogel with addition of chitosan, we can take into account slight increase of complex moduli for agarose 
hydrogel with chitosan. On the macrorheological scale, this increase is not so significant in comparison with 
microrheological point of view (see chapters 3.2. a 3.3.) because all agarose hydrogels are viscoelastic 
materials with a predominance of elasticity (elastic modulus is higher in comparison with viscous modulus in 
all cases for whole range of chosen oscillation frequency. 

The inner mechanical properties from the microrheological point of view were studied more deeply in further 
chapters (3.2. - DLS microrheology and 3.3. - FCS microrheology). From the comparison of results obtained 
from macrorheological and microrheological experiments is obvious, that changes in mechanical properties, 
which are noticeable in microrheological scale, are not observed in macrorheological point of view. 

3.2. Dynamic light scattering (DLS) 

The first part of DLS microrheological experiments was focused on optimization of settings of this method for 
purposes of hydrogel sample analysis. In principle DLS method is based on observing of differences in 
scattered light intensity caused by moving particles in measured sample. Moreover, the method is highly 
sensitive on presence of big particles/aggregates of particles, which scatter light with significantly higher 
intensity in comparison with smaller particles and sometimes the scattering of small particles can be completely 
hidden by scattering of big particles/aggregates of particles. Finally another limitation of DLS is connected to 
the concentration effect of analyzed sample. To be able to collect good experimental data the initial laser light 
beam must be able to penetrate through the sample (sample must be optically clear). Sometimes even 
ostensibly optically clear sample can provide wrong results (=data with low signal to noise ratio) due to multiple 
scattering caused by too much high concentration of particles in sample. To sum up, all these effects are 
significantly limiting the application of DLS microrheology for characterization of hydrogel samples.  

The data (Figure 2a)) describing comparison of MSD curves of tracer particles for pure agarose hydrogels 
with variable concentration of agarose in hydrogels shows typical and also expected shape. The effect of 
elasticity of sample is increasing with increasing concentration of agarose in the hydrogels.   
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Figure 2 a) MSD dependences on observation time for pure agarose hydrogels with variable concentration 
of agarose obtained from DLS microrheology; b) MSD dependences on observation time for agarose 

hydrogels with different incorporated polyelectrolytes obtained from FCS microrheology 

The second part of the DLS microrheology experiments was focused on comparison of 1 wt. % agarose 
hydrogels containing 0.1 wt. % of different polyelectrolyte. Unfortunately, the results from this part of 
experiments showed that method of DLS microrhelogy is not suitable for such a type of samples. The 
polyelectrolyte content caused significant increase of polydispersity, which reflected in much higher multiple 
scattering of gel matrix. Consequently these undesirable effects cannot be filtered from the signal of tracer 
scattering even at high concentration of tracer particles in sample. By these reasons for further description of 
microrheological properties of studied samples the method of FCS was used. 

3.3. Fluorescence Correlation Spectroscopy (FCS) 

For further description of viscoelastic properties of individual samples of agarose hydrogels on microscopic 
scale the method of fluorescence correlation spectroscopy was used. The measurement on FCS is in 
comparison with DLS not affected by undesirable effects of gel matrix. The obtained comparison of basic 
outcome from this method - MSD curves of traces particles in individual hydrogel samples - is showed on 
Figure 2b). The displayed MSD curves for individual hydrogels with different incorporated polyelectrolytes are 
compared with pure agarose hydrogel as well as with the results obtained from the measurement of MSD of 
tracer in water. Experimental MSD curve obtained for movement of tracer in pure agarose hydrogel showed 
almost linear dependence with minor effect of elasticity of gel matric. The observed shift towards lower values 
of MSD in comparison of tracer movement in water was expected. It indicated higher viscosity of agarose 
matrix in comparison with water. From the comparison of MSD curves for pure agarose hydrogels and the data 
obtained for samples containing different incorporated polyelectrolytes is obvious that two different effects can 
be distinguished. Firstly, all the MSD curves determined for sample containing individual polyelectrolytes are 
shifted towards lower values, indicating slightly higher viscosity of these samples. The most significant 
decrease was observed for hydrogel containing chitosan. The second observation is connected to the shape 
of MSD curves. The MSD curves obtained for hydrogels with different incorporated polyelectrolytes are 
showing non-linear dependences with significant turn to the right indicating much higher contribution of 
elasticity of samples. The elastic behavior is the most significant for hydrogels containing dextran, sodium 
alginate and chitosan.  

The results of this part of the work showed that despite of no observed effect of polyelectrolyte content on 
macroscopic viscoelastic properties of reactive hydrogels, the internal microstructure of reactive hydrogels can 
be affected even by such a low content of added polyelectrolytes. 

0,000001

0,00001

0,0001

0,001

0,01

0,0000001 0,000001 0,00001 0,0001 0,001

m
e
a
n

 s
q

u
a
re

 d
is

p
la

c
e
m

e
n

t 
×

1
0

1
2

(m
2
)

time (s)

AG 0.01 wt.%

AG 0.05 wt.%

AG 0.10 wt.%

AG 0.50 wt.%

AG 1.00 wt.%

a)

0,00001

0,0001

0,001

0,01

0,1

1

10

100

1000

0,000001 0,0001 0,01 1

m
e
a
n

 s
q

u
a
re

 d
is

p
la

c
e
m

e
n

t 
×

1
0

1
2

(m
2
) 

time (s)

water AG

PSS ALG

Hya DEX

CHIT

b)



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

797 

4. CONCLUSION 

This work is focused on the study of macro and micro rheological properties of agarose hydrogel with addition 
of polyelectrolytes. From the obtained experimental data is obvious, that in macrorheological point of view, the 
small differences in the microstructure of measured samples caused by addition of polyelectrolytes cannot be 
determined. However, the differences in microstructural properties of hydrogels are able to detect by DLS and 
FCS methods. FCS method seems to be more sensitive in comparison with DLS method for determination of 
differences in microstructural properties of agarose hydrogels with addition of polyelectrolytes, because the 
sensitivity of DLS method decreases with increasing concentration of polyelectrolyte because of higher 
scattering. Above mentioned methods (FCS and DLS) seem to be very promising in deeper characterization 
of these complex systems such as hydrogels with polyelectrolytes especially from the microstructural point of 
view. 
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Abstract 

This work deals with the preparation of silver nanoparticles using ionizing radiation. The nanosilver was 
prepared from aqueous solutions of silver nitrate with either Triton X-100 or Brij L4 as the stabilizer and 
reducing ˙OH radical scavenger. The effects of AgNO3 concentration, dose and type of deposited energy - 
accelerated electrons, gamma rays or UV - were studied. UV-Vis spectrometry was used to determine the 
concentration of silver nanoparticles. Photon Cross-correlation Spectroscopy was used to determine particle 
size in dispersions.   

Keywords: Nanosilver preparation, electron, gamma, UV irradiation, micelles 

1. INTRODUCTION  

Nanoparticles have properties which differ from those of larger particles of the same substance as effects 
related to surface particles increase in significance. In recent years, many methods have been developed to 
prepare particles with specific sizes, morphologies and composition. Metal nanoparticles in particular are 
prized for their many and varied applications. Nanosilver, both pure and in bimetallic particles, has a very wide 
range of applications. It is well known for its antimicrobial and antifungal properties [1, 2]. Its uses are not, 
however, limited to those applications and surface-enhanced Raman scattering [3, 4], catalysis [5] are among 
the other applications worth mentioning. The preparation of nanoparticles of silver using ionizing radiation on 
solutions of AgNO3 and nonionic surfactants has the advantages of ionizing radiation, most notably a well 
regulated reducing or oxidizing environment. Yet it also avoids the downsides: the nonionic surfactants also 
act as scavengers and subsequent reducing agents, thus eliminating the need to introduce further compounds 
into the solution. 

The goal of this work is to describe the various ways studied - notably electron beam, gamma radiation and 
UV photolysis - in which nanosilver can be generated from solutions of AgNO3 in either Triton X-100 or Brij L4 
and to describe some of the physicochemical properties of some of the particles prepared. The most notable 
of these properties are the effects of the initial concentration of AgNO3 and of the surfactant used on the 
subsequent concentration of nanoparticles prepared. 

