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Abstract  

Light extraction (LE) efficiency of GaN buffer layer was studied by angle-resolved photoluminescence. We 
measured enhancement of light extraction efficiency (LEE) up to 154% by introducing the SiNx layer atop the 
GaN buffer and subsequent GaN light extraction layer (LEL) overgrowth. Morphological properties of GaN 
"islands" forming the LEL, such as size and density, have been tuned by various growth parameters. 
Subsequently, the influence of different growth parameters, such as coalescence time, time of SiNx growth or 
type of nucleation carrier gas (H2 or N2), on LE was discussed. We also experimentally showed that LE of this 
layer is more efficient for higher extraction angles. Finally, we present the change in the GaN surface 
morphology by Si etching in H2 atmosphere during SiNx growth (measured by the atomic force microscopy).  

Keywords: GaN, light extraction, SiNx, scintillator, MOVPE 

1. INTRODUCTION 

GaN-based heterostructures have been widely studied for more than 30 years since the first blue LEDs were 
discovered [1]. Nowadays, they are already spread to many LED, LD, and scintillator applications. They are 
still promising for new applications, thanks to their high luminescence efficiency, high radiation resistance and 
high exciton binding energy. On the other hand, they have a problem with light extraction due to their high 
refractive index (approx. 2.38 for green light). A vast scientific effort has been made during the last decade to 
find the best and commercially reasonable solution. Many different surface treatment techniques like electron 
beam lithography, laser interface lithography, nanoimprint lithography or anodic aluminum oxide were 
successfully established [2-9]. Unfortunately, these methods are expensive, time-consuming or unsuitable for 
large-scale wafer manufacturing and their LEE varies from tens to hundreds of percent, depending on the layer 
parameters and LEE measuring conditions [10]. 

The natural light extractors in InGaN/GaN multi-quantum well (MQW) scintillators are V-pits [11]. They form 
on the top of threading dislocations and their size increases with the thickness of the scintillator active region. 
In the scintillator case, an enormously thicker active region compared to LEDs is usually necessary due to 
sufficient radiation stopping power of the scintillator. Consequently, the dimension of V-pits in order of 
hundreds of nanometres is suitable for LE. Furthermore, their surface density is usually around 108 cm-2 for 
samples grown on the commonly used sapphire substrate. In fact, they cover most of the surface and the light 
extraction is very efficient. However, threading dislocations are generally a source of nonradiative 
recombination and the large empty space occupied by V-pits reduces the detection volume of the scintillator. 
Thus, there is an effort to decrease the number of threading dislocations, which can be realized by using a 
GaN substrate. The decrease of V-pits surface density about at least two orders of magnitude is achieved, but 
it causes a substantial reduction in LEE due to the almost flat surface of the scintillator. 

In this work, we will show a GaN nanostructured layer grown using a SiNx layer on the GaN buffer layer within 
a single MOVPE run. The dependency of the surface density of GaN "islands" and their size on the growth 
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conditions will be discussed. A significant increase of LEE, thanks to the GaN overgrowth on the SiNx layer 
and its interesting surface morphology, will be presented as well. 

2. EXPERIMENTAL 

Nine samples of GaN scintillators were prepared by the MOVPE technology in the Aixtron 3x2" CCS MOVPE 
apparatus equipped with Laytec EpiCurveTT in situ measurement. All samples were grown on the sapphire 
substrate with the same growth conditions of the first nucleation, coalescence and undoped GaN (uGaN) buffer 
layer. 

The c-oriented sapphire substrate was firstly baked out at 1050°C and nitrified by NH3. The 25 nm thick 
nucleation layer was grown at 540 °C and then overgrown by approximately 1.6 m thick undoped GaN layer. 
Samples A1-A3 were just overgrown by 2.5m thick uGaN and n-doped GaN (nGaN) layer with temperatures 
ranging from 1070 to 1080°C, usually used for subsequent MQW growth, but the influence of these layers on 
the LE should be negligible in this work. Finally, the SiNx layers were grown at 1080 °C with a growth time 
ranging from 200 to 400 s. Growth parameters such as nucleation time after SiNx, second coalescence time 
(CT) and annealing time that have been tuned are listed in Table 1. In situ measurement of reflectance and 
surface temperature with marked growth steps is shown in Figure 1a. 

The scanning electron microscopy (SEM) images were obtained by Philips XL30 ESEM. The atomic force 
microscope (AFM) Solver P47H-PRO was used for detailed characterization of the surface. 

Table 1 List of investigated samples grown with different parameters during and after the SiNx layer growth 

Sample Buffer 
SiNx 

time [s] 
Coalescence 

time [s] 
Nucleation 
carrier gas 

Nucleation 
time [s] 

Annealing 
time [s] Comments 

DSP 
reference 

(DR) uGaN + nGaN - - - - - 

stop growth before 
SiNx on double-side 

polished Al2O3 
SSP 

reference 
(SR) uGaN + nGaN - - - - - 

stop growth before 
SiNx on single-side 

polished Al2O3 

A1 uGaN + nGaN 300 900 H2 180 90 - 

A2 uGaN + nGaN 300 200 H2 180 90 - 

A3 uGaN + nGaN 300 50 H2 180 90 - 

B1 uGaN 200 40 N2 90 45 - 

B2 uGaN 300 40 N2 90 45 - 

B3 uGaN 400 40 N2 90 45 - 

C uGaN 600 - - - - 
stop growth after 

SiNx 

   

Figure 1 Evolution of reflectance and surface temperature during the growth of SiNx and subsequent layers 
with marked growth steps (a), the scheme of angular dependence PL measurement (b).  
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The PL experimental setup is in Figure 1b. Samples were excited through the sapphire substrate with a 
focused 300 nm LED filtered by bandpass filter UFS-5 to suppress parasitic LED luminescence in the visible 
range. This excitation energy is above the GaN bandgap (3.4 eV ~ 365 nm). Thus, the light is absorbed 
approximately in the first 150 nm of the uGaN buffer. The luminescence light was collected to the optical fiber, 
which rotated around the sample from 0 to 75°. We didn't measure up to 90° due to the sample holder 
suppressing the luminescence from the edge of the scintillators. Light was detected by Thorlabs CCS200 
spectrometer with spectral accuracy < 2 nm.   

3. RESULTS AND DISCUSSION 

It has been already published and confirmed by transmission electron microscopy that Ga etches Si from the 
SiNx layer during GaN overgrowth, which creates a highly Si-doped GaN layer instead of two split layers. 
Consequently, the highly Si-doped GaN grows in 3D morphology with typical GaN "islands" [12-14]. SEM 
images in Figures 2a,b show a comparison of sample A1 (with LEL) with the technologically same sample 
without the LEL (SR). A significant increase of LEE (154%) was detected by PL measurement, see Figure 2c. 
Surprisingly, we didn't get the maximum intensity of luminescence in the 0° for samples with LEL nor SR 
sample without the LEL, see Figure 2d. We assume it is because of the light scattering on all rough surfaces 
in the scintillator. In Figure 2e is shown a comparison of the theoretical transmittance curve, which can be 
obtained from Snell's law and Fresnel equations, with curves measured by reference samples SR and DR. 
Equations, used for the calculation, can be written as: 

� � ��� ���	
���� ���	
�� ��         where  �� � |���|�
|���|�            (1) 

where: 

T  - the transmittance 

nt, ni - the refractive indexes of the external and internal medium 

t, i  - the transmittance and incident angles 

t  - the ratio between the electrical intensity of transmitted E0t and incidence beam E0i 

 

 

Figure 2 SEM images of sample A1 with the LEL (a) and SR without the LEL (b), a relative comparison of 
overall light extracted from all angles for all samples (c), angle dependence of PL intensity for individual 

samples (d), the comparison of the normalized PL intensity of reference samples with theoretical values of 
transmittance (e). 
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It's clearly seen that the intensity of transmitted light fits very well with theoretical expectations for high 
extraction angles in the case of the DR sample. The deviation in low angles could be explained by the 
scattering of light on the interface between the Al2O3 substrate and GaN, which is a known phenomenon 
because the crystal quality is very poor there [15]. 

Generally, it's necessary to approach the dimension of the LEL islands close to luminescence wavelength  
(em = 564 nm) for the most efficient LE. Furthermore, the luminescence inhomogeneity on this scale produced 
by the LEL could also be unwanted. Thus, we reduced the coalescence time to create "islands" like the 
structure shown in Figure 3. 

 

Figure 3 SEM images of samples grown with different coalescence time 200 s (a), 50 s (b) 

The low density of the GaN islands on the surface causes a decrease in LEE for small angles of extracted 
light, see Figure 2d for A3. We changed the nucleation carrier gas from H2 to N2 to decrease the surface 
mobility of atoms and we also dropped nucleation time and annealing time by a factor of two. The result was 
a slightly higher density of the GaN islands, see sample B2 in Figure 4b. A significant increase in the density 
occurred with a decreasing time of the SiNx layer growth (SiT) to 200 s, Figure 4a. It can be attributed to lower 
Si doping concentration in the GaN and also a change in surface morphology of the buffer layer, which will be 
discussed later. An increase of LEE for small extraction angles, due to the higher density of the islands, is 
clearly observable on the graph in Figure 4d.  

 

 

Figure 4 SEM images of samples grown with different times of SiNx growth 200 s (a), 300 s (b) and 400 s 
(c). Their comparison of PL intensity extracted from individual angles with the SR and C samples (d) 
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The ambiguous trend in the decreasing density of the GaN islands with the increasing growth time of the SiNx 
layer, observable on the sample B3, induces some next mechanism except the higher doping concentration 
of Si in GaN. If we zoom in on the surface of the sample B3 (Figure 5a), we can see small black holes indicating 
a porous morphology of the surface. It is better observable in the AFM image of sample C in Figure 5b ("stop 
growth" sample after 600 s of SiNx). This trenched structure is probably created by the etching of GaN surface 
by Si in the H2 atmosphere and its morphology could influence the subsequent GaN growth but this hypothesis 
needs further investigations. The crater's dimensions are in the order of tens of nanometers in depth and width 
up to approximately 150 nm (Figure 5c). These pits, together with trenches, create a partially ordered surface 
corrugation with a lattice parameter comparable to emission wavelength, similar to photonic structures [10]. 
We can see, from Figures 4d and 2c, that enhancement of LEE by this morphology is around 24% (compare 
sample C with SR). 

 

Figure 5 SEM image of the surface of sample B3 (a), AFM image of the SiNx layer morphology (b) and AFM 
profile of the surface's crater (c). 

4. CONCLUSION 

We have prepared a GaN LEL suitable for LE from GaN-based scintillators. The advantage of this method 
using the SiNx technology is its simplicity and possibility to grow this layer within the single MOVPE run upon 
the whole two inches wafer surface. Our maximal reached LEE was 154% for sample A1 compared to the 
reference sample on a single side polished sapphire substrate, which is comparable with other LEL prepared 
by different methods. The morphological properties of this layer can be tuned by changing the growth 
parameters. Concretely, the surface density of the GaN islands is very sensitive to the growth time of the SiNx 
layer and their size can be easily controlled by coalescence time. At the same time, the results confirm the 
theory that with increasing concentration of Si doping, GaN tends to 3D growth and creates individual islands. 
Simultaneously, the GaN etching by Si in the H2 atmosphere makes trenches surface morphology, which 
contributes to LE, too. 
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Abstract 

The paper is focused on the investigation of thin polystyrene (PS) films and PS films with incorporated  
anti-octadecaborane(22) (anti-B18H22) clusters (PS+B18H22) with a thickness of 450 nm and 290 nm, 
respectively. The main aim is to describe the vibrational behavior of thin films in dependence on temperature 
and determine the changes connected with the glass transition of PS. Infrared reflection-absorption spectra 
were measured and from the plot of spectral region area (Arange) vs. temperature, glass transition temperature 
(Tg) of PS was extracted. The abrupt change in the course of A of Car-H stretching vs. temperature was 
assigned to the glass transition. Tg of PS and PS+B18H22 thin film was determined to be 74 °C and 77 °C, 
respectively. On the other hand, only a continuous decrease of A of C-H stretching vs. temperature was found 
for both samples indicating that each vibrational motion reacts uniquely on temperature increase. It was further 
found that anti-B18H22 is not fixed firmly in the thin layer at higher temperatures, because no B-H spectral 
response was detected above 91 °C. This result was also supported with TGA and DSC analysis showing  
a particular mass decrease at temperature 75 °C.  

Keywords: Octadecaborane, polymer blend, thin film, glass transition, infrared reflection-absorption 
spectroscopy 

1. INTRODUCTION 

Polymer thin films have attracted attention due to their specific properties related to the thin layer arrangement 
of macromolecules. Semi-conductive polymer layers (e.g. MEH-PPV, poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene]) have found their use in light-emitting diodes preparation [1] and insulating polymer layers 
(PS, polystyrene or PMMA, poly[(methyl) methacrylate] etc.) have been used as matrices for the incorporation 
of low molecular species. For example, blue-emitting borane clusters, especially anti-octadecaborane(22) 
(anti-B18H22) and its derivatives [2], are one of the highly investigated low molecular species nowadays, even 
though octadecaborane was synthesized already in the 1960s by Hawthorne and his co-workers [3]. Anti-

B18H22 absorption and the emission maximum is located at 330 nm and 430 nm, respectively, and it also 
provides fluorescence that could be used in LED applications. However, some of its properties are not viable 
and several derivatives were investigated to improve solubility and to tune fluorescence, e.g. iodine- [4], 
pyridine- [5], sulfur- [6] derivative.  

Properties of substrate-supported thin polymer films (the glass transition temperature, Tg) are influenced by 
chain confinement near the substrate surface, interactions between substrate and film (such as hydrogen 
bonding) [7], or surface roughness [8]. The Tg of a thin film can thus be lower or reach to higher values than 
the Tg of the bulk polymer. However, it cannot be investigated by routine measurement (DSC). Glass transition 
is related with the unlocking of polymer segments motion, which can cause conformational changes of chains 
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observable by spectroscopic methods [9,10]. Infrared Reflection-Absorption Spectroscopy (IRRAS) has been 
used for the investigation of thin films on reflective substrates. Besides routine measurements related with 
confirmation of film structure or composition [11], it can be used for monitoring of the phase separation of thin 
films made from polymer blends, e.g. PMMA/poly(4-vinyl phenol) [12], or other important structure- and 
thickness-dependent properties, such as Tg [13,14] of thin films. For instance, the strong dependence of the 
Tg of poly(ethylene terephthalate) was observed below 100 nm thin layers, and Tg reduction up to 25 °C in 
comparison with bulk was found for film thickness below 65 nm [15]. 

In the contribution, we focus on the behaviour of anti-B18H22 incorporated in the PS thin film. Our preliminary 
study deals mainly with the effect of temperature on the IR spectra of PS films and PS+B18H22 films on the 
gold substrate. The experiments were performed with the advanced technique IRRAS that provide high 
spectral quality. We investigated vibrational motions of PS and PS+B18H22 films and the effect of temperature 
on the change in IR spectra and the glass transition process. The purpose of all our studies in this field is to 
unlock the potential of borane clusters in electronics as they represent a new class of materials based neither 
on π- nor on σ- electron delocalization.  

2. MATERIALS AND METHODS 

Thin films were prepared from PS (Mw 350000, Mn 170000) purchased from Sigma-Aldrich and anti-B18H22 

obtained from the Institute of Inorganic Chemistry of the Academy of Sciences of the Czech Republic by spin-
coating from solution. Chloroform (HPLC) from J. T. Baker was used as a solvent. The concentration of the 
PS solution was 30 mg/mL, and the concentration of B18H22 solution was 0.4 mg/mL. Solutions were mixed 
and stirred until full dissolution to achieve the ratio of PS:B18H22 equal 75:1 in the final thin film. 

Thin films were deposited on gold substrates with spin coater Laurell WS-650Mz-23NPPd. The spin rate was 
set to 1000 rpm and the substrate was spun for 30 s. After, substrates with deposited solutions were removed 
and placed to vacuum oven at 40 °C to enable solvent evaporation. 

The thickness of the prepared PS and PS+B18H22 films was measured with profilometer Dektak XT-E (Bruker). 

IRRAS spectra were collected with spectrometer Nicolet iN10/iZ10 (Thermo Scientific) with a heated chamber 
Refractor-Reactor (Harrick) that enables reflection-absorption measurement of thin layers. The chamber is 
equipped with ZnSe windows and provides the angle of incidence of 75°. The spectra were recorded with a 
polarizer set to maximize p-polarized radiation. Thin films were heated from room temperature to 140 °C with 
a rate of 2.6 °C/min and spectra were recorded with resolution 4 cm-1 and 16 scans. This setting enabled 
measurement of one spectrum per 1 °C of film heating, which eliminated adverse effects connected with 
spectrum measurement and simultaneous sample heating.  

TGA and DSC analysis of PS pellet and anti-B18H22 powder was performed with Labsys Evo DTA/DSC 
instrument from Setaram. Measurement was set in the air with heating from 30 °C to 500 °C with a rate of 
10 °C/min. 

3. RESULTS AND DISCUSSION 

Thin films of PS and PS+B18H22 were prepared in two series for (i) analyses of film thickness and (ii) IRRAS 
measurement. Thickness determination, as well as a surface visual check of thin films, was done with a 
mechanical profilometer and its digital camera with 100x zoom. Three repeated measurements were 
performed on different positions of the film surface. It was found that PS+B18H22 has a lower thickness of  
290 nm if compared with the 450 nm PS thin film. This is probably caused by the presence of B18H22, which 
may act as a surfactant and change the properties of the spin-coated liquid layer. The surface of both films 
was smooth without significant differences between PS and PS+B18H22 samples. Both films surface evinced 
radial inhomogeneities which origin from the spin-coating process. 
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Further, IRRAS analysis was performed with both thin films. IR spectra were collected during film heating and 
after that spectral regions 3120 - 2985 cm-1, 2975 - 2800 cm-1 and 2660 - 2500 cm-1 of Car-H stretching 
vibrations of phenyl rings, C-H stretching vibrations of aliphatic PS part and B-H stretching vibrations of  
anti-B18H22, respectively, were examined. Spectra were baseline corrected, and area (Arange) was calculated. 
Figure 1 depicts the dependence of A3120-2985 and A2975-2800 on temperature. As can be seen from the graph on 
the left side of Figure 1, the area of Car-H stretching decreases with increasing temperature until the minimum 
is reached, then the trend is reversed and A3120-2985 begins to grow. The temperature, which can be extracted 
at the minimum of this dependence, is assigned to the Tg of the thin film. The drop of region area can be 
explained by the fact that the density of thin films can decrease at a higher temperature and thus IR intensity 
of the region declines. On the other hand, the intensity of IR vibration increases as the free volume increases 
and segmental motion is enabled. The latter effect becomes to prevail at a temperature close to the Tg, which 
corresponds with the area minimum in the given plot. The Tg of PS thin film was therefore extracted to be 
74 °C, while the Tg of PS+B18H22 was determined to be 77 °C. Anti-B18H22 does not influence the PS glass 
transition at a significant extent. However, both of these values are 31 - 34 °C lower than the Tg of bulk PS 
108 °C that was determined with a standard DSC method. This result indicates that no strong interaction 
between the gold substrate surface and PS are present and that high Mw of PS does not increase the thin layer 
Tg above the bulk Tg [16,17].  

The right part of Figure 1 is dedicated to the temperature dependence of the aliphatic C-H stretching area. 
The clear difference between aromatic and aliphatic C-H stretching vibrations behaviour was found. The 
A2975-2800 does not evince any abrupt changes with increasing temperature, and it decreases linearly in the 
whole temperature range. This spectral region is thus not affected by the glass transition of PS, and no 
transition temperature can be determined. The reason for this different course of the plot probably originates 
in the structure of PS. Car-H vibrations are definitely influenced with mutual positions of phenyl rings and related 
non-bonding interactions, while aliphatic CH2 on PS backbone are not. Moreover, CH2 cannot rotate. Glass 
transition process influences Car-H vibrations to a great extent, which gives the opportunity of the Tg detection. 

  

Figure 1 Area of Car-H (left) and C-H (right) stretching region plotted against temperature for PS and 
PS+B18H22 films  

A surprising result was obtained from the detailed analysis of B-H stretching region that belongs to  
anti-B18H22 incorporated in PS+B18H22 thin film. It has been observed during the measurement that the intensity 
of the absorption band at 2585 cm-1 decreases at higher temperatures until it is undetectable. The area of this 
region vs. temperature is given in Figure 2. The region of temperature, in which the area decrease occurs is 
77 - 91 °C. It is probably related to the Tg of PS thin film. As was stated above, the Tg was determined to 77 °C. 
Above this temperature, the anti-B18H22 molecules are not trapped in PS matrix anymore due to the release of 
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segmental motions, and they start to migrate. This process might be joined with the sublimation of anti-B18H22 
above 77 °C until it is fully released from the thin film. 

 

Figure 2 Area of B-H stretching region plotted against temperature for film PS+B18H22  

To reveal the reason of the described release of anti-B18H22 from the thin film, TGA and DSC analysis of pure 
anti-B18H22 powder was performed in the air atmosphere to simulate similar conditions as in the case of IRRAS 
analysis. The curves are shown in Figure 3. A small weight loss of 2 % was detected at 75 °C on TGA curve 
and also heat flow decrease at 105 °C. This decrease in the TGA curve can be connected with sample moisture 
and its evaporation. It is a general fact that boranes are very sensitive to humidity, and thus thin films measured 
in the air atmosphere can suffer the same problem. However, there is observable a gradual decrease of the 
sample mass starting at about 120 °C while the main peak of anti-B18H22 melting is found at 180 °C in the DSC 
curve. It indicates the sublimation of the material. The mass loss step in the TGA curve smoothly continues 
with no disrupt change correlated with the anti-B18H22 melting, so the sublimation verges into evaporation and 
possible thermal degradation unnoticeably. Nevertheless, the effect of anti-B18H22 release from thin PS film 
needs to be explained yet, and the work on this issue continues. 

 

Figure 3 TGA and DSC curve of anti-B18H22 powder measured in the air  
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4. CONCLUSION 

Thin films of PS and PS+B18H22 deposited on gold substrates were investigated with IRRAS analysis. 
IR spectra were used for the description of temperature influence on particular vibrational motions. We have 
focused on Car-H, C-H and B-H characteristic spectral regions and development of their area in dependence 
on temperature. It was found that vibrational motions respond to temperature increase differently. Whereas 
a clear turning point in the plot of area vs. temperature was detected for Car-H, only a slight continuous 
decrease of the C-H area was observed. This is probably caused by the effect of non-bonding interactions 
between phenyl rings that also influence vibrational motions and are more sensitive to temperature change. 
As a result, the determination of the Tg of PS thin film is enabled. An influence of anti-B18H22 presence on Tg 
of PS thin film was only marginal because the Tg of PS film was found to be 74 °C and Tg of PS+B18H22 77 °C, 
which is 31 - 34 °C lower than Tg of bulk PS. As a result, different thin film Tg should always be considered if 
temperature demanding applications of polymer thin films are required. 

During experiments, we also found that the intensity of the anti-B18H22 characteristic vibration decreases with 
increasing temperature (77 - 91 °C). Anti-B18H22 is not fixed firmly in the thin film structure and at higher 
temperatures, is not stable in the case of PS+B18H22 films. TGA and DSC analysis of pure anti-B18H22 powder 
revealed partial weight loss at 75 °C and heat flow decrease at 105 °C. This can be connected with 
the evaporation of humidity trapped in powder and a similar effect could act on the thin film. Another finding is 
that the Tg of PS+B18H22 thin film is identical with temperature, at which the B-H intensity decrease starts. It is 
possible that the glass transition triggers the migration and evolution of anti-B18H22 molecules from the film. 
However, the mechanism of anti-B18H22 release from thin PS film needs further investigation. 
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Abstract  

Magnetic films with two, four, six, and eight layers were prepared using 2D inkjet printing on the 333 K heated 
Si-substrates at ambient conditions. The microstructure, phase composition of layers, and magnetic studies 
were investigated using wide spectrum of experimental methods with the aim to find the optimal conditions for 
producing magnetic sensors by digital printing technology in the near future. As the magnetic compound, the 
hematite powder was chosen and its milling with Si-binder dissolved in dowanol using glass balls and vial to 
prevent contamination was done to prepared suspension appropriate for printing. It is shown that hematite 
transformed markedly into maghemite, thus the layers consisted of small amount hematite and dominant 
maghemite phases determining the magnetic properties. From the viewpoint of magnetic behavior, the highest 
saturation magnetization and the lowest coercivity was obtained at the sample with 8 layers.     

Keywords: Inkjet printing, hematite, physical properties, testing methods 

1. INTRODUCTION 

The reduction of materials scale leads to profound changes in their inner and surface microstructure and 
accompanying modification of their physical properties, e.g., electronic, optical, magnetic. In the case of 
magnetic nanoparticles, the miniaturization often means a deviation from the established laws governing the 
magnetic phenomena observed in bulk magnetic materials. The current research is oriented to preparation of 
magnetic nanoparticles using various technological procedures, to their microstructure at the nanometric scale, 
and to correlations between the microscopic and macroscopic properties. The usual and/or innovative 
experimental methods allow determination of anomalous or enhanced properties as giant magnetoresistance, 
coercivity, remanence and magnetocaloric effect enhancements and quantum tunneling of the magnetization, 
etc. This gives rise to enormous technological usage in, e.g., next generation of very high-density magnetic 
information storage devices, magnetic sensors, permanent magnets, biocompatible products, etc.  

Development of 2D inkjet printing technology enabled to deposit thin layers of materials onto rigid and flexible 
surfaces. It presently attracts great interest predominantly in the prohexanolduction of low-cost and large-area 
electronic devices [1]. On the other hand, its usage in the production of magnetic devices is at the very 
beginning. Among pioneering works, the studies of the magnetic film prepared by a digital printing have to be 
mentioned. The magnetic film was prepared from the magnetite nanoparticles covered with oleic acid and 
investigated with the aim to realize magnetic cores for Radio Frequency Identification Resonators [2].    

Present work concentrates on the possibility for the production of thin magnetic layer on Si-plate using 2D 
inkjet printing technology at the temperature slightly above room temperature under ambient atmosphere. The 
main aim is to produce films of different thickness and to characterize their structure and magnetic properties, 
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and to predict the optimal conditions of production in relation to physical properties for future application in 
magnetic sensors.  

2. EXPERIMENTAL DETAILS 

As an input magnetic material, the commercial hematite nanoparticles of dimension < 50 nm (Sigma-Aldrich, 
Steinheim, Germany) was used. The hematite nanoparticles dispersed in dowanol were initially milled with 
polysiloxane binder dissolved in absolute ethanol [3] using balls in vial; both made of glass to prevent 
contamination. The aim was to decrease the particle size and to obtain the acceptable suspension. Prior 
printing on the 333 K heated Si-substrate at ambient conditions the suspension was in addition dilluted with 
hexanol. The Si-wafers of different size, corresponding to demands of the subsequently applied experimental 
methods, were prepared by cutting Si-wafers (100) using spark erosion. The smallest dimension  
2.5 mm x 2.5 mm was used for magnetic measurements, the larger ones, 10 mm x 10 mm, for scanning 
electron microscopic observations (SEM), X-ray diffraction (XRD), and Mössbauer (MS) measurements.  

2D inkjet printing equipment Dimatix Materials Printer DMP-2850 was used for the formation of iron-oxide 
layers of different thickness; two, four, six, and eight layers (L) were chosen and in conformity with it the 
samples were denoted 2L, 4L, 6L, and 8L. The approximate thickness of layers was determined using 
profilometer Dektak XT, Bruker.  

The morphology of samples was followed by scanning electron microscope MIRA3 (Tescan, Brno) at 
accelerating voltage of 30 kV. 

X-ray diffraction patterns were measured at room temperature (RT) using an EMPYREAN diffractometer 
(Panalytical) with Co Kα radiation (λ = 0.17902 nm) in the 2θ range from 15° to 130° in steps of 0.026° and 
time per step ≈400 s. The evaluation of powder patterns was realized by the Rietveld structure refinement 
method [4] by semi-automatic mode using the HighScore Plus program and the ICSD database of inorganic 
and related structures [5]. The phase composition and the lattice parameters were obtained from the pattern 
analysis. 

57
Fe Mössbauer spectra at room temperature were taken in the transmission geometry using γ-rays and 

scattering geometry by detecting 7.3 keV conversion electrons (CEMS, [6]) with penetration depth of about 
200 nm. Obtained spectra were analyzed using CONFIT program package [7] and calibration of velocity scale 
was done by a standard thin α-iron foil at RT. The transmission geometry was used for measurement of the 
hematite-suspension soaked in cellulose. Scattering geometry was applied for measurements of the final 2L 
and 8L samples. 

The magnetic measurements were performed using a Physical Property Measurement System (PPMS) 
Quantum design, Inc. The hysteresis curves were taken at 300 K and 2 K in magnetic field of ± 800 kA/m. The 
zero field-cooled (ZFC) and field-cooled (FC) curves were measured between 2 K and 300 K in magnetic field 
of 8 kA/m.  

3. RESULTS AND DISCUSSION 

3.1. Sample characterization 

The scanning electron microscope images from all studied samples appear very similarly without any 
dependence on the layer thickness, as shown in Figure 1 representing the 8L (a) and 2L (b) samples. The 
thickness obtained from profilometry scans (not shown here) linearly increased from approximately 2.2 µm for 
the 2L sample to 7.5 µm for the 8L sample. The surfaces of all samples yield small agglomerated nanoparticles 
of size below 50 nm. The top layers are not fully homogeneous and, in some spots, the pores of dimensions 
between 50 nm and 300 nm can be observed. While in a case of the 8L sample the sub-layers are visible, the 
similar small pores observed at the 2L sample often detect the Si-substrate.   
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Figure 1 Scanning electron microscope images of the 8L (a) and 2L (b) samples, powder X-ray 
diffractograms (c) and Mössbauer spectra (d) of the selected samples 

The X-ray diffraction measurements of all samples resulted in very similar patterns and therefore only those 
for the 2L and 8L are depicted in Figure 1 (c) as representatives. The diffractograms analysis resulted in 
a presence of dominant magnetite/maghemite and only minor content of hematite. This stimulated the 
Mössbauer measurements of the hematite suspension using transmission geometry and of the 2L and 8L 
samples using scattering geometry. The spectra are depicted in Figure 1 (d) and the results followed from 
experimental data analysis of both methods are summarized in Tables 1 and 2, respectively. 

Table 1 Phase analysis of X-ray diffractograms; A - phase content, a, b, c - lattice parameters 

 hematite maghemite 

 A (wt%) a = b, c (nm) A (wt%) a (nm) 

2L 2.5 0.5033(6), 1.3689(20) 97.5 0.8346(6) 

4L 5.7 0.5037(9), 1.3926(38) 94.3 0.8336(4) 

6L 6.0 0.5038(6), 1.3669(22) 94.0 0.8336(6) 

8L 4.4 0.5036(6), 1.3709(23) 95.6 0.8350(9) 

Hematite is a common iron oxide with a formula of α-Fe2O3. It was supposed to be the initial iron-oxide for the 
present studies; however, the XRD measurements have shown dominant maghemite phase. It is well known 
that hematite is highly sensitive to various effects; e.g., pressure, external magnetic field, structural defects, 
impurities, and grain size, influencing its physical properties. For its determination in measured diffractograms 
the ICSD 15840 sheet with input values of the lattice parameter, a = b = 0.5038 nm and c = 1.3772 nm, was 
used. As it follows from Table 1 its content in all samples is low, which reflects its partial transformation into 
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dominant magnetite/maghemite phase. It could be very probably caused by induced stresses during milling in 
a process of the iron-oxide suspension preparation. The magnetite, Fe3O4, is crystallographically isomorphous 
with maghemite, γ-Fe2O3, and both these iron-oxides have cubic structure of similar lattice parameters. 
Therefore, their determination from diffractogram is not straightforward.  For the Rietveld analysis the ICSD 
data sheets 26410 for magnetite (a = 0.83941 nm) and 172905 for maghemite (a = 0.84058 nm) were used. 
The resulted values of lattice parameters of both phases did not allow to distinguish between magnetite and 
maghemite unambiguously. Therefore, the values in Table 1 correspond to weighted mean average. 

Table 2 Mössbauer characteristics deduced from the transmission spectrum of the input iron-oxide-suspension  
             and conversion scattering spectra of the 2L and 8L samples; A - phase content, B - hyperfine  
             induction, δ - isomer shift, and Δ - quadrupole shift 

 hematite maghemite superparamagnetic 

Sample A B δ Δ A B δ Δ A δ Δ 

 (%) (T) (mm/s) (mm/s) (%) (T) (mm/s) (mm/s) (%) (mm/s) (mm/s) 

Iron-oxide 
suspension 

10.3 50.5 0.359 -0.183 75.9 49.1 0.257 0.027 13.8 0.179 0.553 

2L 7.6 51.5 0.396 -0.143 87.3 43.9 0.335 0.008 5.1 0.384 0.813 

8L 10.1 51.3 0.412 -0.164 79.8 48.1 0.331 0.011 10.1 0.372 1.162 

57Fe Mössbauer spectra recorded at RT were analysed using a conventional least-square refinement method 
with combination of sextets and doublets of Lorentzian lines. The results shown in Table 2 reflect about 10 % 
of hematite in the input iron-oxide-suspension represented by sextet of hyperfine parameters, isomer shift and 
quadrupole splitting, in good agreement with Ref. [9]. The rest is ascribed to magnetically ordered maghemite 
which documents hematite transformation owing to milling. This confirms the XRD observations and it is 
supported by Randrianantoandro and co-workers [10] reporting direct phase transformation from hematite to 
maghemite during high energy ball milling. The doublets in the middle of spectrum can be ascribed to 
superparamagnetic (SP) portion of iron-oxides in a form of very small nano-grains (<10 nm). Slightly lower 
content of this component was detected also in scattering spectra taken from the 2L and 8L samples in which 
dominant component was again maghemite. The values of hyperfine induction of hematite correspond to 
literature but those of maghemite, mainly at the 2L sample, are lower. It could be due to slight distortion of 
crystallographic sites mainly at the particle surfaces and insufficient energy needed for the lattice formation 
and vacancies reordering. For more detailed analysis, the Mössbauer measurements at low-temperature and, 
eventually, in an external magnetic field should be helpful.    

3.2. Magnetic results   

The nearly square hysteresis loops of all samples measured at room and low temperatures are shown in 
Figure 2. The changes of magnetic characteristic, saturation and remnant mass magnetizations Ms and Mr 
and coercivity Hc, in dependence on number of layers are presented in Figure 3. The mean values of the 
coercivity Hc and remnant magnetization Mr were obtained from the polynomial fitting of hysteresis loops 
between -60 and 60 kA/m and Ms was calculated from both branches in saturation (above ≈ 700 kA/m). The 

experimental points were fitted by linear functions (dashed lines) better to see tendency of parameter changes. 
The dependences (Figure 3) reveal that increasing number of layers (film thickness) leads to an increase of 
the saturation and remnant magnetizations at both measuring temperatures while the Hc embodies an opposite 
tendency. Such behaviour is not general. For example, in Permalloy film study is the behaviour of magnetic 
characteristics different bellow and above estimated critical thickness [8]. For the 8L sample the saturation 
mass magnetization is slightly lower compared to values (60-80 Am2/kg) presented for maghemite in literature 
(e.g. [9]) probably due to influence of the low RT saturation magnetization of weakly ferromagnetic hematite 
(≈ 0.3 Am2/kg, [9]) and reasons mentioned above in discussion of Mössbauer results.  
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Figure 2 Hysteresis loops of 2L, 4L, 6L and 8L samples measured at 300 K (a) and 2 K (b); ZFC-FC 
curves (c) 

The Hc and Mr dependences on number of layers are not so unique compared to Ms due to their high structural 
sensitivity. The ZFC and FC curves for all samples in Figure 3c are similar. In agreement with XRD and MS 
observations they do not provide any sign of Morin temperature being for hematite 260 K or lower in 
dependence on particle size.  

Figure 3 Dependences of saturation magnetization (a), remnant magnetization (b) and coercivity (c) on 
number of layers taken from hysteresis loops measured at 2 K and 300 K 

4. CONCLUSION 

The present investigations were devoted to application of the 2D inkjet printing procedure in preparation of 
magnetic film on the Si-substrate. The hematite powder dispersed in dowanol and mixed with siloxane binder 
dissolved in absolute ethanol was milled using glass balls and vial with the aim to form suspension applicable 
for digital printing. The samples with two, four, six, and eight laeyrs of magnetic film were produced and 
investigated with numerous experimental methods. The scanning electron microscope observations yielded 
very similar microstructure formed by particles of size below 50 nm and their agglomerations among them 
sometimes the pores were visible. These pores detected the Si substrate at the two-layers sample while at the 
eight-layers sample the bellow laying particles were seen in the pores. It means that cross-sectional 
homogeneity was not quite satisfactory. The analysis of the X-ray diffraction patterns suppored by Mössbauer 
phase analysis has found dominant magnetite/maghemite phase and only small amount of the initial hematite 
in layers of all sample. This transformation of hematite into magnetite/maghemite was found to be initiated 
during milling in procedure of the suspension preparation. This was subsequently confirmed by high values of 
saturation magnetization and the measurements of the ZFC-FC curves at which no Morin transition, 
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characteristic for hematite, was observed. From the magnetic viewpoint, the highest saturation magnetization 
and the lowest coercivity was at the sample with 8 layers.   
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Abstract 

The novel boron-hydride cluster compound (anti-B18H22) has been recently introduced as potential laser dye 
and interesting molecule for organic electronics. Blue light-emitting devices or photoluminescence (PL) 
sensors will be highly desirable. Nevertheless, the issue of their temperature stability may be critical for the 
use of this compound family as active molecules or at least fluorescence labels for any application. This 
contribution deals with the preparation and characterization of borane-polystyrene blend thin films. The 
influence of thermal history on the emission properties of prepared films was investigated. Based on the 
performed study, a set of critical limits and implications for the future molecular design was defined.  

Keywords: Boron-hydride, polymer blend, thin film, temperature, stability 

1. INTRODUCTION 

Organic light-emitting device (OLED) technology passed through a huge development rapidly over the last 
decade after overcoming some technical problems with material stability, low brightness, and bad 
processability. Nowadays, there exists a wide group of new materials, such as novel organic emitters, 
conductive polymers that combine good workability and good physical properties resulting in good stability, 
good external quantum efficiency, and high brightness. Thus, OLED technology is currently widely used in 
various displays such as laptops, Smartphones, TV, and wearable devices [1], [2]. Despite the great progress 
that has been made in this field, some challenges still remain. The broad and asymmetric emission spectrum 
of OLEDs is a serious general issue that can play a negative role in the color rendering index. Another issue 
is the relatively low stability of available blue emitters, which can limit the long-term use of prepared devices 
[3]. Synthesis of novel material based on boron clusters [4] opens new possibilities on how to achieve blue 
emission with high brightness. This kind of material brings good solubility in common solvents and thus good 
workability. It is possible to also prepare thin film structures and furthermore, thin-film devices. Moreover, this 
material has also a relatively sharp emission band in comparison to e.g. emitting polymers. Up to the present 
time, achieved results provide further evidence of the potential of macropolyhedral borane systems as a useful 
alternative molecular components in the fabrication of luminescent devices [5,6]. On the other hand, the 
thermal and luminescence stability are key properties for the utilization of this novel material but still, they have 
not been studied. 

In this contribution, we present the study of photoluminescence stability of novel boron-hydride clusters anti-

B18H22 incorporated in a polymer matrix on the temperature. And here, the key question comes: Can the borane 
anti-B18H22 be a suitable material for light emitting devices? We believe that this study can at least partly 
contribute to the solution of the critical limits of novel material and can imply the future molecular design of this 
material group in practical use. 
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2. EXPERIMENTAL 

2.1. Sample preparation 

A series of spin-coated thin films were prepared from solutions of polystyrene (PS, Sigma Aldrich average Mw - 
350 000, Mn - 170 00)  in toluene, HPLC quality, purchased from J.T. Baker with incorporated borohydride 
molecules, anti-B18H22 - (Mw = 216,58 g.mol-1) was synthesized at the Institute of Inorganic Chemistry of the 
AS CR. All solvents were stored over molecular sieves in the glovebox. The polymer/borane blend solutions 
were cast onto quartz glass substrates using spin coater Laurell WS-650-MZ-23NPP at a rotation speed of 
1000 rpm. The whole sample preparation was performed in an inert atmosphere in the glove box. 