The wide variety of reducing methods means that condensing, specifically reducing, methods are the most 
widely studied. Chemical reduction can rely on strong reducing agents such as NaBH4 [6] or weaker organic 
reducing agents, such as L-ascorbic acid [7] or trisodium citrate [8]. Green chemistry - the use of only chemicals 
not harmful to the environment - has affected the preparation of silver nanoparticles as well. 

2. RADIOLYTIC PREPARATION METHODS 

During radiolysis of water conventional species such as H+, OH- and H2O2, as well as several species more 
reactive than regular chemical compounds, form [9], shown in equation 1. Species thus formed from water 
compose a majority of the products of ionizing radiation in solutions with concentrations of no more than  
1 - 10 wt%.   

H2O → eaq-, H+; •OH; H2; H2O2; H+; OH-          (1) 
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For the reduction of silver ions several of these products are useful. Perhaps the best reducing agent due to 
its high standard redox potential is the hydrated electron (eaq-) with E0(eaq-/e-) = -2.9 V. These solvated electrons 
are thermalized and surrounded by oriented water molecules and are highly reactive. A second, weaker 
reducing agent - which gains significance with decreasing pH values - is the H•_radical which forms according 
to the reaction in equation 2. It has a standard redox potential E0(H•./H+) of -2.3 V. 

eaq- + H+ → H. •             (2) 

The third highly reactive product is the hydroxyl radical •OH, which is a strong oxidizing agent. To be able to 
produce a reducing environment, the existence of •.OH radicals must be circumvented. To do this, a radical 
scavenger is chosen to transform the oxidizing •.OH radicals into reducing - if weak - radicals of the scavenger. 
The general scavenging equation is equation 3. Common scavengers include alcohols (equation 4), such as 
methanol, ethanol and propan-2-ol and format (equation 5). 

OH + RH → R• + H2O            (3) 

OH + RR/CHOH → RR/COH + H2O          (4) 

OH + HCOO- → COO- + H2O           (5) 

Afterwards, the various solvated electrons or reducing radicals act to reduce the silver. 

eaq + Ag+ →    Ag0            (6) 

H•. + Ag+ →    H+ + Ag0           (7) 

RR/COH + Ag+ → RR/CO + Ag0          (8) 

Use ionizing radiation to induce redox reactions has the advantage of a simple relation between the various 
characteristics of the irradiation and those of the produced nanoparticle. Changes in the dose rate can modify 
the size; changes in the dose up to a certain level (presumably the reduction of all ions in the solution) increase 
the concentration [10, 11].   

3. STABILIZERS 

The high surface energy of silver nanoparticles, which opens up so many new applications, also causes them 
to be unstable and have a tendency to form aggregates (see equation 6-8). To prevent aggregation, nanosilver 
must be stabilized in some way. Common methods include dispersing the particles in a gel [69] or adding a 
stabilizing substance which binds to the molecule. Examples of such substances include polyvinyl pyrollide 
[7], pyridinium di-n-hexaoctyldithiophosphate [8] or substances with -SH groups [9]. A simple separation and 
stabilization method which relies on physical rather than chemical bonds is the use of surface active 
substances, which stabilize the silver within micelles.  

Nonionic 4surfactants generally consist of a long polyoxide-ether chain, most commonly a polyethylene glycol 
ether with an aliphatic and/or aromatic tail. The two surfactants used for the experiments described in this 
paper were Triton X-100 and Brij L4 (also known under another trade name as Brij 30). 

  

Figure 1 Triton X-100, n = 9-10 Figure 2 Brij L4, n =4 
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Triton X-100 is one of the trade names for 4-(1,1,3,3-Tetramethylbutyl)phenylpolyethylene glycol (see 
Figure 2), where the number of ethylene glycol groups averages between 9 and 10. In an aqueous solution 
with a pH of less than 8, it takes on the form of a symmetrical 95 700 u particle with a radius of gyration of 2.93 
nm. Its critical micellar concentration is 0.2 - 0.9 mmol/dm3 [12], which, given its average molecular weight of 
625 g.mol-1, is equal to about 0:013 ± 0:056 w%. Brij L4 is the trade name used to refer to Tetraethylene glycol 
dodecyl ether [80] (see Figure 3). In aqueous solutions it is considerably less soluble than Triton X-100, due 
to its shorter ethylene glycol chain and is thus prone to forming emulsions rather than colloids. Its critical 
micellar concentration is about 10 mg/dm3 [13]. 

Nonionic polyethylene glycol type surfactants were chosen not only for their suitable stabilizing character, but 
also for their radiation properties. They can act as radical scavengers, forming water and a radical on the first 
carbon (see equation 9) much like the diols described by Billany et al. [14]. The radical is then free to reduce 
silver ions in solution or adsorbed on the surface of a silver nanoparticle (n = 1, respectively n > 1 in 
equation 10). These reactions are analogous to the reaction with glycol by Soroushian et al. [15]. 

R-OH2CCH2OH + OH.• → R-OH2CC/HOH + H2O        (9) 

R-OH2CC/HOH + Ag+ R → •OH2CCHO + Ag0         (10) 

Where R = C12H25-(OCH2CH2)3 for Brij or t-Oct-C6H 4-(OCH2CH 2)x and x = 8 - 9 for Triton X-100. 

4. EXPERIMENTAL 

4.1. Chemicals  

Triton X-100 and AgNO3 were purchased from Merck. Brij L4 was purchased from Sigma-Aldrich. All chemicals 
purchased were analytical grade and were used without further purification. 

4.2. Sample Preparation 

An aqueous solution of the desired surfactant was prepared at the desired concentration (1% for Brij L4 and 
2% for Triton X-100) by adding the liquid surfactant to water and continuously mixing it until a homogenous 
emulsion was formed, in the case of Brij L4, or until the gel formed in the solution was dissolved, in the case 
of Triton X-100. It usually took about one hour to prepare the desired solution or emulsion. Solid AgNO3 was 
then dissolved in the continuously stirred solution (emulsion) and modified by adding small amounts (up to 1 
vol%) of a solution of modifier ions. Samples were stored the dark to shield them from the effects of UV light 
present in natural sunlight. 

4.3. Irradiation 

Electron Irradiation. A 10 mL sample of the prepared solution was then transferred into 10 or 20 mL 
ampoules, which were secured with parafilm. The ampoules were placed on a tray on the conveyor and 
irradiated with 4.5 MeV electrons from a linear accelerator with doses ranging from 1-32 kGy. The samples 
were placed on the tray all at once and irradiated until a sample was to be taken then irradiation resumed. If 
the jump between doses increased, then the dose rate was adjusted accordingly. An identical sample 
containing all the components except the silver nitrate was also irradiated at 24 kGy. This was then used as 
the standard for taking base readings. This standard was chosen over an unirradiated sample because the 
quick effects of any UV radiation which, though not significant enough for concentration measurements in UV-
Vis spectrometry, play havoc with results from photon cross-correlation spectroscopy, where a very wide range 
of concentrations is detectable and it is more difficult to establish a good baseline. The other advantage being 
the possibility to, at least partially, control for chemical changes undergone during radiolysis.  
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UV Irradiation. A 2 L solution was prepared and then transferred into a 2.8 L glass reactor with three necks. 
A mercury-vapor medium-pressure lamp was submerged into the solution and the output on the power source 
was set to 180 increments - roughly equivalent to an output of 400 W. 

Gamma Rays. Samples prepared for gamma irradiation were also taken into ampoules just as those for 
electron irradiation were. The samples were then placed into a 60Co gamma radiation source. 

4.4. Instrumentation and Sample Evaluation 

UV-Vis Spectrometry. Absorbance at certain peaks serves to describe the concentration of individual species 
of silver nanoparticles, whereby peaks further in the UV range point to smaller particles. Measurements were 
performed on a Genesys 20 spectrometer from Thermo Scientific. This spectrometer uses a tungsten and a 
halogen lamp. The spectrometer can measure in the range of 325⁎1100 nm. Data was gathered in the 
VISIONlite control program for the spectrometer. Measurements in that reach further into UV range were 
performed on a Cary 100 Conc double beam spectrometer from Varian, Inc. This spectrometer was used for 
measurements in the 190 - 900 nm range. It uses a tungsten halogen lamp for visible light and a deuterium 
arc as the ultraviolet source and signals are captured on a R928 photomultiplier tube. Analysis was done in 
the Cary WinUV control program. Samples were measured in plastic cuvettes, except for chloroform solutions, 
for which fused silica cuvettes were used. Solutions were diluted with water to the concentration necessary to 
give an absorption in the 0 - 1 range, where the Beer-Lambert law is valid. Standards were used at the same 
dilution 

Photon Cross-correlation Spectroscopy. (PCCS) in the configuration supplied by Sympatec - their 
NANOPHOX machine in combination with the WINDOX 5 software were used in the measurements described 
- remains primarily an extension of photon correlation spectroscopy (PCS). The NANOPHOX system uses a 
He-Ne laser with a wavelength of 632.8 nm with an adjustable position. Samples are kept in a thermostatic 
bath in photon correlation spectroscopy the scattering of a beam of light on a particle is measured. Such 
scattering is used to detect the Brownian motion of particles which depends on temperature, the size and 
shape of the particle, as well as on other factors such as viscosity. 

5. RESULTS AND DISCUSSION 

5.1. Electron Irradiation 

UV-VIS Spectrometry Samples prepared from various concentrations of silver nitrate in a 1 wt% solution of 
Brij L4 were radiated at doses of 1, 2, 4, 6, 8, 16, 24, 32 kGy. The absorbance of samples was measured from 
usually to a factor of 1:25 or 1:50, though samples with the highest dose and concentration were diluted up to 
1:70. Thus, any absorbances listed are relative to the dilution. The two dependencies studied were the effects 
of dose and the effects of AgNO3 concentration on the concentration of Ag nanoparticles. As is visible from 
Figures 3 dose causes an almost linear increase in concentration. Concentration as a function of dose only 
displays a decrease in slope at the highest doses, possibly approaching a plateau. When the initial 
concentration of AgNO3 changes, the effects of the dose show similar responses325 nm to 600 nm with steps 
Photon Cross-correlation Spectroscopy Samples prepared from a 0.01 mol/L AgNO3 solution in both Brij L4 
and Triton X-100 were measured by PCCS. The samples in Figures 4 and 5 show very different of 1 nm. 
Samples were diluted to put absorbance in the range of 0 - 1 intensities for several peaks. These differences 
are likely due to the almost double amount of silver nanoparticles formed in the Brij L4 solution by the double 
dose. Additionally, there are more surfactant molecules in the 2% Triton X-100 solution than in the 1% Brij L4 
solution and the Triton X-100 molecules form smaller micelles. One peak is in the single nanometer range, 
which could belong to the fraction of 2 nm or smaller particles reported by Remita et al. [11]. Most likely, 
however, they belong to micelles formed by the surfactant. Triton X-100 certainly has a radius of gyration in 
this range. The second peak is in the 50 - 100 nm range, where the silver nanoparticles are likely to be. This 
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peak shows considerably smaller particle form in Triton X-100 than in Brij L4. The third peak occurs around 
500 nm, this may have formed by coalescing of silver nanoparticles or may be due to dust from the construction 
taking place near the laboratory in which measurement took place.  

 

Figure 3 Normalized absorbance spectra for a 0.1 mol/L AgNO3 sample irradiated with various doses 

 
Figure 4 Size distribution for 0.01 mol/L AgNO3 in Brij L4 irradiated at 24 kGy 
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Figure 5 Size distribution for 0.01 mol/L AgNO3 in Triton X-100 irradiated at 12 kGy 

5.2. UV Photolysis 

Only one sample was prepared in this way. Though samples were taken at regular intervals from the reactor 
a tube attached to a syringe, they proved too large to display any of the surface plasmon resonance. The 
samples were thus impossible to analyze by UV-Vis spectrometry 

5.3. Irradiation with Gamma Rays 

The dose rate of the 60Co source was determined using a Fricke dosimeter. The decrease in dose rate over 
the period of three months during which samples were prepared was less than 5%, assuming an exponential  

decrease with the same characteristics as the decay itself. As the measurements are highly sensitive to 
geometry, that decrease is well within the error margin of the measurement and the dose rate can be assumed 
to be constant during irradiation. The dose rate was measured to be 55 Gy/h. The concentration of silver 
nanoparticles in suspension at any one time was affected by two competing factors: the formation of silver 
nanoparticles by reduction from ions and the sedimentation of formed particles. Despite a decreased need for 
dilution, samples were diluted to a strength of 1:25 because Brij L4 was tested and known to forms a colloid 
at this concentration instead of the emulsions formed at higher ones. As is visible from Figure 6, due to its low 
dose rate, sedimentation remains the primary determinant of concentration, keeping it constant over a very 
long period of time. There are two possible factors which may serve as possible explanations for the gradual 
narrowing of the peak. The first is that initially larger particles form, which would be consistent with the 
suspension of visible grey microparticles without measurable nanoparticles formed in the sample taken after 
24 hours. These larger particles gradually become smaller with increasing dose (an effect reported by Naghavi 
et al. [10]). The second effect may then be the faster sedimentation of larger particles. Whatever the effects 
which cause it, the con-centration of nanosilver in suspension remains constant over a very long period of 
time. 
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Figure 6 Absorbtion spectra for a 0.01 mol/L AgNO3 solution irradiated with gamma rays 

6. CONCLUSION 

Silver nanoparticles and microparticles were prepared using several different ionizing particles: accelerated 
electrons and UV and gamma photons. For accelerated electrons, it was confirmed using UV-Vis spectrometry 
that an increase in the dose leads to a larger concentration of silver nanoparticles. It was also found that an 
increase in the initial concentration of silver nitrate will generate more nanoparticles. Every concentration 
responds in a similar, linear manner to an increase in dose. The slopes of the linear responses increase with 
the concentration, though that increase seems to be approaching a plateau. Using photon cross-correlation 
spectroscopy, it was confirmed that 50-100 nm particles are produced and that smaller particles form in Triton 
X-100 than in Brij L4. For UV photons microparticles were prepared in Brij L4. For gamma rays with a low dose 
rate, it was confirmed using UV-Vis spectrometry that an equilibrium of sorts forms between the production 
and sedimentation of silver nanoparticles. From the shape of the spectra, it can be surmised that the particles 
in the solution gradually decrease in size until they reach a constant value.   
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Abstract 

A Mo-B-C nanostructured coating was prepared on WC-Co hard-metal substrate by magnetron sputtering. 
The details of microstructure of deposited thin layer as well as elements redistribution caused by subsequent 
annealing at 1000 °C were studied by several experimental techniques, namely scanning electron microscopy, 
transmission electron microscopy and glow discharge optical emission spectroscopy. A strong effect of Co 
diffusion from substrate to the coating was detected resulting in the formation of interlayer at coating/substrate 
interface. 

Keywords: Coating, nanostructure, analytical electron microscopy, GDOES 

1. INTRODUCTION 

During the past years a substantial progress has been achieved in the development of hard protective 
nanocomposite coatings. Numerous nanostructured coatings exhibiting excellent mechanical properties 
substantially different from their bulk constituents have been designed and successfully used in industrial 
applications [1-3]. Hard coatings are deposited on cutting tools to protect their surfaces against mechanical 
and chemical damage and hence to improve lifetime and performance. Protective coating materials for cutting 
require high stiffness and hardness to lower wear rates. At the same time they should possess also a moderate 
ductility to avoid crack initiation and growth. There are two criteria generally used for assessment of material’s 
ductility or brittleness. Pugh [4] showed that if the ratio of bulk modulus to shear modulus B / G is greater than 
1.75, the material exhibits ductile metal-like behaviour. Otherwise, the material is considered brittle. Pettifor [5] 
showed that the value of the Cauchy pressure can also give information about ductility. Cauchy pressure is 
determined as the difference between elastic constants C12-C44. If it is negative, the material is brittle. Positive 
Cauchy pressure implies ductile behaviour. 