2.2. Instrumentation and sample thermal stability test 

The PL spectra and PL decays were taken by fluorimeter FLS920 in the air and a vacuum atmosphere 
(pressure 1 Pa) ensured by the cryostat Optistat DN-V (LN2), Oxford Instruments at room temperature. The 
thickness of films, measured by a mechanical profilometry Dektak XT-E and (Bruker) with a 1 nm resolution. 
Variable-angle spectroscopic ellipsometry UVISEL 2 (Horiba) with a spectral range from 180 nm to 2200 nm 
and a resolution higher than 0.5 nm was used to determine optical constants and changes in polarization 
angles and their wavelength dependence. The data was then used to calculate the film thickness using Delta 
Psi V2 software. The UV-VIS-NIR spectra were carried out by double-beam spectrophotometer Lambda 1050, 
Perkin Elmer. The instrument is equipped with double-monochromator and detectors with photometric range 
8 A in all UV, VIS and NIR regions. The samples were individually heated in a vacuum oven up to the 
temperature 50, 60, 70, 80, and 90 °C with a temperature growth rate 2.6 °C/min. After the achievement of the 
maximum temperature, the sample was annealed for 10 min and then left to cool freely in the vacuum chamber.  

3. RESULTS AND DISCUSSION 

UV-VIS spectroscopy was used for the evaluation of absorbance characteristics of the prepared thin films. In 
Figure 1 - left, the ultraviolet-visible absorption spectra of prepared thin films are depicted. The absorption 
spectrum of anti-B18H22 is characterized by two broad bands at 285 and 340 nm. Polystyrene is a suitable 
matrix for the preparation of thin films with borane additives because of its absorption edge, which is situated 
at about 275 nm and does not interfere the spectral features of borane molecules providing thus a sufficient 
spectral window. In the right part of Figure 1, the picture of real samples under UV illumination is presented. 

 

Figure 1 Absorption spectra films made of neat polymers and polymer/borane blend - left and luminescence 
of polymer/borane blend samples under UV lamp irradiation - right 
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Excitation (left) and emission (right) photoluminescence (PL) spectra of prepared thin films are depicted in 
Figure 2. The excitation spectra reveal that the maximum PL intensity emitted at 408 nm is achieved if the 
excitation wavelength of 340 nm is selected. In the graphs in Figure 2, we can observe the PL intensity decay 
with increasing temperature. The sample prepared at 25 °C serves as the first reference point without any 
temperature load history. From the data obtained, it is clear that the PL of the borane material is relatively 
stable until the samples have been exposed to temperatures higher than 60 °C.  

 

Figure 2 Excitation (left), λem = 408 nm, and emission (right), λex = 340 nm, photoluminescence spectra 
of prepared thin films 

The dependence of PL intensity on the heating temperature is depicted in Figure 3, left. The PL intensity 
decays slowly down to about 85 % of its initial value with increasing temperature up to 60 °C. Then, the PL 
intensity steeply decreases to approximately 2 % of its initial value at higher temperature.  

 
Figure 3 PL intensity dependence on the heating temperature of samples (left) and representative FTIR 

spectra of samples 

Based on such a steep decrease of PL intensity, one could adumbrate that the borane molecules disappeared 
from the films. Nevertheless, the borane stayed in the polymer matrix as verified by FTIR spectra shown in 
Figure 3 right. The presence of a typical borane absorption band situated below 2600 cm-1 in spectra of films 
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heated at 80 °C confirmed the presence of borane. Then, observed PL decay shall be discussed in terms of 
temperature quenching. From the utilization of borane as an emitting material point of view, such behavior is 
undesired because the operating temperature of PLED devices may attain temperature higher than 60 °C.  
Under such operation conditions, no luminescence from borane could be expected. On the other hand, such 
behaviour is suitable for polymer labeling when the thermal history of the material needs to be indicated [7]. If 
the boranes should be still considered as active materials for blue-emitting diodes, a stabilization strategy must 
be developed. Among others, the anchoring of stabilizing side substituents on the borane cage skeleton seems 
to be a suitable way. For example, the recently published extensive methylation increases the stability of these 
compounds significantly [8]. 

4. CONCLUSION 

To summarize, we investigated the photoluminescence stability of the borane cluster incorporated in the 
polymer matrix. We studied the dependence of its photoluminescence on the temperature. We revealed that 
the PL of anti-B18H22 is relatively stable in the polystyrene matrix heated until 60 °C. For temperatures below 
this value, the PL intensity decays only by about 15 %. For temperatures higher than 60 °C, the PL intensity 
rapidly decreases. The change in PL is irreversible. It seems to be more favorable to use substituted borane 
if it is intended as active material in light-emitting diodes. Nevertheless, the reported PL instability may be 
considered for application in polymer labeling. 
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Abstract 

Poly(9,9-dioctyfluorene-alt-benzothiadiazole), F8BT, thin films were successfully deposited using spin coating 
and drop-casting methods on glass and silicon substrates. Films with thicknesses varying from tens to 
hundreds of nanometers were obtained as a result of variation in the deposition conditions, such as 
concentration or coating methods. The trends in manifestations of 0-0 and 0-1 vibronic transitions in UV-VIS 
absorption and photoluminescence (PL) spectra correlate with the thickness of the thin films. A threshold in 
the intensity ratio of the two transitions was observed at the thin film thickness about 250 nm. The observed 
spectral features are interpreted in terms of the competitive effects of J- and H- aggregation of the 
macromolecular chains.  

Keywords: F8BT, thin films, chain ordering, J- and H-aggregates, photoluminescence 

1. INTRODUCTION 

The possibility of processing the conjugated polymers to form useful and potent structure is the main 
advantage of polymeric organic semiconductors over non-polymeric organic semiconductors [1,2]. Conjugated 
polymers with various structures have been used in light-emitting diodes, photovoltaic cells, laser, and field-
effect transistors mainly due to their absorption and electroluminescence feature. An important class of 
conjugated polymers are polyfluorenes that have attracted noticeable attention on the basis of their ease of 
spin coating or drop casting, and their ability to tune a wide range of optical and electronic properties. Poly(9,9-
di-noctylfluorene-alt-benzothiadiazole) (F8BT) is a yellowish-green light emitting copolymer with a high 
luminescence quantum yield (60-80%), relatively high electron affinity, and large ionization potential which 
plays an important role as a host with electron transport [3-5]. According to previous reports on charge carrier 
mobilities and the time-of-flight studies on F8BT; however, the electron transport is dispersive, it is still the 
fastest charge carriers with mobility (10−3 cm2 V−1 s−1). Charge and energy transport in soft organic assemblies 
can be understood properly by considering the intermolecular (excitonic) coupling and electron-vibrational 
coupling using the concepts of H-and J-aggregation. Electronic interactions that occur either within a given 
chain or between chains stem from the aggregates of the conjugated polymer. J-aggregates (H-aggregates) 
occur when “head-to-tail” (side-by-side) orientations dominate. According to Kasha’s work on the effect of 
molecular aggregation on the optical response, in J-aggregates (H-aggregates) the couplings are negative 
(positive), resulting in a spectral red shift (blue shift). But distinguishing these two aggregate types using the 
usual spectral shifts can be misleading. In case of poly(3-hexylthiophene) (P3HT), despite its H-aggregate 
nature, there is a considerable red shift which is attributed to improvement in intrachain planarization. The 
obtained information about the exciton bandwidth, the nature of disorder, and the exciton coherence length 
from the changes in the vibronic line strengths as a result of interaction are more distinguishing traits between 
these two types of aggregates [6-8]. Film thickness can impact on the microstructure of the thin conjugated 
polymer film and photoluminescence because of the various levels of manifestation of nonlocalized (aggregate 
states) and localized(intrachain) transitions. With increase of the thickness to some extent more ordered 
structure can be achieved and there is a thickness threshold in which the mesoscale (between nano-and micro-



October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

35 

dimensions) effects such as self-healing mechanism will be revealed [10,11]. The effect of film thickness on 
optoelectrical properties and the correlation between the thickness and vibronic transition manifestations are 
presented in this study. 

2. EXPERIMENTAL PROCEDURES AND DETAILS  

Poly(9,9-dioctyfluorene-alt-benzothiadiazole), F8BT materials and toluene (p.a.) were purchased from Sigma-
Aldrich and PENTA Czech Republic respectively and used without further purification. F8BT films were spin 
cast from toluene solutions with concentration ranging from 0.5%-3.0% to provide films with thicknesses 
varying from tens to hundreds of nanometers. To obtain films with thickness higher than 200 nm, F8BT 
solutions with 1.5% and 3.0% concentrations were drop cast onto the prepared substrates. All substrates were 
cleaned by successive 12 min sonication in distilled water plus hellmanex, acetone and isopropyl alcohol, 
followed by UV ozone treatment for 10 min. After deposition, the films were dried in vacuum furnace in 150 ˚C 
for 1 hour. The UV-Vis absorption spectra were recorded on a Perkin-Elmer Lambda 1050 Spectrometer. 
Fluorimeter FSL 920 from Edinburgh Instruments was used for the measuring of PL spectra. The thickness 
was measured by mechanical profilometer with 1 nm resolution (Bruker). The thickness of the F8BT films are 
shown in Table 1.  

Table 1 Thickness of prepared F8BT films 

   
Concentration 

(%W) 
  

 0.5 % 1.0 % 1.5 % 2.0 % 3.0 % 

Spin speed   Thickness (nm)   

1000 rpm 25 45 75 120 165 

2000 rpm 20 27 47 75 118 

3000 rpm 13 30 45 55 85 

4000 rpm 10 30 45 60 105 

5000 rpm 10 23 45 60 95 

3. RESULTS AND DISCUSSION 

3.1. UV-Vis spectroscopy 

The UV-Vis spectra of F8BT films with different 
thicknesses are depicted in Figure 1. It can be 
noted from the graph the main absorption peak 
is observed at 460 nm. With an increase of 
thickness the absorption spectra show a tiny 
blue shift of maxima approximately 5 nm and 
the bands are broadened with increasing 
thickness. This may indicate the formation of a 
new energy state due to interchain aggregate 
states between polymer chains resulting in 
broadening of the absorption band [4]. On the 
other hand, one can expect that the formation of 
H-aggregates, which are more favored in thicker 
films, broadens the absorption spectra toward 
longer wavelengths. This contradiction can be 

Figure 1 UV-Vis spectra of F8BT with different 
thicknesses on glass substrates 
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explained by JH-aggregates creation, where the interplay of these two aggregation modes results in the 
broadening toward higher energies. Similar explanation is introduced in [4], where it is described as alternating 
π-stacking of polymer chains. 

3.2. Photoluminescence (PL) spectroscopy 

The representative room temperature 
photoluminescence (PL) spectra of F8BT films 
are illustrated in Figure 2. From the graph, it can 
be seen that 0-0 peak is slightly red-shifted with 
increasing thickness. The spectral intensity for 
the second peak 0-1 relatively increases with 
increasing thickness. The 0-0 PL transition of the 
thinnest film is situated at 537 nm. For the thicker 
films up to 200 nm, the emission maxima of 0-0 
transition are shifted towards 545 nm. For  
the films with a thickness higher than 200 nm, the 
0-0 transitions are disappeared from the 
spectrum, and the 0-1 transition is prevailing. 
The shift of 0-0 transition can be attributed to  
a change of polymer chain packing [4], where the 
J-aggregation of chains supports this transition. 
Nevertheless, with increasing thickness, the 
polymer chains can form a film with a more 
organized structure, and thus the H-aggregation with alternating π-stacking of polymer chains is more 
favorable and changes the spectral features of the material. For the thickest films, the structural ordering of 
chains causes prevailing 0-1 with longer conjugation length resulting in low energy radiative states [4,10].  

As emission spectra, excitation spectra can be 
analyzed in the same framework. The positions 
of excitation maxima and the shape of excitation 
spectra are influenced by the thickness of the 
films as illustrated in Figure 3. A slight blue shift 
and considerable broadening of these peaks are 
obvious with increasing thickness varying from 
45 nm to 120 nm. In the case of the thickest film, 
significant change of spectrum shape and 
redshift of excitation maxima were observed. 
These phenomena can be plausibly explained by 
extension of conjugation length whereas the 
longer is the length of conjugated segments the 
higher delocalization of exciton and higher 
lowering of energy of transiting vibrational levels 
in excited states [11]. 

The PL emission spectra were analyzed in more 
detail. We introduced the ratio of spectral 
intensities of 0-0 and 0-1 transitions, I0-0 PL /I0-1 PL. The dependence of this ratio is shown in Figure 4. It is clearly 
seen that the ratio is steeply decreasing with increasing thickness to the thickness about 120 nm. For the 
samples with higher thickness, the ratio is close to value 1, for extra thick sample (360 nm), the ratio decreases 
below value 1.  

Figure 2 Emission spectra of F8BT with different 
thicknesses on silicon substrates �ex= 460 nm. 

Figure 3 Excitation spectra of F8BT with different 
thicknesses on silicon substrates �em= 576 nm. 
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Figure 4 The ratio (0-0)/(0-1) transitions dependence on thickness 

This behaviour can reveal that the structure in thinner films (below 120 nm) is prevailing organization of polymer 
chains in J-aggregation because of this structural ordering is related to radiative transition from the lowest 
exciton state to the vibrationless ground state. On the other hand, in case of thicker films (over 120 nm), the 
0-1 transition starts predominate. This can indicate the structural ordering in more favorable H-aggregation 
and lowering of potential energy [13,14].  

4. CONCLUSION 

In our contribution, we investigated the optical and optoelectrical properties of F8BT films depending on the 
films thickness. We analyzed the absorption and photoluminescence spectra. There is a correlation between 
the thickness of the films and manifestation of 0-0, 0-1 vibronic transitions that can stem from the intrachain 
(J-aggregates) and interchain (H-aggregates) structure of the films. We have argued that the structural 
ordering of the thin conjugated polymer film may vary with the film thickness in a non-trivial way and that it is 
allied to different levels of manifestation of nonlocalized (aggregate states) and localized (intrachain) 
transitions. Such findings can contribute to the utilization of conjugated polymers in polymer electronic, 
concretely in light emitting diodes, where the optical and optoelectrical properties play a most important role. 
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Abstract 

Octadecaborane was announced in the literature as a new laser dye delivering blue luminescence with high 
quantum yield. To unlock the potential of this class of compounds in electronics, a representative of 
octadecaboranes, anti-B18H22, was preliminarily investigated as a dopant to polystyrene matrix. 
Polymer/borane thin films with thickness varying in the range of hundreds of nanometres were deposited onto 
quartz substrates by spin coating technique from solutions in organic solvents. The UV degradability of 
prepared samples was studied by fluorimetric observation. Effects of the surrounding atmosphere, the dopant 
concentrations and the molecular structure were observed, which has implications towards the reliability of 
studied materials in prospective applications in optoelectronic devices. 

Keywords: Octadecaborane, polymer blend, thin film, UV degradation, fluorescence 

1. INTRODUCTION 

Polymer LEDs have the advantage of being easily assembled in comparison with traditional inorganic LEDs. 
An inorganic semiconductor must be processed in a vacuum, and maximum care has to be taken especially 
in the preparation process of materials for LEDs with emission in the blue region. In different circumstances, 
polymer materials have very good process-ability, because they can be formed at ambient conditions 
(temperature, pressure, etc.) through wet coating techniques, such as spin coating, dip coating, rolling, and 
inkjet fabrication methods that simply allow for printing of the active material onto the substrate [1-3]. 

Despite the noticeable advantages of organic and polymer LEDs, it is still a new technology that has many 
issues to work out, primarily the lifetime, thermal-stability as well as photo-stability [4]. For instance, there is 
still a color shift, particularly for blue emitters, which degrade faster. The active areas themselves also have to 
be protected from air by encapsulation to prevent degradation by oxygen. The encapsulation may affect the 
flexibility of the prepared devices adversely. [5,6] 

The synthesis of novel materials based on boron-hydride clusters with a unique molecular architecture opens 
new possibilities for achieving the durability of the blue emission. The first announcement of a cage borane as 
a laser dye was published in [7]. This kind of material brings good solubility in common organic solvents and 
thus good workability. It is also possible to prepare blended material based on a suitable polymer matrix and 
boranes. The promises need to be tested to verify the practical potential of these compounds. Besides 
molecules and polymers with π- or σ-electron delocalisation, borane clusters may become a new class of 
electronic materials based on electron delocalisation due to electron-deficient multicentre bonds. The primary 
attention is paid to cage boron-hydride derivatives with blue luminescence emission located near 400 nm, in 
particular anti-B18H22, whose emission was reported as stable [8]. 

In this contribution, we introduce two embodiments of such polymer blends with blue emission due to the 
addition of the borane compound with a particular focus on film-formation-ability and photo-stability.  
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2. EXPERIMENTAL 

2.1. Sample preparation 

A series of spin-coated thin films were prepared from solutions of Polystyrene (PS, Sigma Aldrich average Mw 
- 350 000, Mn - 170 000) and polymethylmethacrylate (PMMA, Sigma Aldrich average Mw - 350 000) in toluene, 
HPLC quality, purchased from J.T. Baker with incorporated borohydride molecules, the anti-B18H22 - (Mw = 
216,58 g mol-1), which was synthesised at the Institute of Inorganic Chemistry of the AS CR. All solvents were 
stored in the glovebox in flasks with molecular sieves. The polymer/borane blend solution was cast onto quartz 
glass substrates using spin coater Laurell WS-650-MZ-23NPP with a rotation speed of 1000 rpm. The whole 
process of the sample preparation was performed in an inert atmosphere in a glove box. 

2.2. Instrumentation 

The thickness of films was measured by a mechanical profilometer Dektak XT-E and (Bruker) with the 1 nm 
resolution and by an optical profilometer CONTOUR GT-K with the vertical resolution < 0.01 nm (as indicated 
by Bruker) and lateral resolution < 0.5 μm. 

Variable-angle spectroscopic ellipsometry UVISEL 2 (Horiba) with a spectral range from 180 nm to 2200 nm 
and a resolution higher than 0.5 nm was used to determine optical constants and changes in polarisation 
angles and their wavelength dependence. The data was then used to calculate the film thickness using Delta 
Psi V2 software. 

The UV-VIS-NIR spectra were recorded by a double-beam spectrophotometer Lambda 1050, Perkin Elmer. 
The instrument is equipped by a double-monochromator and detectors all UV, VIS and NIR regions. 

The PL spectra and PL decays were taken by fluorimeter FLS920 in the air and a vacuum atmosphere 
(pressure ≤1 Pa) ensured by the cryostat Optistat DN-V (LN2, Oxford Instruments) at room temperature. 
Excitation beam served simultaneously as the degradation light beam in the photo-stability studies. The 
wavelength of the degrading beam was set to the maximum in excitation spectra of the respective 
polymer/borane blend. A fresh sample spot was irradiated for 30 min in each experiment. Three different light 
intensities of the degradation beam were used. Radiometer RM22 with UVA sensor from Opsytec Dr. Gröbel 
was used for irradiance measurement. The PL intensity response was recorded at the PL emission maximum 
and then normalised and plotted against dose. 

3. RESULTS AND DISCUSSION 

3.1. Ultraviolet-visible spectroscopy 

Ultraviolet-visible spectroscopy was used 
for the evaluation of absorbance 
characteristics of the prepared thin films, 
see in Figure 1a. Both polymers were 
confirmed as suitable matrices for the 
preparation of thin films with borane 
additives because of their absorption 
edge wavelengths. The spectral window 
of PMMA is larger than that of PS which 
already absorbs below 275 nm. 
Nevertheless, PMMA and PS provide 
transparent spectral windows in the UV 
region where boranes absorb light. 

Figure 1 a) Absorption spectra of ca 350 nm thick films made 
of neat polymers and polymer/borane blends, b) 

luminescence of polymer/borane blend samples under UV 
lamp irradiation.  
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Indeed, the prepared polymer/(anti-B18H22) blend thin films show two typical absorption maxima related to 
borane at 290 nm and 340 nm. Figure 1b documents the luminescence of the prepared samples under UV 
irradiation. It was clearly observable by the naked eye that the luminescence of anti-B18H22 is quenched in the 
PMMA matrix in comparison with the PS blend samples.  

3.2. Fluorimetry 

Excitation (a) and emission (b) photoluminescence (PL) spectra of prepared thin films are depicted in Figure 2. 
The films consisting of PS/borane have PL intensity higher by two orders of magnitude than the films based 
on PMMA. From this point of view, the PMMA matrix does not seem to be an appropriate environment for 
borane molecules despite its good optical properties. A plausible explanation of this observation can be 
deprotonation of one of the borane’s highly acidic bridging hydrogen atoms. The methyl ester side group of 
PMMA may accept the proton leaving a non-luminescent borane anion [9]. Moreover, PMMA is more prone to 
humidity adsorption than PS. Eventual traces of water may kill the luminescence of the boranes by the same 
mechanism. Based on this experience, further work was carried out with samples utilising the PS matrix only. 

 

Figure 2 Photoluminescence spectra of approx. 350 nm thick PS/anti-B18H22 and PMMA/ PS/anti-B18H22 

films in ratio 4:1 a) excitation spectra captured concerning the maximum of emission, b) emission spectra 
captured concerning the maximum of excitation. 

 

Figure 3 Photo-degradation study of 100 nm thick film of PS/anti-B18H22 in ratio approx. 30:1 a) Evolution of 
normalised PL intensity of emission maxima in both vacuum and air environment, b) The excitation and 

emission spectra measured before and after 30 minutes of degradation. 
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In the following part, the first attempts to address the photo-stability of blended PS/borane thin films are 
presented. The stability of the material is a crucial point for any of its potential applications. The study was 
performed in two different environments, i.e. in a vacuum and the air atmosphere, representing thus 
encapsulation or other protection of the device and open exposure to the ambient atmosphere, respectively. 
The PL decay curves are plotted in Figure 3a for PS/anti-B18H22 blend. The sample degrading irradiances are 
introduced in the graph windows. The coincidence of all triplets of the decay curves testifies for the fulfillment 
of the reciprocity laws. In Figure 3b, the emission and excitation spectra before and after degradation are 
shown. 

It is clearly seen, the total PL intensity decay for the highest degradation dose is 10 per cent in a vacuum and 
25 per cent in the air, respectively in comparison to the initial value. Concerning emission and excitation 
spectra, no change was observed, but an overall decrease of PL intensity. This fact is in direct contrast to 
published work [7], where the photo-stability was presented as a superior one, even comparable with Exalite 
404 laser dye. Nevertheless, the authors [7] declared good photo-stability in solution while mentioned low 
efficiency of borane lasing in solid-state. Our observation indicated borane degradation in PS matrix although 
it was pumped by a much weaker and non-coherent source (Xe lamp) in a vacuum. The degradation was 
accelerated when humidity and air were allowed to be present. To improve stability of the borane molecule, 
anchoring of alkyl substituents seems to be a viable method. For example, extensive methylation increases 
the usefulness of these compounds significantly, as published recently [10]. Nevertheless, the photo-stability 
of methylated borane was measured only in the form of a solution again, and further research is necessary. 
Another stabilisation strategy was demonstrated recently. A borane cluster can be included as a guest in the 
cavity of a protective host, e.g. cyclodextrins [11,12]. This method seems to allow the preparation of waterborne 
dispersions or solutions by protection the borane molecule against hydrolysis.  

4. CONCLUSION 

To summarise, we investigated the photo-stability of anti-B18H22 borane incorporated in polymer matrices for 
the first time. The study was performed by direct on-line measurement of the PL decay using the excitation 
beam as the degradation stress simultaneously. The elimination of air and humidity can suppress the photo-
degradation of anti-B18H22 to a reasonable extent. Nevertheless, the borane-polystyrene blend still suffers from 
photo-degradation to a certain extent, even in an inert environment (vacuum). The few photo-stability tests 
performed in solutions available in literature give reason to hope for further improvement of the stability of the 
borane molecules in polymer blends. A stabilisation method must be discovered to introduce these borane 
based alternative molecular components in the fabrication of light-emitting devices.   
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Abstract 

ZrO2 is a ceramic material suitable for high-temperature coatings, fuel cells as a solid proton-conducting 
electrolyte, and metal-oxide-semiconductor devices due to its recently explored promising dielectric properties. 
In this work, anodic nanostructured ZrO2-Al2O3 mixed films were synthesized on substrates via anodizing/re-
anodizing of a thin Zr layer through a porous anodic alumina (PAA) film at 40/240 V in 0.6 M (COOH)2 and 
characterized by scanning electron microscopy and electrochemical impedance spectroscopy (EIS) including 
the measurements under various bias potentials. The films are composed of ZrO2 nanofingers penetrating the 
alumina pores, partially mixing with Al2O3. Nanofingers are anchored to a ZrO2 bottom-oxide nanofilm that 
forms under the PAA during anodization. The EIS reveals a nearly ideal dielectric behavior of the ZrO2-Al2O3 
mixed-oxide nanostructured films. After dissolution of the PAA layer, the dielectric properties of the remaining 
zirconium oxide film become slightly worse, due to the specific structure and deviation from perfect 
stoichiometry. The ZrO2-Al2O3 mixed-oxide nanostructured film permittivity is calculated to be 11, which is 
higher than that of alumina (9.8) due to the contribution of ZrO2 nanofingers grown in the alumina nanopores. 
After the PAA dissolution, the film permittivity increases substantially, up to 46, which is twice the permittivity 
of ZrO2 (22) grown anodically on zirconium metal in a classical way. The ZrO2-Al2O3 mixed-oxide 
nanostructured films prepared via the PAA-assisted anodization are of high interest for potential application to 
various types of capacitors due to their near-ideal dielectric properties. The unique dielectric behavior of the 
PAA-dissolved ZrO2 film deserves detailed investigation in a future work. 

Keywords: Anodizing, zirconium oxide, porous anodic alumina, dielectric 

1. INTRODUCTION 

Zirconium-oxide (ZrO2) films have been extensively explored, mainly due to corrosion and hydrogen 
embrittlement resistance, which makes them suitable for selective CO sensors [1] and solid-electrolyte for fuel 
cells [2]. ZrO2 is also viewed as one of the promising high-k dielectric materials to replace Ta2O5. Thin ZrO2 

films are also suitable dielectrics for volatile dynamic random access memory and for complementary metal-
oxide-semiconductor devices [3,4]. Commonly, thin ZrO2 films are synthesized using electron beam physical 
vapor deposition [5], chemical vapor deposition [6], atomic layer deposition [7], and chemical solution 
deposition [8]. Alternatively to the aforementioned techniques, the anodization method may be viewed as a 
simple and versatile approach for the synthesis of thin ZrO2 films since it does not require high-budget 
equipment, ultra-high vacuum conditions, or elevated temperatures [9]. Additionally, anodic ZrO2 films can be 
made nanostructured by so-called PAA-assisted anodization approach. When an Al layer is superimposed on 
a metal of interest, oxide nanostructures may form penetrating the initially grown porous anodic alumina (PAA) 
film during anodization [10]. In our previous works, we have reported that mixed aluminum-tantalum and 
aluminum-hafnium oxide films prepared by PAA-assisted anodization technique exhibit good dielectric 
performance, close to that of an ideal capacitor [11,12]. However, the electronic properties of mixed aluminum-
zirconium films prepared by anodization of Al/Zr bilayers have never been studied.  
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Here we report on the formation of nanostructured ZrO2-Al2O3 mixed films via PAA-assisted anodization of 
Al/Zr bilayers sputter-deposited on Si wafers. The films were analyzed by scanning electron microscopy (SEM) 
and electrically characterized by electrochemical impedance spectroscopy (EIS), followed by the 
measurements under various bias potentials, before and after selectively dissolving the PAA overlayer. The 
results obtained provide insights into the electrical and electronic properties of the ZrO2-Al2O3 mixed films, 
assessing their applicability as dielectrics for electrolytic and thin-film capacitors. 

2. EXPERIMENTAL 

2.1. Sample preparation 

One-side polished Si wafer covered with a 300 nm layer of SiO2 was used as a starting substrate. A layer of 
Zr, 200 nm thick, followed by a layer of Al, 1000 nm thick, were deposited on the substrate via magnetron 
sputtering of Zr and Al targets of respectively 99.95% and 99.999% purity. Anodizing of Al/Zr bilayer films was 
carried out in 0.6M (COOH)2 aqueous solution at room temperature in potentiodynamic mode by sweeping 
voltage from 0 to 40 V at a rate of 0.5 V s-1. Subsequently, re-anodizing was performed in the same electrolyte 
by sweeping the voltage from 40 to 240 V at a rate of 10 V s-1. Both processes were immediately followed by 
3 min of current decay. After the anodizing and re-anodizing, the samples were thoroughly rinsed with 
deionized water and dried in an oven at 150 oC for 1 h in air at atmospheric pressure. For the ZrO2-in-Al2O3 
samples, a 30 s pore widening procedure was carried out to allow better permeation of buffer solution inside 
the pores (the ‘PAA-in-built’ samples). For selected samples, the PAA overlayer was fully dissolved in 1 wt% 
NaOH solution at room temperature (the ‘PAA-free’ samples). 

2.2. Sample characterization 

The surface morphology of the PAA-inbuilt and PAA-free samples was examined in a TESCAN MIRA II field-
emission scanning electron microscope. Cross-sections of experimental samples were observed in a FEI 
Verios 460L High-Resolution Scanning Electron Microscope. 

2.3. Electrochemical measurements 

EIS measurements were carried out in borate buffer (0.5 M H3BO3; 0.05 M Na7B4O7) aqueous solution, pH 
7.5, using an Autolab PGSTAT204 Potentiostat/ Galvanostat with a FRA32M module (Metrohm). The 
electrochemical measurements were performed in a Teflon cell within an area of 0.27 cm2. After measuring 
the PAA-inbuilt samples, the PAA layer was etched away in the NaOH solution at 23 oC without taking the 
sample out from the cell, then the sample was EIS measured again in the same cell. A two-electrode setup 
was employed for electrochemical measurements: a high-purity Au sheet was used as a counter electrode and 
positioned over the surface of the investigated sample; the Zr layer remaining after the anodization process 
underneath the oxide film was used the working electrode. EIS characterization was performed by applying a 
sinusoidal perturbation of 100 mV in a frequency range from 1 MHz to 0.01 Hz. The bias was applied in a 
cathodic direction, from -0.5 to -2.5 V with a step of -0.5 V. Experimental EIS data were analyzed by simulation 
and fitting software Autolab NOVA. All the EIS measurements were recorded from the open-circuit potential 
(OCP). 

3. RESULTS AND DISCUSSION 

3.1. Structure of the anodized Al/Zr bilayers 

Figure 1 shows the top, cross-sectional, and 3-D view SEM images of the oxide films obtained after the PAA-
assisted anodization of Al/Zr bilayer films. It is seen that the film is complex comprises a self-ordered PAA 
layer (Figure 1a). Glimpsing inside the PAA layer with help of a cross-section SEM image (Figure 1 b), the 
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PAA pores at the Al2O3/ZrO2 interface are filled with ZrO2 nanofingers. The top and 3-D SEM views after a 
complete PAA dissolution (Figures 1 c,d) reveal an array of free-standing vertically aligned ZrO2 
nanostructures. The location of these nanostructures corresponds to positions of pores in the PAA layer. The 
nanostructure bases are well distanced from each other, being anchored to a continuous ZrO2 bottom-layer 
film (darker areas on the top view). The structure of the films formed is outlined in the schematic image in 
Figure 2. 

 

Figure 1 Top and cross-fractional SEM views of the (a, b) PAA-inbuilt and (c, d) PAA-free films, the scale bar 
in the SEM image corresponds to 300 nm 

 

Figure 2 Schematic showing the development of the ZrO2-Al2O3 mixed films: a) the PAA-inbuilt film, b) the 
PAA-free film, and (c) a barrier-type anodic ZrO2 film 

3.2. Electrical measurements 

Electrical and electronic properties the PAA-inbuilt (Figures 1 a,b), and PAA-free (Figures 1 c,d) films were 
characterized by EIS sweep at OCP (Figure 3). The bode diagrams suggest a simple equivalent circuit for the 
PAA-inbuilt and PAA-free films. In the circuit, Rs is the solution resistance, R1 is the film resistance, and Q1 is 
the constant phase element (Figure 3 inset). Both the mixed ZrO2-Al2O3 nanostructured layer and the ZrO2 
flat bottom-oxide layer are expected to contribute to the film impedance. During electrical measurements, the 
layer of PAA residing above the level of protruding ZrO2 nanofingers is short-circuited by the electrolyte 
(Figure 2 a) [12]. The phase shift of the PAA-inbuilt film is close to -90 degrees, which reflects a nearly ideal 
dielectric behavior of the film. However, after the complete dissolution of the PAA overlayer and thus excluding 
the ZrO2 nanofingers from the measurements, the film exhibits slightly different electrical behavior. The phase 
shift starts to deviate from -90 degrees, highlighting a slightly worse dielectric behavior. A worsened dielectric 
behavior can be explained by the differences in structure and crystallinity between the nanostructured and 
bottom-oxide ZrO2 layers. Due to the complex mechanism of oxide growth via the PAA-assisted anodizing, the 
bottom-oxide layer might possess more crystalline inclusions and less ZrO2-x suboxides, which may alter its 
properties and worsen the dielectric behavior, or even introduce semiconducting properties to the oxide [12]. 
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Figure 3 EIS characterization of the PAA-inbuilt ZrO2-Al2O3 films and PAA-free zirconium-oxide films: 
experimental (symbols) and fitted (solid lines) Bode plots at OCP 

From the EIS measurements, the capacitance of the oxide films was calculated (Table 1). The capacitance of 
the ZrO2-Al2O3 mixed film is 24.0 nF cm-2. However, PAA-free film shows a much higher capacitance of 326.8 
nF cm-2. This is because the solution short circuits the free-standing ZrO2 nanostructures and only a bottom 
ZrO2 layer contributes to the measurement, thus drastically reducing the film thickness [12]. Due to the 
exclusion of the nanostructured ZrO2 upper layer from the measurement, one may expect that the capacitance 
and dielectric properties of the ZrO2 bottom oxide should be similar to those of anodically grown ZrO2 barrier-
type film of the same thickness. However, the capacitance for the barrier-type ZrO2 film is 152.4 nF cm-2, which 
is roughly half the capacitance of the PAA-free ZrO2 nanofilm. 

Table 1 Quantitative results of EIS of the PAA-inbuilt, PAA-free, and a barrier-type ZrO2 anodic films 

Film Thickness (nm) Capacitance (nF cm-2) Relative permittivity (Ɛr) 

PAA-Inbuilt  405 24.0 11 

PAA-free  125 326.8 46 

Barrier-type ZrO2 125 152.4 22 

 

Figure 4 Bode plots of the PAA-free film under bias potentials ranging from -0.4 to -2.5 V with -0.5 steps, 
experimental (symbols) and fitted (solid lines) 
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To understand the abnormal behavior of the PAA-free ZrO2 film, EIS measurements under the bias potentials 
were carried out (Figure 4). This analysis reveals a potential-independent impedance behavior under a 
negative applied potential changing from -0.5 up to -2.5 V, confirming that the ZrO2 bottom oxide is a dielectric, 
not a semiconductor. 

For each film type, dielectric constant (relative permittivity) was calculated from the capacitances and the 
thicknesses of the films measured by SEM (Table 1). The permittivity of the PAA-inbuilt sample Ɛr appears to 
be equal to 11, which is smaller than Ɛr of a pure ZrO2 known from the literature (22-24). As was seen in the 
SEM images, the PAA-inbuilt film consists of ZrO2 nanofingers intermittent by Al2O3 and anchored to a ZrO2 
bottom oxide. The ZrO2 nanofingers surrounded by Al2O3 may be viewed as a set of parallel-connected 
capacitors while the ZrO2 bottom oxide lying underneath contributes as a capacitor connected in series. Thus, 
the biggest impact on the resultant capacitance is given by the parallel-connected ZrO2 nanofingers and the 
Al2O3 around them. As the volume of Al2O3 substantially exceeds that of the ZrO2 nanofingers in the mixed-
oxide film, it can be assumed that the capacitance of the Al2O3 portion dominates the resultant capacitance, 
making the resultant permittivity slightly higher than that of a pure Al2O3 (9.8) due to the ZrO2 nanofingers 
inclusions. After the PAA layer is completely dissolved, the permittivity rises drastically, up to 46, neither 
corresponding to typical values reported for ZrO2 (22-24). One can assume that, after the PAA dissolution, the 
ZrO2 nanofingers would be short-circuited by the electrolyte and excluded from the measurement, leaving only 
the ZrO2 bottom-oxide film alone, which should have electric properties comparable with those of the ZrO2 film 
prepared by the convenient anodization of Zr metal. However, the normally prepared ZrO2 film of the same 
thickness exhibit more than twice as smaller capacitance and therefore, permittivity (22). It is clear that the 
ZrO2 bottom-oxide film derived from the PAA-assisted anodization exhibits unique electrical behavior in 
comparison with the ZrO2 films prepared by the convenient anodization of Zr metal. Since the bias assisted 
EIS analysis showed the purely dielectric behavior of the PAA-free ZrO2 film, the abnormal dielectric 
characteristics can be explained by unusual structural features of the oxide bottom layer. For example, having 
a high surface area, the nanofingers bases might not be completely excluded from the measurement and might 
influence film dielectric behavior after denudation of the ZrO2 nanostructures following PAA dissolution. It is of 
high interest to further investigate the unique dielectric properties of the alumina-zirconia mixed oxide films 
prepared by the PAA-assisted anodization of Al/Zr bilayers as they show an ideal dielectric behavior and can 
be potentially employed in various microelectronic devices, as well as to uncover the paradoxes behind the 
abnormal behavior of the ZrO2 bottom-oxide film in a future work. 

4. SUMMARY AND CONCLUSION 

Thin Al/Zr layers anodically processed in 0.6 M (COOH)2 at room temperature revealed the following two 
stages in their growth: (1) the formation of a PAA film at 40 V followed by the pore-assisted oxidation of the Zr 
underlayer at the same voltage and (2) the growth of ZrO2 nanostructures inside the PAA layer via re-anodizing 
to 240 V. The ZrO2-Al2O3 mixed-oxide film consists of upward growing ZrO2 nanostructures protruding inside 
the pores and anchored to a ZrO2 bottom layer. The EIS characterization showed that the ZrO2-Al2O3 film 
behaves like an ideal dielectric. After the dissolution of the PAA overlayer, the film exhibits worsened dielectric 
behavior. The EIS examination under the bias confirms that the film is still dielectric. Surprisingly, the measured 
capacitance and calculated apparent permittivity of the PAA-free film are twice those of a barrier-type anodic 
ZrO2 film of the same thickness. The promising dielectric properties of the mixed ZrO2-in-Al2O3 films will be 
explored more thoroughly in a future work in pursuit of better understanding and explaining the abnormal 
behavior of the ZrO2 bottom oxide. 
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Abstract  

2D layered materials promise to revolutionize the field of electronics, photonics, optoelectronics, energy 
storage, and sensing, etc. 2D materials have exceptional mechanical properties, with critical elongation >10%. 
Employing the strain to manipulate the electronic structure of these 2D materials could lead to further 
improvement of their implementation in many aspects. The ease of manipulation of their electronic structure 
can be one of the critical factors for their utilization in photonic devices. Apart from the strain, which decreases 
(increases) the bandgap energy at the rate of ~100 meV under 1% of biaxial tension (compression), also the 
layer number causes bandgap energy change of, e.g., 0.5 eV between bulk (1.3 eV) and monolayer MoS2 (1.8 
eV). In our work, we focus on using the swelling behavior of PMMA/SU8 polymer in methanol to impose the 
strain on 2D layered materials. In the first trials, we have shown that it is possible to reach a strain gradient 
from 0 to ~0.5% of biaxial strain via simple swelling of polymer substrates, both for graphene [1] and transition 
metal di-chalcogenides (TMDC) like MoS2. Raman spectroscopy was used to probe the lattice strain in the 
materials through measuring changes of vibrational frequencies, and photoluminescence was used to probe 
the strain-induced bandgap character and energy in TMDC at room temperature. The surface corrugation of 
the 2D material after the soaking was recorded with the help of atomic force microscope (AFM).  

Keywords: 2D material, graphene, TMDC, strain engineering, biaxial strain  

1. INTRODUCTION 

Most of the material's physical properties can be tuned via strain engineering by mechanically modifying its 
structure. Two-dimensional nanomaterials' unique mechanical properties are particularly promising candidates 
for strain engineering and related applications because they can withstand considerable strain before structural 
failure. The atomically thin monolayer graphene exhibits unique chemical and electronic properties. The strain 
in graphene can change its electronic structure, chemical potential, or induce pseudo magnetic gauge fields. 
Other than graphene, strain engineering offers great potential to control and modify the optoelectronic structure 
of transition metal dichalcogenides [1-3]. 