Regarding the above mentioned trends and criteria, a proposal for an unusually stiff and moderately ductile 
hard coating material Mo2BC was proposed by Emmerlich et al [6] based on ab initio calculations and 
supported also experimentally by coatings prepared at 900 °C. Orthorhombic crystal lattice of Mo2BC with a 
high aspect ratio (a = 0.309 nm, b = 1.735 nm, c = 0.305 nm, space group Cmcm [7], ICSD entry no. 043318 
[8, 9]) constitutes a structure of stiff Mo-C and Mo-B layers with metallic interlayer bonding. The authors [6] 
showed that calculated properties (B = 324 GPa, B / G = 1.72, C12-C44 = 43 GPa) can be understood by 
considering the electronic structure and particularly the extreme anisotropy. Excellent mechanical properties 
of Mo2BC coatings were recently confirmed by several experimental works [10-13]. The authors of [6] 
continued their work by preparing Mo2BC thin films at lower temperatures using high power pulsed magnetron 
sputtering [14] and by systematic theoretical study on the electronic structure and mechanical properties of 
broader class of similar X2BC nanolaminated materials where X = Ti, V, Zr, Nb, Mo, Hf, Ta and W [15]. 

After we successfully prepared Mo2BC coatings by magnetron sputtering and assessed their microstructure 
and mechanical properties in the as deposited state [11-13] we addressed thermal stability of the coatings up 
to 1000 °C. First results [14] indicate that annealing process significantly improves the hardness and elastic 
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modulus of coatings while keeping their resistance to fracture sufficiently high. In this work we combine several 
experimental methods to study in detail microstructural changes in Mo2BC coatings on WC-Co substrates 
caused by annealing at 1000 °C. 

2. EXPERIMENTAL 

A custom built magnetron sputtering device equipped with four magnetron sputtering heads in a balanced 
magnetic field configuration was used for the Mo-B-C coating depositions. Samples of about 2 μm thick layers 
were deposited using magnetron co-sputtering of three targets: B4C, C and Mo. The hard-metal (cemented 
tungsten carbide, WC-Co) substrates were ultrasonically cleaned in a degreasing agent and then placed in the 
chamber using a load-lock system. Prior to the deposition process the substrates were cleaned in argon 
plasma for 20 min. B4C and Mo targets were DC driven, a pulsed power was applied on the C target. Substrates 
were not heated. More details on preparation can be found in [13, 14].  

The prepared coatings were annealed in the resistively heated laboratory furnace Classic Clare 4.0 to 1000 °C 
with constant heating rate of 5 K / min. The furnace chamber was evacuated to the base pressure of about 10-

5 Pa. After achieving the desired temperature it was kept constant for 30 minutes and then the samples cooled 
down in vacuum for approximately 12 hours. 

Microstructure of layers was studied using a Tescan LYRA 3XMU FEG/SEM×FIB scanning electron 
microscope (SEM) with an X-Max80 energy dispersive X-ray (EDX) analyser by Oxford Instruments and a 
Philips CM12 STEM transmission electron microscope (TEM) with an EDX analyser by EDAX. Thin lamellar 
cross sections for TEM observations were prepared using a focused ion beam (FIB) in SEM from two locations 
in each sample: an undisturbed layer and a central region of indentation print made with Berkovich tip with a 
load of 1 N. Depth profiles showing the elements redistribution due to annealing were measured by glow 
discharge optical emission spectroscopy (GDOES) at 650 Pa and power of 35 W using a HORIBA Jobin Yvon 
GD-Profiler 2 by HORIBA Scientific. 

3. RESULTS AND DISCUSSION 

Figure 1 summarizes the results of SEM and TEM observations after annealing at 1000 °C. The SEM image 
of thin lamella from the region of large indent (Figure 1a) shows the cross section through protective Pt layer, 
deposited layer and WC-Co substrate. A darker thin interlayer is visible near the coating/substrate interface. 

 

Figure 1 Electron micrographs: SEM, signal of backscattered electrons (a) and TEM (b, c) 

Closer inspection on thin lamella in TEM shows clearly the remarkable grain size gradient in the coating 
(Figure 1b). Near the interface grains of size up to 200 nm appear and subsequently the grain size decreases 
with increasing distance from the interface. At the upper part of the layer the grain size reaches units of 
nanometres. Higher magnification (Figure 1c) reveals in the coating an interlayer of grains sized over 100 nm. 
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EDX in TEM detected a presence of Co in the interlayer which led us to closer examination of concentration 
profiles using different method sensitive also to light elements, namely GDOES. 

GDOES method uses radio frequency glow discharge for a uniform and rapid sputtering of the sample and 
hence detecting chemical composition possibly varying with depth [17, 18]. The crater about 4 mm in diameter 
and 40 µm in depth produced by glow discharge (GD) is shown in Figure 2a. A brighter outer rim (of 
presumably redeposited material) is seen, which we decided to inspect closer by EDX in SEM to obtain a 
better notion of processes accompanying GDOES measurement. Figure 2b shows the crater edge region with 
marked spots of EDX analyses plotted in Figure 2c (due to low accuracy of EDX for light elements 
quantification only metallic constituents were quantified). We can learn that the wide (over 600 µm) outer ring 
of surface is dominated by redeposited W and Co from the crater and not until about 1 mm apart from the 
crater edge the surface is free of redeposited elements. The fluctuation of W and Co at the crater bottom 
reflects alternating WC grains and Co binder. It is also worth to notice that redeposited elements are not 
distributed uniformly; W hits higher radius than Co and more so, its content is not monotonous. 

 

Figure 2 SEM micrographs of GDOES crater (a), a detail of crater edge (b) and EDX analyses (c) 

After the excursion towards instrumental matters we finally present quantitative depth profiles in Figure 3. 
Without using specific standards GDOES reproduces very well the layer thickness and stoichiometry of WC 
grains in the substrate. The elemental fractions in the coating will need further check using a boron-containing 
standard. The interfacial layer observed after annealing on SEM and TEM micrographs in Figure 1 is well 
pronounced also on depth profiles: Co diffuses from substrate into Mo-B-C layer and forms a peak in a narrow 
interlayer at depths from 2.1 to 2.3 µm, where at the same time C is locally decreased and B is increased. Next 
to it (between 1.7 and 2.1 µm) there is another zone (also apparent at TEM micrograph in Figure 1b) where 
Co gradually vanishes, C reaches a local maximum and B shows local minimum. All these interesting features 
as well as study of local mechanical properties of particular sublayers are subject to further work. 

 

Figure 3 Composition depth profiles on the Mo-B-C / WC-Co system 
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4. CONCLUSION 

Hard and ductile partially crystalline Mo2BC coatings were successfully prepared on hard-metal substrates by 
magnetron sputtering of three targets. The samples were then subjected to annealing at 1000 °C. Transmission 
electron microscopy revealed development of an interlayer in the coating formed by coarsened grains. Grain 
size gradually decreases down to units of nanometres at the free surface. Glow discharge optical emission 
spectroscopy supported TEM results and disclosed a complex element redistribution in the coating / substrate 
system due to annealing. The effect of element redeposition during glow discharge measurement was briefly 
addressed. 
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Abstract 

In this work we generalized and specified aerosol synthesis method of core-shell nanoparticles. This synthesis 
method was used with success in our previous publication about preparation of photocatalytic core-shell Si-
ZnS nanoparticles. Reaction of two precursors takes place on the surface of carrier nanoparticles and leads 
to formation of photoactive shell. Likewise, in other microemulsion methods, desired thickness of shell is 
achieved by limiting the extent of reaction. Unlike to the conventional microemulsion methods, both precursors 
are dissolved in a same solvent. In our method of application aerosol synthesis, the carrier particles are 
dispersed in aqueous solution of the first precursor with a suitable concentration. This dispersion, which 
contains dispersed particles, is converted into a form of aerosol microdroplets in ultrasonic nebulizer. After that 
the aerosol is injected by air flow on the surface of a vigorously stirred solution containing the second precursor, 
which is in excess. The reaction near surface of carrier particles is largely heterogeneous and the shell growth 
is limited by an amount of the first precursor located in the aerosol droplet. Desired coating thickness is 
achieved by setting the initial parameters such as size and concentration of carrier nanoparticles and 
concentration of the first precursor. This work follows our previous publication, generalizes aerosol synthesis 
technology of core-shell nanostructures and discusses its prediction formulas accuracy. 

Keywords: Core-shell, aerosol synthesis, nanoparticles, photocatalysis 

1. INTRODUCTION 

Nowadays photocatalytic materials are one of the promising possibilities of how to degrade harmful substances 
in the water (typically organic compounds) and in the atmosphere (CO, CO2 or oxides of nitrogen NOx and 
sulphur) [1, 2, 3]. It is essential to use cheap and effective production technology for practical application of 
prepared photocatalysts. There is also a requirement to maximize the efficiency of photocatalytic reaction. 
Therefore, nanoparticles and other nanostructured materials get a great attention mostly due to their high 
specific surface area. Bottom-up method of preparing nanoparticles is very common e.g. by precipitation 
reaction, but nanoparticles are produced in relatively small concentrations and handling of their dried form is 
very difficult. To solve these problems we can deposit them on carrier particles or on other nanostructured 
materials, which makes handling easier and functional material retains the most desired properties. 

The photocatalyst may be deposited into the structure or on the substrate’s surface [4, 5, 6]. In our laboratory, 
we are now focused mostly on preparing lamellar nanostructured photocatalytic composites [7, 8] and on the 
preparation of core-shell nanoparticles consisting of inner carrier particles and photocatalytically active shell 
[4, 9, 10]. The carrier particles are usually prepared by top-down method, which includes various types of 
milling e.g. using planetary or jet mills or even a new effective method of cavitation disintegration [11]. The 
shell is then formed on a substrate using a bottom-up method, a precipitation reaction in our case. The reaction 
takes place in microdroplets (microreactors) [9]. The shell thickness is dependent on the initial concentration 
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of the first precursor. This concentration significantly affects the final product and therefore should be 
determined as accurately as possible. 

2. THEORY 

2.1. Concept of core-shell nanoparticles preparation by aerosol method 

When applying the aerosol method for preparation of core-shell photocatalytic nanoparticles, as described in 
[9], precipitation reaction (1) occurs in a limited space of an aerosol droplet. Droplets, containing carrier 
particles and the first reactant, are generated in the ultrasonic nebulizer and injected on the surface of a 
vigorously stirred solution of the second reactant (Figure 1). Precipitation reaction takes place only in a limited 
space which results in forming of a solid phase mostly on the surface of the nanoparticles and creates the 
desired core-shell structure. With a predominantly consistent droplet size, the reaction space can be 
considered stable and shells of similar thickness are forming on core particles. Thus, shell thickness is 
dependent on the concentration of the first reactant in the aerosol droplet. 

Ø�$·�&� + Ùª�	 → Ø�	 + 2Ùª$·�&                                                                                                                                               $1& 

 

Figure 1 Scheme of a microdroplets injection into the vigorously stirred solution [9] 

2.2. Theoretical calculation of the concentration of the first precursor for the preparation of the shell 

with specific thickness 

To determine the needed amount of precursor for the formation of a required shell thickness we use the 
theoretical calculation of the shell volume. Shell grows as an additional layer on the carrier particle and 
increases the radius of the whole nanoparticle (Figure 2) [9]. 

 

Figure 2 Carrier particle with radius ri and shell thickness h 
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Thanks to the theoretically calculated volume of the shell for a specific thickness h, we can determine the 
amount of a precursor for synthesis of nanoparticles with shell thickness h. The equation (3) is based on the 
stoichiometry of reaction (1). 

�ÚW = �ÚWAÚW + A�/���>�WVÛW� = ÜÚW
AÚWAÚW + A�/���>�WVÛW� → A�/���>�WVÛW� = AÚW$ÜÚW − �ÚW&

�ÚW                                                                 $2& 

A�/���ÜÝ�Ú = �Ý�Ú = �Ý�Ú�Ý�$Þ#&D
�Ý�$Þ#&DA�/���>�WVÛW� → �Ý�$Þ#&D = �Ý�$Þ#&D�Ý�Ú

ÜÝ�Ú�ÚW$ÜÚW − �ÚW&
A�/���AÚW                                             $3& 

The concentration of carrier particles in the dispersion cSi with a first reactant Zn(Ac)2 is equal to its weight mSi 
divided by the total volume (sum of the volumes of carrier particles VSi and the volume of liquid Vshell-liquid) (2). 
The desired concentration of the first precursor cZn(Ac)2depends on exact determination of the shell volume Vshell 
(3). 

2.3. Theoretical calculation of the shell volume 

Fraction Pv(ri), determined by dynamic light scattering method (DLS), is equivalent to volume portion vi of 
particle with radius ri divided by the total volume of all carrier particles VSi. Particles are approximated by 
idealized sphere with radius ri and ni is their number (4). 

 7$�W& = .WAÚW = ∑ .WlW��
= �W 43 à�W�

AÚW = ∑ �W 43 à�W�lW��
→ �W =  7$�W&AÚW43 à�W�

                                                                                                $4& 

.#W = �W
4
3 à$$�W + ℎ&� − �W�&                                                                                                                                                               $5& 

Shell volume of one particle is a difference between core-shell particle volume and the volume of the core. The 
total volumetric increment of the shell of the fraction i (vci) is then the volume of the shell of one particle 
multiplied by their total number ni (5). 

2.4. Approximation of shell volume and its error 

For very thin layers h <<ri, we can approximate (5) to the equation (6). The same treatment was used to 
calculate the shell volume and then the concentration of the precursor in [9]. 

.#Wo = �W4à�W�ℎ                                                                                                                                                                                      $6& 

The size of the approximation error Δvci (7) is given by the difference between the total theoretical volume of 
the vci and the approximated volume vcia. 

∆.#W = .#W − .#Wo = �W
4
3 à$�Wℎ� + ℎ�&                                                                                                                                             $7& 

We obtain relative error, that we make by approximation of the specific fraction i, by dividing residue of the 
approximation Δvci with total theoretical volume vci (8). 

«7W = ∆.#W.#W = 1 − 3
3 + 3 \ℎ�W_ + \ℎ�W_�                                                                                                                                                 $8& 

The chart in the Figure 3 shows how this error grows with the h / ri ratio. Enlarging the sphere by tenth gives 
the relative error of 10%. With a constant shell thickness h, the error is increasing with smaller radius ri of the 
core of core-shell particle. However, to determine the effect of this error on the total volume of all particles we 
have to count with all particles in the sample. 
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Figure 3 How the relative error changes withthe h / ri ratio 

The complete relative error is then expressed by (9). This equation counts with all particles in the sample. 

«#7 = ∑ ∆.#WlW��∑ .#WlW��
= ∑ �W 43 à$�Wℎ� + ℎ�&lW��

∑ �W 43 à$$�W + ℎ&� − �W�&lW��
                                                                                                                             $9& 

After substitution from equation (4), substituting ai = h / ri and isomorphic transformation of distribution 
Pv(ri) → Pv(ai) the relative error δcv (9) value of approximation is expressed by formula (10). 

«#7 = å1 + 3 ∑  7$ªW&ªWlW��∑  7$ªW&$3ªW� + ªW�&lW��
æ

>�
                                                                                                                                      $10& 

The total error of approximation is then dependent on ratios ai = h / ri of each fraction as well as to their 
distribution Pv(ai) in the sample. 

If we want to calculate the needed concentration of the reactant cZn(Ac)2, we substitute the total volume (11) into 
equation (3) to obtain the formula for calculating concentration of the first precursor (12). 

A�/��� = ç .#W
l

W��
= ç �W

4
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l
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                                                                                                                               $11& 
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�W��æ

l

W��
                                                                                             $12& 

The concentration of the first precursor depends on the molar weights MZn(Ac)2 and MZnS ratio, densities of core 
and shell materials ρSi and ρZnS, the concentration of core particles in the dispersion cSi, shell thickness h and 
the relative distribution of the carrier particles in the dispersion. 