The fast-growing field of flexible devices requires more fundamental research to keep the material science to 
help the future application. For example, the recent growth of graphene usage in the near field communication 
(NFC) tags and antennae is the perfect illustration. However, the 2D materials often exhibit a change in their 
fundamental electrical, optical, and structural properties, requiring further studies and classifications based on 
their modulation in a real situation under strain/stress. The in-plane stress imposed on a 2D material can be 
either purely planar or can be manifested by out-of-plane buckling. The buckling patterns can have periodical 
tensile and compressive strains across the 2D material. Externally imposed deformation such as pressure-
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induced, tip-induced, blister formation, or substrate bending are the preferential methods in the case of 2D 
materials [4,5].  

A polymer substrate swelled with diffusing fluids can also impose strain on the material. In the present work, 
we show polymethylmethacrylate (PMMA) swelled by methanol [6-8] inducing large deformation in selected 
2D material resting on top of it. The strain-dependent change in electronic band structure were detected 
through the respective characteristic peak shifts in the Raman and photoluminescence spectra (PL) graphene 
and TMDC flakes [9,10]. 

2. EXPERIMENTAL METHODS 

Polymethylmethacrylate (PMMA) slabs were coated with ~500nm thick SU8 2000.5 (MicroChem) negative 
photoresist. The SU8-covered PMMA substrates were annealed at 60°C for 5 minutes to evaporate the solvent 
present in the SU8. Graphene and MoS2 flakes were mechanically cleaved using scotch tape and directly 
exfoliated on the SU8-coated PMMA substrates. The exfoliated samples were prebaked at 65°C for 30 minutes 
to get a conformal adhesion with the SU8 surface on the PMMA slab. The exfoliated graphene and MoS2 
sample thickness were identified using optical contrast measurement in an optical microscope. Raman and PL 
spectroscopy were used to quantify the evolution of the biaxial strain in graphene and MoS2. 

 

Figure 1 Schematic representation of the experiment  

The biaxial strain was imposed on the 2D materials (graphene or MoS2) by soaking in methanol in repeated 
ten-minute intervals [11-13]. After every soaking period (10 minutes), the samples were dried in air at room 
temperature before doing the Raman or PL spectral mapping. Figure 1 represents the experimental scheme. 
For the graphene samples, the Raman spectral mapping, and for the MoS2 sample, both Raman and PL 
spectral mapping were performed with LabRAM HR (Horiba). The Raman spectra were measured using a 
633nm laser excitation, and PL was measured using 532nm laser excitation, both with 600 l/mm grating. Both 
Raman and PL maps were recorded with a 2-micrometer (µm) step size. The atomic force microscopy (AFM) 
images were obtained with the Dimension Icon microscope (Bruker).  

3. RESULTS AND DISCUSSION 

Topographically two different graphene samples, named G1 and G2, were considered for the initial swelling 
experiment. The swollen SU8 imposed strain on the graphene samples, which can be quantified using the in-
situ Raman spectroscopy, showing a phonon softening (blue shift) of the characteristic Raman peaks [14] [15]. 
The Raman 2D band, with frequency ω2D ~2680cm-1, was used to quantify the strain in the graphene samples 
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instead of the G band ωG ~1580cm-1, because the 2D band is much more sensitive than the G band to biaxial 
strain effects [10,16,17]. The AFM topography (Figure 2e) shows a large flake with a high level of structural 
uniformity. The color-coded ω2D map in Figures 2 a-e shows the evolution of the imposed strain for the soaking 
intervals of 10 minutes. The localized tensile strain in the graphene flake's center region received the maximum 
interfacial stress transfer from the polymer swelling (to ~2510 cm-1, corresponding to 0.5 % of biaxial strain) 
after 40 minutes of soaking time. After that, the stress transfer between the polymer and graphene G1 failed.  

  

Figure 2 Evolution of Raman spectral features of monolayer graphene samples G1 and G2. (a-e), (g-k) show 
the Raman 2D band shift for different soaking times, in G1, and G2, respectively. (f), (l) the AFM topography 

images of G1 and G2, respectively, before soaking 

In the same fashion, the topography of sample G2 was recorded before the soaking experiment. Sample G2 
has more cracks, which separate the graphene into fragments of lateral dimension between 1-3 µm. 
Figures 2 g-k shows the color-coded Raman spectral maps of the 2D peak for the time intervals of 10 minutes. 
The imposed strain is not homogenous across the sample. The interfacial stress is very low in the small 
graphene domains, which results in the small and random strain in the sample G2. Although SU8 and graphene 
have an excellent interfacial stress transfer, the graphene grain boundaries restrict reaching such high strain 
levels as in the sample G1. The ω2D and soaking time correlation plot, Figure 3, statistically compares the 
results from the two samples. Figure 3 proves that smaller strain was imposed on the sample G2 compared 
to the sample G1. The median of the ω2D shift reached in sample G1 corresponded to ~0.5%, and the maximum 
to more than 1% [18,19].  

In the sample G2, less than 0.1% strain was achieved by the swelling experiment, evidencing the vital role of 
the grain boundaries present in an otherwise continuous flake. This because of the interfacial stress transfer  
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Figure 3 2D band shift of the G1 and G2 graphene samples for different soaking periods  

failure at the edges of the graphene domains, i.e. boundaries [20]. The high stress-transfer in the sample G1 
took place due to the absence of such boundaries. 

 

Figure 4 Evolution of PL and Raman spectral features of a monolayer MoS2 sample. The shift in the color-
coded (a-c) PL spectral map and Raman spectral map of E2g (d-f) and A1' (g-i) peaks for the different soaking 

period. 
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With the increasing soaking time, the extending size of the error bars in Figure 3 for both G1 and G2 samples 
confirms the evolution of a strain gradient across the flakes. This evolution of the strain with the soaking time 
is evident as is the continuous strain gradient in the achieved biaxial strain on these atomically thin graphene 
layers [15,21]. 

We employ the same swelling technique to impose the biaxial strain on another 2D material, namely monolayer 
MoS2. Since the MoS2 has a different Raman signature than graphene, we considered the frequencies of the 
in-plane vibrational peak (E' or E2g) at 386cm-1 and the out-of-plane vibrational peak (A1') at 406 cm-1 to quantify 
the strain evolution in MoS2. Besides the Raman modes, we employed the PL signal of the A exciton at 
~1.88eV. The PL redshift as well as the Raman peaks’ blue shift correspond to the tensile strain in the MoS2 
sample [22,23].  

The color-coded maps in Figures 4 a-c show the PL map of the MoS2 flake as a response to the soaking 
times. To simplify the analysis, we treated both the A neutral exciton and trion as a single PL peak. 
Figures 4 d-f and g-i show the E' and A1' peak shifts, respectively, as a result of the different soaking times 
[9]. As expected, the shift of the E' peak is larger than the shift of the A1' peak for the given soaking time, due 
to the in-plane character of the E' mode and thus an increased sensitivity to an in-plane deformation. The 
stress transfer from the polymer to the MoS2 flake failed after 20 minutes of soaking due to small size of the 
MoS2 flake.  

 

Figure 5 Evolution of biaxial strain quantified from the PL shift in MoS2 for the different soaking times. (a-c) 
Maps of lattice deformation and (d-f) the corresponding PL shift from the profiles extracted diagonally, along 

the dashed lines in a-c. 

Due to a relatively smaller strain-sensitivity of either of the Raman modes to small strains, PL A exciton peak 
was considered to quantify the imposed strain on the MoS2 flake. Approximately maximum of 0.6% of biaxial 
strain was imposed on the center of the MoS2 flake after 20 minutes of soaking time [23]. According to the 



October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

55 

Raman shifts, a potential change in charge-transfer doping during the experiment was negligible, as the ratio 
of the E' and A1' shifts corresponds to a pure effect of strain [24,25]. The profile across the color-coded PL 
spectral map in Figure 5 shows the redshift in PL at different soaking times localized at the centre of the 
continuous MoS2 flake where the highest strain was achieved. The profile extracted from Figure 5 c (i.e. 
Figure 5 f) shows the PL energy gradient forming a potential energy funnel imposed by the biaxial strain. Such 
an energy funneling, if even higher strain could be achieved as maxima, could be used in applications to power 
future devices [26-29].  

4. CONCLUSION 

We evidence that biaxial strain can be imposed on atomically thin monolayers of graphene and MoS2 using 
the swelling of their polymer substrates by methanol. The Raman spectral shift of the 2D band was used to 
quantify the strain evolution in graphene, while in the case of MoS2 also photoluminescence was employed. 
The stress transfer failed after 40 minutes of soaking time for graphene and after 20 minutes of soaking time 
for MoS2. The different soaking time is due to the different sizes of the flakes or domains within. The large flake 
size can bear the more considerable biaxial deformation in the swelling experiment. The smaller flake size or 
more abundant sample boundaries fail to transfer the strain at an earlier soaking time. In both graphene and 
MoS2, the biaxial strain is tensile corresponding to the volume swelling of the substrate. Hence, the MoS2 band 
gap energy was decreased as the effect of the imposed biaxial strain, and the median strain level achieved 
was 0.5% in both graphene and MoS2.  
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Abstract 

Plasma synthesis by ethanol decomposition in microwave atmospheric torch is a simple, efficient, single-step 
scalable method suitable for volume production of graphene nanosheets. In our work, we studied influence of 
microwave power on several plasma parameters (e.g. gas temperature, concentration of active species) by 
optical emission spectroscopy (OES), Fourier transform infrared spectrometry (FTIR) and mass spectrometry 
(MS) to better understand the process of precursor decomposition and graphene formation in the gas phase. 
We observed significant change in kinetics and influence of input power on ethanol decomposition routes. 
Results were compared with theoretical model comprising hydrodynamics, plasma, heat transfer and chemical 
kinetics.   

Keywords: Graphene, microwave plasma torch, OES, ethanol, modelling 

1. INTRODUCTION 

Atmospheric pressure plasma synthesis of advanced materials, including the graphene nanosheets, brings 
some advantages over competing methods e.g. liquid phase exfoliation and chemical vapour deposition. While 
commonly used, these techniques have their limitations in a need of a substrate or a post-treatment to obtain 
separated high-quality graphene. In contrast, a microwave plasma synthesis of graphene is a rather recent 
method [1,2,3] based on decomposition of organic precursors which in many aspects overcomes these 
limitations. It is mostly single step, without all the complexities of the wet process, uses simple equipment and 
affordable precursors, etc. However, the inherent nonlinearities of plasma, its spatial inhomogeneities and non-
equilibrium kinetics make the process critically dependent on optimal local conditions. This in turn makes the 
analysing, controlling and up-scaling quite a challenge. 

Material analyses of the graphene product by e.g. electron microscopy (SEM, TEM) and/or Raman 
spectroscopy can be carried out for various experimental conditions. While they provide ultimate results about 
the product quality, the causes can remain hidden. The diagnostics of the synthesis process itself is thus 
needed. The optical emission spectroscopy (OES) provides localised information, but only on radiating 
species, However, the more complex organic molecules involved in graphene growth are often formed later, 
outside the active plasma itself. These can be detected by standard chemical gas analysis techniques, such 
as Fourier transform infrared (FTIR), gas chromatography (GC) and mass spectroscopy (MS) but these are 
ex-situ and cannot provide localised information.  

In this paper we combine these diagnostic techniques with a theoretical model, which couples heat transfer, 
gas dynamics and chemical kinetics, to get deeper insight into plasmachemical processes during the graphene 
synthesis.   
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2. EXPERIMENTAL SET-UP 

The plasma torch was excited by a 2.45 GHz microwave generator with a power variable in the 10-500 W 
range. The generator fed a microwave waveguide line ending with a transition to rigid coaxial transition. Its 
central conductor (6 mm diameter) was hollow which enabled passing of multiple gas lines inside. It ended in 
an exchangeable carbon nozzle with dual flow configuration enhancing the plasma stability [3]. The central 
(axial) channel (0.8 mm diameter) was used for argon (300-1000 sccm). The precursor (ethanol vapour from 
a bubbler, 10-700 sccm argon carrier gas) is introduced to an outer (annular) channel, shown in Figure 1. 

Plasma reactor consisted of fused silica tube (80 mm diameter, 200 mm long) terminated by a duralumin 
flange. The exhaust gas samples from the T-piece were collected in transportable cuvette for later FTIR and 
GC analysis. Optical emission spectra were recorded through the reactor walls and magnifying optical system 
using Jobin Yvon Triax 550 spectrometer. Digital imaging was performed using intensified CCD Pi-MAX 3 
camera equipped with 100 mm macro UV lens. Set of interference filters was used for spectral imaging. 
Deposited nanomaterial was collected from the reactor walls for further analysis. Graphene nanosheets were 
imaged with scanning electron microscope (SEM) TESCAN MIRA3 with Schottky field emission electron gun. 
Raman spectroscopy was carried out using the HORIBA LabRAM HR Evolution system with 532 nm laser, 
using 100x objective, 600 gr/mm grating and 30 s acquisition time in the range from 1000 to 3200 cm-1. 

 
Figure 1 Experimental set-up 

3. THEORETICAL MODEL 

COMSOL Multiphysics was used for solving our model combining the gas dynamics, heat transfer and 
chemical reactions. Two-dimensional axially symmetric domain was used to simulate the geometry of our 
experimental reactor. The model takes the experimentally measured plasma plume dimensions as an input for 
the gas heat source. The gas flow is considered to be non-isotermal and turbulent. The main gas flow 
(500 sccm of argon) to the domain is introduced via the central (axial) channel, and the outer annular channel 
supplied 700 sccm of argon with 10 sccm of ethanol vapours. The reduced chemical reaction scheme of the 
ethanol decomposition was taken from A. Merino [4] and consists of 66 reactions and 31 species. 

4. RESULTS AND DISCUSSION 

The dual flow configuration, where the precursor was introduced into the outer channel while the active plasma 
itself was burning mostly in pure argon, proved to be very stable and efficient in ethanol conversion. The 
discharge had a form of stable, axially symmetric filament which length depended linearly on absorbed 
microwave power (behaviour typical for surface wave driven discharges [5]). Optical emission spectroscopy 
showed (Figure 2) that emissions were dominated by very intense molecular C2 Swan band system (maximum 
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at 516 nm). Despite the precautions (argon flushing, tightened seals, etc.), there were still traces of air in our 
apparatus, as exhibited by strong emissions of cyan violet system CN(B-X) (maximum at 388 nm). The atomic 
carbon C was also detected at 247 nm but with rather small intensity. High intensity of C2 bands suggest higher 
concentrations of C2 which serves as precursor for graphene formation while atomic C often leads to formation 
of amorphous structures [6]. 

 
Figure 2 Overview emission spectra for 500 sccm Ar (central), 700 sccm Ar+EtOH (annular), 200 W 

Rotational structure of the violet CN system is often used for calculation of rotational temperature which can 
estimate the gas temperature in carbon containing plasmas [3,7,8]. This procedure can be done manually, or 
by using e.g. Lifbase [9] or MassiveOES [10] software. The gas temperature is an important parameter which 
strongly influences plasma chemistry and ethanol decomposition routes. Figure 3 (left) shows temperature 
distributions of the filament along the axis for two different MW powers.  

 
Figure 3 Gas temperature distribution - experimental (left (TROT (CN)), modelled (right) for 60 W a 200 W, 

500 sccm Ar (axial), 700 sccm Ar+EtOH (annular) 

The theoretical model can provide better insight into plasma phenomena, producing, among others, spatial 
distribution of temperature or chemical species abundance. A comparison between experimental and modelled 
axial temperature profile is shown in Figure 3. Current model tends to underestimate the temperature further 
from the nozzle. This may be solved with right coupling of the energy transfer from excited argon metastables 
to the other species.  
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While maximum temperature reached 4500 K threshold for effective formation of solid carbon [11] in both 
investigated conditions, higher microwave power fulfilled this condition in majority of its length, giving 
opportunity to formation of C2 and growth of planar structures over longer distance. 

Analysis of exhaust gas showed that, as expected, the decomposition of ethanol was more complete for higher 
microwave power, see Figure 4. For lower microwave power (or high ethanol flow) the FTIR spectra are more 
complex as many intermediary species are present: methane, ethane, ethylene, acetylene, diacetylene, 
ethanol, CO, CO2, H2O, HCN. For higher microwave power (or low ethanol flow) only the acetylene, methane, 
ethylene, CO, CO2 can be found in the FTIR spectrum. Overall, the main gaseous products of ethanol plasma 
decomposition are the acetylene and CO. 

 
Figure 4 FTIR analysis of the exhaust gas for two microwave powers 

The TOF MS spectra of the exhaust gas show a rich mixture of organic compounds with molecular weights 
mostly up to 132 amu. The repeating pattern with period of 26 amu suggests a significant role of -C2H2- group. 
Acetylene line (mass 26 amu) is present, too, but its signal can be masked by CN with the same mass. The 
presence of CN in the gas is known from OES spectra taken from the active plasma region. The limited mass 
range of the spectrometer together with 1 m long sampling tube precluded the direct detection of the heavy 
carbon clusters of forming graphene. 

SEM images show substantial differences in the structure of solid carbon nanomaterial produced at 60 W or 
200 W of microwave power (Figure 5). At low power mode, lower gas temperatures are achieved leading to 
incomplete decomposition of ethanol resulting in the synthesis of spherical amorphous carbon nanoparticles 
instead of planar graphene nanosheets. Previous FTIR and TOF MS investigations provide important 
information about the gaseous products and an insight into the construction process. The simpler product 
structure dominated by CO (inevitable biproduct) and C2H2 (growth) at higher power homogenizes the growth 
leading to the hexagonal graphene lattice. The Raman spectroscopy (Figure 6) reveals a substantial difference 
in material properties. Intensive 2D peak together with relatively low D peak are evidence for few-layer 
graphene nanosheets with a relatively low amount of lattice defects. On the other hand, the reduced intensity 
of 2D peak and the broad and intensive D peak suggests presence of highly amorphous bulk material 
synthesized at lower microwave power. 
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Figure 5 SEM image for 60 W (left) and 200 W (right), 500 sccm Ar (central), 700 sccm Ar+EtOH (annular). 
The scale bar represents 500nm 

 

Figure 6 Raman spectra for 60 W (left) and 200 W (right), 500 sccm Ar (central), 700 sccm Ar+EtOH 
(annular) 

5. CONCLUSION 

Microwave power absorbed in the discharge can directly influence the gas temperature and gas kinetics during 
the synthesis of graphene nanosheets. Optical emission spectroscopy in conjunction with FTIR and mass 
spectrometry helped us identify the main species present in the process of ethanol decomposition under low 
and high plasma temperatures. The measured temperature profile of microwave discharge was in good 
agreement with modelling of plasma discharge under selected conditions showing maximum temperature in 
the main decomposition region 10 mm above the discharge nozzle. Nanosheets prepared in low power regime 
exhibited highly defective structure, high D/G Raman band ratio, in comparison to nanosheets prepared at a 
higher power, higher temperature regime. SEM images revealed structural change from amorphous 
nanoparticles to graphene which was directly related to generation of growth species (C2H2, C2) as determined 
by OES and FTIR. 



October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

62 

ACKNOWLEDGEMENTS   

This work was supported by The Czech Science Foundation under project 18-08520S and in part by 
project LM2018097 funded by the Ministry of Education, Youth and Sports of the Czech Republic.   

REFERENCES 

[1] TATAROVA, E., et al. Microwave plasma based single step method for free standing graphene synthesis at 
atmospheric conditions. Applied Physics Letters. 2013, vol. 103, no. 13, p. 134101.  

[2] MELERO, C., et al. Scalable graphene production from ethanol decomposition by microwave argon plasma torch. 
Plasma Physics and Controlled Fusion. 2016, vol. 60, p. 014009. 

[3] TOMAN, J., et al. On the interplay between plasma discharge instability and formation of free-standing graphene 
nanosheets in a dual-channel microwave plasma torch at atmospheric pressure. Journal of Physics D: Applied 
Physics. 2019, vol. 52, no. 26, p. 265205. 

[4] MERINO, A., et al. A multipurpose reduced mechanism for ethanol combustion. Combustion and Flame. 2018, 
vol. 193, pp. 112-122. 

[5] MOISAN, M. et al. Contribution of surface-wave (SW) sustained plasma columns to the modeling of RF and 
microwave discharges with new insight into some of their features. A survey of other types of SW discharges. 
Plasma Sources Science and Technology. 2018, vol. 27, no. 7, p. 073001. 

[6] TATAROVA, E., et al. Microwave plasmas applied for the synthesis of free standing graphene sheets. Journal of 

Physics D: Applied Physics. 2014, vol. 47, p. 385501. 

[7] NASSAR, H. CN violet system spectrum used as a molecular pyrometer and the influence noise to signal ratio on 
the temperature values. J. Phys. Conf. Ser. 2012, vol. 370, p. 012050. 

[8] MOON, S. Y., et al. Temperature measurement of an atmospheric pressure arc discharge plasma jet using the 
diatomic CN (BΣ+2-XΣ+2, violet system) molecular spectra. J. Appl. Phys. 2009, vol. 105, p. 053307 

[9] LUQUE, J., LIFBASE, S. software, Database and Spectral Simulation for Diatomic Molecules. 

[10] VORÁČ, J., et al. Deducing Rotational Quantum-State Distributions from Overlapping Molecular Spectra. The 
Review of Scientific Instruments. 2019, vol. 90, no. 12, p. 123102. 

[11] RINCÓN, R., et al. Experimental research on ethanol-chemistry decomposition routes in a microwave plasma 
torch for hydrogen production. Chemical Engineering Journal. 2016, vol. 284, pp. 1117-26. 

 
  



October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

63 

THE SENSING PROPERTIES OF CARBON NANOTUBE FILLED COPOLYMERS FOR VOC 

VAPORS DETECTION  

Rostislav SLOBODIAN, Robert OLEJNÍK, Jiří MATYÁŠ, Petr SLOBODIAN 

Tomas Bata University in Zlín, University Institute, Centre of Polymer Systems, Zlín, Czech Republic, EU, 

rslobodian@utb.cz, olejnik@utb.cz, matyas@utb.cz, slobodian@utb.cz 

https://doi.org/10.37904/nanocon.2020.3695 

Abstract 

Nowadays, carbon nanotubes are a widely available material, especially multiwall carbon nanotubes. In 
addition to many other applications, they find use in all kinds of sensors, like deformation, motion, tensile and 
pressure responsive elements. Numerous applications in sensors for volatile organic compounds (VOCs) are 
reported as well, nevertheless, they mainly suffer from low selectivity. Therefore, in this research, a sensor 
containing MWCNTs dispersed in a functional polymer matrix was prepared. As a polymer matrix, styrene-
isoprene-styrene elastomer was chosen. The standard sensing mechanism of entangled MWCNTs is based 
on the quality of the contacts (charge transfer) between the individual nanotubes. In the prepared 
nanocomposite, the mechanism is modified due to the presence of the otherwise non-conductive matrix. The 
changes of conductivity depend on the response of the percolating nanotube filler network to the swelling of 
the polymer matrix due to adsorption of VOCs. The tested gas substances have high values of diffusion 
coefficient for the polymer, so they have a quick response. Then, the selectivity is ensured by differences in 
solubility of the tested VOCs in the polymer. The effect was demonstrated for four VOCs differing by their 
affinity to the polymer matrix, namely, heptane, toluene, acetone, and ethanol. 

Keywords: Carbon nanotubes, copolymer nanocomposite, organic vapour sensing, gas sensor 

1. INTRODUCTION 

Carbon nanotubes (CNTs) are one of the allotropic forms of carbon that attract considerable attention 
nowadays. The arrangement of sp2 carbon atoms looks like a graphene "honeycombs" sheet that is twisted 
into a tube. The origin of CNTs can be traced to their discovery in Japan by Sumio Iijima in 1991 [1]. These 
nanotubes have unique electrical and mechanical properties and have become very popular for scientific 
activities around the world. The nanotubes can be produced either in the single-wall form or in the form of 
multiwall carbon nanotubes (MWCNTs). The production of MWCNTs is relatively simple, and they are available 
in a large variety of commercial brands. Moreover, they have a large specific surface area and good electrical 
conductivity [2].  

The electrical conductivity of clusters and structures from CNT is very sensitive to the absorption of volatile 
organic compounds (VOCs), and these structures have excellent properties as sensors for the detection of 
vapours and gases [3]. Adsorption/desorption of gaseous molecules occurs due to the interaction of organic 
vapours with the surface of carbon nanotubes. This process causes a change in electrical resistance. On the 
other hand, the electrical conductivity response of structures made from bare CNTs to the gaseous molecules 
suffers from low selectivity. Interaction with any electron-donating molecule causes an increase of the 
conductivity while interaction with any electron acceptor molecules results in a decrease of the conductivity 
[4]. Therefore, we propose to prepare the entangled CNT structure in a polymer matrix, which will selectively 
interact with various VOC molecules. It is expected that a permeable thin soluble elastomeric material like 
styrene-isoprene-styrene (SIS) co-polymer is the most promising candidate for this purpose. 
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2. MATERIALS AND METHODS 

For composite preparation, multiwall carbon nanotubes (MWCNTs) were used. The purified MWCNTs 
produced by chemical vapour deposition (CVD) from an acetylene precursor were delivered by Sun Nanotech 
Co. Ltd., China. The nanotube diameter was 10 - 30 nm, length 1 - 10 µm, purity > 90 % and specific electrical 
conductivity 0.12 S.cm-1. [5,6] 

The polymer matrix was copolymer Kraton D SIS (styrene-isoprene-styrene), which is a thermoplastic 
elastomer with a combination of advantageous properties such as high strength, low hardness and low 
viscosity in solution processing. MWCNTs dispersion was prepared in solution of Kraton in toluene, and it was 
sonicated at 40 °C for 15 minutes using the ultrasonic device UP 400 S. The concentration of MWCNTs in the 
dispersion was 11 wt. %. Interdigitated copper electrodes were made from Cuprexite (a layered structure made 
of 1 mm epoxy/glass laminate coated with a 35 μm thick Cu film by etching with a 30 % solution of FeCl3 in 
water at room temperature. The copper electrodes were soaked in the copolymer MWCNTs dispersion for 10 
seconds to form an active scanning layer on the surface, and they were then allowed to dry at 25 °C for 48 
hours. The thickness of the ensuing nanocomposite layer was about 150 μm. [7] 

To analyze the surface of the polymer composite, Phenom G2-Edlin scanning electron microscope (SEM) was 
used. 

 

Figure 1 Experimental system for measuring resistance change 

The electrical resistance was measured using a Multiplexed Data Logger 34980 connected to a PC (Figure 1), 
where the measured resistivity data was read every 1 s. The electrode with the active scanning layer was 
closed in an Erlenmeyer flask containing an organic solvent. These organic vapours were either an aliphatic 
hydrocarbon (heptane), aromatic hydrocarbon (toluene), ketone (acetone) or alcohol (ethanol). It took 6 min 
before the electrode with an active layer detected organic solvent vapours by changing its electrical resistance. 
The nanocomposite electrical resistance was quantified by the relative electrical resistance change defined as 

ΔR/R� � 	  !  ��"�                (1) 

where: 

R0 - is the electrical resistance of the composite before the exposition to vapour (Ω) 

R - is the resistance during the exposition of the holder with the coated interdigitated electrode by the 
nanocomposite (Ω) 
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After this time, the electrode was pulled out of the flask and the desorption cycle was started in the thermostatic 
cabinet for 6 min at 25 °C. These cycles of absorption/desorption were repeated five times. The measurement 
was made under atmospheric pressure, at a temperature of 25 °C and relative humidity of 40 % in the 
thermostatic cabinet [7]. 

3. RESULTS AND DISCUSSION 

Photographs of the interdigitated electrode substrate and the prepared sensor can be seen in Figure 2a) 

and b), respectively. The soaking method was used to achieve a good surface coverage. The surface 
morphology of the cast polymer composite layer is shown in images in Figures 2c) and d). The relief structure 
the composite resembles an irregular landscape of a coral reef. Fissures and valleys of white appearance can 
be observed within the continuous black polymer composite phase. Small bright homogeneously distributed 
spots are observable in the polymer matrix. These spots may be attributed to asperities caused by local 
entanglements of CNTs. Thus, the composite layer should be capable of detection of macroscopic electrical 
resistance change due to interconnected CNT structures. 

 
Figure 2 Photographs of (a) the copper interdigitated electrode substrate and (b) the electrode with a layer 

of polymer composite. SEM micrographs at lower (c) and higher (d) magnification 

As stated earlier, the MWCNT/SIS composite sensor was exposed to the vapours of four organic solvents, 
namely toluene, acetone, ethanol, and heptane. The responses of the sensors to each of the tested vapours 
are plotted in Figure 3. The sensor response to the on/off cycle was recorded for five cycles. The curves have 
a typical shape of adsorption/desorption response. The adsorption of vapour molecules causes an increase in 
the electrical resistance while desorption of vapour molecules results in its decrease. 

The different sensitivity of the sensor towards the tested chemicals is clearly manifested in the graph. The 
presence of ethanol vapours produces only little change in the resistance. Acetone vapours have a small yet 
pronounced impact on the resistance change. By far the highest sensitivity was observed for heptane. In other 
words, the selectivity of the sensor was clearly confirmed by this experiment. 
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Figure 3 Time-dependent relative resistance of the MWCNT/SIS composite in the presence of heptane 
(purple), toluene (green), acetone (red) and ethanol (blue) during five consecutive adsorption/desorption 

cycles 

Table 1 summarizes the maximum values Δ#/#0 for each solvent. The response of the sensor correlates with 
the hydrophobicity of the vapour molecules. Ethanol is a polar compound which does neither swell nor 
permeates the hydrophobic copolymer matrix. According to its molecular structure, acetone is of slightly less 
polar character than ethanol and is expected to permeate the copolymer matrix slowly, which results in the 
observed relatively small sensitivity among tested compounds. Toluene has a moderate influence on the 
resistance change, which is in accordance with its ability to dissolve both the styrene and isoprene blocks of 
the copolymer and moderate permeability through the copolymer [8]. The highest sensitivity of the sensor was 
observed for heptane. Heptane has the highest permeability through the copolymer among the tested 
chemicals, as reported earlier [8]. It is most likely due to its aliphatic hydrocarbon character that fits the 
molecular structure of the elastomer. 

Table 1 Results of max. values Δ#/#0 of composite material in a given solvent 

Solvents  
Δ#/#0 max. 

(%) 

Ethanol 8 

Acetone 181 

Toluene 761 

Heptane 1388 

4. CONCLUSION 

This work aimed to facilitate the detection of volatile organic compounds by preparation of a new 
nanocomposite sensor. The results proved that the composite is able to detect ambient organic vapours, which 
in turn characteristically alter their electrical resistance. The sensor has the highest sensitivity for the vapour 
of heptane, followed by nearly two times lower sensitivity to toluene. A moderate response can be observed 
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for vapour of acetone, and the lowest sensitivity is experienced for the vapour of ethanol. The choice of polymer 
matrix imparts the selectivity to the sensor due to differences in permeability and solubility of the tested VOCs 
in the styrene-isoprene-styrene copolymer. The conductivity of the percolating nanotube filler network 
responds significantly to the swelling of the polymer matrix. 

Moreover, the gas sensor developed in our research is small in size and production costs are low. It can be 
practically used as a part of a universal device for identification of organic solvent vapours, so called "electronic 
nose". Further practical use of the sensor, such as in industry, is the subject of future research. 
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Abstract  

A series of thin epoxy resin samples were prepared. Short recycled carbon microfibers in concentrations from 
0wt% to 33wt% were used as composite fillers. The geometry and structure of these fillers were characterized 
using SEM and Raman DXR microscopy images. It has been found that the dielectric properties of composites 
strongly depend on the RCF content and show an increase in values at and above the percolation threshold. 
Below the percolation threshold, the distance between the fibers is large enough so that there is no interaction 
of the local fields created by the adjacent fibers and the dielectric constant in this region increases slowly. As 
the filler concentration increases, the Maxwell Wagner effect increases and leads to a sharp increase in the 
real permittivity values. Furthermore, it was found in this work that the permittivity increases with increasing 
concentration of particles even after reaching the percolation threshold over the entire frequency band.  

Keywords: Recycled carbon fibers (RCFs), epoxy composites, dielectrical properties  

1. INTRODUCTION 

By studying new materials concerning their use in electrical engineering, one of the most important properties 
is the dielectric constant of the material and its frequency dependence. This work describes the changes in 
dielectric properties of carbon fiber reinforced composites CFCRs as a function of filler content. The obtained 
data are analyzed from percolation theory [1], which was experimentally determined at a concentration of 20 
wt % [2]. The dielectric behaviour of filled conductive composites is in the case of heterogeneous systems 
subject to interface polarization, where one of the components of the composite has a higher electrical 
resistance compared to the others [3] [4]. This is generally known as the Maxwell Wagner effect [5]. 

1.1. Carbon fiber (CFs) 

CFs rovings are mainly used to reinforce polymers, similar to fibreglass (glass rovings embedded in various 
resins), and form high-performance composite materials. CFs have higher strength and lower density 
compared to glass fibers [6]. So far, however, insufficient attention has been paid to the use of recycled carbon 
fibers (RCF), which is an essential fibrous raw material, the amount of which will increase with the increasing 
use of CF in the composite industry [7]. To expand CF recycling it is necessarey to specify how recycled carbon 
fibers will be used. Carbon fibers are primarily used for the reinforcement of composite structures, due to the 
high ratio of strength to weight, the anisotropy of their properties is used. However, their electrical properties 
are usually not given much attention in the composite industry. Recycled carbon fibers have a limited length, 
and they are mainly used as isotropic reinforcement, limited in high concentrationsdue to decrease of the 
mechanical properties of plastic composites. Knowledge of their influence on dielectric properties of CFRCs 
expands the application potential of these materials. 
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1.2. Dielectric properties 

The action of an external electric field shifts the electrically charged particles due to the movement of the 
Lorenz force or the applied field. The strength of strong bonds or the thermal motion of molecules counteracts 
this motion [8]. If the dielectric does not contain permanent dipoles, it is a non-polar dielectric, during 
polarization, there is a mutual displacement of the electron shells and nuclei of the atom. If the dielectric 
contains molecules with a permanent dipole, the dipoles rotate in the direction of the electric field intensity due 
to polarization, and it is a polar dielectric. Non-polar substances usually have low values of permittivity; they 
have electronic and ionic polarization. Polar substances have permittivity values in a wide range; they use 
mainly ionic polarization [9]. 

Polymers are dielectrics, i.e. both the matrix and the filler used in this work are dielectrics. RCF fibers are non-
polar dielectrics, the matrix, like all polymers in general, is a polar dielectric. 

Dielectric constant = permittivity 

Relative permittivity is a material characteristic; it is a function of internal and external parameters of the 
measured material. In contrast, internal factors are filler concentration, bond polarity, molecular structure, 
crystal lattice type, and external criteria can be considered temperature, pressure, frequency and electric field 
intensity [9][10]. 

Complex permittivity and dielectric losses 

As already mentioned, the permittivity depends on the type of dielectric, on the frequency at which it is 
measured and on the physical conditions. Due to the alternating field, free and bound charges move in the 
dielectric. The energy of the electric field changes into kinetic energy, partly into heat. As this heat is not used 
in any way, it is considered a loss. The development of new materials aims to eliminate these losses as much 
as possible. Then we formulate the complex permittivity as: 

$ � $% & '$%%,                 (1) 

Anywhere ε' is real, and ε'' is the imaginary part of the permittivity. The real permittivity corresponds to the 
relative permittivity, and the imaginary part expresses the losses. The real permittivity shows how much energy 
of the external electric field is stored in the dielectric. The imaginary part of the permittivity is usually much 
smaller than the real component. In nonpolar dielectrics, both components of permittivity are low frequency-
dependent due to electron polarization. In the case of polar dielectrics, these dependencies are more 
complicated due to the frequency, since there is an orientation dipole polarization involving the influence of the 
structure. At the same time, the following applies to the dissipation factor tan δ: 

tan + � ,--
,- ,               (2) 

2. EXPERIMENTAL PART 

2.1. Materials 

An epoxy matrix system made from bisphenol A-based low-viscosity epoxy resin LR 285 was used, along with 
cyclic-aliphatic polyamine curing agent H 508, with a mixing ratio 100:40 by weight. The density of the resin 
was 1,200 kg/m3, and the density of the hardener was 1,030 kg/m3. The specimens were filled with RCF in 
range of concentration from 0wt% to 33 wt%. Commercially available PAN-based Carbiso Milled Carbon Fibers 
(RCFs), with a density of 1,800 kg/m3, were used. They have diameters of approximately 7,0 ± 0,3 µm and 
lengths of 100 ± 9 µm [5]. 

The mixture of epoxy, hardener, and fibers was stirred at room temperature for 5 min using a magnetic stirrer. 
Next it was poured into pre-separated circular glass molds and left to stand for 24 h at room temperature. 



October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

70 

Curing followed, the mixture was left in the oven for 15 h at 60°C. The thickness of each sample varied but it 
was approximately 2-3.10−3 m. 

2.2. Methods 

SEM 

A VEGA 3 TESCAN and VEGA TS 5130 microscope were used to photograph the composite samples. 

Raman spectroscopy 

It was measured on a Raman DXR microscopy (Thermo Fisher). Laser 532 nm, at each point, 20 exposures 
for 1 second. The Raman shift was 3600-0 cm-1. A correction for fluorescence was made. The band intensities 
in the Raman spectra are related to the change in the polarizability of the material. 

Dielectric properties 

Capacity was measured using AGILENT 4294. The measurements were carried out in the frequency range of 
100 Hz- 5 MHz according to ASTM D150-12. Permittivity ɛ´ was calculated using equation (3): 

. � $0. $´ 23 ,              (3) 

where ε0 is the permittivity of the vacuum εo = 8,854 x 10-12 F / m, h is the thickness of the sample and S is 
the area of the sample. 

3. RESULTS 

3.1. SEM 

Some information about the strength of fiber-matrix interactions and fiber surfaces can be derived from SEM 
images. Images of the fracture surfaces of the tested composites obtained by SEM are shown in Figure 1 (c) 
The figure shows the random orientation of the CFR fibers in the composite, while the detail of one fiber shows 
the adhesion of the interfacial interface. 

        
(a)                      (b) 

 
(c) 

Figure 1 SEM photos: (a) RCF, (b) fracture surface of epoxy resin, (c) fracture surface of CFRCs composite 
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3.2. Raman spectroscopy 

In Figure 2 compares the Raman spectra of carbon fiber-filled epoxy composites with the spectra of the fibers 
themselves and the polymer matrix. In the wavelength range of 1600 cm-1, there is a significant peak (G peak) 
in the samples of the polymer with the fibers and the fibers themselves, i.e. there is a typical double bond  
C = C for carbon fibers. The second most significant peak (D peak) is in the fiber polymer samples, and the 
fibers themselves are in the wavelength range of 1360 cm-1. By all materials is in the wavelength range of 2900 
cm-1 third considerable peak, i.e. also in the sample of the neat matrix. As we can see, this peak is the most 
pronounced peak for the polymer. 

(a) 

 

(b) 

 

Figure 2/1 Raman spectroscopy: (a) RCF, (b) surface of epoxy resin, (c) surface of CFRCs composite 
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(c) 

 

Figure 2/2 Raman spectroscopy: (a) RCF, (b) surface of epoxy resin, (c) surface of CFRCs composite 

3.3. Dielectric properties 

Dielectric constant 

Figure 3 compares the real permittivity values of the whole spectrum of samples CFRCs at frequencies of 
12Hz-5MHz. The same trend is seen; the dielectric constant decreases due to the increasing frequency. The 
Percolation threshold of these composites is 20 wt%. Up to the percolation concentration, the real permittivity 
increases substantially linearly, above the percolation threshold at lower frequencies (12Hz and 100Hz) it 
grows exponentially. 

 

Figure 3 Variation of dielectric constant with fiber content 

Loss Factor 

Figure 4 compares the imaginary permittivity values of the whole spectrum of samples CFRCs at frequencies 
of 12Hz- 5MHz. In general, the imaginary permittivity is higher at lower frequencies due to the interface of the 
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Maxwell Wagner polarization between the epoxy resin and the RCFs. The value of έ´ decreases with increasing 
frequency, because the dipoles orient themselves with a certain delay due to their own relaxation time. 

 

Figure 4 Variation of loss factor with fiber content 

Dissipation factor 

The figures show the tan δ values of the whole spectrum of samples CFRFs at frequencies of 12Hz-5 MHz. 
Due to the increasing frequency, the dissipation factor decreases. In general, the magnitude of tan δ, as well 
as other dielectric properties, is sensitive to polar sites in the polymer matrix [7]. These places increase the 
value of the dissipation factor. For concentrations above the percolation threshold, the tan δ decreases with 
increasing frequency because the induced charges do not gradually follow the reverse field, causing a 
decrease in electronic oscillation as the frequency increases. 