3. EXPERIMENT 

We have chosen silicon particles as a representative of the specific experimental data. The particles were 
prepared by cavitation disintegration in Water Jet Mill. From primary particles with an average size of 100 
microns we prepared particles with a mean size of 116 nm. Their statistical distribution is shown in a chart 
(Figure 4). Using the approximation calculations (6) and the statistical distribution of primary Si particles 
(dashed chart in Figure 4), the required concentration of zinc acetate for the growth of a layer of thickness  
h = 20 nm was set at 5 g / l [9]. After a reaction, the resulting dispersion of core-shell nanoparticles  
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(Figure 4 right), was quickly frozen and subjected to vacuum sublimation at -18 °C. With this method, the 
chaotic distribution of particles is preserved, so they do not agglomerate [7,8,9]. For Si-ZnS core-shell 
nanoparticles we have achieved a specific surface area of 270 m2 / g, which significantly contributes to the 
efficiency of photocatalytic reaction. 

 

Figure 4 On the left, there are statistical volume sizes distributions of primary Si core particles with a mean 
diameter 116 nm (dashed line) and Si-ZnS core-shell particles with a mean diameter 150 nm (solid line). The 
measurement was done by DLS Malvern Zetasizer 360 ZEN Nano ZS analyzer [9]. TEM micrograph of core-
shell particle Si-ZnS with mean thickness value of 18 nm (TEM Jeol JEM 1230, 80 kV) is on the right side [9] 

4. CONCLUSION 

The exact model, discussed in this paper, is a generalization and refining of reactants amount calculation that 
is needed for core-shell particles synthesis using aerosol droplets. We can synthesize photocatalytic 
nanoparticles with a narrow size distribution with this method. Moreover, we can adjust their size by changing 
input parameters. The results show, that in our case, it is reasonable to calculate the theoretical volume of the 
shell without any approximation. But we also should take into account that we use only a simple geometry, 
which counts with smooth surface of the core particles and uniform shell thickness. Shell growth is also affected 
by the reaction kinetics, which slow down with decreasing amount of reactants. As a consequence, not all of 
the Zn(Ac)2 transforms to ZnS. Another source of errors, especially for wider size distributions, is also the 
dependence of the saturation level of the reaction product concentration on the surface curvature of carrier 
nanoparticles. This is also cause of Ostwald ripening. It can be stated that the discussing of approximation is 
particularly suitable for narrow size distributions of the core particles and a thin outer shell of the reaction 
product. 
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Abstract 

This work deals with a composite material based on polymer/inorganic nanoparticles applicable in organic 
electronics as an active layer. Prepared composite, containing conjugated polymer MEH-PPV as a matrix and 
ZnO nanoparticles (NPs) as filler, was characterized using spectroscopic and microscopic methods and it was 
used for preparation of polymer light emitting diodes. 

Creation of polymer/inorganic nanocomposite by incorporation of ZnO NPs in polymer matrix leads to better 
injection of negative charge carriers from cathode into active layer material and thus the achieved 
electroluminescence of prepared device has much higher intensity (in several orders) in comparison to devices 
with active layer from neat polymer. Moreover, excellent distribution and dispersion of NPs in polymer improve 
the homogeneity of radiation from whole device area. 

In our contribution, we introduce method how to easily improve performance of polymer light emitting diodes 
by preparation of nanocomposite based on ZnO nanoparticles incorporated into the conjugated polymer. 

Keywords: Nanoparticles, composite, MEH-PPV 

1. INTRODUCTION 

Recently, organic light-emitting diodes (OLEDs) have been extensively studied for potential applications such 
as transparent and flexible display, lighting systems in advertisement and/or in emergency lighting. OLEDs 
have unique characteristics such as low power consumption, wide viewing angles, excellent colour scale, high 
contrast ratio, high response, and flexibility [1]. The basic OLED structure consists of a bilayer structure, in 
which the hole-transport layer and the emission layer were placed between two charge injection contact 
electrodes, one of which must be transparent [2]. In conventional OLEDs, the work function of the cathode 
must be appropriately low to facilitate the efficiency of electron injection at the cathode/organic interface, and 
the work function of the anode must be high enough to ensure the efficiency of hole injection at the 
anode/organic interface [3]. Understanding of processes occurring at the interfaces between electrodes and 
the overlying organic layers is a crucial to obtain high device performance. 

The electrode/organic interfaces can be modified and properties of final device can be enhanced by introducing 
buffer layers, electron injection layers, electron transporting layer, hole blocking layer and hole injection layer, 
hole transporting layers, electron blocking layer in proper sequence between electrodes and active layer. 
Multilayer architecture of OLEDs has many advantages compared to monolayer devices. Multilayer OLEDs 
are intrinsically more stable than monolayer devices due to a better balance of charge-carriers and 
concentration of the charged species away from the electrodes. On the other hand, heterojunction of multilayer 
OLEDs is susceptible to degradation process due to crystallisation of one or more layers in the device.  

Conjugated polymers are a good choice as materials for active layers because they provide in principle both 
good charge transport and relatively high quantum efficiency for the electro-luminescence. Such devices can 
be called polymer light emitting diodes (PLEDs). However, in case of use of a conjugated polymer as the active 
layer, lower stability due to thermal degradation, lower lifetime and high opening bias can arise [4-6]. 
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One approach how to obtain more stable and high performance devices, incorporation inorganic nanoparticles 
into conjugated polymer matrix can appear. [7]. Recent investigations of perspective materials for PLEDs have 
revealed that incorporation of n-type inorganic nanoparticles into conjugated polymers is efficient to improve 
charge transport and performance [8]. In particular, composites based on n-type zinc oxide (ZnO) 
nanoparticles and p-type conjugated polymers are very interesting for UV LEDs and PLEDs applications. 
Moreover, ZnO has strong absorption in the UV region and therefore can protect the devices from UV 
degradation and thus increase the lifetime of organic devices [9].   

In this work, we prepared a polymer/inorganic nanocomposites of poly[2-methoxy-5-(2-ethyl-hexyloxy)-
1,4phenylene-vinylene] (MEH-PPV) and ZnO nanoparticles with different weight ratios for use as active layer 
in PLED devices. Such active materials were used for construction of device, which were subsequently tested. 

 

Figure 1 Diagram showing the effect of nanoparticles  

2. EXPERIMENTAL 

2.1. Material 

The poly[2-methoxy-5-(2-ethyl-hexyloxy)-1,4phenylene-vinylene] (MEH-PPV) (with Mn = 40,000-70,000) and 
ZnO nanoparticles (mean size of 50 nm) were purchased from Sigma-Aldrich. The PEDOT: PSS  
[poly(3, 4-ethylenedioxythiophene) polystyrene sulfonate] (CleviosTM AI 4083) was obtained from Heraeus.  

2.2. Samples preparation and PLED fabrication 

Thin films were deposited on the ITO patterned glass substrate by the spin coating method using spin coater 
Laurell WS-650-MZ-23NPP. HTL (hole - transporting layer) was prepared from PEDOT:PSS which was filtered 
prior to use through a 0.45 μm PVDF filter. Different addition of ZnO NPs (7.5; 10; 12.5; 15 % to neat polymer) 
was added into the polymer solution with concentration of MEH-PPV 10 mg/mL. The mixtures were sonicated 
for 30 min followed by stirring overnight to get homogeneous nanocomposite solutions. Aluminium cathode 
was sputtered by Quorum Technologies Q300TT sputter-coater. In Figure 2, PLED fabrication process is 
depicted.  

 

Figure 2 Scheme of device fabrication, A - quartz glass substrate with patterned ITO,  
B - Deposition of hole - transporting layer of PEDOT: PSS, C - Deposition of active layer MEH-PPV or MEH-

PPV/ZnO NPs, D - Sputtering of Al cathode 



2016
®

Oct 19th -  21st 2016, Brno, Czech Republic, EU 

 

 

819 

2.3. PLED characterization  

Electroluminescence spectra were measured on UV/VIS spectrometer Avantes Avaspec with integration 
sphere with 50 mm diameter. Current/voltage characteristic were obtain by multimeter HP 34401A and power 
supply system HP 6038A and using C/V Charakteristika 2.1 home-developed software. All measurements 
were performed at room temperature in ambient air. 