 

Figure 5 Variation of dissipation factor with fiber content 
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4. CONCLUSION 

The real permittivity increases due to the spatial charge created in the interface between the conductive phase 
and the insulating phase due to the difference in conductivity of these two phases. Charge polarization occurs 
when more than one material component is present or when segregation occurs in a material containing 
incompatible chemical sequences and when charge carriers are trapped at the interface of these 
heterogeneous systems [11]. The deformation of the electric field caused by the accumulation of these charges 
increases the total capacity of the material, which manifests itself as an increase in the dielectric constant [12]. 

In this experiment, it was found that the real permittivity increases with increasing concentration of particles 
even after reaching the percolation threshold over the entire frequency band. Usually, above the percolation 
threshold (i.e., when the conductivity of composites increases sharply), a sharp increase in the value of the 
dielectric constant is observed. Then it is not possible to measure data due to the massive increase in the 
conductivity of the composites. However, in the case of composites prepared from recycled RCFs, the 
conductivity does not reach such high values. The explanation for this behaviour may be that as the 
concentration of fibers increases, the distances between them decrease, and the local fields created by 
adjacent particles increase the permittivity values. At lower frequencies, this effect is more pronounced.  
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Abstract         

Belonging to the carbon family, yet standing apart, carbon nanodots are materials with excellent properties. 
Among them, they are well known for their attractive optical properties. The insight into this outstanding 
strength has resulted in the discovery of unique design of materials. These nanodots can be prepared via 
various methods to obtain a good optical response. In our research, we synthesized them using a microwave 
reactor, which is simple, fast and productive. As a carbon source casein, a low-cost precursor was used. Since 
this is a protein composed of amino acids, no additional passivation was required. Polyvinylpyrrolidone was 
used as a stabilizer for the nanodots. The synthesis was carried out at 200 ℃ for 30 minutes. The color change 
of the resulting solution to orange brown indicates the formation of carbon nanodots. These nanodots were 
filtered and dialyzed to be used for further characterizations. The carbon nanodots were spherical with the 
average size of about 9.7 nm. They showed a strong blue emission in the visible region with an appreciable 
quantum yield. One of the important characteristics of this method is the availability of reasonably good product 
yield. The prepared carbon nanodots have potential applications in the field of electrochemistry, 
optoelectronics and biological imaging. 

Keywords: Carbon nanodots, casein, microwave reactor, Polyvinylpyrrolidone 

1. INTRODUCTION 

In the recent decade, carbon nanodots (CNDs) have emerged as excellent luminescent materials. Since these 
materials manifest extraordinary merits, they are the hot topic of research studies. CNDs are materials with 
dimensions less than 10 nm. They were discovered in 2004 during the purification of single-walled carbon 
nanotubes [1]. Because of their alluring properties, CNDs are extensively used in applications like bioimaging 
[2], light emitting diodes [3] and sensing of metal ions [4]. Moreover, researchers all around the world have 
discovered different methods for synthesis such as hydrothermal [5], microwave irradiation [6] and laser 
ablation [7] The structure of CNDs contains a mixture of sp2 and sp3 hybridized carbon atoms with an 
amorphous core. To enhance the optical properties, their surface is usually passivated with various functional 
groups or heteroatoms. Furthermore, depending on the surface structure, hydrophilic [8], hydrophobic [9] and 
amphiphilic [10] CNDs can be obtained. 

Amongst all the properties, the optical properties have been widely investigated. The core and surface states 
play a crucial role in the emission. Recently, different kinds of carbon precursors have been used to obtain 
better photoluminescence (PL) response [11,12]. Even though the mechanism of PL emission is still under 
debate, the three most important mechanisms include quantum confinement, surface state and molecular 
fluorophore [13]. CNDs usually follow the trend of excitation dependent PL spectra with strong emission in the 
blue region, whose intensity decreases with the red shift. This red shift in the PL spectra is observed due to 
high surface oxidation [14].  
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To further investigate the optical property, fluorescence lifetime decay studies are carried out, which helps in 
understanding the potential applications of CNDs. Multi-exponential decay of these studies is considered as a 
fingerprint of heterogeneity which is obtained from dot-to-dot differences in excited-state lifetimes [15]. Another 
important optical property is the fluorescence quantum yield. One group of researchers synthesized CNDs 
using citric acid and urea and studied the factors affecting the quantum yield. They discovered that high 
temperature and longer reaction time lead to a decrease in the quantum yield [16]. Achieving high fluorescence 
quantum yield with a good product yield has always been a challenge. 

Even though CNDs have been synthesized from different precursors, their chemical, structural and optical 
properties have not been clearly understood yet. In our work, we synthesized CNDs from a protein named 
casein. Since casein is rich in amino acids, doping was avoided. The structural, chemical and optical properties 
of the synthesized material were studied using transmission electron microscope, fourier transform infrared 
spectroscopy, UV-Vis spectroscopy and photoluminescence spectroscopy. 

2. EXPERIMENTAL 

2.1. Materials required 

MPC 85 Micellar Casein was purchased from a local seller in the Czech Republic. Polyvinylpyrrolidone (PVP) 
was bought from Sigma Aldrich. Solvents like ethylene glycol and isopropanol were procured from PENTA, 
Czech Republic. All reagents were used without any further purification.  

2.2. Synthesis of casein based carbon nanodots  

The synthesis of casein based carbon nanodots (CNDs) was carried out using a microwave reactor. In the 
typical synthesis, 0.1 g of casein and 0.2 g of PVP were taken in two separate beakers and dissolved in 20 ml 
of ethylene glycol separately using a sonication probe. Then, the two solutions were mixed and poured in a 
teflon lined container to be kept in the microwave reactor. This reaction mixture was maintained at 200 º C for 
30 minutes with 100% (600 W) power. After 30 minutes an orange-brown solution was obtained. This solution 
of carbon nanodots was filtered using a 0.22 µm membrane and dialyzed against water using a dialysis bag 
(3.5 KD) for two days to remove the excess of PVP. The resulting solution was freeze dried and the final 
product (40mg) was obtained. 

2.3. CNDs characterization 

The synthesized CNDs were characterized using various characterization techniques. The Ultraviolet-Visible 
(UV-Vis) absorption studies were carried out on Perkin-Elmer Lambda 1050 spectrometer. The 
photoluminescence (PL) emission spectra was recorded on FLS920, Edinburgh Instruments (excitation laser 
332.2 nm, Xe lamp excitation 515 nm). The Fourier Transform Infrared (FTIR) spectra were obtained from 
Thermo Scientific Nicolet 6700 spectrometer utilizing the ATR method with the diamond crystal (4000-
400 cm−1, resolution 2 cm−1, 64 scans). Transmission Electron Microscope (TEM) studies were carried out on 
the JEOL JEM 2100 microscope operated at 300 kV (LaB6 cathode, point resolution 2.3 Å equipped with 
OLYMPUS SYS TENGRA camera (2048 × 2048 pixels)). The particle analysis was carried out using Image J 
software. 

3. RESULTS AND DISCUSSIONS 

The morphology and the size of the synthesized CNDs was confirmed through TEM characterization. The TEM 
image is shown in Figure 1. As can be seen, the particles are randomly distributed with a spherical shape and 
of different sizes. The average particle size of the CNDs was found to be around 9.7 nm.  



October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

77 

 

Figure 1 TEM image of CNDs 

Figure 2 provides the FTIR spectrum of the CNDs. As shown, the spectrum indicates the presence of various 
functional groups. The peak at 3357 cm-1 shows O-H and N-H stretching vibrations. Characteristic casein 
peaks were observed at 2920 cm-1 and 1850 cm-1 due to the appearance of symmetric and asymmetric 
stretching of CH2 [17]. The existence of C=O stretching vibrations can be found at 1656 cm-1, O-H bending 
vibrations are seen at 1423 cm-1. The peaks present at 1288 cm-1 and 1043 cm-1 indicate C-N stretching and 
C-O stretching, respectively. 

 

Figure 2 FTIR spectra of CNDs 

The optical studies help in understanding the electronic transitions happening in CNDs. Therefore, we have 
investigated the absorption and emission spectra. When the CNDs were illuminated with a UV lamp of 
wavelength 365 nm, a blue color solution was observed. Figure 3 (a) shows the UV spectra of Casein based 
carbon nanodots. As can be seen, a peak is observed at 278 nm. This peak is due to the π-π* transition of the 
aromatic C=C bond [18]. The PL emission spectra of the CNDs excited from 320-420 nm is shown in 
Figure 3 (b). As revealed by the graph, an initial increase in the peak intensity is observed, followed by a 
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gradual decrease. The presence of surface defects due to a high level of surface oxidation causes emission 
to shift to longer wavelengths [19]. When the CNDs were excited at 350 nm, the highest peak was obtained at 
427 nm, which appears to be in the region of blue emission. The polydispersity of the sample can be one of 
the factors for the formation of excitation dependent emission spectra.  

 

Figure 3 a) UV absorption spectra of CNDs b) PL emission spectra of CNDs 

The quantum yield of the CNDs with water as a reference was found to be 4 %, which is comparable with 
those reported in the literature [17,20]. 

4. CONCLUSION 

In summary, the study has reported a successful synthesis of CNDs using a simple and easy approach. The 
resulting CNDs are spherical in shape, they exhibit excitation dependent photoluminescence spectra with a 
red shift, indicating the heterogeneity of the sample. A strong blue color emission indicates the typical 
characteristic of the material. Compared to all the other methods, this technique is less time consuming and 
easily reproducible with a good yield. The bare casein CNDs show considerably less quantum yield than 
expected, hence it is concluded that in the next step, passivation is necessary to obtain an increase in this 
property. Passivating these CNDs with various functional groups or dopants can lead to their application in 
numerous arenas like biomarkers, optoelectronics, drug delivery and photosensitizer. 
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Abstract  

This work presents use of polyvinylpyrrolidone (PVP) for multipurpose coating of oxidized high-pressure high-
temperature and detonation nanodiamonds. This simple way of nanodiamonds surface modification aims to 
improve their colloidal stability in biological environments and reduce their proneness to agglomeration. PVP 
immobilized on nanodiamond surface also provides for nanodiamond-supported AgNPs preparation by in situ 
synthesis using AgNO3 as a metallic nanoparticles precursor. Dynamic light scattering (DLS) and UV-vis 
spectroscopy were used for evaluation of nanoparticles size distribution and dispersibility in water and after 
exposition of nanoparticles in saline solution. Images acquired by scanning electron microscopy and 
transmission electron microscope validate the possibility of binding ~ 10 nm AgNPs to nanodiamonds surface. 

Keywords: Nanodiamonds, silver nanoparticles, colloid solution 

1. INTRODUCTION 

The diamond nanoparticles (so-called nanodiamonds, NDs) belong to a family of carbon-based nanomaterials 
The various structure and surface chemistry of ND particles can lead to their numerous applications  [1]. Owing 
to their low chemical reactivity and unique physical properties, nanodiamonds could be useful in a variety of 
biological applications, novel imaging techniques, coatings for implantable materials and biodetectors [2]. 
Compared with other similarly sized materials, primary ND particles have a distinct advantage - they are 
inherently non-toxic; although this property depends on sufficient purification from sp2 carbon, the toxicity also 
varies depending on the type of cell used.  

NDs have been synthesized by various techniques, however the most important and available at industrial 
scale at the current time is the “bottom-up” method - detonation technique, and the “top-down” - high-energy 
ball milling of high-pressure high-temperature diamonds (HPHT) [3]. Primary particles of detonation 
nanodiamonds (DNDs) are single-digit nanometre in size with narrow size distribution and typically spherical 
in shape. These attributes stem from their origin in a rapid detonation process, which terminates within a 
fraction of microsecond, severely restricting the time of growth of ND particles. DNDs have diameters of 4-5 
nm, but they tend to aggregate and therefore usual commercial suspensions of nanodiamonds contain larger 
aggregates [1]. DND nanoparticle is modelled by a diamond core, including various lattice defects, transient 
sp3/sp2 layer, and sp2 surface shell that may carry various surface functional groups. 

Primary HPHT particles are typically sharp and with huge size distribution. Their main advantage over DNDs 
is their expected uniform structure with low concentration of lattice defects such as dislocations or twinning. 

Nanodiamonds have a superior mechanical and thermal properties combined with low cytotoxicity. Moreover, 
their variable surface chemistry is suited for preparation nanodiamond composites suitable for biomedical 
composition.  

One of the main challenges in preparation of nanodiamond composites is the task of maintaining stability of 
colloidal solutions and also prevention of re-aggregation of NDs, especially in biological systems [4]. 
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The aim of this work is to prepare nanodiamond composites that would be able to maintain their stability and 
dispersibility even in an unfavorable salt solution environment. 

2. EXPERIMENTAL PART 

The HPHT nanodiamonds (MSY18) were purchased form Microdiamant AG (size range: 0-25nm). The 
detonation nanodiamonds (DND) were purchased from New Metals and Chemicals Corp. The NDs were 
oxidized in air at 450 °C for 5 hours (for MSY18) or at 520 °C for 50 min for DND nanoparticles. Subsequently 
the NDs powder was mixed with deionized water (concentration 1mg/1mL) and ultrasonicated by an ultrasound 
horn for 1 hour. The ND-PVP colloids were prepared as shown in the scheme below (Figure 1). In short - the 
suspension of annealed nanodiamonds was added to a 2% w/w polyvinylpyrrolidone (PVP K25 from Carl Roth) 
water solution and stirred at 60 °C. The resulting colloid was overflowed three times by centrifugation to replace 
the PVP solution with a deionized water. The final ND-PVP colloid in water was used for preparation of silver 
decorated nanodiamonds. The PVP coated nanodiamond colloid was stirred at 60 °C and during this time a 
2% w/w solution of PVP in ethanol was added into it. Then, silver nitrate was slowly dripped into the mixture 
(up to a final concertation of 0.1 M AgNO3) in a dark place until Ag nanoparticles formed and the solution 
turned yellow. During addition of AgNO3, the mixture was still stirred and heated. After 2 hours the silver 
decorated nanodiamonds were cleaned up by centrifugation as described above. 

 

Figure 1 Scheme of sample preparation 

Dynamic light scattering (DLS) was used for characterization of nanoparticles size distribution and zeta 
potential of the colloid solution, the measurements were performed by a Zetasizer Nano (Malvern Panalytical) 
equipped with a helium-neon laser (633 nm); the scattering angle was 173°. 

For a colloidal stability test, NaCl was added to the nanodiamond solutions to a final concentration of 0.9% 
w/w. The evaluation was made by UV-Vis spectroscopy 2 hours after NaCl exposure. The measurements were 
done by Jasco V-730 UV-Vis double beam spectrophotometer with halogen and deuterium lamp as a light 
source. 

The particle size and shape were observed with scanning electron microscope (SEM) and transmission 

electron microscope (TEM). SEM images were acquired by SEM MAIA 3 with ultra-high resolution in high 
vacuum (TESCAN). Samples for SEM were prepared by dropping the NDs solution onto a silicon substrate.  
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TEM measurements were done by FEI Tecnai G2 20 with a LaB6 cathode at acceleration voltage 200 kV. The 
TEM is equipped with a CCD camera Olympus Veleta. Samples for TEM were prepared on carbon coated 
copper grid by immersion in ND colloid. 

3. RESULTS 

Nanoparticle size distribution was 
assessed by DLS measurements. 
Figure 2 shows histograms of 
nanoparticle size by volume. Size 
distribution shifted towards larger 
sizes after PVP coating, 
especially for MSY18. After 
decoration of the nanodiamonds 
with silver nanoparticles, the size 
histogram remains unchanged. 
During the preparation of the 
samples, the pH changes of the 
NDs solutions (Figure 3) and 
their zeta potentials (Figure 4) were studied. Zeta potential is an important indicator of stability of colloidal 
solutions. Suspensions with their zeta potential above 30 mV or below -30 mV are considered stable. Colloidal 
stability is one of the critical factors for use of nanodiamonds. At pH 5, the colloidal solutions of annealed MSY 
particles sonicated in deionized water are well stable. The zeta potential of annealed DND nanoparticles is 
lower than in case of MSY (-23 mV for pH 6.5). The zeta potential is highly dependent on various chemical 
groups present on surface of the nanodiamonds. Carboxyl group is one such functional group and it determines 
the diamond surface charge [5]. Air oxidation of NDs at high temperature is responsible for creation of 
homogeneous layer of carboxyl groups on the surface of NDs. The difference between zeta potentials could 
be caused by varying methods of preparation and also by different particle sizes. After coating of NDs surface 
by PVP, the zeta potential for MSY nanodiamonds decreases while for DND it no change, up to a point where 
the value of zeta potential for both types of materials has stabilized at a similar number (see Figure 3). 
Carboxyl groups on the nanodiamond surface interact through bonding of hydrogen with pyridyl groups in PVP 
molecule [6]. PVP also acts as surface ligand to ensure dispersion of hybrid nanostructures in solution. 

  

Figure 3 pH changes during samples preparation Figure 4 Zeta potential colloid solutions 

Figure 2 Size distribution histograms of prepared nanoparticles 
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Coated nanodiamonds (MSY18-PVP and DND-PVP) prepared by this way were used for decoration with silver 
nanoparticles in situ (see Figure 1). Growth of Ag nanoparticles on NDs is performed in ethanol solution with 
PVP molecules acting as a reducing agent. The nitrogen atoms on the unbound pyridyl groups in PVP molecule 
coated nanodiamond surface possess strong affinity to silver ions and allow silver nanoparticle formation on 
the diamond surface. To detect changes in the shape and size of the agglomerates, the samples were 
observed by microscopy. The SEM images of coated nanodiamonds after decoration by silver nanoparticles 
are presented in Figures 5A for Ag-DND-PVP and 5B for Ag-MSY18-PVP. After decoration process, the 
surface of both nanodiamonds is covered with spherical silver nanoparticles. Backscattered-Electron (BSE) 
Imaging (right side of images) is used to detect contrast between areas with different chemical compositions. 
Since silver particles have higher atomic number, their electrons backscatter more strongly than those of lighter 
carbon, and thus appear brighter in the image. Bare NDs in colloids are electrostatically stabilized by zeta 
potential and thus have limited stability in solutions with ionic strength higher than 10-3 mol/L, the ND aggregate 
at higher ionic strengths [7]. However, SEM images of decorated nanoparticles did not confirm strong 
agglomeration effect in case of PVP-coated nanodiamonds; the agglomeration should usually occur with bare 
nanodiamonds during in situ reduction under similar experimental conditions. The silver nanoparticles have a 
diameter of about 10 nm. Images were also taken by TEM microscopy to confirm and refine images of silver 
decorated nanoparticles (see Figures 6A for Ag-DND-PVP and 6B for Ag-MSY18-PVP).  

 

Figure 5 SEM images Ag-DND-PVP (A) and Ag-MSY18-PVP (B) 

 

Figure 6 TEM images Ag-DND-PVP (A) and Ag-MSY18-PVP (B) 

The DND nanodiamonds have form of tightly bound aggregates of particles called core agglutinates; this is 
typical for detonation-made nanoparticles. The agglutinate formation are attributed to facets-driven 
electrostatic interactions between individual DND particles and their liquid-phase sintering [8].  
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To determine the changes of stability of the studied nanoparticles in biological systems, NaCl was added to 
the aqueous suspension with pristine nanodiamonds, nanodiamonds in PVP and decorated nanodiamonds to 
a final NaCl concentration of 0.9 % (same osmolarity as physiological solution). After only a few minutes, there 
was a visible turbidity of the bare nanodiamond suspension. Contrary, the suspension of NDs coated with PVP 
and NDs coated with PVP and decorated with silver nanoparticles did not show any visible changes after 
exposure to saline solution. All solutions were measured by UV-vis spectroscopy in the range of 350-800 nm 
to detect changes after the addition of NaCl. From Figure 7 it is obvious that both types of bare nanodiamonds 
in saline solution lost their dispersibility and agglomerated, the samples coated with PVP retained their 
transparency indicating good dispersibility. UV-vis spectroscopy of the decorated nanocomposite solutions 
displayed the typical surface plasmon resonance peak for AgNPs (~ 410 nm for nanoparticles with size of 
about 10 nm) and the nanocomposite showed stability even in physiological saline solution in which bare NDs 
already aggregated [9].  

 

Figure 7 UV-Vis spectra of NDs solution before and after exposition of NaCl 

4. CONCLUSION 

The nanodiamonds coated with a polyvinyl pyrrolidone showed improved stability by preventing  
ND agglomeration even in physiological solution.  The final zeta potential of coated nanodiamonds solution 
was -25 mV. By the polymer coating, we also achieved the attachment of AgNPs onto the ND surface.  
The final Ag-NDs composite material also showed good stability in deionized water and 0.9% NaCl. In this 
context, the PVP-coating of nanodiamonds seems as a promising way how to stabilize not only the HPHT, but 
also the detonation nanodiamonds in demanding biological environments and how to achieve controlled 
decoration of NDs by metal nanoparticles. 
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Abstract 

Diamond attracts the interest of researchers from different fields due to its extraordinary properties. However, 
many applications demand diamond films over large areas hence limiting usage of natural diamonds. Here we 
compare two microwave (2.45 GHz) plasma systems with ellipsoidal and multimode clamshell cavity for 
diamond synthesis by chemical vapor deposition. We use H2/CH4/CO2 gas mixture for diamond film deposition 
on Si <100> wafers. Both systems are capable of high pressure (up to 20 kPa) operation and high growth rates 
(several µm/h). We compare the cavity systems from the point of diamond quality (Raman shift measurement), 
substrate size (2” versus 4”) and grown film homogeneity together with surface morphology (SEM), deposition 
rate and parasitic doping levels (photoluminescence). For instance, we show that by using the multimode 
operation of the clamshell cavity system and specially design sample holder, it is possible to sustain a plasma 
in a cavity and reach good enough process reproducibility and diamond film quality over 4-inch substrates. We 
discuss effects of the cavity design on deposited layers for large area applications of diamond such as thermal 
management, electrodes and sensor arrays fabrication, photoluminescence, photonics and light sources.  

Keywords: Large area diamond, microwave cavity plasma, high-power density plasma 

1. INTRODUCTION 

Diamond is a material with a wide range of extraordinary properties. It is the hardest natural material with the 
highest bulk thermal conductivity, broad optical transparency window and high resistance to chemical corrosion 
[1-3]. These properties would be enough to make a diamond an attractive material for various industrial 
applications. However, due to the high costs of natural diamonds proportional to size, the researchers had to 
develop synthetic diamond production methods [4-7]. Synthesis of diamond thin films was recognized as an 
appropriate alternative for various experimental needs [2-6]. Usage of synthetic diamond enabled discovery of 
other beneficial properties such as negative electron affinity, high radiation hardness, high breakdown field, 
biocompatibility, ability to form optical centers, adjustable electrical properties and surface chemistry, 
superconductivity with high boron doping levels, etc. [1-6]. It significantly expanded the list of diamond potential 
applications. Diamond films and coatings were thus proposed not only for cutting and drilling tools but also for 
heat spreaders and thermal management, optically transparent and electrically insulating encapsulation with 
high heat conductivity, high-power electronics, corrosion resistant electrodes, optoelectronic and quantum 
devices, various sensors or detectors and many more [1-6]. 

The diamond films are routinely grown by the chemical vapor deposition (CVD) method in various systems. 
The most popular are hot filament and microwave plasma reactors for which the fast growth rates (up to 10 
µm/h) were reported [2-4, 7-9]. Characteristic features of such systems are hydrogen rich gas mixtures and 
high process temperatures that affect diamond growth kinetics. Although the diamond CVD is nowadays a 
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well-established technology, the challenge is to grow diamond on large area with a fast growth rate and 
homogeneous properties. The hot filament CVD system can fulfill this demand via the filament length increase 
and/or new filaments addition. However, it is suffering from several significant limitations. The impurities from 
the filaments and/or its sensitivity to gas chemistry (in particular oxygen or high amount of methane) are not 
desirable or even prohibited in some cases, e.g. specific electronic devices, optical or photonic applications, 
etc. [1-3, 9]. Therefore, the solution for applications that requires diamond deposition on an area from 3 to 5 
inches is searched by modifications of microwave plasma reactors. 

The microwave plasma reactors exist in several configurations and have high potential to optimize diamond 
CVD technology [5,10]. In the current work we compare two microwave (2.45 GHz) cavity plasma CVD 
systems. The first system has a rotational ellipsoid cavity and the second one has a multimode clamshell 
cavity. Both systems are capable of high pressure (up to 20 kPa) and high power (up to 6 kW) operation, high 
growth rates (several µm/h) and in standard configuration diamond deposition on 2-inch substrates with the 
possibility of doping by boron. Our study focused on fast and reproducible diamond growth using oxygen 
containing chemistry in both these systems. We compare the systems from the point of diamond quality 
(Raman shift measurement), substrate size (2” versus 4”) and diamond film homogeneity together with surface 
morphology (SEM), deposition rate and parasitic doping levels (photoluminescence). We demonstrate the 
potential and discuss the effect of improvements in the system design for large area diamond deposition for 
such applications as thermal management, electrodes and sensor arrays fabrication, photoluminescence, 
photonics, light sources, etc. 

2. EXPERIMENT 

As substrates, 2” and 4” Si <100> wafers were used. In all cases the diamond nucleation layer was prepared 
by the substrate treatment in the ultrasound bath in water-based nanodiamond powder suspension 
(NanoAmando, with nominal particle size 5nm) for 40 min, as a reliable and reproducible seeding technique 
[6,11]. The wafers were held in the PTFE holder that enables easy manipulation and minimizes the damage 
of the seeding layer. Growth of diamond thin films was realized in the rotational ellipsoid cavity (P6, Diamond 
Materials GmbH) [5,10,12] and multimode clamshell cavity (SDS6K, Seki Diamond Systems) [2,5,10] 2.45 
GHz microwave (MW) plasma CVD systems.  

In the first set of experiments the 2” Si substrates were used. Diamond deposition in the rotational ellipsoid 
cavity (REC) reactor (ellipsoidal cavity resonator with the quartz bell jar as process chamber) was realized at 
the pressure 10.7 kPa (107 mbar), microwave power 6 kW, gas flow 500 sccm of H2, 25 sccm of CH4 and 5 
sccm of CO2. The average deposition temperature during the process was 740 °C. Process parameters for 
the multimode clamshell cavity (MCC) reactor, where the deposition chamber is a whole cavity itself, were the 
same: pressure 10.7 kPa (80 Torr), microwave power 6 kW, gas flow 500 sccm of H2, 25 sccm of CH4 and 5 
sccm of CO2. The average deposition temperature with advanced substrate holder cooling during the process 
was 890 °C. In both cases, prior to CO2 addition into the process gas mixture the diamond nucleation layer 
was stabilized in the mixture of hydrogen and methane.  

The diamond thin film deposition on the large 4” Si wafers was realized in the MCC reactor under the following 
conditions: pressure 6.7 kPa (50 Torr), microwave power 5 kW, gas flow 1000 sccm of H2 and 25 sccm of CH4. 
The average temperature during the 3 hours deposition process was 840 °C. A special holder for large wafers 
was used without additional cooling. 

After the deposition the surface morphology of diamond films was characterized by the field-emission scanning 
electron microscopy (FE-SEM, Tescan MAIA3). The growth rates were calculated from the mass of the layers 
deposited on the known area taking the diamond film density equal to 3,5 g/cm3 [4,13]. Material and 
photoluminescence properties were studied by the Raman spectroscopy (Renishaw InVia Reflex Raman 
microscope) using the excitation wavelength of 442 nm. 
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3. RESULTS AND DISCUSSION 

3.1. Deposition on the 2-inch substrates 

The CVD process using the H2/CH4/CO2 gas mixture in both systems resulted in optically uniform coating on 
the used 2” Si substrates. In order to identify the possible changes in the films homogeneity, morphology and 
more precisely evaluate the growth rate, the deposition processes were repeated several times with different 
duration. SEM images of the layers deposited in the two employed reactors using the same deposition process 
settings and time are shown in Figure 1 and Figure 2. The average size of diamond crystals for layer grown 
for 3 h in the REC reactor is in the range 1.0 - 1.5 µm, while layer grown during 9 h includes larger (up to 4 
µm) and smaller (around 1 µm) diamond crystals (Figure 1). In case of the MCC reactor, already the layer 
grown for 3 h demonstrates high distribution of diamond crystals (from 0.5 to 4 µm). Layers grown for longer 
time show increase of maximum grain size with up to 15 µm large crystals (surrounded by smaller grains) 
observable on SEM images from 9 h deposited layer (Figure 2). 

   

Figure 1 The SEM images of diamond films grown in the REC reactor for: a) 3 h, b) 6 h, and c) 9h 

In general, the crystal size of diamond layers is affected by the grown film thickness [2,3,6]. Indeed, the 
thickness (denoted as “diamond” in Figure 1 and Figure 2) that was calculated from the mass of layers 
deposited for the time from 3 to 9 h correlates with the morphology of diamond films investigated by the SEM. 
The estimated growth rates in case of REC reactor was around 0.39 - 0.40 µm/h, while for MCC reactor this 
value was between 2.07 - 2.25 µm/h. Commonly, to achieve by MW plasma CVD the thick diamond layers at 
high diamond growth rate the high-power density plasmas and thermally stable substrates (e.g. thick enough 
to sustain high temperature load) are used [2-5,8,12]. Nevertheless, as it can be seen from the comparison of 
the film thicknesses (and derived growth rates) and SEM images the diamond growth kinetics remained 
affected by the operation regime of the employed CVD system. 

   

Figure 2 The SEM images of diamond film grown in the MCC reactor for: a) 3 h, b) 6 h, and c) 9h 



October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

89 

The representative Raman spectra of the grown diamond films are shown in Figure 3. Raman spectroscopy 
in all cases indicates the high-quality diamond layer with a strong and sharp peak at 1332 cm-1, characteristic 
for microcrystalline diamond films [14,15]. Considering the above SEM morphology this finding was expected. 
Diamond films with crystals as large as 500 nm already demonstrate a negligible amount of graphitic phases 
[14,15] whilst in the investigated cases, the size of diamond crystals is even larger. In agreement with previous 
reports, the second order Si peak from the substrate observable in the spectra of thinner diamond films grown 
in the REC reactor at around 980 cm-1 is diminishing with increasing diamond layer thickness [14,16]. However, 
the photoluminescence tail remains high even for thick films indicating “parasitic doping” due to plasma contact 
with quartz bell jar [5]. 

    

Figure 3 The Raman spectra measured after 3 h deposition on 2” Si in: a) REC reactor and b) MCC reactor 

All aforementioned results indicate that the chosen deposition conditions are more suitable for the multimode 
clamshell cavity reactor than the rotational ellipsoid cavity reactor. Indeed, design of the REC reactor allows 
to maintain the stable plasma ball localized in the close vicinity to the substrate in the wide pressure range 
[12,16]. Therefore, the diamond deposition in the REC-reactor is realized in the round area with a diameter of 
approximately 5 cm while larger substrates can suffer from less homogeneous deposition [10,12,16]. However, 
at high power conditions the plasma discharge tends to be vertically expanded to the volume of the bell jar 
which decrease the plasma density and thus negatively affects the deposition temperature and growth rate 
[10,12]. Moreover, such expansion to the volume when plasma is approaching the quartz bell jar walls cause 
higher “parasitic doping” due to walls etching. The aforementioned issues can be overcome by the increase of 
deposition pressure that suppresses the plasma expanding and thus facilitate the growth rate [16]. 

Contrary to that, in the multimode clamshell cavity reactor operation at high power and lower deposition 
pressures cause more pronounced horizontal expansion of plasma discharge. Moreover, the pressure when 
such expansion becomes evident is lower than for the REC reactor [5,10]. The plasma expansion can be 
additionally altered by the design of the substrate holder. These properties of the MCC reactor were important 
in the research oriented at enlarging the deposition area and finally with specially designed substrate holder it 
became possible to expand the plasma discharge across the area of at least 4” in diameter [2,10]. For 
comparison, the system with rotational ellipsoid cavity for deposition on large wafers requires system with MW 
generators of lower frequency (915 MHz) and scaling up of resonator “egg” by factor of 2.7 [2,10,12]. It was 
reported that via employing large REC-type reactors and 915 MHz/60 kW generators the fast diamond 
deposition can be achieved on wafers up to 6” in diameter [2,10,12]. Such experiments cannot be commonly 
realized as they require complete change of the CVD system. Therefore, the experiments on the 4” wafers 
were realized only in the MCC reactor by changing the process parameters.  
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3.2. Deposition on the 4-inch substrates 

The representative images of the expanded plasma discharge and the diamond film grown on 4” Si wafer for 
3 h in the MCC reactor are shown in Figure 4. Visually, the thickness of diamond layer in this case seems to 
be not as high as in case of deposition on 2” substrates. Note also very few interference fringes seen due to 
diamond’s high index of refraction. It indicates highly uniform film thickness as analyzed further below.  

   

Figure 4 Photo of: a) plasma discharge in MCC reactor during the CVD and b) diamond film on the 4” Si 

The SEM demonstrates that the grown layer is pinholes-free and consists of densely packed fine-grained 
crystallites in size up to 1 µm (Figure 5a). The Raman spectroscopy (Figure 5b), in addition to sharp diamond 
peak at 1332 cm-2, characteristic to microcrystalline diamond, also demonstrate the presence of graphitic 
phases (broad band from 1400 cm-1 to 1600 cm-1) and the second order Raman signal of Si substrate (band 
from 920 cm-1 to 1040 cm-1) [14,15]. Stronger graphitic phases and second order signal from Si in the spectrum 
is another indication of lower diamond film thickness comparing to layers grown on 2” samples. The 
photoluminescence tail in case of diamond films from MCC reactor is low due to low level of parasitic doping 
(plasma is at far distance from the chamber walls) [5,10]. An additional analysis done by interference 
spectroscopy identifies the diamond thickness variation from 400 nm to 500 nm, i.e. the growth rate was 
significantly lower comparing to the deposition on 2” Si. The decrease of the growth rate is primarily related to 
the reduction of plasma density due to its expansion over the 4” sample (higher plasma volume) [10]. It should 
be noted that at lower applied power the plasma density is lower and the diamond thickness variation on large 
deposition areas became more evident [13]. Nevertheless, in our experiment the diamond growth was 
observed on the whole area of 4” Si wafer at the power of 5 kW and the quality remains close to the of MCC 
2” samples rather than to the REC samples. It should be mentioned, that optimized process conditions result 
in layer thickness homogeneity as high as 95 %. 

    

Figure 5 Diamond film grown on 4” Si wafer in the MCC reactor: a) SEM image and b) Raman spectrum 
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Compared to the REC reactor, that for deposition on large wafers (>3”) requires scaling up (by factor 2.7) of 
the system and high-power MW generators (915 MHz/60 kW) to maintain the stable plasma of sufficient density 
[2,10,12], simple change of substrate holder in MCC reactor for deposition on 4” wafers, although with slower 
growth rate, is much more convenient. Lower photoluminescence of diamond from the MCC reactor indicates 
also higher material purity and provides lower background for possible applications. Therefore, the MCC 
reactor is potentially attractive for research also on small samples and for large-scale application of diamond 
films, e.g. thermal management for high-power electronics, optical windows and other optical elements, large 
arrays of photonic structures or photoluminescence nanostructures and electrically insulating chemically 
resistant coatings. The possibility of controlled boron doping reported for this type of CVD systems [4,8] 
enables fabrication of large area electrodes resistant to chemical corrosion, arrays of sensors or opto-
electronic devices, etc. 

4. CONCLUSION 

We demonstrate the high diamond film growth rate by the high-power density plasma using two different 
deposition systems. We observe that despite the same H2/CH4/CO2 process gas mixtures and other deposition 
conditions were used the diamond films were grown in both system with different growth rates and 
homogeneity. It was explained by the difference of operation regimes characteristic for used facilities that affect 
the deposition temperature and diamond growth kinetics. While the design of ellipsoidal cavity resonator allows 
to maintain stable plasma ball in the quartz bell jar in a wide pressure range the design of multimode clamshell 
cavity reactor tolerates change of plasma discharge shape and allows to expand it when suitable substrate 
holder is used. We have shown that the reproducible diamond films synthesis is well achievable in the MCC 
reactor on the substrates as large as 4” in diameter. We propose that the MCC reactor is a promising system 
for large area diamond growth for thermal management, electrodes fabrication, photonic applications, 
photoluminescence studies, etc. 
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Abstract 

High-pressure high-temperature nanodiamonds (NDs) with hydrogen and oxygen surface termination are 
deposited on ITO coated glass substrates as well as on gold layers. Scanning probe microscopy is used for 
characterization of their microscopic electrical and electronic properties. Namely, conductive AFM was used 
to detect electric conductivity of NDs which prove that they act similarly to bulk diamond: hydrogen terminated 
NDs are electrically conductive whereas oxygen terminated NDs are electrically insulating. Work function (WF) 
of the ND-TCO systems were characterized by Kelvin probe force microscopy. It turned out, that WF of NDs 
on ITO is not stable in time. WF of H-NDs on ITO is changed by 150 mV to lower WF within 17 days. WF of 
O-NDs is varying in the range -250 mV up to +650 mV without any monotonous trend, which reflects their 
insulating character.  

Keywords: Nanodiamonds, ITO, surface termination, Kelvin probe force microscopy, conductive atomic 
force microscopy, work function 

1. INTRODUCTION 

Photovoltaics covers large family of specific designs and material composition. Apart from the mostly used 
silicon photovoltaic (PV) cells, nowadays there is a remarkable increase in development of organic and 
perovskite PV cells. Their basic design consists of an opaque metal back electrode, active medium, and a 
transparent top electrode. To achieve best PV operation, the energy levels of the electrodes must be optimized 
for the best charge carrier collection [1]. The most common material for the transparent electrode is indium-
tin-oxide (ITO). To enhance the PV operation additional interfacial layers are deposited between the active 
material and the ITO electrode like PEDOT:PSS [2] that is a hole conducting material and acts as an electron 
blocking layer. However, PEDOT:PSS is not an ideal solution as it is hygroscopic and acidic which causes 
degradation of the active medium [3]. Therefore, there is a demand to find a replacement [4].  

Diamond is a well-known material due to its high durability, chemical stability, high thermal conductivity, or 
optical transparency across the visible spectrum due to its large energy bandgap (5.5 eV) [5]. From this point 
of view, diamond is a wide bandgap semiconductor that is electrically insulating at ambient conditions in its 
intrinsic form. However, it may become electrically conductive when doped or when its surface is terminated 
by hydrogen atoms [6]. In the latter case a thin (~10 nm) hole-conducting layer is formed on the surface. Yet, 
the conductivity of such a layer is not high enough (resistivity in the order of 104 kOhm/sq [7]) to be used as 
an effective electrode in PV cell directly. 
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Preliminary experiments indicated that nanodiamonds (NDs) inherit all these extraordinary properties of 
diamond including the hole conductivity when hydrogen terminated [8]. Moreover, computational modelling 
indicates that in a system of a diamond nanocrystal and an organic dye, there occurs a space separation of 
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) [9]. Thus, 
NDs are of high interest for many applications including photovoltaics for the use both as a hole conducting 
interlayer and as part of the active medium. They are available in large quantities at low pricing, their surface 
termination can be modified similarly to the bulk diamond and their processing is not technically demanding as 
they are purchased in the form of a powder or a colloid solution. 

In this work the electronic properties of ND layers on ITO are characterized. Conductive atomic force 
microscopy (C-AFM) is used for testing their electrical conductivity and Kelvin probe force microscopy (KPFM) 
studies the change in surface potential that usually corresponds to a change in WF. The study is focused on 
NDs with two surface termination: hydrogenated NDs (H-NDs) and oxidized NDs (O-NDs). 

2. EXPERIMENTAL DETAILS 

High-pressure high-temperature NDs with a median size of 18 nm and size range 0-25 nm were purchased 
from Microdiamant AG. Initially, they were annealed in air at 450 0C for 5 hours. Hydrogenation was done in 
hydrogen atmosphere at atmospheric pressure at 800 0C for 6 hours. The colloid solutions were prepared by 
dissolving 1 mg of NDs in 1 ml of deionized water, ultrasonicating for 1 hour (at ~ 50 W) and decanting for 12 
hours. The supernatant upon the decantation was used for samples preparation.  

C-AFM was performed on an Icon system by Bruker equipped by a PeakForce TUNA (PF-TUNA) module 
using Multi75E-G probes (BudgetSensors). The system was operating in the PeakForce TUNA mode and for 
current detection the Contact current channel was used. The PeakForce setpoint was set to 18 nN and the 
bias voltage applied to the sample was -2.5 V. For PF-TUNA experiment NDs were drop-cast on a fresh 
thermally evaporated gold film on a glass substrate.  

KPFM experiments were performed by an NTEGRA Prima system (NT-MDT) equipped with an infrared laser 
in the detection system using Multi75E-G probes (BudgetSensors). Here, ITO covered glass substrates were 
cleaned by ultrasonication in acetone, isopropanol and deionized water and dried by nitrogen flow. NDs were 
drop-cast on the surface and let evaporate on a hot plate (60 °C, 1 min). As the measurements were repeated 
within several weeks and consequently several probes (though of the same type) with different properties were 
used, we compare here the difference of surface potential between the NDs and the value measured on bare 
ITO surface on the same sample within the same measurement session, thus with the same tip and microscope 
parameters. 

3. RESULTS AND DISCUSSION 

Because NDs are not firmly attached to the ITO surface, the common conductive AFM method in contact mode 
cannot be used. The PF-TUNA regime is more suitable as the contact force is controlled at each probe 
approach-retract cycle [8]. Topography images (Figure 1) show that the measurement is performed on dense 
ND layers of O-NDs (Figure 1a) and H-NDs (Figure 1b) without protrusion to the underlying substrate. 
Topography of both samples are quite similar, the individual NDs are distinguishable by the AFM tip. In 
contrast, corresponding local current maps present a huge difference in electric conductivity. In similarity to 
bulk diamond, O-NDs are electrically insulating (Figure 1c; white color corresponds to electric current close to 
zero), while H-NDs are electrically conductive (Figure 1d; dark color corresponds to electric current below the 
bottom limit of the z-scale). Moreover, the electric conductivity is homogeneously detected on all the H-NDs, 
which is different from the data in literature, where only few of H-NDs were conductive [8]. This indicates that 
the used method of thermal hydrogen termination is more efficient than the plasma method used in [8]. 
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Figure 1 AFM topography (a, b) and local current maps (c, d) of O-NDs (a, c) and H-NDs (b, d). Z-scale for 
topography images is 150 nm, z-range for local current maps are from -5 pA to 0 pA. 

For PV applications it is important to know and tune the work function of the PV systems and components. 
The WF of ITO (and hence the measured surface potential by KPFM) is known to vary within a range 4.1 to 
4.7 eV when measured under vacuum by UPS or XPS [10]. Under ambient conditions, like in the case of KPFM 
or Kelvin Probe the obtained WF is typically higher: up to 5.2 eV [11]. It is also known that its WF may be 
influenced by as much as 0.8 eV by surface treatments [10]. Our control KPFM measurement showed that the 
ITO WF value is very close to the one of a gold reference, that is known to be 5.0 eV [12]. However, the 
measured value was different at each measurement session and varied also from sample to sample 
(Figure 2a). Therefore, in this work we compare and watch a trend in time of the difference between the WF 
of NDs and the WF if bare ITO on the same sample. The results are presented in Figure 2b. Note, that in our 
experimental setup the positive value of the difference corresponds to a decrease in WF and vice versa. 

Right after the deposition the WF of H-NDs is approx. 50 mV lower than the one of ITO. During the period of 
17 days the WF of H-NDs exhibit continuous differentiation from the WF of ITO up to approx. 150 mV that 
corresponds to an effective WF of 4.85 eV. This is close to a value 4.9 eV reported for bulk hydrogenated 
diamond surface [13].  

O-NDs follow a trend that is expectable for an electrically insulating material: WF is not properly defined and 
thus the KPFM results display somehow random value at which the measurement feedback control is 
stabilized, possibly influenced by a trapped electrostatic charge. Both effects are not under control and, 
therefore, each additional measurement provides non-predictable results. 
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a)  b)  

Figure 2 a) Potential values as measured by KPFM using a PtIr coated silicon tip on NDs and on the bare 
ITO on the corresponding substrates. b) Potential difference between the measured surface potential on ITO 

and on NDs as a function of time and ND surface termination.    

From the data above it seems that H-NDs are the more promising candidate for application in PV as a hole 
transporting layer as they maintain electric conductivity and the WF of the ITO/H-NDs system is more stable 
in time. Also the results on O-NDs are important for further research, as recently, it was demonstrated that not 
specifically H-NDs or O-NDs, but their mixed surface termination provides the best opto-electronic response 
when interacting with polypyrrole [14]. Further experiments to study the details of interaction of NDs with ITO 
and other materials relevant for PV are in preparation. 

4. CONCLUSION 

We performed microscopic electronic characterization of H-NDs and O-NDs by means of PF-TUNA and KPFM 
on Au and ITO substrates, respectively. By PF-TUNA we showed that similarly to bulk diamond, properly 
hydrogenated H-NDs kept the surface conductivity down to nanoscale while the oxidized O-NDs remained 
insulating. These properties were further reflected in the KPFM characterization. It was demonstrated that 
deposition of differently surface terminated NDs could effectively modify the WF of the system. H-NDs shifted 
WF close to a common WF value reported for hydrogen terminated diamond, thus acting as a conductive 
capping layer. In contrast, the deposition of O-NDs resulted in scattered WF values most probably due to their 
insulating properties and subsequent poor definition of their WF with possible contribution of an uncontrolled 
electrostatic charging effect. 
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Abstract  

Epitaxial growth of diamond is critically important for the fabrication of diamond-based electronic devices. The 
emerging study of the epitaxial diamond growth on the (113) vicinal surfaces evidences highly needed high 
growth rates and low structural defects concentrations with both p- and n-type doping. In this work, we compare 
the morphology and dopant concentration incorporation of heavily boron-doped (113) epitaxial diamond layers 
with conventionally studied (100) and (111) epitaxial layers. Epitaxial layers were grown using resonance cavity 
Microwave Plasma Enhanced Chemical Vapor Deposition (MWPECVD) system. The surface morphology of 
epitaxial layers was studied by optical microscopy and atomic force microscopy, whereas the boron 
incorporation homogeneity was determined by Raman spectroscopy mapping. Heavily boron-doped (113) 
epitaxial diamond layers can be grown at a high growth rate with a smooth surface, without pyramidal hillocks 
or non-epitaxial crystallite defects, and with homogeneous boron concentration. These results confirm that 
epitaxial diamond growth on (113) vicinal surfaces is a promising solution for the development and fabrication 
of diamond-based electronic devices. 

Keywords: Diamond, epitaxy, defects, boron doping, Raman mapping 

1. INTRODUCTION 

In recent years, modern power electronics have been exploiting new semiconductor materials with a wide 
bandgap such as gallium nitride or silicon carbide for improving the blocking capability, decreasing of 
dimensions, and increasing the switching speed of power devices [1]. Due to its outstanding physical 
parameters, diamond is the best wide-bandgap materials for power electronic applications. However, the 
preparation of epitaxy layers with a low density of defects and homogenous doping is still under development 
[2,3]. The use of (113) oriented substrates for the epitaxial growth shows promising results with high boron 
incorporation efficiency, smooth and almost defect-free surface [4]. The Raman spectroscopy has been 
demonstrated as a simple and non-destructive characterization method to determine the atomic boron 
concentration as well as to monitor the strain connected with the presence of defects [5-7]. The increasing 
boron concentration red-shifts the diamond’s zone-center phonon peak located at 1332 cm-1 to lower values 
and lower its relative intensity with respect to the asymmetric band centered around 1200 cm-1 attributed to a 
maximum of the phonon density of states. Another characteristic wide band centered around 500 cm-1 shows 
an almost linear Raman downshift with increasing boron concentration [7-9]. The inner strain in the epitaxy 
layer influences both the main peak and second asymmetric band [10]. In this work, we investigate and 
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compare the surface morphology, and the spatial distribution of boron atoms in homo-epitaxial diamond layers 
grown on (100), (111), and (113) oriented substrates. 

2. EXPERIMENTAL 

Three epitaxial diamond layers with (111), (100), and (113) orientations were grown on polished diamond 
substrates using a 1.5 kW resonance cavity Microwave Plasma Enhanced Chemical Vapor Deposition 
(MWPECVD) system AX5010, Seki Diamond Systems. Prior diamond growth, all substrates were cleaned 
using the same multi steps procedure as follow: (i) cleaning in hot H2SO4 + KNO3 during 10 min, (ii) rinsing 
in deionized water in ultrasound bath for 10 min two times, (iiI) cleaning in acetone with ultrasound for 10 min, 
(iv) cleaning in isopropyl alcohol with ultrasound for 10 min and finally the substrate is expose at high 
temperature to pure hydrogen microwave plasma for 10 min before the introduction of the precursor gases 
and the diamond growth. This cleaning process removes efficiently all surface contaminant as observed by X-
Ray Photoelectron Spectroscopy (not shown here). The growth parameters for the different epitaxial layers 
are summarized in Table 1. The surface morphology of epitaxial layers was observed using an optical 
microscope Olympus BX60 and an atomic force microscope (AFM) NT-MDT Ntegra Prima. The boron 
incorporation homogeneity was studied by Raman surface mapping with a Raman Spectrometer Renishaw 
inVia Qontor equipped with a 532nm laser. The shift of the Raman wideband centered around 500 cm-1 was 
used to map the boron concentration, whereas the exact boron concentration was determined from the width 
of the diamond‘s zone-center phonon peak (1332 cm-1) using the method described in [11] (see Figure 1). 

Table 1 Diamond samples with different surface plane orientations, boron/carbon gas precursor 
concentration ratios, and epitaxy growth times 

Crystalline 
orientation 

Microwave 
power (W) 

Pressure 
(mbar) 

Methane 
concentr. (%) 

B/C ratio 
(ppm) 

Boron 
concentr. 

Deposition 
rate (m/h) 

(111) 575 60 0.1 % 10,000 5.3  1020 0.9 - 1 

(100) 700 100 1 % 4,000 1.3 - 10  1020 1.8 - 2 

(113) 700 100 1% 2,000 7.2  1020 3 - 5 

3. RESULTS AND DISCUSSION  

All diamond samples were inspected by optical microscopy, and characteristic surface defects were further 
inspected by AFM and Raman spectroscopy. 

3.1. (111) oriented homo-epitaxial boron-doped diamond 

The (111) oriented homo-epitaxial diamond layer is optically very uniform over its 22 mm2 surface with only 
one line defect trough (see Figure 2a). The AFM microscopy outside of the line defect shows on an 
inhomogeneous surface (Figure 2b) with approx. 100 nm deep and 1 µm wide trenches that were exhibiting 
a stochastic shape resulting in a root-mean-squared (RMS) roughness of 50 nm. Raman spectra recorded on 
randomly selected points are nearly identical (see Figure 1 left) and correspond to the heavily boron-doped 
diamond with a metallic conductivity and the boron concentration of ~ 5.31020 cm-3, which was established 
from the unperturbed width of the diamond’s zone-center phonon (ZCP) peak. The map of the wide Raman 
peak centered around 500 cm-1 measured in the region including the line defect is homogeneous (Figure 2c). 
This confirms the results of the Raman point-by-point measurement and shows on very good homogeneity of 
boron incorporation with relatively small variations associated with the line defect. 
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Figure 1 The Raman spectra of the homo-epitaxial boron-doped diamond layers grown on (111),  
(100), and (113) oriented substrates measured in the different points shown in Figures 2c, 3c, and 4c, 

respectively 

3.2. (100) oriented homo-epitaxial boron-doped diamond  

Optical microscopy observation (see Figures 3a and 3b) shows that this layer is covered by large rectangular 
based pyramidal hillocks with approx. 100x100 µm base and 100 nm height. The map of one hillock, including 
its vicinity (Figure 3c), shows on a large dispersion of the 500 cm-1 Raman peak, which is characteristic for 
inhomogeneous boron incorporation inside the hillock and its vicinity. The analysis of the zone-center-phonon 
line at different measurement points (Figure 1 center) shows that the boron concentration varies from 1.31020 
to 1021 cm-3 and shows a minimal value on the top of the hillock. 

3.3. (113) oriented homo-epitaxial boron-doped diamond  

Apart from a few linear defects, the optical microscopy observation (see Figure 4a) demonstrates that the 
surface of the (113) oriented homo-epitaxial boron-doped diamond layer is flat and homogeneous. AFM 
inspection (see Figure 4b) confirms a very smooth surface with the RMS surface roughness of about 1 nm. 
The Raman map of the 500 cm-1 peaks, which was measured in the region including the line defect (see 
Figure 4c), indicates a very good boron homogeneity through the whole sample and a negligible dispersion 
along the line of the defect (Figure 1 center). The boron concentration determined by the analysis of the 
diamond ZCP peak is approximately 7.21020 cm-3. This high boron concentration gives evidence that, during 
diamond growth on (113) surface, boron embeds with a high boron incorporation efficiency (BIE), which 
reaches approx. 2 %. This is a substantially higher value compared to the layers grown on the (100) surface 
(0.14 % < BIE < 1 %) and (111) surfaces (BIE = 0.28 %).  
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Figure 2 (a) Optical microscopy image of the (111) - oriented boron-doped diamond surface;  
(b) AFM image of the diamond’s surface of the area indicated by the violet square on the optical microscopy 

image; (c) Raman 500 cm -1 peak map of the area indicated by the red square in the optical microscopy 
image  

 

Figure 3 Large view (a) and magnified (b) of the area in the blue box optical microscopy images of the (100) 
- oriented boron-doped diamond surface; (c) Raman 500 cm -1 peak map of the area indicated by the red 

square in the optical microscopy image  

 

Figure 4 (a) Optical microscopy image of the (113) - oriented boron-doped diamond surface;  
(b) AFM image of the diamond’s surface of the area indicated by the violet square on the optical microscopy 

image; (c) Raman 500 cm -1 peak map of the area indicated by the red square in the optical microscopy 
image  
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4. CONCLUSION 

In this work, we compared the surface morphology as observed by the optical microscopy, the atomic force 
microscopy images, and the boron incorporation as determined by Raman spectroscopy in MWPECVD homo-
epitaxial boron-doped diamond layers grown on substrates with different crystalline orientations. We observed 
clearly marked and characteristic surface morphologies and the boron incorporation on the different epitaxial 
layers. Although macroscopically flat, the (111) epitaxial layer shows an irregular roughness at the sub-
micrometer scale and a small boron concentration inhomogeneity. The (100) epitaxial layer is covered by 
characteristic rectangular based pyramidal hillocks, and the boron incorporation is very inhomogeneous. In 
contrast with the (111) and (100) epitaxial layers, the boron-doped (113) homo-epitaxial layer exhibits a very 
smooth surface combined with homogeneous boron incorporation. On top of it, the (113) layer grows more 
swiftly, and the boron incorporation efficiency is the highest. These results are very promising for the 
development of vertical diamond power devices, which necessitates thick highly boron-doped templates. 

ACKNOWLEDGEMENTS   

This work was primarily financially supported by the Czech Science Foundation grant No. 20-11140S 
and by the Czech Technical University Student Grant No. SGS20/176/OHK3/3T/13. This work has also 

been supported by Operational Program Research, Development, and Education financed by 
European Structural and Investment Funds and the Czech Ministry of Education, Youth and Sports 

(Project No. SOLID21 - CZ.02.1.01/0.0/0.0/16_019/ 0000760). 

REFERENCES 

[1] ZHANG, B., WANG, S. A Survey of EMI Research in Power Electronics Systems with Wide-Bandgap 
Semiconductor Devices. IEEE J. of Emerging and Sel.Topics in Power Electronics. 2019, vol. 8, pp. 626-643. 

[2] UMEZAWA, H. Recent advances in diamond power semiconductor devices. Materials Science in Semiconductor 

Processing. 2018, vol. 78, pp. 147-156. 

[3] VOLPE, P. N. et al. Extreme dielectric strength in boron doped homoepitaxial diamond. Applied Physics Letters. 
2010, vol. 97, p. 223501. 

[4] TALLAIRE, A. et al. Growth of thick and heavily boron-doped (113)-oriented CVD diamond films. Diamond and 

Related Materials. 2016, vol. 66, pp. 61-66. 

[5] MORTET, V. et al. Determination of atomic boron concentration in heavily boron-doped diamond by Raman 
spectroscopy. Diamond & Related Materials 2019, vol. 93, pp. 54-58. 

[6] WANG, X. et al. Surface Morphology of the Interface Junction of CVD Mosaic Single-Crystal Diamond. Material. 
2020, vol. 13, p. 91. 

[7] MORTET, V. et al. Insight into boron-doped diamond Raman spectra characteristic features. Carbon. 2017, vol. 
115, pp. 279-284. 

[8] BERNARD, M., DENEUVILLE, A., MUR, P. Non-destructive determination of the boron concentration of heavily 
doped metallic diamond thin films from Raman spectroscopy. Diamond and Related Materials. 2004, vol. 13, pp. 
282-286. 

[9] ACHATZ, P. et al. Isotopic substitution of boron and carbon in superconducting diamond epilayers grown by 
MPCVD. Diamond & Related Materials. 2010, vol.19, pp. 814-817. 

[10] SRIMONGKON, K. et al. Boron inhomogeneity of HPHT-grown single-crystal diamond substrates: Confocal micro-
Raman mapping investigations. Diamond & Related Materials. 2016, vol. 63, pp. 21-25. 

[11] MORTET, V. et al. New perspectives for heavily boron-doped diamond Raman spectrum analysis. Carbon. 2020, 
vol. 168 pp. 319-327. 

  



October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

103 

RAMAN MICROSPECTROSCOPY STUDY OF CALCINED ELECTRICALLY CONDUCTIVE 

NANOCOMPOSITE POLYPYRROLE/GHASSOUL 

1Pavlína PEIKERTOVÁ, 1,2,3Jonáš TOKARSKÝ, 4Lenka KULHÁNKOVÁ, 
1Kateřina MAMULOVÁ KUTLÁKOVÁ 

1Nanotechnology Centre, VŠB-Technical University of Ostrava, Ostrava, Czech Republic, EU, 

pavlina.peikertova@vsb.cz, jonas.tokarsky@vsb.cz, katerina.mamulova.kutlakova@vsb.cz 

2IT4Innovations, VŠB-Technical University of Ostrava, Ostrava, Czech Republic, EU,  

jonas.tokarsky@vsb.cz 

3Institute of Environmental Technology, VŠB-Technical University of Ostrava, Ostrava, Czech Republic, EU, 

jonas.tokarsky@vsb.cz 

4Faculty of Materials Technology, VŠB-Technical University of Ostrava, Ostrava, Czech Republic, EU, 

lenka.kulhankova@vsb.cz 

https://doi.org/10.37904/nanocon.2020.3679  

Abstract  

Moroccan clay ghassoul (GHA) was used in preparation process of electrically conductive nanocomposite 
contained polypyrrole (PPy/GHA). Based on our previous studies on electrically conductive nanocomposites, 
the calcination may lead to formation of graphite and few-layer graphene. Prepared PPy/GHA nanocomposite 
was compressed to the square tablets which were calcined in an inert atmosphere at 1300 °C. XRD 
measurements confirmed presence of graphite in the PPy/GHA sample. However, this method does not 
provide information about distribution of the graphitic and the few-layer graphene phases. Therefore, Raman 
microspectroscopy, which has an ability to distinguish the carbonaceous forms and allows showing their 
distribution on Raman spectral maps, was used as a major tool for the study of PPy/GHA. Several maps were 
created and studied. Spectral maps proved that the calcination leads to the formation of few-layer graphene 
on the surface of the tablet. Distribution of the graphitic phases was observed at the edge and on the surface 
of the tablet. Moreover, spectral maps were used to evaluate if and how the selected regions in one side 
correspond to each other.  

Keywords: Ghassoul, polypyrrole, graphene, Raman microspectroscopy, electrical conductivity  

1. INTRODUCTION 

Polypyrrole (PPy) belongs to the groups of electrically conductive polymers, which can be used in various 
applications such as corrosion protectors or sensors (for biomolecules, VOCs, or gases) [1-6]. Arrangement 
of PPy chains may strongly affect its conductivity and can be performed by intercalation of the PPy into the 
interlayer space of clay matrix [7]. In our study, we used ghassoul (GHA), which is stevensite-rich Moroccan 
clay, as a carrier matrix for the PPy. Stevensite belongs to the trioctahedral smectite group and it is 
magnesium-rich phyllosilicate [8]. Prepared PPy/GHA nanocomposite powder was pressed into tablet and heat 
treated at 1300 °C. Afterwards, the prepared calcined tablet was characterized by XRD and Raman 
microspectroscopy Aim of the study is to determine the presence and nature of graphitic structures formed 
during heat treatment, and to evaluate how homogeneous the sample is in terms of graphitic structure 
distribution. 
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2. EXPERIMENTAL 

Nanocomposite containing PPy and GHA was prepared in one-step process by oxidative polymerization of 
pyrrole (C4H5N; ≥ 98%, Sigma-Aldrich, Czech Republic) with ferric chloride (FeCl3; Merci (Czech Republic) in 
aqueous suspension of ghassoul (Societé du ghassoul et de ses dérivés Séfrioui, Morocco) which was sieved 
to obtain < 40 μm size fraction. The initial materials were combined in mass ratio 1 (pyrrole) : 4.85 (FeCl3) : 
1.2 (GHA). Black product which was obtained after 6 h of stirring were rinsed with distilled water, collected on 
filter, and dried for 24 h at 40 °C.  

The prepared nanocomposite was ground to a fine powder in a mortar, and 28×28 mm square tablets (m = 3 
g) using ZWICK 1494 press for 10 min at 400 MPa and room temperature ~ 22 °C was prepared without any 
binder. Detailed description of the preparation process can be found in previous studies [7,9]. 

Prepared tablet was heated in the inert atmosphere (> 99.9999% Ar) under constant overpressure 1.06·105 Pa 
in high-temperature tube resistance furnace (CLASIC CZ, spol. s.r.o., Czech Republic). The tablet was 
exposed to 1300 °C (temperature rise with step 5 °C·min-1) for 1 h. We present only results obtained from the 
heated tablet. Therefore, the designation PPy/GHA will further mean the heated sample. 

Heated tablet was characterized by X-ray diffraction (XRD) in reflection mode in symmetrical Bragg-Brentano 
arrangement using Cu lamp (λ(CuKα) = 0.15406 nm; U = 40 kV; I = 40 mA) in Ultima IV diffractometer (Rigaku, 
Japan) equipped with scintillation detector. The phase composition of the sample was determined according 
to the ICDD PDF 2 Release 2014 database. 

Raman spectral maps on the surface and on the edge of the tablet were measured using Smart Raman 
Microscopy System XploRATM (HORIBA Jobin Yvon, France). Laser (532 nm, 100 mW) was reduced to the 
1% of initial intensity. Objective with magnification 50× and grating 600gr./mm were used for the maps 
collection in the selected regions (21 × 21 µm) with 1 µm step.  

3. RESULTS AND DISCUSSION 

Diffraction pattern of the PPy/GHA is shown in Figure 1. As a result of the magnesium-silicate stevensite 
transformation, protoenstatite and forsterite were identified. Besides these phases, also graphite was 
determined in the diffraction pattern. Reflection at position 2-Theta = 26.34° reveals that its d002 value is  
d = 3.38 Å. The broad reflection under 20° 2-Theta can be ascribed to a disordered carbon structure derived 
from PPy, which has not been transformed into graphite. 

XRD proved the presence of the graphitic structure, but it is not able to determine how many disorders are in 
the graphitic structure, how the structure is distributed in the sample, and whether the structure consist only 
from graphite or whether also some form of graphene is present. Raman microspectroscopy is very useful tool 
for the characterization of the carbonaceous samples. Big advantage is due to its connection with microscope, 
which allows the generation of the spectral maps and moreover very valuable information of the graphitic 
structure can be deduced from the Raman spectra. 

Carbonaceous samples has three main bands; D (i.e. disorder), G (i.e. graphitic), and 2D band (overtone of D 
band). The most significant for the graphene determination is the 2D band [10], because its intensity may prove 
the presence of graphene. When intensity of 2D (I2D) is four times higher than the intensity of G band (IG) [11], 
the presence of single-layer graphene can be suggested. Moreover, ratio of the intensities of the D and G 
bands (ID/IG) show the degree of effects in the graphitic structure. 

Raman spectral maps were collected from the three different regions on the surface and three different regions 
on the edge of the PPy/GHA tablet. And measured Raman spectra confirm the presence of the graphitic 
structure in the sample. But the spectra detected in the Raman maps show that the graphitic structure varies 
according the intensity of the 2D band (see Figure 2). Raman spectral maps from the surface and edge are 



October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

105 

shown in Figure 3 and four different colors are observable (as is shown in Figure 2). Black color means that 
the 2D band was not detected in this measured point. Blue color means that the I2D/IG is lower than 0.5, green 
color means that the 0.5 < I2D/IG <1 and red color means that the I2D/IG > 1. Exemplary spectra are shown in 
Figure 3. Few-layer graphene can be suggested in the red areas [12], where the intensity I2D/IG is higher than 
1, and in several cases almost reaches 2, in the case of shown Raman map from the surface (Figure 2, red 
spectrum). 

 

Figure 1 XRD pattern of PPy/GHA. ■ graphite, ▲ protoenstatite, ▼ forsterite 

Raman spectral maps reveal the heterogeneity of the graphitic structure and also the difference between the 
surface and the edge of the tablets. On the surface was detected few-layer graphene n < 5 (n= numbers of 
graphene layers), which are observable as red color in Figure 2 and Figure 3. Multi-layer graphene is 
connected to the green color [10]. Calculated ratios of I2D/IG for the whole region are in Table 1. There is very 
good correlation between the values from different regions on the surface/edge and copy the information from 
the Raman spectral maps, accordingly the higher values for the surface (presence of few-layer graphene) and 
lower for the edge.  

 

Figure 2 Chosen Raman spectra which show meaning of the colors of the maps (Figure 3) Red: I2D/IG > 1; 
green: 0.5 < I2D/IG < 1; blue: I2D/IG < 0.5 
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Figure 3 Raman spectral map of selected region (21 μm × 21 μm) in the surface (left), and in the edge (right) 
of PPy/GHA tablet. Red: I2D/IG > 1; green: 0.5 < I2D/IG < 1; blue: I2D/IG < 0.5; black: no 2D band 
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Table 1 Calculated values for intensity ratio ID/IG and I2D/IG 

 Surface Edge 

I2D/IG  

0.82 ± 0.14  0.40 ± 0.17  

0.73 ± 0.11 0.37 ± 0.12 

0.90 ± 0.20  0.35 ± 0.13 

ID/IG 

0.73 ± 0.11  0.82 ± 0.16  

0.83 ± 0.12 0.81 ± 0.13 

0.71 ± 0.13  0.88 ± 0.11 

Also the ID/IG were calculated to determine the degree of disorders and surprisingly the values for the surface 
and the edge are pretty similar, although little bit lower for the surface (less defects), which is connected to 
higher appearance of few-layer graphene. From the results is clearly visible that the random selected regions 
express the character of the surface/edge and in terms of surface or edge the structure is relatively 
homogeneous. 

4. CONCLUSIONS 

The PPy/GHA nanocomposite was successfully prepared by heating at 1300 °C in inert atmosphere. XRD 
analysis revealed the presence of graphite in the structure of heated nanocomposite, which was confirmed by 
Raman microspectroscopy. Moreover, generated Raman spectral maps reveal differences between the edge 
and surface of the tablet, when the few-layer graphene with less than 5 layers was observed on the surface. 
Calculated ID/IG reveals that the degree of defects is almost equal, but little bit lower for the surface. Taking 
into account the presence of forsterite and enstatite in heated PPy/GHA nanocomposite, the results suggest 
a promising way in which a ceramic material containing graphite and graphene prepared in situ from the 
polypyrrole could be achieved. 
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Abstract  

TiOx nanoparticles are large bandgap materials that attract a great deal of attention for their use in light-
powered applications. However, their utility is often restricted to employing energy from the ultraviolet (U.V.) 
or the second near-infrared solar spectrum region. In the current contribution, we expand the optical response 
of this material by its laser-mediated alloying with Ag nanoparticles, of which surface plasmon resonance 
activity allows the absorption of the visible solar spectrum region. For this, we produce the laser ablation of a 
Ti foil immersed in an aqueous solution of silver nitrate (AgNO3). The analysis of the material using 
transmission electron microscopy, inductive coupled plasma mass spectroscopy, and UV-vis spectroscopy 
enabled recognizing that the use of the minimal AgNO3 solution of 1 mM leads to the optimal synthesis of 
nanoalloys with the coexisting crystalline phases TiO (JPDS database: PDF 00-043-1296), and Ag (PDF 00-
004-0783), the bimodal size distribution centered at 60 and 130 nm, the elemental composition of 31.22% Ag 
and 68.78% Ti, and finally, the absorbance edges centered at 400, and 638 nm.  

Unlike conventional methodologies, in the presented approach, no special conditions or hazardous reducing 
agents are required. Therefore, we believe the current work will be of great interest in the facile and waste-
reducing synthesis of nanoalloys composed by elements with contrasting optical properties. 

Keywords: Nanoparticles, nanoalloys, Ti, Ag, Laser synthesis of nanoparticles 

1. INTRODUCTION 

In past years, nanomaterials research allowed the production of materials with unconventional optical 
properties compared to bulk materials [1]. One group of particular interest are nanoparticles (NPs) of Ti oxides, 
whose ability to generate photo-induced charge carriers upon exposure to light has led to their use in plenty 
of applications like photocatalysis, solar cell development, water purification, and photothermal conversion, 
among others [2]. Nevertheless, their real employability is often restricted to the percentage of the total 
electromagnetic spectrum that can absorb, e.g., in the case of TiO2, which is the most popular form of titanium 
oxide, its absorption is limited to the ultraviolet region [3], in the case of other titanium oxide forms like black 
TiO2 or Ti2O3, the absorption range gets extended to the visible and infrared regions [4]. However, their 
absorption efficiency is limited. The latest and most efficient trend to overcome these limitations is expanding 
their absorption capabilities through alloying with noble metal NPs [5]. These NPs display a phenomenon 
known as surface plasmon resonance (SPR), in which their free electrons in the conduction band oscillate 
collectively upon their exposure to light, and depending on the NPs size; electromagnetic waves with a specific 
wavelength resonates with the electronic oscillation. This phenomenon leads to its preferential absorption over 
the rest of the electromagnetic spectrum. When elements that experience SPR activity are mixed with materials 
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like titanium oxides, synergistic effects can occur where photogenerated charge carriers can transfer from one 
element to the other, enhancing in this way the titanium oxide's harvesting of light [6]. 

The most straight forward ways of mixing these elements encompass either ball milling-based strategies or 
co-precipitation-based once, which often imply the use of special conditions, hazardous reducing agents, and 
large production of polluting by-products [7]. In the current contribution, we address these issues by the laser 
ablation of a Ti foil immersed in an aqueous solution of silver nitrate (AgNO3). According to the relevant 
literature, when ablating a solid target in an aqueous medium, the detached material, including electrons, ions, 
and other energetic species, creates a plasma where all the forming species recombine, generating NPs [8]. 
In a traditional experimental procedure, the plasma's energy is released to the surrounding liquid medium 
forming a cavitation bubble where the NPs experience coalescence, reaching in this way their final size, and 
after the cavitation bubble extinguishes, the NPs get finally released to the liquid medium. However, when the 
liquid medium is filled with molecules that are precursors of other NPs, the plasma can render the precursor 
reduction/oxidation via charge transfer or through their interaction with sensitizers created by the solvent's 
molecular dissociation that surrounds the plasma (radicals or excited molecules) [9]. After the 
reduction/oxidation process occurs, the produced ions transfer into the plasma [10], resulting in nanoalloys' 
formation.  

Since the proposed methodology enables the improvement of the optical capabilities in Ti oxide NPs by their 
mixing with Ag, while at the same time does not require any hazardous chemical agents, special conditions 
and greatly suppresses the generation of by-products, it is believed that the current investigation will be of 
great value for the eco-friendly design of new materials with tailored optical properties 

2. EXPERIMENTAL  

The nanoalloy synthesis took place by the laser ablation of a Ti foil (0.25 mm thickness, 99.7% trace metals 
basis, Sigma-Aldrich) immersed in 0 mM, 0.001 mM, 0.01 mM, 0.1 mM, 1 mM, and 10 mM solutions of AgNO3, 
(≥99.0% pureness, Sigma-Aldrich) in distilled water (18.2 MΩ∙cm). The Ti plate was irradiated by a High-energy 
industrial femtosecond laser (Onefive Origamy XP, NKT Photonics), which has a 400 fs pulse duration, a 
central wavelength centered at 1030 nm, a repetition rate of 1 MHz, a beam diameter of 1.5 mm at a width of 
1/e2 and output power of 5.1 W. As displayed in Figure 1, the laser beam was focused by an F-Theta Scan 
Lens with a focal length of 160 mm over the surface of the Ti foil in a batch operation mode while continuously 
stirred by a magnetic stirrer. The laser beam was moved at a velocity of 2 m/s over the foil's surface, employing 
a dual-axis scanning galvanometer mirror positioning system (intelliSCAN 14, SCANLAB). 

 

Figure 1 Laser ablation in an aqueous solution of AgNO3 in a batch operation mode 

The samples coming from the ablation in the different solutions are labeled as Ti NPs for 0 mM, and 0.001, 
0.01, 0.1, 1, and 10 mM for the corresponding concentration's solutions. 
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After the synthesis, the elemental composition of individual particles was assessed by single-particle inductive-
coupled plasma mass spectroscopy (spICP-MS) using a mass spectrometer with inductively coupled plasma 
(ICP-MS; NexION 3000D, Perkin Elmer). Their crystallographic structure was identified by X-ray diffraction in 
powder (XRD) using a diffractometer (Miniflex 600, Rigaku) with a wavelength of 1.540 Å operating at a scan 
speed of 1°·min−1 in a 2θ angle range of 30-90°. The ultraviolet-visible (UV-Vis) spectroscopy analysis was 
performed by acquiring the sample's absorption spectra using a spectrophotometer (DR 3900, Hach-Lange), 
in a wavelength range from 320 to 1000 nm with a wavelength resolution of 1 nm. Furthermore, the morphology 
and size distribution of selected samples were determined using a transmission electron microscope (TEM; 
JEM-2100Plus, JEOL), which was operated at an acceleration voltage of 200 kV. 

3. RESULTS AND DISCUSSION  

3.1. spICP-MS  

The elemental composition displayed in Table 1, which was assessed in single particles by spICP-MS 
demonstrates that each element's weight percentage in the synthesized particles is relatively proportional to 
the AgNO3 solution's concentration, except for the case of 0.01 mM, which seems to be comparable to the one 
observed for 0.1 mM. The solution's concentration that approaches the most to a 50 to 50 wt% elemental 
composition is 1 mM, which also establishes a border of the order of magnitude in the molar solution at which 
it is possible to control the percentage of Ag to Ti in the nanoalloys, thus leading to the design of truly tailored 
nanoalloys.  

Table 1 Average concentration and the corresponding weight percentage of Ag and Ti found in the samples 
by spICP-MS (the weight percentage is provided without considering the contribution of oxygen due 
to its measurement's inaccuracy while employing spICP-MS). 

Sample 
Ag average concentration 

(mg/L) 
Ti average concentration 

(mg/L) 

Ag  
(wt%) 

Ti 
(wt%) 

Ti NPs 0.0 35.35 0 100 

0.001 mM 0.14 35.20 0.40 99.60 

0.01 mM 1.70 25.00 6.37 93.63 

0.1 mM 2.11 31.87 6.21 93.79 

1 mM 14.95 32.94 31.22 68.78 

10 mM 331.62 41.14 88.96 11.04 

3.2. XRD  

Figure 2, which shows the comparison of the XRD patterns found in the different samples, exhibits in 
accordance with the results from spICP-MS, that the crystalline phases found in the samples with a high 
concentration of Ti, i.e., Ti NPs, 0.001 mM, 0.01 mM, and 0.1 mM, only belong to titanium oxides. On the 
contrary, the samples with a larger concentration of Ag also display the Ag crystalline phase. 

For the samples Ti NPs, 0.001 mM, 0.01 mM, and 0.1 mM, it is possible to identify the crystalline families (111) 
at 43.46 o, (200) at 50.64 o, and (220) at 74.44 o, which correspond to the cubic crystalline phase TiO1.04 with a 
space group Fm-3m, and cell lattice parameters a= b= c= 4.1940 Å (JCPDS database: PDF-00-043-1296). 
Also, the family (116) at 63.41 o of the rhombohedral crystal phase Ti2O3 with the space group R-3c, and cell 
lattice parameters a= 5.139 Å, and c= 13.659 Å (JCPDS database: PDF-10-63).  

The sample 1 mM, exhibits the presence of the crystalline phase TiO1.04, and the families (111) at 44.8 o, (200) 
at 51.8 o, and (220) at 77 o, which belong to the crystalline cubic phase of Ag with a space group Fm and cell 
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lattice parameters: a= b= c= 4.0862 Å (JCPDS database: 00-004-0783). Finally, the sample 10 mM only 
exhibits the Ag crystalline phase. Unlike the samples synthesized in lower AgNO3 solution concentrations, the 
peaks belonging to the titanium oxide phases seem to be overshadowed by the once of Ag, which agrees with 
previous studies where the increment of Ag wt% results in higher visibility of the Ag crystalline phase [11]. 

 

Figure 2 XRD spectra of the synthesized samples. The green vertical dashed lines indicate the TiO 
crystalline phase peaks, the orange lines the Ag, and dark yellow the Ti2O3 phases 

3.3. UV-Vis  

The absorbance spectra (Figure 3) demonstrates that the alloying with Ag heavily increments the synthesized 
particles' absorption in the wavelength region 350-600 nm, providing in this way coexisting absorbance edges 
centered at 400 and 663 nm in average, which may potentially enable the transfer of photo-induced charge 
carriers between the Ti oxide and Ag. Without the presence of AgNO3, the sample labeled as Ti NPs displays 
a spectrum found in Ti NPs with coexisting crystalline phases of various oxides like TiO, Ti2O3, and TiO2 that 
displays an absorbance edge at 400 nm (typical result when a Ti foil undergoes ablation in water) [12]. Within 
the addition of AgNO3, the samples start to display an absorption peak that belongs to the SPR activity of Ag 
NPs, and with this, the possibility to generate photo-induced charge carriers from a broader range of the 
electromagnetic spectrum. In the sample labeled 0.001 mM, the absorbance maximum is centered at 533 nm 
with an edge at 717 nm, which, according to the Mie theory, corresponds to spherical Ag NPs with sizes around 
117 nm, or core-shell nanostructure with an Ag core of 62 nm and a TiO2 shell of 7 nm [13]. According to the 
spICP-MS results, a scenario where particles are mainly composed of Ag seems unlikely; therefore, it is more 
reasonable to deduce that the use of such minimal AgNO3 solution's concentration does not lead to an 
adequate elemental mixing and may preferably lead to the separate synthesis of TiOx NPs and Ag NPs. 
Moreover, the larger intensity of the titanium oxide crystalline phases and the lack of Ag phase in the XRD 
measurements support the incorrect mixing hypothesis. In the case of 0.01 mM, the Ag NPs SPR peak's 
presence at 430 nm and edge at 751 nm seems to get heavily reduced, which agrees with the behavior that 
Ag-based alloys should display for the elemental composition found by spICP-MS [14]. In the case of 0.1 mM, 
the plasmon peak is centered at 421 nm and have the edge at 627 nm, which according to the Mie theory, 
corresponds either to Ag Nps with sizes around 50 nm, or NPs with a TiO2 core of 6 nm and Ag shell of 21 nm 
[13]. Similar to the case of 0.001 mM, according to the spICP-MS results, a scenario where the elements did 
not mix correctly seems more plausible. In the 1 mM and 10 mM cases, the SPR peaks are located at 433 and 
426 nm, and the edges at 630 and 620 nm, respectively. According to the Mie theory, the location and intensity 
of the SPR peaks correspond to Ag NPs with sizes around 60 nm or NPs with a TiO2 core of 9 nm and Ag 
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shell of 26 nm for 1 mM, and Ag NPs with sizes around 55 nm or NPs with a TiO2 core of 4 nm and Ag shell 
of 25 nm for 10 mM. Given the spICP-MS and XRD results, the presence of both elements in individual particles 
seems more plausible. Therefore, similar to the outcome drawn from the elemental composition analysis, 1 
mM seems to be the solution's concentration threshold at which it is possible to get a high control over the 
elemental composition and optical properties in the synthesized alloys.  

 

Figure 3 Absorbance spectra of the synthesized samples 

3.4. TEM  

Given the previous results, the samples labeled as Ti NPs and 1 mM were selected for their morphological 
analysis by means of TEM. Figure 4, which displays a micrograph picture of both samples accompanied by 
their corresponding size histogram, exhibits two essential aspects that significantly relate to the previous 
results.  