3. RESULTS AND DISCUSSION 

3.1. Current/voltage characteristic measurement 

Current/voltage (J-V) characteristic of the devices with 
neat MEH-PPV and MEH-PPV/ZnO nanocomposites 
as active layer are shown in Figure 3. Significant 
reduction of opening bias voltage was observed in the 
MEH-PPV/ZnO nanocomposite devices as compared 
to the pure MEH-PPV. With increasing ZnO content in 
nanocomposite, opening bias voltage rapidly 
decreases. The most filled nanocomposite with the 
ZnO content 20 wt. % has more than three times lower 
opening bias compared to neat MEH-PPV. These 
results can reveal that the ZnO nanoparticles can play 
a key role during electron transport to active layer, 
where the ratio between positive and negative charge 
is equal and thus the opening bias is approaching to 
value of optical band gap of emitted light from 
recombination centres on MEH-PPV.  

3.2. Electroluminescence spectra measurement 

Dependence of electroluminescence spectra of fresh devices and devices after 2 hours of lighting operation 
at 10 V are shown in Figure 4. Regarding this, it must be stressed out, that all devices have been made in the 
air atmosphere being influenced by oxygen and moisture contamination.  

 

Figure 4 Electroluminescence spectra of prepared PLED devices, A - fresh devices;  
B - after 2 hours of lighting 
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It is obvious from the results that a considerable improvement in performance of polymer light emitting devices 
with active layer from nanocomposite compare was achieved in comparison to devices with active layer from 
neat MEH-PPV. The higher ZnO NPS concentration in the active layer, the higher EL intensity is observed. 
This is true up to the filler concentration of 15 wt. % however slight reduction of EL intensity was obtained in 
case the ZnO NPs content achieved 20 wt. %. EL intensity measured on fresh devices with active layer from 
nanocomposite is higher almost in 1.5 orders in comparison to fresh devices with active layer from neat MEH-
PPV. Hereafter, EL intensity after two hours performance of nanocomposite devices is still higher; 
nevertheless, the difference between nanocomposite device and neat MEH-PPV device is smaller. This could 
be due to either electrons hopping into the conduction band of the ZnO or the electron tunnel through the 
emissive layer of the MEH-PPV without recombining with the holes or combination of both. Electron hopping 
and tunneling become severe when there is a poor distribution of nanoparticles on the emissive layer [10]. 
Another explanation of the decrease of electroluminescence intensity with filling over 15 wt. % could be that 
the high content of electrons in active layer calls into existence a disproportion between current transported by 
electrons and holes. Excess amount of non-recombined electrons can “flow” further through the active layer 
and can be lost as a leakage current [11].  

 

Figure 5 Prepared PLED devices: A - neat MEH-PPV as an active layer, B - MEH-PPV/ZnO 12.5 wt. % as 
an active layer, operated at 10 V 

4. CONCLUSION 

To conclude, we have successfully prepared nanocomposite material applicable as an active layer in polymer 
electronics and we have used these nanocomposites for fabrication of polymer light emitting diodes. The PLED 
device with active layer from neat MEH-PPV was chosen as a reference to which devices made with active 
layer from nanocomposite MEH-PPV/ZnO were compared. The results show a substantial improvement in 
intensity of electroluminescence. We have demonstrated a 2000% increase in the initial EL intensity of these 
devices. The ZnO nanoparticles incorporated into the polymer matrix increase the electron injection at the 
polymer - cathode interface therefore enhancing the internal electron-hole equality. Simultaneously due to a 
high value of LUMO band, ZnO NPs block positively charged holes (Figure 1). These both effects are 
particularly beneficial for solution processed devices, since these nanoparticles are low cost and easy to 
handle and their direct incorporation to the active layer might be an alternative to additional layers for controlling 
charge injection and charge carriers balance.  
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Abstract  

Nowadays, nanoparticles (NPs) are enjoying unprecedented popularity due to their use in various applications. 
Even despite the enormous benefits of those man-made entities in numerous applications, many serious 
impacts on human health and the environment have been reported. To study NPs intrinsic biological properties, 
we chose a cathode sputtering for their preparation eliminating the use of toxic solvents and reducing agents. 
According to the transmission electron microscopy and dynamic light scattering measurements, we prepared 

non-agglomerated faceted NPs with diameter of 1.8 ± 0.4 nm and 2.3 ± 0.4 nm for platinum and palladium, 
respectively. We evaluated their cytotoxic activity by WST-1 assay using human embryonic kidney (HEK 293T) 
cell line. We also determined the antibacterial properties of these NPs against two common pollutants (E. Coli, 
a Gram-negative bacteria and S. epidermidis, a Gram-positive bacteria).We observed appreciable toxicity of 
metal NPs in all studied samples.  

Keywords: Sputtering, metal nanoparticles, glycerol 

1. INTRODUCTION  

The production of metal nanoparticles (NPs) has drawn great attention of scientific and technological concern 
due to their applicability in various devices and processes, such as catalysis, biomedical applications, solid 
state devices etc. Their size and size-distribution is decisive in defining their unique properties compared to 
their bulk forms. Therefore the development of innovative methods for eco-friendly NPs production with control 
over their size and size-distribution is a major challenge for researchers all over the world. 

NPs preparation by sputtering technique seems to be a promising method which meets the requirements for 
the modern nanoparticles synthesis. Sputtering into liquids completely excludes the use of undesirable toxic 
reducing agents and with appropriately chosen capturing media it ranks alongside environmentally friendly 
preparation methods. As a capturing media one can use a liquid with sufficient low vapour pressure and ability 
to stabilize the resulting nanoparticles. To date, the most commonly used capturing media are ionic liquids[1-
4], vegetable oils[5, 6], polyethylene glycol [7, 8]. In 2013, Siegel et al. reported the usage of glycerol[9], which 
stands out for its biocompatibility. Combination of the cathode sputtering as a method and glycerol as a 
capturing media seems to be a promising configuration for subsequent evaluation of the biological properties 
of nanoparticles [10, 11]. 

The rate of NP cytotoxicity is generally determined by several factors: (i) size, (ii) shape, (iii) chemical 
composition, and (iv) concentration [12]. The most likely explanation of NP toxic mechanism for living 
eukaryotic cells has been described for silver NPs. In the first step the NP is recognized by surface membrane 
receptors, then it is incorporated into the plasma membrane, which is followed by translocation into the 
intracellular space. Inside the cell, NPs accumulate in the organelles, which are subsequently degraded. The 
most often affected ones are endosomes and lysosomes. The enormous amount of the NPs inside the cell 
results in a number of adverse effects, such as oxidative stress, cell membrane and DNA damage, cell cycle 
arrest, apoptosis and/or genotoxicity [13]  
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2. EXPERIMENTAL 

2.1. Materials, apparatus and procedures 

Metal deposition was performed by SputterCoater SCD050 (BalTec, Liechtenstein). Pure metal target (Pt, Pd 
- purity 99.999 %, Safina as., Czech Republic) was used for the deposition. Sputtering was accomplished at 
room temperature (20°C), deposition time of 300 s, current of 30 mA, voltage of 380 - 420 V, total argon 
pressure of 6∙Pa (gas purity 99.99 %).  

As a capturing media for preparation of silver NPs we used anhydrous glycerol (propane-1,2,3-triol, Penta, 
Czech Republic, Mw = 92.1 g·mol-1, purity 99.8 %). The Petri dish of inner diameter of 4 cm was filled with 3 
ml of glycerol. After the metal sputtering, the colloidal solution was transferred into 40 ml vials and mixed with 
distilled water in the mass ratio of 1:3 (glycerol: water). 

2.2. Analytical methods 

Prepared solutions of metal NPs were characterized by dynamic light scattering (DLS) and transmission 
electron microscopy (TEM) and their biological activity were evaluated using drip test and WST-1 assay. 

Samples for TEM were centrifuged and NPs transferred into distilled water. Drop of colloidal solution was 
placed on a copper grid coated with a thin amorphous carbon film on a filter paper. The excess of solvent was 
removed. Samples were air dried and kept under vacuum in a desiccator before placing them on a specimen 
holder. TEM characterization of the samples was performed using JEOL JEM-1010 (JEOL Ltd., Japan) 
operated at 400 kV. Particle size was measured from the TEM micrographs and calculated by taking into 
account at least 500 particles.  