 

Figure 4 TEM micrograph (top side) and histogram of the size distribution (bottom side) of a) the samples 
synthesized in pure water and b) in a 1 mM aqueous solution of AgNO3 
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On the one hand, both materials display a bimodal size distribution, which is typical for NPs synthesized by 
laser ablation in liquid mediums [15]. For Ti NPs, the average size is centered at (45 ± 20.7) nm, and (174 ± 
30.2) nm, while for 1 mM at (60 ± 27.6) nm, and (130 ± 29.1) nm. On the other hand, the morphology of the 
titanium oxide NPs seems to be spine-like for the smaller elements and spherical for the bigger once, while it 
is spherical for 1 mM whether they are small or big particles. Similar to the case of monovalent salts usage for 
the quenching in the size of the laser-synthesized NPs, the usage of 1 mM AgNO3 solution's concentration 
seems to interact intimately with the incoming titanium oxide NPs leading to their reshape in a spherical form 
[16].  

4. CONCLUSION 

The present study sheds light on the capabilities of the synthesis of NPs based on the ablation of solid targets 
in liquid media to expand the optical properties of materials such as titanium oxides. The analysis of samples 
coming from the ablation of a ti foil immersed in various concentrations of AgNO3 aqueous solutions enables 
determining that 1 mm is a concentration's threshold where it is possible to control the elemental composition, 
crystalline structure, and optical absorption of the synthesized spherical alloys. Besides, since the alloying with 
Ag provides the Ti oxide NPs an absorption peak that coincides with the maximum of the solar spectral 
irradiance, i.e., 350-600 nm, and the coexistence of absorbance edges centered at 400 and 638 nm, it can be 
concluded that the current methodology increments the capabilities of titanium oxide NPs to harvest and turn 
into usable energy the radiation coming from widespread sources of energy like the sun. 

Overall, the current study will be of great value for modifying titanium oxide NPs to increment their employability 
in more light-powered applications.  
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Abstract  

Metal oxides based on bismuth are considered to be potentially attractive candidates for developing new 
materials for radiation protection. In combination with electrospinning technology, it is possible to obtain 
interesting nanofibrous materials with high content of metal oxides based on bismuth nanoparticles in uniform 
distribution. This paper focuses on the fabrication and basic analysis of electrospun nanofibrous materials 
containing Bi2O3 and LuBiO3 nanoparticles. The aim of the research was to optimized high nanoparticle 
concentration in nanofibrous material (more than 50 wt%) via conventional needless electrospinning 
technology with optimal nanofibrous material morphology and uniform particle distribution. 

Keywords: Nanofibres, PVA, oxidic nanoparticles, LuBiO3, Bi2O3, X-Ray attenuation 

1. INTRODUCTION 

Recently, nanofibrous materials containing inorganic particles especially metal oxides have been investigated 
as a subject of various emerging applications or processes as for example gas sensors, ceramic biomaterials, 
magnetic membranes for medicine application, materials for visible-light responsible photocatalysts etc. [1-3]. 
However, there is also a possibility to use these composite nanofibrous materials with integrated metal oxide 
nanoparticles in the field of radiation protection [4]. Ionising radiation has accompanied human scientific and 
industrial activity for decades, nevertheless up to this date, a way to develop and produce a material that is 
non-toxic, light, breathable and protects against the negative effects of X-rays, is still being sought.  

Currently, lead or patented composite materials [5] are used in the field of X-ray protection. Apart from the fact 
that lead is toxic to the human organism, there is a huge disadvantage of using these materials - lead sheets 
are extremely heavy because of their high density. Although polymer-based composites are more flexible and 
it is much easier to work with them and handle, they are still not sufficient. They are not breathable and flexible 
enough, which makes them very uncomfortable to wear. The solution could be based on nanomaterials. The 
enlarged particle surface and their dispersion in the polymer matrix can leads to a drastic reduction in material 
weight with equal efficiency and increased comfort. The most important is the uniform distribution of metal 
oxide nanoparticles over the material and relatively high content of particles in the final produced material, 
what is not easy task especially with regard to production on a larger scale, not only in laboratory one.  

Following up on a previous research [6,7], the aim of this work is to fabricate and analyse PVB nanofibrous 
composites with incorporated heavy metal oxide nanoparticles (especially Bi2O3 and LuBiO3) for ionising 
radiation attenuation. This nanofibrous composite constitutes a breathable, flexible, lightweight, non-toxic layer 
of a ‘smart uniform’ that could be primarily used by for protection of special units of the state apparatus in 
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dangerous environments. Nevertheless, it could possibly serve in many different fields of human activities as 
for example, as a protection of medical professionals when working with the risk of being exposed to X-rays.  

In order to compare the effectiveness of radiation attenuation in prepared materials, it is necessary to mention 
some properties. Besides linear attenuation coefficient and mass attenuation coefficient, the most important 
property is the attenuation length. Attenuation length is characterised as the depth of penetration of radiation 
into the material at which the intensity of radiation is reduced to approximately 37 % of the initial intensity [8]. 
Figure 1 shows that both bismuth oxide and lutetium oxide have significantly increased values of attenuation 
length for certain energies and form so-called absorption edges. The waveform is much smoother for the 
LuBiO3 oxide. If two or more heavy metal elements are combined in one oxide compound, the waveform is 
getting smoother. It means that there is not needed such a thick layer of material for the same attenuation 
effect. 

 

Figure 1 Attenuation length - photon energy graph: Parameters of oxides properties were specified on Web 
page [8] for Bi2O3 (density 8.9 g/cm3), Lu2O3 (density 9.5 g/cm3) and LuBiO3 (density 9.4 g/cm3). For 

scanning the energy the range from 30 to 30 000 eV in 100 steps at fixed angle 90°. 

2. MATERIALS & METHODS 

In the study, two types of metal oxides nanoparticles based on bismuth were used, bismuth oxide Bi2O3 and 
bismuth lutetium oxide LuBiO3. Nanoparticles of bismuth oxide were purchased from Merck (nanopowder; 
90-210 nm particle size, 99% trace metals basis, Merck, CZ). Since the nanoparticles of LuBiO3 are not 
commonly available on the market, there was necessary to synthetize them in laboratory. Two methods of 
synthesis were used to prepare the LuBiO3 nanoparticles - self-combustion synthesis and coprecipitation 
method. The reagents used for these methods were pure bismuth oxide Bi2O3 (pure, PENTA, CZ) and lutetium 
oxide Lu2O3 (99.999 %, Cerac Inc., USA). For the self-combustion synthesis experiments, metal oxides were 
transformed into precursors in form of nitrates, Bi(NO3)3 and Lu(NO3)3 by mixing starting oxides with analytical 
grade nitric acid (65 %, LACH:NER CZ) and heating the mixture up. For self-combustion reactions, different 
fuels were chosen - glycine CH5NO2 (LACH:NER, CZ), citric acid C6H8O7 (LACH:NER, CZ) and tartaric acid 
(C4H6O6, LACH:NER, CZ). Nitrate precursors were mixed with fuel and the reaction was initiated. Afterwards, 
the mixture was processed in agate mortar and heated up to 800 °C in an electric furnace. For the 
coprecipitation method, nitrate mixture solution was added by drops from burette to a beaker placed on a 
magnetic agitator containing aqueous solution of ammonium hydroxide NH4OH (24 %, PENTA CZ). This 
process led to a white precipitate, that needed to be dried, and then it was placed into an electric furnace and 
heated up to 800 °C. 
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Polyvinyl butyral (PVB; Mowital B 60 H) manufactured by Kuraray was chosen as polymer material. The solvent 
for the spinning solutions was ethanol and the polymer concentration in the final solution was 10 % by weight. 
The concentration of polymer dry matter to nanoparticles in the final solutions was chosen as follows: 1:0; 1:3 
and 1:9 by weight. An ultrasonic homogenizer was used to distribute the nanoparticles more evenly in the 
suspension to form a final stable solution necessary for needleless electrospinning technology. All the 
nanofibrous materials were processed by the electrospinning method on a needless electrospinning NS 
1WS500U (Elmarco, CZ) device type. After the complex optimization process, the following process conditions 
were found. The spinning electrode was charged with a DC high voltage source positively (30kV) and the 
collector was charged negatively (-10 kV). The distance between the spinning electrode and the collector was 
180 mm, the temperature during the spinning process was 22 °C and the relative humidity was 30 %. The used 
supporting material was spunbond (PFNonwovens, CZ) with 20 g/m2 and withdrawal speed of supporting 
material was 10 mm/min. 

The scanning electron microscopes were used for sample analysis to visualize the resulting nanoparticles and 
fibrous structures (FE-SEM Carl Zeiss ULTRA Plus and Tescan VEGA 3). Furthermore, the analysis of the 
chemical composition of the surface SEM-EDS analysis and TGA analysis (TGA 500, Ta Instruments) allowing 
the verification of the final amount of inorganic particles in spun nanofibers with temperature rise up to 650 °C 
during sample weighing about 10 mg.  

3. RESULTS  

Both methods of LuBiO3 particles preparation led to a fine yellow powdered product that was analysed by XRD. 
On Figure 2, there is introduced the XRD analysis of self-combustion synthesis product prepared with tartaric 
acid as fuel. Figure 2 shows, that prepared nanoparticles crystallize in cubic lattice with parameter a = 541 pm 
and density 9.06 g/cm3. 

 

Figure 2 XRD analysis of self-combustion (tartaric acid) LuBiO3 nanoparticles 
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Obtained LuBiO3 as well as Bi2O3 nanoparticles are perfectly wettable in PVB/ethanol solution that was 
selected for electrospinning process. This property allows particles to be perfectly embedded in the resulting 
fibres. Most of the LuBiO3 particles are in range of 50 - 500 nm. Both of the bismuth oxide particles are 
incorporated inside the electrospun material at all the concentrations very well (Figure 3). 

 

Figure 3 Electrospun materials: a) a photo of electrospun materials with Bi2O3 and LuBiO3 in polymer to 
particles ratio 1:9 by weight; b) SEM image of PVB electrospun materials without particles (blind sample); c) 
SEM image of PVB with Bi2O3 nanoparticles in polymer to particles ration 1:3 by weight; d) SEM image of 

PVB with Bi2O3 nanoparticles in polymer to particles ration 1:9 by weight; e) SEM image of PVB electrospun 
material with LuBiO3 in polymer to particle ratio 1:3 and f) SEM image of PVB electrospun material with 

LuBiO3 in polymer to particle ratio 1:9 by weight. The scale bars show 5 cm (a) and 10 micrometres (b-f). 

TGA analysis of all fabricated materials showed that real content of nanoparticles inside electrospun materials 
is exactly (for Bi2O3) or only a little smaller (for LuBiO3) than ratio of polymer dry matter to nanoparticle 
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concentration in prepared solutions (Table 1). Table 1 also introduced individual surface densities of the 
electrospun materials with the same process parameters. The highest productivity, with the same 
electrospinning process parameters, was found for the material with integrated Bi2O3 nanoparticles. Their size 
was smaller and because of professional production, their distribution was not so wide.  

Table 1 Comparison of chosen properties of fabricated basic and composite electrospun materials. The ratio 
PVB to particles represents the ratio in the original solutions for electrospinning by weight. TGA 
residue represents proof of real amount of particles in final electrospun nanofibrous materials. Volume 
ratio of particles inside fibre is calculated from the weight ratio and density. Final surface density of 
the electrospun materials was measured for each sample too. 

Sample Ratio PVB:particles TGA residue (wt%) Vol% 
Surface density 

(g/m2) 

PVB - 0.79 -  

PVB - Bi2O3 
1:3 75.8 25.6 102.4 

1:9 89.9 52.4 213.6 

PVB - LuBiO3 
1:3 58.9 24.9 25.57 

1:9 81.7 33.1 51.87 

The production study, which is mainly presented here, is added to illustrate the effect of medical diagnostic 
X-ray images. The electrospun materials were cut into pieces and put together in various numbers of layers to 
see how the attenuation effect would intensify. The effect of different number of electrospun material layers for 
the tested composite materials are visible in Figure 4.  

  

Figure 4 X-Ray image of radiation attenuation effect of electrospun PVB nanofibers with integrated 
nanoparticles Bi2O3 in polymer to particles ratio 1:9 by weight (left side) and electrospun PVB nanfoibers with 

integrated nanoparticles of LuBiO3 in polymer to particles ratios 1:3 and 1:9 by weight (right side) 

4. CONCLUSION 

Nanoparticles LuBiO3 were successfully prepared in nanometre size. Composite nanofibers containing two 
types of metal oxides based on bismuth (Bi203 and LuBiO3) were successfully electrospun by needle-less 
electrospinning method. The optimization of the electrospinning technology was performed for pilot production 
and is therefore not limited to the laboratory production of small quantities of samples. The distribution of 
nanoparticles inside the nanofibers and all electrospun layer is uniform. The electrospun material contain 
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almost all the particles, which were added into the solution what was confirmed by TGA analysis. The 
optimization of the electrospinning process and combination of the polymer, solvent and particles brings final 
materials, which are a good candidate as lead-free polymer/bismuth oxide based materials for use as potential 
X-ray shielding materials, because of their good X-ray attenuation ability. The testing for specific applications 
in the field of radiation protection is going to continue this study. 
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Abstract 

Thin dielectric films are actively investigated as materials for novel resistive random-access memories based 
on resistive switching effect in metal/insulator/metal structures. Thin HfO2 films are of particular interest due to 
the high thermal stability, low operating voltages of resulting devices, and complementary metal-oxide-
semiconductor technology compatibility of this material. In this study, we investigate the resistive switching 
behavior of nanostructured HfO2 film embedded in a porous anodic alumina matrix. The film was synthesized 
via self-organized electrochemical anodizing of a sputter-deposited Al/Hf bilayer on a Si substrate in an oxalic 
acid solution. The film was investigated by scanning electron microscopy. Simple metal/insulator/metal devices 
were prepared by sputter-deposition of Pt top electrodes through a shadow mask onto the nanostructured film. 
Assembled devices were characterized by I-V measurements. A bipolar eight-wise resistive switching was 
obtained, demonstrating a highly repeatable and stable low-voltage behavior in a set potential range. The 
achieved results indicate the high potential of the anodizing technique as an alternative to commonly used 
methods for producing insulating thin films for resistive random-access memory application. 

Keywords: Resistive switching, anodizing, hafnium oxide, porous anodic alumina, memristor 

1. INTRODUCTION 

Resistive random-access memory (ReRAM) based on simple metal/insulator/metal (MIM) stacks is nowadays 
seen as a notable candidate for next-generation non-volatile memories, neuromorphic computing, alternative 
logic operations, or selector devices [1]. The demanded scalability of ReRAM systems to nano dimensions 
makes the fabrication, control, and prediction of their properties very challenging. Standard methods for 
producing the key elements of nanoscale ReRAM systems, such as atomic layer deposition, chemical vapor 
deposition, and pulsed laser deposition [2] require high-budged equipment, ultra-high vacuum conditions, and 
substantial consumption of energy. As an alternative approach, metal-oxide films for ReRAM can be formed 
by the cheap and accessible anodizing method [3]. The main benefit of the anodizing method is its simplicity 
since vacuum conditions or elevated temperatures are not required. Another notable advantage is that the 
substrate metal is already integrated into the device as the bottom electrode after the anodizing. Moreover, 
anodization of aluminum superimposed on a metal of interest can be utilized to create nanoscale arrays of 
various 3-D metal-oxide nanostructures inside the porous anodic alumina (PAA) film [4]. Such metal-oxide 
nanoarrays embedded in the PAA matrix may allow achieving resistive switching effects within the individual 
spatially separated nanostructures, thus introducing a new behavior advantageous to the continuous oxide 
films. 

One of the most prominent oxides that can be utilized in metal/oxide/metal stacks for ReRAM fabrication is 
HfO2. Owing to low operating voltages, high thermal stability, and full compatibility with complementary metal-
oxide-semiconductor technology, HfO2-based films can be utilized in a variety of low-cost resistive switching 
devices with simple circuitry [5]. Recently developed anodizing method for processing Al/Hf bilayer films [6] 
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allows for creating thin HfO2 layers densely covered by the nonstoichiometric nanoscale 3-D HfO2-x structures. 
Such nanoscale 3-D features might significantly affect resistive switching behavior of the films provided the 
population density of the nanostructures may potentially be as high as 1011 cm-2. Moreover, each HfO2 
nanostructure size is comparable with the size of a conductive filament, which forms within the metal-oxide 
under polarization and is a primary phenomenon responsible for resistive switching behavior [7]. Investigation 
of resistive switching in the nanostructured HfO2 films can potentially offer insights needed to commercialize 
anodically prepared oxides in ReRAM devices. 

Here we report the fabrication of MIM stacks based on HfO2 nanostructured layers prepared via the PAA-
assisted anodization of Al/Hf bilayers on substrates. MIM micro-devices were assembled by magnetron 
sputtering of top Pt electrodes. The nanostructured HfO2-in-Al2O3 films and the assembled microdevices were 
examined by high-resolution scanning electron microscopy (SEM). The electrical properties of the devices 
were investigated by I-V measurements. 

2. EXPERIMENTAL 

2.1. Sample preparation 

Si wafer covered with 380 nm of thermally grown SiO2 was used as a starting substrate for the sputter-
deposition. A 100 nm thick Hf layer followed by an 80 nm thick Al layer were deposited via magnetron sputtering 
from Hf and Al targets of respectively 99.95% and 99.999% purity. Anodization of sputter-deposited Al/Hf 
bilayer film was carried out in 0.6M (COOH)2 aqueous solution by sweeping potential from 0 to 30 V at a rate 
of 0.5 V s−1 followed by 30 s of current decay. Subsequently, after the anodization process, reanodization was 
performed in the same electrolyte by sweeping potential from 30 to 80 V at a rate of 5 V s−1 followed by 60 s 
of current decay. A two-electrode polytetrafluoroethylene anodizing cell was used for anodization; a more 
detailed description of the anodizing setup is available elsewhere [8]. In selected samples, the PAA overlayer 
was completely dissolved in a selective etchant (0.45 М H3PO4, 0.2 М Cr2O3) heated to 65 oC. Prior to device 
fabrication, the PAA pore widening procedure was performed by dipping the samples in the selective etchant 
for 60 s.  

2.2. Sample characterization 

The morphology of the anodic films was examined by a FEI Verios 460L High-Resolution Scanning Electron 
Microscope utilizing InBeam secondary electron detector and magnetic immersion lens at 15 keV accelerated 
voltage. 

2.3. Device fabrication and electrical characterization 

Resistive switching devices were fabricated by depositing Pt top electrodes onto the oxide arrays via 
magnetron sputtering through a shadow mask. The I-V curves were recorded at ambient conditions by a 
Keithley Model 4200A-SCS Parameter Analyzer. Samples were mounted on a CASCADE M150 probe station 
equipped with magnetic micromanipulators and tested by applying a potential difference between the upper 
(Pt) and bottom (Hf) electrodes. In all measurements, the top Pt electrode was grounded while the voltage was 
applied to the bottom Hf electrode. To avoid an electric breakdown in the film, a compliance current of 10 mA 
was set during the positive polarization. 

3. RESULTS AND DISCUSSION 

3.1. The film morphology and device assembly 

Anodizing of sputter-deposited Al/Hf bilayer films was expected to create a network of HfO2 nanostructures 
protruding within the pores of the PAA matrix. Generally, the process involves converting the upper Al layer to 
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PAA by anodizing in an acidic solution followed by anodizing the underlying Hf through the alumina nanopores. 
The growing hafnium oxide mixes to some extent with the alumina barrier layer and further protrudes inside 
the pores. Additionally, reanodizing to higher voltages can be carried out to achieve a better fulling of the 
alumina pores with hafnium oxide. Full aspects of the PAA-assisted anodization of Al/Hf bilayer films were 
covered in our previous work [6]. 

Figure 1a shows a 3-D view of the film derived from the anodized/reanodized Al/Hf bilayer after dissolving the 
PAA layer. Thus, the approach resulted in an array of spatially separated 65 nm tall nanocones protruding 
from the oxide surface. The nanocones are separated from the Hf substrate by the oxide dimples of about 45 
nm in depth.  

 

Figure 1 (a) SEM 3-D view of the anodized HfO2 film after the PAA dissolution, (b) SEM top view of Pt 
contacts formed on the oxide surface via magnetron sputtering 

To assemble MIM resistive switching devices, the PAA layer was not dissolved after anodizing but the pore 
widening procedure was carried out to make the pore mouths more expanded. Multiple microscale Pt/HfO2-in-
Al2O3/Hf stacks were assembled by sputter-deposition of round Pt contacts (Figure 1b), each of about 0.1 
mm2. During the sputter deposition, Pt was expected to permeate the PAA pore mouths, sandwiching the PAA-
embedded HfO2 nanostructures between the top Pt and the bottom Hf electrodes. The schematic design of 
the fabricated device based on the Pt/HfO2-in-Al2O3/Hf stack alongside with the electrode setup for I-V 
characterization is presented in Figure 2. 

 

Figure 2 Schematic representation of the assembled MIM microdevice based on the Pt/HfO2-in-Al2O3/Hf 
stack and the electrode setup for I-V characterization 

3.2. Electrical characterization 

Measured I-V characteristics of the assembled MIM microdevice are shown in Figure 3. The I-V cycling was 
performed in sequences following the pattern 0 → +1.7→ −1.9 → 0 V. A sweep rate of 250 mV s-1 and a 
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compliance current of 10 mA was used for recording I-V data. The device appears to show a bipolar eight-
wise switching. During the voltage sweep in the positive direction, the device demonstrates stable switching 
from the high resistance state (HRS) to the low resistance state (LRS), so-called SET process. The SET 
process is stable within low values of VSET between 1.05 and 1.30 V. During subsequently sweeping the voltage 
in the negative direction, the device switches from acquired LRS back to the HRS via a RESET process. The 
RESET process is also highly stable with VRESET values ranging between -1.70 and -1.75 V. The fabricated 
device demonstrates an excellent reproducibility of the resistive switching behavior throughout continuous I-V 
sweeps. 

 

Figure 3 Measured I-V characteristics of MIM microdevices based on the Pt/HfO2-in-Al2O3/Hf stacks 

The mechanism responsible for the changes between the HRS and LRS states occurring in the HfO2 
nanostructured film sandwiched between the two metallic electrodes is not yet fully understood. However, the 
observed switching characteristics can be explained by forming and rupturing a conductive filament (CF) inside 
the individual HfO2 nanostructures induced by the electric field, as the most generally accepted mechanism of 
resistive switching [9]. The initial distribution of oxygen vacancies in the dielectric HfO2 layer might significantly 
affect its resisting switching behavior. The HfO2 nanostructured films grown via the PAA-assisted anodizing of 
Al/Hf bilayers are known to possess unevenly distributed metastable HfO2-x suboxides, resulting in a 
concentration gradient of oxygen vacancies across the film depth [6]. When a positive voltage is applied to the 
bottom Hf electrode, the abundant oxygen vacancies migrate towards the Pt cathode and serve as nuclei of 
CF. Possibly, the growing CF acts as an extension of the cathode towards the anode. With the assist of the 
applied electric field, the growing CF extends throughout the whole film thickness and creates a conductive 
path, setting a device to the LRS. Considering that the CF grows from the negatively charged Pt electrode to 
the positively charged Hf electrode, the thinnest region of the CF might be located at the Hf cathode. Thus, 
negatively biasing the Hf electrode would generate an extensive amount of Joule heat in the thinnest part of 
the CF, accelerating the mobility of vacancies in a localized region. Rapidly migrating vacancies then would 
be annihilated by oxygen ions on the film interface and grain boundaries, resulting in a rapture of the CF and 
resetting the device to the HRS [10]. Our MIM microdevice, based on the Pt/HfO2-in-Al2O3/Hf stack, shows the 
excellent repeatability of forming and rapturing the CF throughout multiple I-V measurements. 

In summary, the findings of the I-V tests demonstrated that a reliable low voltage resistive switching behavior 
could be obtained in the experimental memristive device utilizing the nanostructured HfO2 films. In our work to 
date, the HfO2 nanostructures have been scaled down to ~50 nm, which might already be comparable with the 
size of the conductive filament that forms within the oxide. In a future work, a much larger number of HfO2 
nanostructures, up to 1011 cm-2, scaled-down to about 10 nm and embedded in a PAA matrix may be fabricated, 
potentially enhancing the device properties. Altering the electrical properties of the anodic nanostructured HfO2 
films by air or vacuum annealing is also to be considered for improving the memristive behavior. 
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CONCLUSION 

Nanostructured HfO2-in-Al2O3 films were prepared via the PAA-assisted anodizing of sputter-deposited Al/Hf 
bilayers and utilized as a solid electrolyte in memristive microdevices based on a simple metal/insulator/metal 
architecture. Top metallic electrodes were formed by sputter-deposition of Pt through a shadow mask. The 
fabricated Pt/HfO2-in-Al2O3/Hf stacks were I-V cycled in a potential range of 1.7 to -1.9 V, revealing a reliable 
resistive switching behavior with a low onset voltage. The narrow dispersion of SET and RESET voltages was 
observed during the I-V cycling with VSET between 1.05 and 1.30 V and VRESET between -1.70 and -1.75 V. The 
devices demonstrate reproducible resistive switching over multiple I-V cycles. 

This study contributes to understanding and utilizing anodically prepared nanostructured oxides as solid 
electrolytes in MIM based ReRAM devices. The nanostructured HfO2-in-Al2O3 films fabricated via the PAA-
assisted anodization can be used to manufacture low-cost and reliable memristive devices. It is of high interest 
to further explore their properties towards advancing the switching and memristive effects and creating relevant 
technology for incorporating the MIM-based nanostructured HfO2 resistive switching stacks in a ReRAM 
prototype. 
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Abstract 

In this contribution, the effect of the extrusion process of the poly(vinylidene fluoride-co-hexafluoropropylene) 
(PVDF-co-HFP) with the subsequent elongation/poling on its structural and dielectric properties is presented. 
The extrusion can be understood as continuous processing of polymer melts in the large scale (in comparison 
to solvent casting), when the thickness of the final product can be varied depending on the final operation 
conditions. Herein, the PVDF-co-HFP sheets of 5 cm in width were extruded using a single screw extruder. 
The fabricated sheets were cooled down and then, they were cut to the stripes and subsequently stretched to 
various elongations (100, 200 and 500 %) using a universal tensile testing machine. Such samples were 
investigated using FTIR in order to determine the effect of the elongation process on the transformation of the 
α-phase to the β-crystalline phase. The extend of the electro-active β-phase was quantified and its impact on 
the dielectric properties was investigated. The results clearly demonstrated that the elongation has a crucial 
effect on the final dielectric properties of the PVDF-co-HFP. 

Keywords: Poly(vinylidene fluoride), poly(vinylidene fluoride-co-hexafluoropropylene), extrusion, dielectric 
properties, electromechanical coupling 

1. INTRODUCTION 

Smart systems can be classified as materials that can actively respond to the external stimuli, such as the 
electric [1] or magnetic field [2], temperature [3], pH change [4], light stimulation [5] or mechanical vibration [6]. 
In the last years, the majority of the electrical machines undergo the damaging due to the vibrations from the 
bearings causing the mechanical perturbances [7]. Therefore, the detection of the unwanted vibrations seems 
to be a crucial point to extend the operating lifetime of the machines. From this point of view, the vibration 
sensors based on the piezoelectric ceramics are typical materials of choice [8]. The ceramic-based sensors 
however have some drawbacks such as high cost and brittleness [9]. Especially, the brittleness is a very 
negative property, which can significantly decrease the efficiency of this type of sensor [10]. 

Therefore, certain polymeric materials such as poly(vinylidene fluoride) (PVDF) started to be very attractive, 
since they can be easily processed, they are flexible and provide suitable piezoelectric capability required for 
the vibration sensing [11]. The main issue of the PVDF is its inherent property; the materials requires the 
additional treatment, otherwise the PVDF consist mainly the non-piezoelectric -phase [12]. By utilizing the 
elongation [13], polling in electric fields [14], particle addition [15] etc., the piezoelectric β-phase can be 
developed, and relatively good electromechanical coupling coefficients (d33 ~ 25 pC/N) can be achieved [16]. 
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There are also other techniques of the PVDF post-processing that were successfully applied to increment the 
d33 coefficients including the electrospinning [17], melt-electrowriting [18] or the extrusion [19]. 

Besides the PVDF, also its copolymers are very promising for this purpose. The poly(vinylidene-co-
hexafluoropropylene) (PVDF-co-HFP) is frequently used due to its good piezoelectric capability [20]. Its 
processing via the extrusion is however very limited, and just few research articles have addressed this 
topic [21], while only one paper was dealing with stretching during poling called SSP [22]. In the vast majority, 
this material is processed by solvent casting [23] or electrospinning [24]. From these reasons, this study is 
focused on the processing of the PVDF-co-HFP using industrially-viable extrusion process, and the impact of 
various relative elongations on the structural changes and dielectric properties. 

2. EXPERIMENTAL 

2.1. Materials 

Poly(vinylidene-co-hexafluoropropylene) (PVDF-co-HFP) in the form of pellets (CAS number: 9011-17-0) with 
the molecular weight (Mw) of ~ 400 000 g/mol (Sigma Aldrich, USA) was used to construct the tested elements. 

2.2. Characterization methods 

The extrusion process was performed at 190°C using twin-screw extruder (Scientific, China) and using flat die 
having 5 cm in width and 0.5 mm in thickness. The continuous sheet was collected and cooled down without 
any interventions at laboratory conditions.  

Then, the sheets were cut using the steel templates to the form of stripes with 15 mm in width, 100 mm in 
length. Such stripes were elongated using the universal testing machine M350-5 CT (Testometric, Lancashire, 
UK) coupled with a heat chamber (Omron) operating at a temperature of 65 °C. The cross-head speed of the 
clamps was set to 10 mm/min, with the relative elongations of 50, 100 and 300 %.  

The Fourier-transform infrared spectroscopy (FTIR) was performed on Nicolet 6700 (Thermo-Scientific, USA) 
spectrometer equipped with ATR accessory and a germanium crystal. The spectra were recorded in a 
wavenumber range of 4000-500 cm-1 with a spectral increment of 2 cm-1.  
Dielectric properties were measured on the neat as well as on the stretched samples using Broadband 
Dielectric Impedance Analyzer (Novocontrol, Montabaur, Germany), in the frequency range of 0.01 Hz to 
10 MHz, using a standard sample cell BDCS 140. 

The neat PVDF-co-HFP as well as the stretched analogues were poled using a custom-build apparatus at the 
electric field strength of 7 kV/mm, and the temperature of 110 °C. Then, a thin conductive (silver) layer was 
deposited on the samples and their piezoelectric charge coefficient, d33, was measured within 24 hour after 
the poling process. The d33 was analyzed in the transversal mode using the electrometer 6517b (Keithley, 
USA). Each sample was placed between two copper electrodes; the lower electrode had a diameter of 20 mm, 
while the upper one had a diameter of 10 mm. A mechanical force of 0.49 N was applied onto the upper 
electrode and the electric charge generated by the sample was recorded. Each sample was analyzed at ten 
positions, the presented d33 values represent the average values from the obtained data. 

3. RESULTS AND DISCUSSION 

The PVDF-co-HFP has similar crystalline structure as the neat PVDF. For this material, the transformation of 
-phase to -phase also plays a crucial role [25-27]. The typical main peaks of the -phase corresponding to 
762 cm-1 and for the -phase at 840 cm-1 as displayed in Figure 1. A magnified visualization (inset figure) 
provides definite information of the successful --phase transformation. As clearly seen, neat PVDF-co-HFP 
shows a negligible peak at 840 cm-1 and with further elongation this peak clearly increases exhibiting the 



October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

129 

highest intensity for the sample with 300 % deformation. On the other hand, the suppression of the -phase is 
similarly important. In this case, the visible decrease of the peak intensity and thus confirmation, that --
phase transition was successful, was easily distinguishable only for the sample with the elongation of 300 %. 
The other samples did not exhibit almost any changes in the -peak intensity, while slight decrease was 
observed for the sample that underwent the elongation of 100 %. This clearly indicates that extrusion process 
with consequent elongation has crucial impact on the distribution of the micro and nano-sized crystallites those 
presence is very important for development electro-active -phase. Similar observation was also published on 
PVDF samples [28]. 

 
Figure 1 FTIR spectra of the PVDF-co-HFP samples before and after stretching process 

Dielectric properties are assumed to be a crucial parameter affecting the electro-activity of the PVDF-co-HFP-
based elements. Therefore, the relative permittivity was plotted against frequency; as obvious, the higher 
relative permittivity is achieved, therefore the better electrical output efficiency upon mechanical stimulation 
can be generated [29,30]. As can be seen in Figure 2, the relative permittivity measured on the prepared 
samples was increasing with the increasing deformation. This behavior demonstrates that the transformation 
of the -phase was successful which is presented as a substantial increase of relative permittivity with higher 
strain deformation, and in fact, it confirms the trends obtained from the FTIR analysis.  

 
Figure 2 Dielectric spectra of relative permittivity against frequency of the PVDF-co-HFP samples before and 

after stretching/poling process 
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Finally, the electromechanical activity of the investigated samples is presented in Table 1. The dataset 
confirms that the industrially extruded PVDF-co-HFP samples can be effectively treated to increment their 
piezo-activity via elongation and subsequent polling process at 7 kV/mm. The maximal d33 values obtained for 
these materials upon the presented conditions are sufficient to show a comparable efficiency with the other 
commercial PVDF systems [31]. 

Table 1 Results of the piezo-activity for PVDF-co-HFP-based samples  

Sample ID  
Capacitance (pF) at 

100 kHz 
d33 coeficient (pC/N) 

d33
2/e33 

neat PVDF-co-HFP 6.19 1.1 3.47 

PVDF-co-HFP 50 %  11.6 1.8 7.22 

PVDF-co-HFP 100 % 11.8 1.9 8.11 

PVDF-co-HFP 300 % 12.6 4.6 37.1 

a permittivity e33 = C × h/A, where C is the capacitance, h is the sample thickness, and A is the surface area 

4. CONCLUSION 

In this paper, the PVDF-co-HFP was extruded and further elongated using various deformations (50, 100, and 
300 %). Then, the materials were poled and investigated from their electro-activity point of view. It was 
confirmed that the elongation positively influenced the transformation of the non-piezoelectric -phase to its 
piezoelectric -phase analogue, which was accompanied by increasing FTIR peak centered at 840 cm-1. 
Analogously, the dielectric properties, specifically, the relative permittivity also increased with the elongation 
factor. Finally, the electromechanical investigation proved that d33 coefficient, and thus the effectivity of the 
systems was incremented, which was attributed to successfully developed -phase. The most significant 
enhancement (4-fold) of d33 was recorded for the PVDF-co-HFP elongated by 300 %. Finally have to be 
concluded, that extrusion process and consequent elongation positively influencing the distribution of the micro 
and nano-sized crystallites to form proper -phase enhancing the vibration sensing effectivity for sample 
elongated by 300%. 
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Abstract 

This review paper focuses on semiconductor quantum dots (QDs) embedded inside semiconductor 
heterostructures prepared by Metalorganic Vapor Phase Epitaxy (MOVPE) technology and based on our 
contribution in [1]. Semiconductor direct-bandgap materials have much higher energy conversion efficiency 
than the light emission from atoms/molecules in a glass matrix or from most other light sources, but they have 
a broad band or multimode light emission spectra. QDs created and embedded inside semiconductor 
heterostructures can fundamentally improve the quality of emitted light spectrum, temperature dependencies 
and efficiency of emission. 

QDs exhibit unique electronic and optical properties, intermediate between those of bulk semiconductors and 
discrete atoms or molecules. The reason for this is that the size of QDs is comparable with the de Broglie 
wavelength of an electron in a crystal. Electrons (and holes) inside QDs behave differently from that found in 
a “bulk” material. The most important difference is that inside the QDs, electrons (and holes) can occupy only 
discrete energy levels due to strong localization. The position of energy levels depends mainly on the smallest 
dimension of a QD. Applications include QD lasers for integrated silicon photonics and quantum computing, 
QD LEDs for highly efficient solid-state lighting, QDs for intermediate band solar cells and multi-exciton 
generation and QDs for bio-medical labeling, imaging, targeted drug delivery, sensing, and therapy. 

Keywords: Semiconductors, quantum dots, quantum levels, epitaxy, applications 

1. INTRODUCTION  

This contribution focuses only on quantum dots (QDs) embedded inside a semiconductor structure. 
Freestanding QDs (semiconductor, colloidal, metal etc.) with a much larger application field, which can be 
prepared from the same material, are not subject of this talk. A research report about the whole family of QDs 
market can be found at (paid) [2]. 

QDs are small pieces of semiconductor nanocrystals (mainly) with sizes in the range from ones to tens of 
nanometers. Ekimov and Onushchenko published the first idea of (freestanding) QDs, having properties 
different from that of the bulk material, in 1981 [3]. During the early 1990s, embedded QDs were prepared by 
molecular beam epitaxy (MBE) [4-5] in several laboratories, as described in [6]. 

Light emission (LED or laser type) from separated atoms in a glass matrix, e.g. neodymium doped YAG, ruby, 
etc., or from atoms or molecules in a gas, is nearly monochromatic thanks to these media having sharp energy 
levels. 

Semiconductor direct-bandgap materials have much higher energy conversion efficiency than indirect-
bandgap ones, but many possible recombination energies, thus they have broadband or multimode light 
emission. Electron energy levels in isolated atoms, the bulk semiconductor material (direct) and inside a QD 
are shown in Figure 1. 
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Figure 1 Paradigm of quantum dots, from [1] 

A QD, resembling an artificial atom in its ability to confine the electron (or hole) wavefunction, emits more 
monochromatic light than the bulk material. 

Reasons and examples of QD parameters for semiconductor lasers are as follows: The emission from quantum 
levels in QWs, QWrs or QDs is monochromatic and still very efficient. One of the effects of strong quantum 
confinement are discrete energy levels. Another effect is a lower threshold current density of a QD-based 
semiconductor laser, when achieving the inversion of population in QDs, which is needed for a stimulated 
emission, as well as suppression of loss mechanisms such as Auger recombination and intervalence band 
absorption. 

The photon energy (emitted wavelength) can be changed mainly by the size of QDs and not only by chemical 
composition. This is a similar principle as in quantum well lasers, but the temperature dependence of these 
lasers is also much lower than for “classical” two-dimensional QW based lasers. Another very important 
property of QD-based semiconductor lasers is that very small QDs can emit single photons, which is necessary 
for quantum cryptography. 

2. AIIIBV MATERIALS AND STRUCTURES 

2.1. QDs embedded in the structure  

The three main growth technological procedures used for MOVPE preparation of QDs embedded in the 
structure are: 1) self-assembled Stranski-Krastanov growth mode; 2) formation of QDs in prepatterned inverted 
pyramids and 3) droplet epitaxy. The most widely used procedure is a self-assembling of QDs in SK growth 
mode. This growth mode can be used for highly strained QDs such as InAs on GaAs, InSb on GaSb, or InGaAs 
on GaP. In this technological procedure, QDs form from the material of a strained epitaxial layer, when the 
system has enough time to find the minimum energy, this means either the growth of strained layer has to be 
slow or the growth is interrupted for a few seconds after the epitaxial growth of the strained layer. By this 
method, different QD densities can be obtained (108-1011 cm-2) depending on the amount of deposited 
strained material and the time of the growth interruption. It is possible to grow stacks of vertically aligned QDs 
when the separation layer thickness between QDs is sufficiently thin (3-10 nm). In such a case, QDs form on 
the top of the QDs in previous layer thanks to the advantageous lattice deformation. An atomic force 
microscopy (AFM) picture of the surface of a vertically correlated QD structure with the last uncovered QD 
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layer is shown in Figure 2a). It nicely demonstrates that the vertical correlation of QDs is high. No surface QDs 
form between hillocks, which are formed above buried QDs in previous layers and the QDs are formed on 
those hillocks only. A transmission electron microscopy (TEM) example of the cut of a similar structure is 
shown in Figure 2b). 

 

Figure 2 AFM picture of a surface with vertically correlated QDs with the last uncovered QD layer (a); TEM 
picture of the cut of a 7-layer vertical QD structure (b). Taken from [1]. 

2.2. Strain reducing and capping layers 

There are two commonly used ternary materials for the growth of strain-reducing layers from the V-III group 
semiconductors, InGaAs and GaAsSb that have been studied simultaneously during recent years. The 
mechanism of the strain relaxation is the same for both InGaAs and GaAsSb ternary alloys, but at the same 
time different from the GaAs-covering mechanism. While GaAs is covering the surface with QDs from the 
bottom upwards and is leveling off the surface, both InGaAs and GaAsSb layers copy the topography of the 
surface, see Figure 3, which then enables the preservation of the size and shape of InAs QDs. 

 

Figure 3 Covering mechanism of different types of covering layers from left: no capping layer, GaAs capping 
layer, InGaAs/GaAsSb strain-reducing layer. Taken from [1]. 

For InGaAs SRL, a similar study of the capping-layer thickness, as was carried out for the GaAs CL, was 
performed. The thickness of the InGaAs was kept at 5 nm, while the thickness of the GaAs was varied. The 
results for InGaAs with 13% of In are shown in Figure 4. When InGaAs strain-reducing layers are used, it is 
possible to achieve lower recombination energy. The main problem of the InGaAs SRL is in the weak 
confinement of electrons in the QD for higher In content due to the lowering of the conduction-band edges, 
which can then lead to a higher dependency on the ambient conditions such as temperature. Another reason  
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Figure 4 Dependence of recombination energy of a structure with InGaAs strain-reducing layer on the 

thickness of GaAs capping layer. Taken from [1]. 

for the weak confinement could be also a poor InAs/InGaAs interface that could lead to delocalization of 
electrons in the structure. Then, the structure shows photoluminescence (PL) with low intensity because the 
recombination rate of electrons and holes decreases. This can be seen in Figure 5 from PL spectra measured 
for different InGaAs composition. There, the PL energy is decreased for higher In content, but from 13% of In 
the PL intensity is steadily decreasing. Concerning the PL maximum shift and intensity, the most suitable 
composition of the InGaAs layer would be around 13% or slightly higher. 

 
Figure 5 PL spectra of InAs QDs covered by InGaAs SRL with different In content. Taken from [1]. 

3. REFLECTANCE ANISOTROPY SPECTROSCOPY FOR QD GROWTH CONTROLLING 

Compared to conventional reflectance measurements, Reflectance Anisotropy Spectroscopy (RAS) monitors 
in situ the properties of surfaces, interfaces and doping-induced surface electric fields, which makes it a unique 
optical in-situ technique. Moreover, because RAS includes the conventional reflectance measurement in 
addition to its surface and doping level sensitivity, the method allows for determination of layer thickness, 
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growth rate and composition through reflectance analysis. Note that RAS can only be applied to cubic crystals, 
as they are grown e.g. on GaAs and InP. For bulk material of cubic crystals, the reflectance should be the 
same along two axes perpendicular to each other. However, at the surface region symmetry is reduced due 
to the crystal termination. This region of the crystal is responsible for the occurrence of the RAS signal. It 
carries information about symmetry and stoichiometry of the uppermost atomic layers. As tiny changes in 
surface stoichiometry can have a considerable effect on the surface symmetry, RAS enables growth monitoring 
and growth control - see Figure 6, even on a sub-monolayer level - see Figure 7. 

 
Figure 6 Left: RAS spectra (for 2.65 eV) of samples with different waiting times (WT) - time during which 
QDs are formed - for 14 s WT (blue line) QD were formed, for 30 s WT (red line) the time was overly long 
and QD coalesced into large objects. (This process is called Ostwald ripening.). Right: QDs were formed 

and evince PL for a sample with 14 s waiting time (WT), (blue line), for the WT of 30 s (red line). QDs 
coalesced into large objects that do not have a PL. Taken from [7]. 

 
Figure 7 Left: RAS spectrum (for 2.65 eV) for estimation of the proper amount of InAs for a QD formation for 

1.8 ML thick InAs layer (red line), 1.5 ML InAs (blue line). Right: PL spectra of samples with 1.8 ML and 
1.5 ML of InAs for a QD formation, only inside the sample with 1.8 ML QDs were created and contribute to 

PL. Taken from [7]. 

4. CONCLUSION 

This paper explained importance of QDs embedded in semiconductor heterostructures prepared by MOVPE). 
It shows some technology parameters important for QD properties and explains the basic in-situ 
characterization technique RAS, which can be used for controlling of QD growth. 
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Applications include QD lasers for integrated silicon photonics and quantum computing. QD LEDs for highly 
efficient solid-state lighting. QDs for intermediate band solar cells and multi-exciton generation. QDs for bio-
medical labeling, imaging, targeted drug delivery, sensing, and therapy. 

Future applications: 

 QD-based single-photon or -electron devices. Mainly single-photon QD lasers for quantum 
cryptography. 

 QD MIR photomultipliers can be more useful than other QD photomultiplier wavelengths applications. 
 QD long-life memories are very promising. 
 Telecom lasers very probably for 1.3 µm, maybe also for 1.55 µm. 
 Prospects of QD solar cells: at a very early stage of research, complications to be expected. 

Future research: 

 Extension of QD device wavelengths to the far-MIR and to the UV using different materials as well as 
size and shape of QDs. 

 Improvement of structure parameters over the standard ones. 
 The cost of devices has to be reduced, as usually, thus research of low-cost and mature (Si or GaAs 

wafers based?) technology has to be improved. 
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Abstract  

The article deals with the production of nanofibers using the AC-electrospinning method. It focuses on research 
into the possibility of eliminating the formation of fibers, which are not desirable. Ways to prevent the formation 
of these fibers have been proposed and tested experimentally. The influence on the electrospinning process 
and also on the size of production productivity was proved. Simultaneously, simulations were performed, which 
showed the electric field's dependence on the electrode's active part at its height. The dependence of the 
productivity of electrospinning on the height of the spinning electrode experimentally was found. 

Keywords: Electric field, spinning electrode, electrospinning 

1. INTRODUCTION 

This research aimed to eliminate fiber drift from the spinning electrode's rod during AC-electrospinning [1]. 
These electrodes consist of parts for the transport and outflow of the polymer solution and an active part from 
which the spinning occurs [2]. They are usually used for the production of linear nanofiber structures [3]. The 
electrode diagram is shown in Figure 1 a). Since the polymer solution flows down the electrode rod's surface, 
long bundles of fibers sometimes form from this part. However, these bundles are not caught by the siding of 
fibers formed on the conical part of the electrode and fall off onto the lid of the container with the polymer 
solution and the machine table. Thus, there is contamination and excessive consumption of material that is 
not used in the final product. A single-stage electrode with a diameter value of 22 millimeters (Figure 1 b)) 
was used for the tests. 

 

Figure 1 a) scheme of spinning electrode: (2) electrode rod, (5) (6) polymeric solution transporting surfaces, 
(4) active spinning surface [1]; b) picture of real spinning electrode used for experiments 
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2. SOLVING POSSIBILITIES 

Some options to prevent flights have been tested. One of them is shown in Figure 2 a). A metal tube was 
inserted around the stem of the electrode, which should prevent flying. However, as can be seen from the 
figure, some of the fibers formed on the cone are caught by the top of the tube and gradually deposited on it 
until the whole process of nanofiber production practically stops. Figure 2 b) shows a variant where the pipe 
has been shortened. As can be seen from the figure, the fibers are also deposited on and on the shorter tube. 
Although this is done in a visibly smaller amount, it can be assumed that after a more extended period of time, 
the increase will also be considered. The pipe, therefore, does not provide any solution to avoid pollution and 
excessive consumption of material. 

 

Figure 2 electrode with the covering tube a) longer variant, b) shorter variant 

 

Figure 3 electrode with disc 
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Another tried and tested way to prevent fiber escapes was to use a shielding disk, which should electrically 
shield the electrode rod and ensure that the rod's electric field is low enough to prevent spinning. Figure 3 
shows this. 

The upper surface of the disk was 40 mm from the top of the electrode. The tests with the shielding disk 
observed that long bundles of fibers do not fall off. However, after a longer spinning time, a small amount of 
dirt was observed on the disc. However, this is a phenomenon that cannot be completely suppressed. These 
are probably fine fibers formed on the electrode's active surface and are not captured by the stream of 
nanofibers. The shield disk essentially simulates the polymer container's lid, suggesting that the electrode rod 
could be shorter. 

3. MEASUREMENT OF SPINNING PRODUCTIVITY 

Experiments with electrode rod shielding have been supplemented with productivity measurements to 
determine how tube or disk shielding affects nanofiber production productivity. The voltage signal applied to 
the electrode had the shape of a sine function with a frequency of 50 Hz. For each electrode treatment variant, 
experiments were performed for voltage values with voltage values of 28.5 kV, 32 kV and 35.4 kV. A 10% 
solution of Movital H60B PVB in ethanol was used for the experiments. The results of the experiments are 
shown in the graph in Figure 4. The productivity dependences on voltage for the three electrode variants are 
shown - the base electrode, the electrode with the covering tube and the electrodes with the disk 40 mm away 
from the top of the electrode. It can be seen from the graph that both selected solutions to eliminate unwanted 
fiber drop have an impact on productivity. In both cases, it was reduced by approximately ten percent. 
Furthermore, productivity measurements were performed for different disk positions and electrode heights at 
two voltage values on the electrode. Figure 5 shows the dependences of production productivity on electrode 
height. It should be noted that at the electrode’s height of 30 millimeters, the electrospinning process was 
already so unstable, and the nanofibers produced were so small that it was not possible to deposit them on a 
collection drum and perform weighing. At the height of 20 millimeters, the electrospinning process no longer 
occurs. The fibers were not produced. For this reason, the graph for this distance shows a zero productivity 
value. The graph shows that with the height of the electrode, productivity increases up to a specific value when 
no further increase has an effect. 

 

Figure 4 Dependence of productivity on voltage for different variants of the electrode covering 
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Figure 5 Dependence of productivity on electrode height 

4. SIMULATIONS 

The research was supplemented by simulations of the electric field distribution around the spinning electrode. 
Simulations were performed for different electrode heights to determine the dependence of the electric field's 
value in the active part of the electrode on its height. Autodesk Simulation Mechanical software was used for 
the simulations. They were performed for electrode voltages of 30 kV and 0 V at the boundary of the distant 
surroundings. Figure 6 shows the dependence of the electric field active surface of the electrode on electrode 
height. It is evident from the dependence that the electric field's value on the electrode's active surface 
increases with the electrode's increasing height. It can be assumed that the cover of the electrode, located on 
the bottom, or the shielding disk influences the electric field's distribution. This dependence is probably also 
related to the effect on productivity, which was described in the previous chapter.  

 

Figure 6 Dependence of the electric field of the active electrode surface on the height of the electrode 
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5. CONCLUSION 

Experiments show that it is possible to find ways to eliminate unwanted emissions of nanofibers from the rod 
of the spinning electrode. The use of a tube threaded around the electrode rod proved inappropriate, as 
nanofibers were trapped at the edge of the tube. The use of a disk or the possibility of shortening the spinning 
electrode rod has proven to be effective. However, it has been shown that as the height of the electrode 
decreases, the productivity of nanofiber production decreases. Corresponding to this is also the result of 
simulations, which showed that the electric field's value on the electrode's active surface decreases with the 
shortening of the electrode rod.   
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Abstract  

The main scope of work is to verify the possibility of production diverse fibres, which have different fineness 
and are produced simultaneously on one electrode. In the first phase of the research, a basic design of the 
geometry of the two-stage electrode was performed and subsequently, using FEM software, an analysis was 
performed to determine the electrical field at the individual stages of the electrode. Based on the distribution 
of the electrical field, 3 different types of the two-stage electrode geometry were found, the mutual structure of 
stages on one electrode. In the second phase, these 3 types were created and then an experiment was 
performed and a subsequent evaluation of the frequency and fineness of the fibres related to the solved types 
of electrodes.  

Keywords: Fineness, electrical field, spinning electrode, electrospinning 

1. INTRODUCTION 

Nanomaterials are currently a very interesting and not yet fully explored field of scientific activity. There are 
specific materials that have at least one dimension smaller than 10 nm. Most often, these materials have the 
shape of a cylinder, tube or sphere in cross sections. Cylindrical nanomaterials are called nanofibers. "The 
principle of nanofiber production is their elongation and thinning with the help of external forces [1]. 

Forms of nanofiber products are diverse. Commonly known are flat nanofiber fabrics, which are usually applied 
to a backing material in the form of a nonwoven fabric. Another very important product from the portfolio of 
nanofibers is bi-component yarn produced by the so-called ballooning method. In general, it can be stated that 
nanofibers are a promising element for current materials engineering. "They are used, for example, in the 
development of protective materials, sensors, cosmetics, hygiene products, tissue culture media, filters and 
energy storage materials [2]. 

Currently, the widest use for multistage electrodes is the production of yarns. The production of yarn, which 
consists of nanofibers, is a relatively important option in the field of spinning. Nanofiber yarns can be the basis 
for the production of fabrics or knitwear. These fabrics made from nanofiber yarns can be used to make high 
value-added products such as protective clothing, high performance fabrics and composites, or they can be 
used in areas such as tissue engineering. Increasing the technological level of nanofiber yarn production 
requires finding a way to transform polymer nozzles into linear nanofiber assemblies and achieve a satisfactory 
level of process productivity [3]. 

This study aims to create a nanofiber structure with a majority of fibers of two different finenesses. A particular 
two-stage electrode (Figure 1) should be used for this, consisting of two different electrodes placed one above 
the other. Each stage of this so-called multistage electrode has a different value of the electrical field, so it is 
assumed that there is a probability to produce fibers with varying fineness at each stage.       
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2. ANALYSIS OF A SPECIAL TWO-STAGE ELECTRODE 

Simulation Multiphysics software was used to determine the electrical field on the particular two-stage 
electrode. This simulation software provides precise and flexible tools for calculating boundary value problems 
using the finite element method (FEM). The assembled mathematical model allows simulating the charge 
distribution in an electrical field. 

Due to the experimental device's axial symmetry, the mathematical model can be solved as a two-dimensional 
problem with axial symmetry. The FEM model's 2D geometry was created by the experimental equipment 
dimensions described in the experiment (Chapter 3). The material properties of the individual parts of the 
device were defined in the model using relative permittivity. The critical states of the electrospinning process 
were described in a mathematical model by the applied voltage. A grounded protective box was defined as a 
sphere with an outer diameter of 2000 mm and an applied voltage of 0 V at its outer boundary [4]. The boundary 
condition for the spinning electrode was 30 kV, the same value was subsequently used in the experiment. 

The type of analysis "Electrical field and voltage" was chosen for the simulation. The electrical field distribution 
in the model is shown in Figures 1 a, b, c. The results of the analysis shown in the figures correspond to the 
cases in the assembly 3, 4 and 5 in the Table 1. The assembly 5 shows the considerable difference in electrical 
field value between the first and second electrode stages, which is in the case shown in Figure 1 a).  

 

Figure 1 Electrical field distribution 

3. EXPERIMENT 

For the experiment, a group of special elements was designed and manufactured, from which it is possible to 
assemble a two-stage electrode [5]. Thanks to the interchangeability of parts, the parameters of individual 
electrode stages can be changed. The two-stage electrode has an axially symmetrical geometry and consists 
of support and a working part. The supporting part consists of a steel tube with an outer diameter of 8 mm and 
a height of 150 mm. The working part consists of interchangeable cone-shaped steel electrodes- stages. These 
stages are placed on top of each other on the support part to form the so-called “tree shape”. 

During the experiment, the two-stage electrode was assembled so that 1 stage was formed by an electrode 
with a diameter of 15 mm with a functional radius of 0.5 mm. The second stage was replaced by electrodes 
with diameters of 20, 24, and 28 mm with an operating radius of 0.3 mm on the outer perimeter. A voltage of 
30 kV was applied to the electrode. The experiment itself was performed in a grounded protective box. 

Polyvinyl butyral (PVB, Mowital B60H) was used for the experiment. The solution contained 9 % (w/w) of 
polymer, the remainder of the solvent. The solvent was stirred from ethanol and isopropyl alcohol in a ratio of 
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4: 1. The polymer was conveyed to the electrode through the center of the steel tube (support part) by means 
of a peristaltic pump. The experiment was done at an ambient temperature of 23 °C and relative humidity of 
40 % [6]. 

In the experiment, five different sets of electrodes were measured. For each set, three samples of a planar 
fibrous structure were taken on a black base paper. The task was to compare three different assemblies of the 
tree electrode with three other differences in electrical field. It was assumed that the samples would show a 
different percentage of fibers of a certain fineness [7]. The electrical field distribution on the tree electrode and 
the maximum values of the electrical electrical on the individual stages of the electrode are described in detail 
in the analysis. 

3.1. Used electrode assemblies 

Table 1 Assemblies of used electrodes within the experiment 

Case Figure Assemblies 

1 2 a) The rod itself with a diameter of 8 mm - verification of operation 

2 2 b) Single-stage electrode - diameter 28 mm - verification of operation 

3 1 a) 

2 c) 

Two-stage electrode - 1 st. diameter 15 mm, 2 st. diameter 28 mm 

4 1 b) Two-stage electrode - 1 st. diameter 15 mm, 2 st. diameter 24 mm 

5 1 c) Two-stage electrode - 1 st. diameter 15 mm, 2 st. diameter 20 mm 

 

Figure 2 a) rod, b) single-stage electrode, c) two-stage electrode, d) spinning process 

4. EVALUATION 

Three samples were taken for each assembly and subsequently scanned with an electron microscope  
(Figure 3). 15 images were taken for each assembly. The obtained images were evaluated using software 
where fiber thicknesses were measured. One hundred values were measured on each image. The evaluated 
results are shown in Figures 3 to 5, the graphs in the mentioned figures present the quantity of fibers' 
representation of the certain fineness in the samples taken from assemblies (Table 1, case 3, 4 and 5). 

a) b) c) d) 
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Figure 3 SEM images - assembly 3 

 

Figure 4 Distribution of fiber fineness - case 1 (Table 1) 

 

Figure 5 Distribution of fiber fineness - case 2 (Table 1) 
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Figure 6 Distribution of fiber fineness - case 5 (Table 1) 

5.  CONCLUSION 

The two-stage electrode in case 5 (Table1, Figure 1a) has a lowest difference in electrode diameters on the 
first and second stages. The diameter of the first stage is 15mm and the second one is 20mm (Figure 1a). On 
the other hand, the difference between the maximum values of electrical field at the individual stages is the 
largest for this assembly, yet this difference is 12 %. The evaluated samples have the largest proportion of 
fibers with a fineness 0.411 μm (Figure 6). 

A large proportion of fibers with two different finenesses is not significantly apparent from the sample. The 
cause may be a small difference in the maximum electrical field at the individual electrode stages. This fact 
could also be influenced by the different production of fibers at each stage of the electrode. The quantity of 
fibers from the second stage of electrode would be in such a small amount that it would not significantly stand 
out from the other values of fineness in the represented results. Productivity is related to an electrical field so 
that the higher the intensity value, the higher the productivity [3]. From the small difference in the electrical 
field between the individual stages of the electrode, the previous consideration could be ruled out. Productivity 
could also be affected by shading one electrode by another. From the analysis results shown in Figure 1 also 
implies that with increasing diameter of the lower stage of the electrode there is a decrease of the electrical 
field at the upper stage of the electrode. 

It is also worth mentioning the evaluated samples of assemblies case 1 and case 2 (Table 1), although it is 
not a tree electrode. The results can be compared in Figures 4 and 5. The values of the fineness of the most 
represented fibers differ slightly here. Thus, there is some hope that the idea of creating a nanofiber structure 
with a large proportion of fibers of different fineness is not wrong. It would be interesting to further deal with 
this task and design a two-stage electrode with an enormous difference in electric field between the individual 
stages for further tests.  
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Abstract 

The increasing emphasis on human health and safety presupposes, among other things, the development of 
new safety technologies and aids that should protect people in high-risk occupations, such as firefighters, 
soldiers, paramedics, chemical plant workers or researchers themselves. One of the most common type of 
protective equipment is protective clothing. In the second half of the 20th century, garments made of composite 
textiles with incorporated activated carbon particles have been used for the sorption of hazardous gaseous or 
liquid substances. 

This work followed up on previous research and dealt with the design and production of a composite material 
with incorporated activated carbon, which was applied to the nonwoven material. The final product consisted 
of several layers: spun-bond, nonwoven needled fabric, activated carbon and nanofibers produced by polymer 
spinning technology using alternating current (AC spinning). The work also focused on the design of the order 
of individual layers, the method of application of activated carbon and the strengthening of the resulting 
composites. The finished material was finally subjected to tests of breathability, vapour permeability, loss of 
activated carbon particles and the passage of chemical warfare agents (simulants of sarin, soman or yperite). 
At the same time, the resulting composite was compared with the FOP-96 military protective clothing used 
today. The final product could serve as a protective layer for military purposes, firefighting, clothing for 
paramedics or the material for filtration. 

Keywords: Chemical warfare agents, nanofibers, activated carbon, composite 

1. INTRODUCTION 

This article deals with design and production of composite material with the incorporation of sorbent - activated 
carbon, which was applied to the nonwoven material. The final product was composed of several layers - 
spundbond, nonwoven textile with activated carbon [1] and nanofibers produced by AC spinning technology. 
The article deals with the design of layers, incorporation of activated carbon and the bonding of finished 
composites. The finished material was finally subjected to several tests, such as breathability, vapour 
permeability, decrease of activated carbon particles and penetration of chemical warfare agents [2]. The 
resulting material was compared with FOP-96 military clothing [3]. The final product should serve as a 
protective layer for military purposes. 

2. EXPERIMENT 

2.1. Preparation of composite samples with activated carbon 

Samples of composite materials were prepared by layering of three types of nonwoven fabrics - spunbond 
(polyethylene-polypropylene, 16 g·m-2), needlepunched nonwovens (polyester, 80 g·m-2) and nanofiber layers 
(polyvinyl butyral, 50 g·m-2) produced by electrospinning using alternating voltage source (AC spinning). 
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The polymer solution for nanofiber production was 
composed of polyvinyl butyral (Mowital B 60 H,  
Mn = 60,000 g·mol-1 purchased from Kuraray) at a 
weight concentration of 10 %, dissolved in denatured 
ethanol of 96 % weight concentration (purchased from 
Technisolv). The polyvinyl butyral nanofibers showed 
a high degree of adhesion to other materials, which 
was later advantageously used to capture activated 
carbon particles in the structure of nanofiber layers. 
The polymer solution was spun using a screw pump [4] 
and alternating high voltage power source (VTS 36, 
purchased from KPB Intra) with an added residual-
current device. The nanofibers were deposited on a 
spunbond base nonwoven fabric placed on a rotating 
collector. After reaching the required basis weight, the 
nanofiber layer was removed from the spunbond and 
further treated as other nonwoven layers. 

It was necessary to find a compromise between bulk 
size of the composite, the possible application of the 
sorbent and maintaining its functionality after the 
application of the activated carbon. After testing the various combinations of mentioned nonwovens, the 
following was subjectively selected as suitable: spunbond layer, needlepunch nonwoven, nanofiber layer, 
needlepunch layer with activated carbon and again nanofiber layer, needlepunch nonwoven and spunbond. 
The composite consisted of seven layers at all. Activated carbon was applied to the needled fabric in an amount 
of 90 g·m2 by the raking technique. Blank samples were made for further experiments. Its composition of layers 
was identical, but activated carbon was not added. 

Subsequently, the samples were reinforced by lamination, hot-melt technology or a combination of sewing with 
ultrasonic bonding. Lamination was done by a laminator RPS-L 600 (Maschinenfabrik Herbert Meyer GmbH) 
without added pressure, at a temperature of 130 °C and a conveyor speed of 2.3 m·min-1. Poly-α-olefin 
Helmitin 42048 (Forbo International SA) applied with a spray gun was used for hot-melt bonding. The Couptiss 
Ultra Sons HS 30 (30 W, 40 kHz) with a relief sonotrode set at 15.5 % power at a displacement speed of 2.5 
m·min-1 and a pressure of 2 bar was used for ultrasonic bonding. Hagal UNIPOLY 120 thread (120 tex) was 
used for sewing. The holes caused by the penetration of the needle through the material were sealed using 
ultrasound, preventing the passing harmful substances. 

2.2. Testing methods 

Samples of manufactured composite materials reinforced by lamination, hot-melt technology or a combination 
of sewing and ultrasound were subjected to tests of activated carbon loss, breathability and vapour 
permeability. After comparing the results of individual types of composite reinforcement, two were selected, 
for further testing of the penetration of warfare agents or their simulants. These tests were performed by the 
National Institute for Nuclear, Chemical and Biological Protection. 

Static activated carbon loss test - Samples were clamped in testing head of the device. They were then 
subjected to a vacuum at a given airflow rate for 1 minute. The vacuum value was set to achieve a constant 
airflow rate of 0.2 mm·s-1. The samples were weighed to three decimal places before and after testing and the 
absolute and relative loss of activated carbon from the sample was found. Initial amount of activated carbon 
was of 3 g per sample. 

Figure 1 Nanofibers produced by AC spinning 
technology 
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Dynamic activated carbon loss test - The dynamic test was performed on a Vibramax 100 shaker (Heidolph 
Instruments GmbH & CO. KG). The samples were clamped to the vibrating plate of the device and the device 
subsequently performed a horizontal circular motion at a frequency of 1010 oscillations per minute for 10 
minutes. Again, the absolute and relative loos of sorbent was found. 

Breathability - Materials were tested for breathability using an SDL Atlas M021A (SDL Atlas). The 
measurement was performed according to the ČSN EN ISO 9237 standard. The pressure drop was 200 Pa. 
The currently used military jacket FOP-96 was measured as well. 

Vapour permeability - The measurement was performed on a Permetest (Sensora) device according to the 
ČSN EN ISO 11092 standard. Concerning the sample size, the measurement was performed only twice on 
each sample. 

Iodine resistance test - The resistance of the produced materials to the penetration of gaseous iodine was 
tested according to the internal methodology of National Institute for Nuclear, Chemical and Biological 
Protection [5]. The indicator solution was prepared from 1 g starch from potato (Sigma-Aldrich), which was 
dissolved in 50 ml of distilled water. The resulting solution was then poured into 500 ml of boiling distilled water 
and allowed to cool. The test apparatus consisted of two glass vessels, two silicone spacers and a distance 
ring. 3 ml of the prepared starch solution were dispensed into the bottom vessel. A sample of the composite 
material was placed between a silicone spacer placed on the bottom vessel. A distance ring with an iodine 
tablet was placed on the upper silicone intermediate ring. The assembly was covered with a top cover vessel 
(see Figure 2). Colour changes on the indicator solution were monitored at 10 min intervals. The resistance 
time of the examined material to iodine vapour was determined as the time from the beginning of the 
experiment to the first signs of blueing of the indicator solution. 

 

Figure 2 Schematic representation of a test chamber for testing of samples against the passage of 
dangerous substances - upper and lower glass cover vessel (1), a chamber with tablet or frit with warfare 
agent or its simulant on a distance ring (2), tested material (3) and chamber with an indicator solution with 

arrows indicating the direction of penetration of the used chemicals through the sample (4) 

Soman resistance test - Indication solution was prepared from components A (0.2 g of benzidine 
hydrochloride dissolved in 40 ml of redistilled water and made up to 100 ml with distilled ethyl alcohol), B 
(0.25 g of sodium perborate dissolved in 100 ml of redistilled water) and C (10 g of sodium citrate dissolved in 
100 ml of redistilled water). Subsequently, all three components were mixed in a ratio of 1:2:2. Finally, a 
reference solution of 0.004 weight % potassium dichromate in water was prepared. The apparatus for testing 
the resistance of the clamps to soman penetration was similar to the apparatus from the iodine resistence test. 
2.5 ml of indicator solution was poured into the lower vessel. 2.5 ml of dichromate solution was poured into a 
comparison apparatus with a blank without activated carbon (i.e. only bonded layers of nonwovens).  
After tempering the whole apparatus and the used chemicals to 30 °C, 5 times 0.5 μl of soman was applied to 
the tested sample in the testing and comparison apparatuses. The samples were sealed and tempered again. 
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The resistance time of the samples to soman penetration was determined as the time from the start of the test 
to the colouring of the indicator solution to the same colour as the dichromate solution. 

Material resistance test for DMMP, DCH and yperite - Measurements were performed under static conditions 
of 25 °C on a Kit Carousel 2000 [6]. Samples were tested by contamination with a frit dipped in dimethyl methyl 
phosphonate (DMMP), 1,6-dichlorohexane (DCH) or yperite. The wet frit was then placed on the distance ring 
above the measured sample. The testing scheme is shown in Figure 2. 

3. RESULTS AND DISCUSSION 

3.1. Activated carbon loss test 

The results of the loss of activated carbon particles are shown in Table 1. Static and dynamic tests of particle 
loss showed that the formed composite maintained the sorbent in its structure. The decrease of carbon 
particles was smaller than 2 weight %. The largest loss of particles occurred in the laminated sample (12 %), 
was done by the high value of the pressure drop required to achieve a given air flow rate. 

Table 1 The results of activated carbon loss tests 

Testing 
method 

Bonding method 
Vacuum 

[kPa] 
Initial weight 

[g] 
Final weight 

[g] 

Absolute 
loss 
[g] 

Percentage 
loss 
[%] 

Static 

lamination 17.0 15.083 14.720 0.363 12.1 

hot-melt 4.0 31.317 31.282 0.035 1.2 

sewing+ultrasound 3.3 17.616 17.587 0.029 1.0 

Dynamic 

lamination ― 15.149 15.096 0.053 1.8 

hot-melt ― 29.732 29.696 0.036 1.2 

sewing+ultrasound ― 18.813 18.782 0.031 1.0 

3.2. Breathability 

The measured values of breathability for samples and blanks are given in Table 2. Along with the samples, an 
army jacket FOP-96 was measured. Product properties can be found on the manufacturer's website. The 
breathability of the material is greater than 100 l·m-2·s-1 [3]. The FOP-96 sample showed the highest rate of air 
passage, followed by hot-melt samples and laminated samples. Upon closer inspection, it was found that by 
laminating at 130 °C, the polyvinyl butyral nanofibers melted and formed an integral air barrier layer. The best 
results of the test from the point of view of breathability appeared to be laminated, then sewn with ultrasound 
and finally the sample bonded using the hot-melt technique. FOP-96 sample performed the worst. 

Table 2 The results of breathability tests 

Sample Without activated carbon 
[l·m-2·s-1] 

With activated carbon 
[l·m-2·s-1] 

lamination 5.6 4.9 

hot-melt 26.3 20.3 

sewing+ultrasound 20.0 16.8 

FOP-96 ― 200 
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3.3. Paropropustnost 

Table 3 shows the results of the vapour permeability test for samples of composites with and without activated 
carbon (blank). The laminated samples proved to have low permeability to water vapour and would therefore 
be unsuitable for use in the clothing industry. The hot-melt samples showed approximately the same properties 
as the FOP-96 military garment. The best results were achieved by samples bonded by combination of sewing 
and ultrasound, which even belong to degree of better comfort compartment than military clothing. Due to the 
results of vapour permeability measurements, the laminated sample was excluded from further penetration 
tests of warfare agents. 

Table 3 Evaporative resistance and relative permeability to water vapour 

 
lamination hot-melt 

sewing 
+ultrasound 

blank 
lamination 

blank 
hot-melt 

blank 
sewing 

+ultrasound 
FOP-96 

Evaporative 
resistance 

[Pa·m2·W-1] 
38 14.5 11.4 83.3 12 8.5 14.4 

Relative 
permeability 

to water 
vapour [%] 

13.3 28.5 32.9 6.5 32.3 40.2 28.6 

3.4. The resistance of samples against penetration of warfare agents or their simulants 

The Table 4 summarizes the comparison of the results of tested samples bonded by the hot-melt method or a 
combination of sewing and ultrasound against the penetration of warfare agents and their simulants. The 
penetration of yperite was also tested on military clothing FOP-96. The samples bonded by sewing and 
ultrasound were able to resist to the tested chemical agents longer than hot-melt sample. Only exception was 
the iodine test. Both composites held yperite almost 5 times longer than the used army jacket FOR-96. 

The evaluation of the resistance of samples was based on the standard ČSN EN 16523-1 and ČSN EN 16523-
2. The evaluation criterion was the permeation rate F = 1 µg·cm2·min-1 [7,8]. In the case of chemical warfare 
agents, the lower permeation rate F = 0.1 µg·cm2·min-1 [9] may also be used as a criterion. 

Table 4 Results of the resistance of the samples against penetration of warfare agents or their simulants 

Retention time [min] 

Sample iodine soman DMMP DCH yperite 

hot-melt 240 930 198 558 398 

sewing+ultrasound 195 1350 281 727 420 

FOP-96 - - - - 80 

4. CONCLUSION 

The work describes the production of composite materials with activated carbon particles for capturing warfare 
agents. A composite material consisting of several layers of spun-bond nonwovens, needlepunch fabrics and 
nanofibers spun using alternating current electrospinning. Activated carbon was evenly introduced into the 
samples by raking. The layers were finally reinforced by lamination, hot melt technique or a combination of 
sewing and ultrasound. 

Testing of breathability properties of samples shown its wind resistance (durability). Vapour permeability test 
demonstrated good properties of the product. Two of the composites were suitable for further clothing 
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processing. Both static and dynamic measurements of particle loss shown, that the used nanofibers were able 
to keep the activated carbon particles in the material. The samples bonded by hot-melt technology and 
especially the samples bonded by combination of sewing and ultrasound shown better properties than in all 
directions the FOP-96. 

The dependence of vapour permeability on the breathability of materials or a dependence of vapour 
permeability and breathability on pore sizes could be measured. The next step could be the development of a 
decontamination layer with metal oxides, which would help with the decomposition of hazardous substances. 
It would be appropriate to test a final material, which would consist of a covering ripstop layer with an 
oleophobic and hydrophobic coating, functional composite material described in this article, decontamination 
layers with metal oxide particles and lining. 
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Abstract 

Covalent organic frameworks (COFs) are an emerging class of crystalline networks that are covalently built 
from organic components and featured by merits of low density, well-defined pore aperture, large surface area, 
inherent porosity, facilely tailored functionality, and ordered channel structure. Among other applications, COF 
compounds can be utilized for CO2 detection. It Is known that the preparation of COFs compounds is commonly 
associated with hard experimental conditions (high pressure, inert atmosphere, and high temperature). In this 
work, we suggest an alternative method of COFs under normal pressure and temperature. The experimental 
concept implements the surface-assisted COF growth. The created surface-immobilized COF structures were 
subsequently used for measurement of CO2 presence.  

Keywords: Optical fibers, COFs, plasmons, selectivity 

1. INTRODUCTION 

Covalent organic frameworks (COF) are a new class of crystalline porous organic polymers with controlled 
porosity and highly ordered structure [1,2]. Today, COFs have found a wide range of applications in catalysis, 
separation and absorption gases [3]. However, the manufacture of COF requires difficult experimental 
conditions and is quite expensive [4,5]. In addition, the formation of COF layer on functional materil or devices 
surface still remain a challenging task [6,7]. So, the development of a technology for producing COFs on the 
solid surface(s) is urgently required. The main goal of this work is to develop the simple and scalable procedure 
for COF synthesis on directly the sensor surface and subsequent utilization of created hybrid materials for 
CIOs sensing.   

2.  EXPERIMENTAL 

2.1.  Materials  

Gold targets for metal deposition (purity of metals, 4 N) were purchased from Deionized water, methanol 
(reagent grade, ≥ 99.8 %), acetone (97 %), were purchased from Sigma-Aldrich and used without further 
purification. 4-cyanobenzenediazonium tosylate (ADT-CN) was prepared according to published procedure 
[3]. CO2 gas was obtained from SIAD. 

2.2.  Samples preparation 

The deposition of Au was accomplished from Au target (purity of 99.99 %, provided by Safina, Czech Republic).  

At the first stage, covalent organic structures of the CTF-1 (carbon triazine framework) type were obtained on 
the sensor surface (Figure 1). First, the samples were spontaneously modified by soaking in a 3 mM freshly 
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prepared aqueous solution of ADT-CN for 30 min. After modification, the samples were washed with water, 
methanol, and acetone for 20 minutes and dried in a desiccator for 2 hours. At the next stage, the COF building 
units were dissolved in chloroform with addition of activation agent and samples were immersed in this solution 
for 3 h. 

 

Figure 1 Schematic representation of the fabrication of a sensor with a sensitive surface in the form 
of CTF-1 covalent organic structures 

2.3.  Measurement Techniques 

 The X-ray photoelectron spectroscopy (XPS) was performed using an Omicron Nanotechnology 
ESCAProbeP spectrometer fitted with monochromated Al K Alpha X-ray source working at 1486.6 eV.  

Raman spectra were measured on ProRaman-L spectrometer (Laser power 35 mW) Raman spectrometer 
with 785 nm excitation wavelengths. Spectra were measured 30 times, each of them with 3 s accumulation 
time. 

UV-Vis absorbance spectra of the samples were measured using a HR2000 (Ocean Optics) spectrometer in 
400-800 nm wavelengths range using the AvaLight-DHS light source (Avantes). 
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3. RESULTS AND DISCUSSION 

Successful growth of CTF-1 has been verified using XPS, Raman and UV-Vis methods. Figure 2 (parts A, 

B, C) shows the XPS spectra of pristine surface, surface grafted with -Ph-CN and final samples with 
immobilized CTF-1 layer. The corresponded table (part D) shows the change in the concentration of surface 
elements depending on the step of surface modification. It is obvious that a gradual increase of concentrations 
of carbon, oxygen, and nitrogen confirms the shielding of initial sample surface and formation of a CTF-1 layer. 
We assume that the reaction proceeds according to the following principle: 

 

Figure 2 XPS spectra of the surface (A) - pure gold, (B) - gold surface grafted with ADT-CN, (C) gold surface 
decorated with CTF-1 film. D - Table shows the percentage of elements on the surface. SEM images of the 

gold surface before (A) and after (B) decoration of the CTF-1 film. 

The surface morphology of the samples, before and after decoration with CTF-1 was investigated by SEM. 
The results are presented in Figure 2 (parts I, F, G) and show that the pristine surface has a slightly rough 
morphology. This morphology is conserved after the -Ph-CN grafting. After the growth of the CTF-1 film, visible 
changes in the surface morphology were observed (Figure 2G), indicating that the COF layer is dominantly 
formed in the surface valleys. 

Figure 3 shows the results of Raman spectroscopy (and the corresponding referencing of the spectral 
positions of the Raman bands). As is evident, the pristine sample surface does not have any spectral features. 
Grafting of the sample with ADT-CN leads to the appearance of several bands, corresponded to chemical 



 October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

160 

fragments of benzene rings and cyano chemical moieties. Further growth of CTF-1 leads to the appearance 
of several additional Raman bands, the spectral positions of which completely coincide with those in the 
Raman spectra of CTF-1 powder, also shown in Figure 3B. 

 

Figure 3 Raman spectra of the surface of primordial gold; a gold surface grafted with ADT-CN and a gold 
surface decorated with a CTF-1 film 

In the next step, sample with CTF-1 were tested for sensitivity to CO2 in water. As seen from Figure 4A, 
absorption spectrum before and after CO2 purging for 30 minutes did not change the light transmission 
spectrum. The absorption spectra after COF decoration show a slight broadening of the absorption peak due 
to CO2 presence. Figure 4B. So, it is also evident that the sensors decorated with COF shows sensitivity to 
CO2. After blowing with air, the absorption peak returns to its original position, confirming the ability of sensor 
reutilization. 

 

Figure 4 Reaction of an undecorated (A) and decorated COFs (B) sensor to the presence of CO2 in water 

4. CONCLUSION 

In this work, a new method for surface-assisted COF growth is proposed and verified. The COF layer were 
formed under the ambient condition, without utilization of high temperature or temperature. The COF layer 
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were grown on the sensor surface, increasing the affinity of device to CO2. In particular, proposed method 
allows to identify CO2 presence in water.  
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Abstract  

Electrospun nanofiber seems interesting in the filter domain area due to its highly porous structure, narrow 
pore size, and high specific surface area. In this work, polyamide 6 (PA6), polyvinylidene fluoride (PVDF), and 
polyacrylonitrile (PAN) nanofibers were prepared as hybrid membranes. Hydrophobic PVDF and PAN 
nanofiber membrane surface was hydrophilized using a chemical modification method and performance for 
the treatment of oily wastewater was compared. The surface modification of the membrane improved 
membrane anti-fouling property. Results indicated that nanofibrous membranes may become interesting 
materials for the treatment of oily wastewater.  

Keywords: Nanofiber, membrane, wastewater, oil separation, hydrophilic 

1. INTRODUCTION 

A large amount of oily wastewater has been generated from various industries such as automotive, mining, 
food and beverages, pharmaceutical, petrochemical, metallurgical, oil and natural gas exploration, and 
processing. The release of oily wastewater into nature cause of severe damage to the environment and human 
health. Oily wastewater with a droplet size less than 10 µm is in a highly stable state and very difficult to 
separate. For this reason, it has to be properly treated before discharge or recycling. There are several 
techniques to treat oil-water emulsion namely electrostatic coalesce, heat treatment, chemical emulsification, 
centrifugal settling, and membrane filtration [1]. Some of these methods have certain limitations such as using 
toxic compounds, high cost, low separation efficiency, demand large space, and generation of secondary 
pollutants. 