The particle size was also determined by Zetasizer ZS90 (Malvern Instruments Ltd., England) in the DLS 
regime for particle size distribution, equipped with an avalanche photodiode for detecting the signal. Diode 
pumped solid state laser (50 mW, 532 nm) was used as a light source. The measurements were performed in 
polystyrene cuvettes at room temperature. 

2.3. Biological tests 

2.3.1. Antimicrobial test 

The antibacterial potency of Pd and PtNPs was assessed by drip method using two environmental bacterial 
strains, Gram-negative Escherichia coli (E. coli, DBM 3138) and Gram-positive Staphylococcus epidermidis 
(S. epidermidis, DBM 3179). The experiments were performed similarly as in work. The desired bacterial 
strains were cultured in nutrient broths (LB broth for E. coli, PCA broth for S. epidermidis) at 37°C overnight 
under continuous agitation. Optical densities of the overnight cultures were measured at 600 nm. The starter 
inocula were prepared by serial dilutions of the cultures in fresh sterile physiological saline solution (0.9 % w/v 
of NaCl). We examined the antimicrobial effects of these metal nanoparticles in dependence on bacterial 
concentration; E. coli was inoculated in density of 1·103, 1·104, 1·105, and 1·106 cells.ml-1, S. epidermidis in 
density of 1·104, 1·105, 1·106, and 1·107 cells.ml-1. Two microliters of freshly prepared PdNPs (11.8 mg.ml-1) 
and PtNPs (16.6 mg.ml-1) were used per 1 ml of physiological saline solution. In parallel, E. coli and S. 
epidermidis incubated solely in physiological saline solution were used as controls. All samples were incubated 
statically at 24°C for 4 h, afterwards the samples were vortexed and 25 µl aliquots of each sample were dripped 
onto pre-dried LB (E. coli) and PCA agar (S. epidermidis) plates and incubated for 24 h at 24°C and 37°C for 
E. coli and S. epidermidis, respectively. The growth of both bacterial strains was evaluated by direct counting 
of the colony forming units (CFU). Samples were done in triplicates (plus 15 drops of each sample). The 
experiments were accomplished under sterile conditions. 
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2.3.2. Cytotoxicity test 

Cytotoxicity of Pd, and Pt NPs was assessed by WST-1 assay (Roche, Germany) based on tetrazolium salt 
(WST-1) reduction resulting in soluble formazan by the mitochondrial oxidoreductases in metabolically active 
cells. Formed formazan was measured spectrophotometrically at 450 nm (reference wavelength 630 nm) 
using UV-Vis spectrometer (BioRad). The absorbance is directly proportional to the amount of arisen formazan, 
which is proportional to the number of metabolically active cells. 

HEK 293T (human embryonic kidney) cell line was seeded into individual wells of 96-well plates (5,000 - 
10,000 cells per well depending on the generation time of each cell line) in 100 µL of cell culture medium 
supplemented with 10 % fetal bovine serum and 1 % vitamins solution. The cells were incubated overnight 
(16 h) under standard cultivation conditions (37°C, 5 % CO2, 95 % humidity), then the culture medium was 
removed and replaced with 100 µL of fresh media with the tested NPs (the final NPs concentration was 0-
6.15 mg·ml-1). NPs cytotoxicity was assessed after 24, 48 and 72 h of treatment by the following procedure: 
the medium was removed, the cells were incubated with 5 µL of WST-1 dissolved in 95 µL of complete medium 
without phenol red for 2 h, then the absorbance of formazan was measured. Cells incubated with medium only 
(without NPs) and cells incubated with the vehicle were used as controls. All experiments were done in 
quadruplicates. 

3. RESULTS AND DISCUSSION 

3.1. Size and size distribution 

Prepared metal NPs are displayed on TEM images (Figure 1). From these images it is clear that we have 

successfully prepared nanoparticles with average diameter (1.8 ± 0.4) nm and (2.3 ± 0.4) nm in case of 
platinum and palladium, respectively. Additionally, we provided DLS measurement to determine average size 
and size-distribution of prepared NPs (see Figure 2). Observed size discrepancy is caused by intensity 
weighted mean particle diameter in case of DLS compared to number weighted diameter obtained by TEM[14]. 
Measured discrepancy is about 8% regardless of NPs type and is in a good agreement with published 
results[15]. More importantly, DLS proves that prepared NPs are non-agglomerated, which is of crucial 
importance for evaluation of their toxicity towards living organisms. 

 

Figure 1 TEM images of Pd and PtNPs 
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Figure 2 Characterization of aqueous solutions with platinum and palladium nanoparticles by dynamic light 
scattering 

3.2. Antibacterial test 

The inhibition activity of NPs against bacterial growth was evaluated by drip tests and the results can be seen 
in Figure 3. It is apparent that the incubation of E. coli with PdNPs had pronounced effect on its growth up to 
the concentration of 1·105 CFU per sample when compared to untreated control cells. This remarkable 
antibacterial activity of Pd diminished at higher bacterial concentrations starting from 1·106 CFU per sample. 
Similar potency of PdNPs was observed against S. epidermidis, even up to 1·106 CFU. 

Because PtNPs exhibited very similar size as the palladium ones, we expected comparable antimicrobial 
potential. Nevertheless, we detected only insignificant inhibition of bacterial growth (E. coli) induced by PtNPs 
at concentration of 1·105 CFU when compared to the control samples. Surprisingly, we did not observe any 
growth inhibition of S. epidermidis in the presence of PtNPs. More importantly, we even recorded slight 
stimulation of their growth. 

 

Figure 3 Inhibition effect of PtNPs and PdNPs towards bacterial strains of E. coli and S. epidermidis with 
different bacteria concentrations 

3.3. Cytotoxicity 

Even though nanoparticles of noble metals are of high commercial interest, information on their toxicology 
have been rather sparse. This knowledge could be advantageously employed in terms of their use in 
chemotherapeutical applications as novel candidates for e.g. tumor inhibitors. To assess the comparison study 
of in vitro cytotoxicity of Pd and PtNPs, we have used HEK 293T (human embryonic kidney) cell line, which is 
frequently used for toxicological assessments (for review see [16]). The cytotoxicity was determined in 
concentration (0 - 6,150 µg·ml-1) and treatment time (24, 48, and 72 h) dependent manner. 

From Figure 3 is obvious, that the cell viability was significantly reduced for NPs concentrations exceeding 
1,000 µg·ml-1 at the first end point (after 24 h treatment), similar situation was observed after 48 and 72 h of 
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treatment. The results suggest that the final cytotoxicity is far more dependent on nanoparticle concentration, 
rather than on the treatment time. In comparison with recently published data [17-20], we observed much 
pronounced NPs cytotoxicity at corresponding concentration levels. This effect is most likely driven by the NPs 
size, which was much smaller in the case of our study (1.8-2.4 nm). 

 

Figure 4 Cytotoxicity of Pd and PtNPs on HEK 293T cells after 24 h, 48 h and 72 h of treatment 

4. CONCLUSION 

To sum up, we have successfully prepared Pt and PdNPs by cathode sputtering into glycerol. Mean average 
diameter of Pt and Pd nanoparticles prepared by this technique was 1.8 ± 0.4 and 2.3 ± 0.4 nm, respectively. 
Such nanoparticles exhibit pretty narrow size-distribution with good potency against agglomeration. We have 
also demonstrated a significant difference in antibacterial activities of Pt and PdNPs. More specifically, PdNPs 
exhibited considerable inhibitory potential against both E. coli and S. epidermidis, which was in contrast to 
ineffective PtNPs. Our results indicate that palladium has high potential to combat both Gram-positive and 
Gram-negative bacterial strains. However, we have also shown high cytotoxic activity against HEK 293T cells 
caused by both Pt and PdNPs. This in effect restricts the possibility of using PdNPs as a potential substitute 
for commonly used antimicrobial agents to specific areas of use e.g. in combination with its firm immobilization 
to only in vitro applications. 

Observed discrepancy in bactericidal action between Pt and Pd nanoparticles should be predominately 
attributed to different size of individual particles. This aspect seems to play crucial role in the biological activity 
assessment according to numerous studies. Nevertheless, the exact mechanism of biological action of metal 
NPs is still unclear, opening possibilities for further, more extensive research.  
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