Recently, membrane technology has gained huge interest as an effective separation process for the emulsified 
oil droplets that are smaller than ~10 μm. Membrane separation offers, high selectivity, easy to operate, cost-
effectiveness, low energy demand, and no secondary pollution. However, membranes have suffered from 
fouling due to the deposition of foulant (such as particles, oil droplets, aggregates) on the surface or in the 
pores of the membranes causing a decline in flux. As a result, the membrane life-span is shortened, and a 
frequently cleaning process is needed which increases energy demanded and secondary pollution. To 
overcome membrane fouling, several attempts have been done. These attempts include physical and chemical 
modification of the membrane surface or blending with other polymers or incorporating additives into the 
membrane. Zhao et al. [2] grafted perfluoroalkyl groups onto polyacrylonitrile (PAN) membrane surface through 
the acylation reaction. The fluorinated PAN membranes displayed desirable fouling release property with 
almost complete flux recovery for oil/water emulsion (separation of oil) due to non-polar hydrophobic 
perfluoroalkyl groups which reduced the surface free energy and increased the degree of chemical 
heterogeneity. Similarly, Xu et al. [3] prepared (separation of oil) modified membranes which were highly water 
repellent, oleophilic, and showed excellent self-cleaning properties. There are plenty of attempts that have 
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been reported for the separation of oil-in-water or water-in-oil [4,5]. Yet, there is a demand to improve highly 
permeable and fouling resistance membrane material for the separation of oily wastewater. 

Nanofiber membranes offer an effective separation process with high permeability due to their tight pore size, 
and porous structure. The main advantages of nanofibers in membrane technology are their specific surface 
area, tight pore size, narrow pore size distribution, and highly porous structure (over 80%). The tight pore size 
and narrow pore size distribution can capture foulants in micron size on their surface that improves the filtration 
efficiency. A highly porous structure increases membrane flux and permeability. The high specific surface area 
serves many micropores in the fiber network which improves filtration efficiency and performance. More 
interestingly, nanofiber that has highly specific surface area can be modified by surface-active chemical 
compounds to improve their functionality. 

In the present work, polyamide 6 (PA6), polyvinylidene fluoride (PVDF), and PAN nanofiber membranes were 
prepared by using the lamination method, and hydrophobic membranes were modified to be superhydrophilic 
for separation of oil-water emulsion. PVDF and PAN nanofibers have low wettability compared to PA6. PA6 
membranes are swelling in alkaline conditions, due to the dissociation of carboxylic groups in polymer chains 
which yields in chains to be charged negatively. As a result average pore size of the membrane increases. For 
the reasons above, only PVDF and PAN membranes have been modified using an alkaline treatment. The 
nanofiber membranes were modified with no complex preparation method or expensive equipment. Modified 
membranes showed good permeability and fouling resistance regardless of their original properties. Prepared 
nanofiber membranes are promising for the practical application of the oil-water separation system. 

2. EXPERIMENTAL 

The polymers PA6, PVDF, and PAN have been prepared by Nanospider electrospinning device at the 
Technical University of Liberec. The lamination process has been done using the heat-press method onto a 
hydrophobic nonwoven material. All the nanofibers had an area weight 3 gsm. The surface modification for 
PVDF and PAN membranes have been done using an alkaline solution prepared as 2g of potassium hydroxide 
(KOH) dissolved in 20 mL of isopropyl alcohol (Penta s.r.o.). Samples were kept in the alkaline solution for 1h, 
then rinsed several times and kept in the distilled water. The treated samples are called PVDF-OH and PAN-
OH. The water contact angle of the membranes has been measured by Krüss Drop Shape Analyzer DS4 
(Krüss GmbH, Hamburg, Germany) and showed in Table 1. 

Table 1 Water contact angle of the modified and unmodified  
             nanofiber membranes.  

Membrane  WCA (°) 

PA6 78.92 

PVDF 89.41 

PAN 80.72 

PVDF-OH 0 

PAN-OH 0 

A scanning electron microscope (SEM) is used to detect if any changes or damages on the membrane surface. 
Fiber diameters are measured using the ImageJ program. The oil-water emulsion was prepared as half-to-half 
oil and water in weight by adding 2% wt of triton X surfactant (Sigma). The oil/water/surfactant mixture was left 
to be mixed on the magnetic stirrer for 24h, speed @500 rpm. Amicon mini stirrer dead-end unit used for the 
filtration test. Flux (5) (Lm−2h−1) and permeability (6) (Lm−2h−1 bar−1) were calculated according to Eq. (1) and 
(2). 

5 � 78 9:9;                 (1) 
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6 � <=                (2) 

where  >- the total volume of the permeate (L)  ?- the active membrane area (m2),  �- the filtration time (h),  @-the transmembrane pressure (bar). 

3. RESULTS AND DISCUSSION 

The surface of the membranes has been examined using SEM images after the lamination process (Figure 1). 
Lamination and modification do not damage the surface of nanofiber membranes.  

 
Figure 1 SEM images of the nanofiber membranes 

The modified membranes submerged in distilled water which showed a highly hydrophilic structure. The reason 
is due to alkaline treatment which incorporates hydrophilic groups (such as hydroxyl or carboxyl) on PVDF and 
PAN membrane surface. It was found that the alkaline solution treated PAN membrane showed 
superhydrophilic/underwater superoleophobic characteristics due to -CN groups of PAN hydrolyzed to -COOH 
groups [6,7]. Using alkaline treatment on the PVDF membrane caused dehydrofluorination, and hydroxyl 
groups formed on the surface [8,9]. 
The interaction between the alkaline 
solution and PVDF and PAN 
membrane has been given in  
Figure 2. From Table 1, it is visible 
that the modification process 
improved membrane hydrophilicity. 
Membrane hydrophilicity plays an 
important role in membrane flux, 
permeability, and selectivity. It was 
found that hydrophilic membranes 
reduce membrane fouling [10,11].  

Figure 2 Surface modification of PVDF and PAN membranes 
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Further experiments have been done to evaluate membrane permeability and selectivity for oil-water emulsion 
(Figure 3). For the filtration test, first distilled water, then emulsion was used. This step was followed 3 times. 
For each step, the same membrane has been used to observe membrane fouling. The applied pressure was 
almost zero (0.02 bar). All the membranes permeated water from the oil-water emulsion. The permeability of 
unmodified membranes decreased in each cycle due to membrane fouling. Oil droplets were trapped into 
membrane pores and caused membrane fouling. Increasing membrane wettability improves the attachment of 
water molecules to the membrane surface while repels the oil droplets and reduce their attachment to the 
membrane surface. As a result, membrane fouling resistance improves. Herein, after surface modification, 
both PAN and PVDF membranes showed remarkable membrane fouling resistance. The PVDF nanofiber 
membrane’s permeability has not been changed in each cycle. On the other side, the permeability of the PAN 
membrane increased in each cycle. The reason could be due to the interaction of surfactant with PAN-OH 
nanofiber membranes which improved membrane wetting in time.  
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Figure 3 Permeability of modified and unmodified membranes 

It was found that the surfactant showed to render the surface of the membranes more 'homogeneously' 
permeable, reduced flux decline, increased the flux, reduced the surface rugosity, and increased hydrophilicity 
[12,13]. 

4. CONCLUSION 

In this work, we have successfully prepared PVDF, PAN, and PA6 nanofiber membranes for the separation of 
oil-water emulsion. The surfaces of the PVDF and PAN membranes have been modified using the alkaline 
treatment to improve membrane hydrophilicity. The surface of the membranes did not damage after the 
lamination and modification process. Membrane modification reduced membrane fouling during filtration. 
Moreover, membrane water permeability was improved due to hydrophilic groups attached to the PVDF and 
PAN membranes. Overall, the super hydrophilic PVDF and PAN membranes with effective oil-water separation 
highlight the greatly promising potential for further applications in industrial wastewater treatment. 
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Abstract 

We investigate how the geometry of nanovoids present during the (sub)nanosecond electrical breakdown in 
liquid water influences the electron multiplication. Our analysis uses a particle-tracing Monte Carlo simulation 
toolkit Geant4-DNA. The electron multiplication in nanovoids is one of the possible scenarios describing the 
charge generation in liquid water. In our simplified model, we assume a constant homogeneous electric field, 
an ellipsoidal shape of nanovoids, and isotropic distribution of the primary electron's velocity. The quantity of 
interest is the number of ionizations per number of launched primary electrons. We study this yield of electrons 
as we vary the ellipsoid eccentricity parameter while keeping the volume constant. The nanovoids with zero 
eccentricity (spherical case) produce smaller yield since the suppressed length does not favor electron 
multiplication. On the other hand, a very prolonged ellipsoid causes the loss of most electrons because of early 
collisions with the void-liquid interface. Therefore, for a particular value of eccentricity, the yield is maximal. 
The results of this study contribute to the elucidation of the initial phases of discharge evolution in polar liquids 
and is one of the first steps towards quantitative assessment of the importance of microscopic parameters 
involved. The understanding of this phenomenon promises the explanation of macroscopic parameters 
observed in the (sub)nanosecond electrical breakdown experiments 

Keywords: Nanovoids, electrostriction, liquid water electric breakdown, nanosecond pulsed electric field 

1. INTRODUCTION 

Historically, plasma discharges has been used as a medium to generate chemically active species in various 
gas mixtures. During past few decades, attempts to generate plasma also in liquid environment has emerged, 
followed immediately by applications such as nanomaterials syntheses. Research of pulsed discharges in 
water is of interest to many applications. These include: purification of hazardous organic compounds [1,2], 
high power switch systems [3], and electric impulse fragmentation applied in recycling [4], or electrohydraulic 
lithotripsy [5]. 

Dielectric fluids in inhomogeneous electric field are subject to ponderomotive forces [6]. In a homogeneous 
fluid and in the absence of free electric charge this force causes the fluid to move to regions with higher electric 
field. However, if the electric pulse is strong and fast enough, the fluid does not have time to move and large 
negative pressures appear that can lead to cavitation [7]. It is known that with application of a strong 
nanosecond electric pulse, discharge develops. During these small time scales a model where the water is 
heated up and the discharge is created in a resultant gas bubble can be shown to be inconsistent with 
experimental findings [8]. Explaining the initial stages of discharge formation therefore involves processes 
occurring at sub-nanosecond and sub-micrometer scales and makes the topic challenging.  

One of the models worth investigating is the electron avalanche formation inside nanovoids formed by the 
cavitation process. Electrons ejected into a nanovoid could gain enough energy to ionize water molecules 
upon collision. Although the shape and size of these nanovoids is still unknown, cavitation models usually 



 October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

168 

assume a spherical shape. Furthermore, in the presence of electric field, a spherical void would become 
elongated in the direction of electric field and so to assume an ellipsoidal shape is reasonable. In this work, 
we study electron multiplication occurring inside an ellipsoidal nanovoid by means of particle tracking Monte 
Carlo simulation. We focus mainly on the effect of nanovoid elongation on the average yield, which we define 
as the number of secondary electrons produced per the number of primary electron injected into the nanovoid. 

2. MODEL 

To accurately simulate electron acceleration and multiplication a simulation toolkit called Geant4-DNA [9,10] 
[11,12]. Geant4 is an open-source project that allows simulation of particles passing through matter. The 
extension - Geant4-DNA - is aimed primarily at biological application and includes physical processes for liquid 
water. The toolkit is widely used in many fields of physics, including nuclear, space and medical research. 

In our setup, an ellipsoid of variable eccentricity is placed at the center of the simulation box using material 
WaterSteam, which simulates a nanovoid that could be born during the application of highly inhomogeneous 
electric field. The rest of the box is filled with water, see Figure 1. 

 

Figure 1 A beam of 100 electrons accelerated in an ellipsoidal void in Geant4. The trajectory of the electrons 
is represented with red lines while the yellow dots represent collisional events 

The main purpose of this work is to study the effect of elongation of the nanovoid. In order to isolate this 
geometric effect on electron multiplication, the following two-step procedure is used: 

1) In a sphere (ellipsoid of zero eccentricity), find the radius for which, on average, the number of electrons 
created is equal to the number of primary electrons, i.e, for which the yield is equal to 1. 

2) Vary the elongation of the nanovoid by changing the eccentricity in a way that the volume of the ellipsoid 
stays constant and monitor the yield. Also, in both cases, a constant electric field of 0.2 V/nm is applied 
in the direction the ellipsoid is elongationed. 

The first step is accomplished by running a series of runs with variable radius of the sphere and finding the 
radius # where the function: 

5	#� � B	#� & 1 
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is equal to zero. Each run consists of launching 10000 electrons from the ellipsoid vertex. The initial momenta 
of electrons are distributed isotropically and the initial energy of electrons is left as a parameter and multiple 
values are tested. 

Once the radius is found, the second step can be undertaken. As the eccentricity is changed, the volume-
preserving transformations for the ellipsoid parameters are: 

D � #�√1 & F�G , 
I � J	1 & F��D, 

where D and I are the semi-axes and I K D. Because of the symmetry of the problem, the third semi-axis is 
simply set equal to the second semi-axis (the smaller one). 

In Geant4, a cut-off energy threshold for electrons propagating in bulk water needs to be specified. It is 
assumed that electrons in water below this energy threshold are immediately solvated. The assumptions made 
and their effect on the result will be discussed further below. 

3. RESULTS 

The radius where the yield is balanced is found to be approximately 0.09 Mm at energies about 1 eV and 
decreases for higher energies. Also, as is shown in Figure 2, the yield in a sphere is approximately a linear 
function of radius in the range of values investigated. As the eccentricity of the ellipsoid is increased, the yield 
increases until it reaches a maximum value (Figure 3). Further increasing eccentricity, while maintaining 
constant volume, means that more electrons will not have enough time to gain energy from electric field. As 
expected, the lower the energy of the electron, the more it benefits from elongation since the average electron 
motion is more directed by the applied electric field. As a consequence, the eccentricity at which the yield is 
maximal is dependent on the initial energy (Figure 4). 

 

Figure 2 Secondary electron yield as a function of spherical radius 
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Figure 3 Secondary electron yield as a function of ellipsoid elongation 

 

Figure 4 Elongation parameter where the yield is maximal as a function of initial energy 

4. DISCUSSION 

For a correct interpretation of the results, it is important to discuss the effects of assumed parameters in our 
simulations. 

Electron solvation 

Because of the lack of cross-sectional data for processes in water, Geant4 terminates the flight of an electron 
in bulk water below a certain energy threshold. The electron is assumed to be solvated. Since this energy, in 
our case, is well below the ionization energy, it may seem that this parameter is of no consequence on the 
results of the simulation. Unfortunately, this is not the case and electron solvation energy acts as an important 
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numerical parameter. The effect of this parameter has been studied already by other scientists and it seems 
to provide quantitative correlation with experimental data the value would have to be set below the smallest 
value allowed by Geant4 [13]. It is therefore important to bare in mind that the secondary electron yield obtained 
from these simulations is only a lower limit and experimentally measure yields will most likely be larger. 

Initial energy and momentum distribution 

In this study, the assumption of the isotropic distribution of electron momenta is chosen for simplicity. 
Nonetheless, the question whether this assumption is justified remains. To our knowledge, there are no 
experimental data describing the properties of primary electrons originating in bulk water. Therefore, to what 
extend are the primary electrons guided to the void by the external electric field is unknown.  

In addition, because of cavitation effects produced by inhomogeneous electric field, spatial fluctuations of 
electric field can play a major role in the resulting dynamics of electron propagation inside the nanovoid. 

The initial energy of electrons turns out to be an important parameter. Electrons with low energy are more 
likely to fly longer and possibly gain more energy from the electric field. On the other hand, due to theisotropic 
distribution used here, electrons with higher energy can hit the bulk water surface sooner and may not have 
enough energy for ionization (Figure 5). 

 

Figure 5 Electron trajectories - low initial energy (left) and high initial energy (right) 

5. CONCLUSION 

A quantitative assessment of electron multiplication inside ellipsoidal nanovoids has been done by means of 
particle-tracing Monte Carlo simulation. Influence of ellipsoid elongation and the effect of initial energy of 
electrons has been studied. From the results obtained, several conclusions are apparent: 

 The initial momenta of electrons have a significant effect on the number of electrons produced. 

 The number of secondary electrons generated in a void of ellipsoidal shape can be up to ∼ 5 times higher 
compared to a spherical void of the same volume. Also, because of cavitation effects produced by 
inhomogeneous electric field, spatial fluctuations of electric field can play a major role in the resulting 
dynamics of electron propagation inside the nanovoid. 
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Abstract 

Water is often used as a medium for preparation of nanoparticles in plasma. One way to obtain plasma in 
liquids is a nanosecond high voltage pulse applied on micrometer sharp electrode, so that the electric 
discharge is developed. Liquid water under the action of sharp pulse of the electric field may be disrupted so 
that cavities of nanometer scale would eventually appear and expand. Owing the electric field forces, those 
nanocavities rapidly elongate to the form of long needle-like ruptures in the liquid bulk. We study electron 
acceleration in these ruptures and analyze the production of secondary electrons in the water near the 
nanocavity surfaces. For electron transport in the nanocavity and for electron water-interactions we use Monte 
Carlo model based on Geant4-DNA simulation toolkit. Nanocavities are modelled as hollow cylindrical voids 
in liquid water with homogeneous electric field inside oriented along the cylindrical axis. Due to the nanometric 
scale of these voids, electrons can move collisionless inside, where are also accelerated by the action of the 
electric field. Primary electrons are injected as monoenergetic isotropic source from the inner surface of the 
void. We seek physical conditions, a combination of electric field strength and geometry of the cavity that would 
lead to the production of more than one secondary electron per single primary electron. This study is relevant 
for understanding of initial phases of electric discharge development in liquid water.  

Keywords: In-liquid plasma, nanocavities, electrostriction, electron multiplication 

1. INTRODUCTION 

Applications of plasma in many distinct technological areas has increased gradually, ever since the term 
'plasma' has been coined by an American chemist and Nobel Prize winner Irving Langmuir in 1920s. 
Historically, plasma has been used as a medium to generate chemically active species in various gas mixtures. 
During past few decades, attempts to generate plasma also in liquid environment has emerged, followed 
immediately by applications such as nanomaterials syntheses and wastewater treatment [1,2]. Many of the 
currently reported devices for plasma generation in liquids use presence of diluted bubbles in the liquid, where 
accelerated electrons ionize vapors of the liquid. Then, the electric breakdown, in fact, takes place in gaseous 
environment instead of directly in the liquid bulk. Typical voltage pulses used for the generation of such 
plasmas are of microsecond duration, applied to a sharp metallic electrode, e.g. in point-plane electrode 
geometry [3]. Another interesting case to consider for plasma generation in liquids is an ultra sharp high-
voltage pulse of (sub)nanosecond duration. Currently, the prevailing opinion is that, in that case, for polar 
liquids such as water, the initial stage of the plasma discharge formation is associated with the appearance of 
nanoruptures or nanovoids, which occur because of the ponderomotive electrostrictive forces. Inside of these 
nanovoids, then the electrons might gain sufficient energy to ionize. Due to the action of the electric forces, 
these nanocavities rapidly elongate and form long needle-like ruptures of the liquid bulk [4,5]. Note that this 
mechanism of plasma generation is different from the bubble-electric-breakdown, because nanovoids serve 
as collision-free environment merely for acceleration of electrons and ionization occurs in the liquid, instead. 
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In this contribution, we study electron acceleration in these elongated ruptures and we analyze resulting 
production of secondary electrons in the water near the nanocavity/water interface. 

2. MODEL AND METHODS 

Cavities are considered as long cylindrical voids with homogeneous electric field loaded inside and oriented 
along their axis. Electrons in the cavity accelerate freely, i.e. without collisions, and can only interact with water 
molecules when they hit the wall of the cavity. This assumption of uncolissionality is justified because the 
characteristic spatial scale of these cavities is much shorter than the mean free path of electrons in the 
corresponding equilibrium vapor pressure. The electron motion in the cavity with the homogenous electric field 
is an analogy to the projectile motion in a vertical tube subjected to the action of the gravitation force. It can be 
shown that the product of the electric field strength E and the cavity radius R, i.e., E · R is appropriate for 
discussion of results for different cavity dimensions and electric field strengths. For description of electron 
interactions with water, we use state of the art simulation framework Geant4-DNA [6-9]. This framework offers 
a variety of models to simulate the physical interactions of electrons in liquid water. We use Geant4-DNA 
physics 'option 4’ constructor, which includes models for elastic and inelastic scattering of electrons, together 
with a model for vibrational excitation and attachment. We assume that sub-excitation electrons, i.e. electrons 
with energy below 7.4 eV, cannot contribute to further ionization in water. Therefore, no tracking of sub-
excitation electrons in water is performed in the simulation. Overall, the electron interaction with the surface of 
the cavity can have two distinct outcomes: (a) the electron penetrates the water bulk and terminates there, or 
(b) the electron is bounced back to the void of the cavity and is accelerated by the electric field once again. In 
both cases, in termination or in bouncing, certain number of secondary electrons is created in the water by 
electron impact ionization of water molecules. In addition, some portion of those secondary electrons is emitted 
from the surface of the cavity to the void. In the following, we analyze this production of secondary electrons 
in detail, and we look for suitable condition to ensure that the number of secondary electrons emitted to the 
cavity per one impacting primary electron would be equal to one or higher. Primary electrons are launched 
from the surface of the cavity with isotropic velocity distribution and the initial energy at the lowest threshold 
energy 7.4 eV. This initial condition is motivated by three facts. First, every secondary electron can serve as a 
primary electron for the next generation of secondary electrons. Second, electron collisionality in the water is 
very high so that any electron that is emitted or bounced-back from the cavity/water interface to the cavity will 
have no memory of momentum prior to the latest collisional event. Therefore, we can assume isotropic initial 
velocity distribution of primary electrons. And third, any electron with sub-excitation energy will thermalize in 
the water bulk and cannot further produce secondary electrons. Minimal energy that allows electrons to be 
released to the cavity is therefore at the threshold of 7.4 eV in our model. Then the initial condition formulated 
this way allows us to study the production of secondary electrons and make some conclusions regarding the 
conditions that are favorable for electron multiplication inside the nanocavity. 

3. RESULTS 

Figure 1 shows distribution of secondary electrons generated along the cavity in water by the impact of primary 
electrons released from the cavity surface at position z=0. The distribution is normalized such a way that the 
integral of all secondary electrons emitted in the cavity is divided by the total number, N_0, of primary electrons 
launched. Panels on Figure 1 represent secondary electron distribution for E · R in {15,18,20,25} V. Total 
number of secondaries per single primary electrons are {0.75, 1.01, 1.15, 1.5}, this number is obtained as a 
sum of all secondary electrons generated and emitted along the cavity. In this regard it is interesting to look at 
the cumulative sum of secondary electrons along the cavity length, as shown in Figure 2 for E · R in 
{15,18,20,25} V. Clearly for E · R higher or equal to 18, there is a finite length of the tube on which the number 
of secondary electrons per single primary electron sums up to one or higher number. On the other hand for E 
· R = 15 V, there will be less secondary electrons then primary electrons, no matter how long the cavity would 
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be. This allows us to conclude that there exists a condition on a minimal value of E · R that is required for 
electrons released into the cavity to be multiplied by ionization along the cavity surface. 

 
Figure 1 Distribution functions of secondary electrons along z-axis for four different E  ·R values. Integrals of 

the distribution functions along z-axis give number of secondary electrons generated per primary electron 

 
Figure 2 Cumulative sums of the distribution functions and the dots denote the length of the cavity for which 

the primary electron produces exactly one secondary electron 

4. CONCLUSION 

We have simulated motion of primary electrons released in the capillary rupture created by electrostrictive 
stress in water by strong and ultrafast pulse of the electric field. Electrons are accelerated by the electric field 
in the void of the rupture under collisionless conditions. Then by impact on the surface of the cavity, we 
calculate number of secondary electrons emitted from the cavity surface by these accelerated impacting 
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primary electrons. Considering several values of electric field strength times cavity radius (E · R), we observe 
that there exists a minimal value of E · R (~ 18 V) at which the number of primary electrons is ensured to be 
multiplied. These results has strong implications for understanding of initial phases of electric discharge and 
plasma state development in liquid water. 
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Abstract 

A comparative study is reported for electrodeposited copper(I) thiocyanate layers (ca. 500 nm) on two types 
of conductive/semiconductive substrates; i) carbon (boron-doped diamond_BDD, glass-like carbon_GC), and 
ii) carbon-free F-doped SnO2 conducting glass (FTO). SEM and Raman evidence that electrodeposition from 
aqueous solution results in homogenous CuSCN layers with dominant thiocyanate ion bounded to copper 
through its S-end (Cu−SCN bonding), as in spin-coated CuSCN layers. Electrochemical impedance 
spectroscopy (EIS) confirms the p-type semiconductivity of layers with a flatband potential from 0.1 to 0.18 V 
vs. Ag/AgCl depending on the substrate type, and the acceptor concentration (NA) of  5 x 1020cm-3 in all cases. 
The flatband potentials determined from Mott-Schottky plots (EIS) are in good agreement with the Kelvin probe 
measurements. The blocking quality of CuSCN layers was tested using Ru(NH3)63+/2+ redox probe. CuSCN 
deposited on BDD substrate exhibits better blocking properties compared to CuSCN deposited on FTO. 

Keywords: Electrodeposition, CuSCN, hole transport material, electrochemistry, impedance spectroscopy 

1. INTRODUCTION 

Copper(I) thiocyanate (CuSCN) is a p-type semiconductor with wide band gap of 3.9 eV, hole mobility 
0.001−0.1 cm2·V-1·s-1 [1] and good optical transparency [2] applicable as a hole transport material (HTM) in 
dye-sensitized solid-state solar cells [3,4] and perovskite solar cells [5,6]. Cathodic electrodeposition from 
aqueous solution containing SCN- and Cu2+ is one of the low-temperature deposition techniques for CuSCN 
layers [2,3,7-10] in addition to spray deposition [11], drop-casting [12] or spin coating [13]. The 
electrodeposition benefits from avoiding organic solvents (e.g. alkyl sulfides). EIS is a useful technique to study 
the double-layer structure and charge transfer at the electrochemical interface. Based on Mott-Schottky plot 
(MS) obtained by fitting impedance spectra using appropriate equivalent circuit, the flatband potential (Efb), 
and acceptor (NA) or donor (ND) concentration can be determined [14]. However, the experimental flatband 
potentials depend on various factors, such as i) the presence of deliberately added dopants, ii) differences in 
the crystallographic orientation, iii) a difference in the pH of zero charge, etc. [15]. The flatband positions can 
be also determined from the work function using Kelvin probe measurements after the corresponding 
conversion to the electrochemical potential scale. This technique is based on measurement of changes in 
contact potential difference (CPD) between the studied surface and a reference probe [16,17]. Here we report 
the electrodeposition from aqueous solution of hole-transporting CuSCN layers under the same conditions on 
different types of substrates (boron-doped diamond as p-type semiconductor, FTO glass as n-type 
semiconductor, and glass-like carbon). The structure and electrochemical properties of the electrodeposited 
CuSCN layers were compared with those prepared by the spin-coating method [5].  

2. EXPERIMENTAL 

2.1. CuSCN layer preparation 

CuSCN thin films were prepared by electrodeposition from aqueous electrolyte solution according Ni et al. [2] 
on: i) boron-doped diamond with B/C ratio of 1000 ppm (BDD 1000) and 4000 ppm (BDD 4000) as detailed 
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elsewhere [18], ii) glass-like carbon (GC, 3000C from Goodfellow, 400 Ohm/cm), and iii) F-doped SnO2 
conducting glass (FTO, TEC 15 from Libbey-Owens-Ford, 15 Ohm/sq). The electrodeposition of CuSCN was 
performed potentiostatically at -0.5V vs. Ag/AgCl for 30 minutes; Pt mesh was a counter electrode and Ag/AgCl 
with 3M KCl was a reference electrode. The electrolyte solution consists of cupric sulfate pentahydrate (99.9%, 
Sigma-Aldrich) and potassium thiocyanate (99.0%, Sigma-Aldrich) as precursors and TEA (99.0%, Sigma-
Aldrich) as a chelating reagent for Cu2+ cations. Before electrodeposition, the CuSO4/TEA + 0.1M KSCN 
solution was stirred for 1 h and then stored for 24 h.  

2.2. Structural and chemical characterization 

The surface morphology was investigated by field emission scanning electron microscopy (FESEM, S-4800 
Hitachi). SEM images were acquired at an acceleration voltage of 3 kV at a working distance of 5-6 mm. 
Raman spectra were excited by 514 nm laser (power of 1 mW) and recorded by a Labram HR spectrometer 
(Horiba Jobin-Yvon) interfaced to an Olympus microscope (objective 100×). The spectrometer was calibrated 
by the F1g mode of Si at 520.2 cm−1. Kelvin probe measurements used KP020 instrument (KP Technology 
Ltd.). The gold probe was positioned close to the sample surface and the contact potential difference was 
measured. Work functions were calibrated using a freshly peeled-off highly oriented pyrolytic graphite; its work 
function was set to 4.6 eV [17]. All electrochemical measurements were performed in a three-electrode cell 
(working electrode: CuSCN film, counter electrode: Pt mesh, reference electrode: Ag/AgCl with 3M KCl). The 
electrolyte solution was 0.5M KCl (Sigma Aldrich) saturated with CuSCN (pH 6). Electrochemical experiments 
were carried out on AUTOLAB PGSTAT128N potentiostat (Metrohm) controlled by GPES4 software (cyclic 
voltammetry, CV) and FRA software (EIS). The electrochemical impedance spectra were measured at 
frequencies from 100 kHz to 0.1 Hz. Electrochemical test of blocking used of 0.5mM [Ru(NH3)6] Cl3 (Sigma 
Aldrich, 98%) in 0.5M KCl (Sigma Aldrich, ≥99%) sat. with CuSCN. Electrochemical measurements were 
carried out in a closed cell under argon atmosphere.  

3. RESULTS AND DISCUSSION 

3.1. Structural characterization of CuSCN layers 

Figure 1A displays plan view of dense fine-crystalline morphology (trigonal crystallites) of homogeneously 
electrochemically grown CuSCN layer onto FTO substrate. The CuSCN layer thickness observed from cross 
sectional SEM image (Figure 1B) is about 550 nm and is comparable (same as morphology) with CuSCN 
layers prepared on BDD and GC substrate (not shown). The surface morphology of electrodeposited CuSCN 
layers is distinctly different from layers prepared by spin coating from diethyl sulfide solution and the crystal 
size is significantly larger [5]. 

 

Figure 1 SEM (A_plain view, B_cross section) of CuSCN on FTO glass substrate (CuSCN/FTO). Inset of A) 
shows CuSCN on FTO substrate (background of the chart A). Chart C) shows the Raman spectra of CuSCN 

on GC (green line), BDD 1000 (light blue line), BDD 4000 (dark blue line), and FTO (red line) substrates. 
Black lines show the reference spectra of blank substrates. The spectra are offset for clarity. 
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Figure 1C shows Raman spectra of CuSCN layers deposited on different types of substrates (CuSCN/GC, 
CuSCN/BDD 1000, CuSCN/BDD 4000, and CuSCN/FTO). The Raman spectra of blank substrates are also 
shown for comparison. Independent of the substrate type the Raman spectra exhibit the same peak positions 
as the CuSCN films prepared by spin coating [5]. The peaks of CN stretching are located at higher frequency 
region, i.e. the weaker peak at 2115 cm-1 for isothiocyanate which is a less energetically favourable resonance 
form of SCN ion (Cu−NSC bonding) and the most intense peak at 2173 cm-1 for the second resonant form 
thiocyanate (Cu−SCN bonding). In the low frequency range region 100-1000 cm-1 where are located peaks 
indicating the presence of two possible SCN resonant forms are clearly visible the Raman peaks corresponding 
to the Cu-S stretching at 202 and 745 cm-1, SCN bending at 431 cm-1, and Cu-N stretching at 243 cm-1.  

3.2. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 

The CuSCN layers were electrochemically studied in 0.5M KCl sat. with CuSCN aqueous electrolyte solution 
in various potential ranges from -0.3V to 0.5V. The set of cyclic voltammograms (CVs) is illustrated in 
Figure 2A for CuSCN/BDD substrates, in Figure 2B for CuSCN/GC and CuSCN/FTO substrates. In all cases, 
with increasing potential window the capacitances, determined at 0 V and related to the projected geometric 
surface area, increase (Figure 2C) due to electrochemical reactions occurring on the electrode surface. As 
CuSCN is p-type semiconductor, cyclic voltammograms show no capacitive charging in cathodic direction, 
while with increasing positive potential the anodic current increases depending on the substrate type. For the 
anodic vertex potentials from 0.3 V to 0.5 V (Figure 2D), the increase of capacitance is more evident for 
CuSCN/FTO (0.6 mF/cm2) and CuSCN/GC (0.8 mF/cm2) than for CuSCN/BDD (0.3 mF/cm2). This difference 
is caused by the variability of substrates used for CuSCN electrodeposition, i.e., the width of potential window 
(PW) of capacitive charging depends on the substrate type. The reason for the lowest capacitance values of 
CuSCN/BDD is that BDD has a wide electrochemical potential window in aqueous media (more than 3V for 
high quality and highly doped BDD) and low double-layer capacitance (< 12 μm/cm2), as previously reported 
[14,18-21]. Depending on BDD film quality (sp2 carbon content) and doping level (B/C ratio in the gas phase) 
we distinguish between high- and low-quality diamonds, as well as semiconducting (< 3 x 1020 B atoms cm-3 
[22]) or metallic. For CuSCN electrodeposition, we used two types of BDD; 1) with lower quality and doping 
level denoted BDD 1000, and 2) high quality with high doping (BDD 4000). The structure and electrochemical 
properties of these BDDs were described in [18]. From the inset of Figure 2C it is obvious, that CuSCN/BDD 
4000 layer exhibits slightly lower capacitance than the CuSCN/BDD 1000. The reason is the higher quality of 
the pristine BDD 4000 (compared to BDD 1000) containing no sp2 carbon impurities (Raman spectrum in 
Figure 1C), where oxygen-containing groups are formed causing a decrease in the potential BDD window and 
an increase in background capacitive currents [18]. The GC (20 μF/cm2 [5]) and FTO (30 μF/cm2 [5]) substrates 
increase the capacitance of CuSCN layer in the whole range of potential windows compared to the BDD 
substrates due to various structure of surface containing oxygen groups where redox reactions occur. 

 

Figure 2 Cyclic voltammograms of CuSCN on A) boron-doped diamond (CuSCN/BDD 1000_light blue line, 
CuSCN/BDD 4000_dark blue line), B) glass-like carbon (CuSCN/GC_green line) and FTO glass substrate 
(CuSCN/FTO_red line). The scan rate of 100 mV/s. Plots in A) and B) are offset for clarity, but the current 

scale is identical for all voltammograms (see the scale bar). C) shows the capacitance of CuSCN in potential 
ranges from -0.3V-0.1V (PW=0.4) to -0.3V-0.5V vs. Ag/AgCl (PW=0.8) calculated from CVs in A) and B). 
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The blocking properties of electrodeposited CuSCN layer were tested using FTO and BDD 4000 substrates 
(Figure 3). In our previous work [5] the blocking function of spin-coated CuSCN was found to depend on details 
of spin-coating deposition. Here we used the same Ru(NH3)6 3+/2+ 
redox system due to suitable redox potential and stability of 
aqueous solution. Figure 3 shows that CuSCN/BDD 4000 layer 
(blue line) has a better blocking function which is quantified as 
the relative pinhole area [23] (Au/A0) of 42% compared to 
CuSCN/FTO (red line) with Au/A0 = 64%, referenced to blank FTO 
(black line). The pinhole defect type A of the CuSCN layer was 
detected for both substrates [23]. The larger Au/A0 values 
obviously reflect the coarse morphology of our film (Figure 1) 
compared to spin-coated ones; nevertheless, this parameter is 
also known to depend dramatically on details of the spin-coating 
protocol [5]. 

Figure 3 Cyclic voltammograms of CuSCN on FTO (red line) and BDD 4000 (blue line) substrates. Blank 
FTO substrate (black line) is shown for comparison. Electrolyte solution 0.5mM Ru(NH3)6Cl3 in 0.5M KCl sat. 

with CuSCN (pH 6) and the scan rate 100 mV/s. 

Figure 4 shows the Mott-Schottky plots determined from electrochemical impedance spectroscopy (EIS) and 
fitted using the RC equivalent circuits, where the space charge capacitance is represented by constant phase 
element (CPE) [14]. The negative slope of MS plots of CuSCN in all cases confirmed the p-type conductivity. 
Similarly, blank BDD (1000 and 4000) shows the p-type semiconducting behaviour (inset of Figure 4A and 
Figure 4B). For the calculation of the acceptor concentration NA and flatband potential Efb (Table 1), we used 
the Mott-Schottky equation [14]. The found flatband potentials depend on the substrate type, ie. the Efb is lower 
in the case of carbon (BDD, GC) substrates compared to carbon-free FTO substrate. This trend is the same 
as in our previous work on spin-coated CuSCN layers [5]. For the CuSCN/BDD are the Efb values as follows:  
0.1 V (BDD 1000) and 0.13 V (BDD 4000) vs. Ag/AgCl compared to Efb of blank BDDs (1.04 V for BDD 1000 
and 1.3 V for BDD 4000) (Figure 4A and Figure 4B). The deposition on conductive GC substrate leads to the 
higher Efb = 0.15 V (Figure 4C). Despite the fact, that the FTO is a n-type semiconductor (Efb = -0.5 V vs. 
Ag/AgCl, Figure 4D), the p-semiconducting character of the CuSCN layer dominates and the flatband potential 
is 0.18 V vs. Ag/AgCl. This value is slightly higher, but still in good agreement with the value of 0.12 V measured 
on spin-coated CuSCN layers on FTO [5]. The acceptor concentrations of CuSCN layers on GC, BDD, and 
FTO are in the range of 4.7 to 5.4 x 1020 cm-3 (Table 1) comparable to spin-coated CuSCN layers [5]. KP 
measurements give the work function for CuSCN layers on FTO, GC, and BDD substrates as; 4.931 eV, 4.833 
eV, and 4.575 eV, respectively. These work functions can be converted to the corresponding flatband potential. 
Table 1 confirms that both techniques give well comparable data. 

Table 1 The acceptor concentrations (NA) and flatband potentials (Efb) for CuSCN on various substrates  
(CuSCN/BDD 1000, CuSCN/BDD 4000, CuSCN/GC, and CuSCN/FTO) determined by 
electrochemical impedance spectra from Mott-Schottky (MS) plots and Kelvin probe (KP) method 

 CuSCN/BDD 1000 CuSCN/BDD 4000 CuSCN/GC CuSCN/FTO 

NA (cm-3) (MS) 4.8 x 1020 4.8 x 1020 4.7 x 1020 5.4 x 1020 

Efb (V) vs Ag/AgCl (MS) 0.1  0.01 0.13  0.04 0.15  0.02 0.18  0.02 

Efb (V) vs.Ag/AgCl (KP) - 0.14  0.03 0.13  0.03 0.24  0.05 
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Figure 4 Mott−Schottky (MS) plots from EIS of CuSCN on A) boron-doped diamond CuSCN/BDD 1000_light 
blue full symbols, B) CuSCN/BDD 4000_dark blue full symbols, C) glass-like carbon (CuSCN/GC_green full 

symbol) and D) FTO substrate (CuSCN/FTO_red full symbols). The open symbols show the MS of 
substrates. Electrolyte solution was 0.5M KCl sat. with CuSCN (pH 6). 

4. CONCLUSION 

Electrochemical deposition on different substrates (boron-doped diamond, glass-like carbon, and FTO 
conductive glass) from aqueous solution yielded homogenous CuSCN layers with a thickness of about 550 
nm measured by SEM. The capacitances and flatband potentials depend on the substrate type. The 
determined flatband potentials from two different methods (electrochemical impedance spectroscopy and 
Kelvin probe) considering the experimental errors were in good agreement. The CuSCN deposited on BDD 
substrate exhibits better blocking function (smaller relative pinhole area) compared to CuSCN deposited on 
FTO substrate.  
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Abstract  

In this work substrates able to efficiently perform so-called photo-electrochemical process are proposed. The 
hybrid substrates consist of a plasmon-active gold structure and a certain number of TiO2 layers deposited by 
the atomic layer deposition (ALD) method. Above the influence of LED lamp irradiation (λ=850 nm) in the water 
splitting process, the enhancement of hydrogen production is observed (0.11 ppm/sec VS. 0.22 ppm/sec) 
which can be explained by creation of surface plasmon-polariton resonance (SPP), which occurs as a result 
of the excitation of collective electronic vibration on the periodical gold nanostructure under the incident light. 
Also, it is suggested that the combination of gold and titanium dioxide can lead to plasmon triggering of TiO2 
catalytic activity, which will lead to decreasing energy costs on the photolysis of water and to the overall 
acceleration of the process.  

Keywords: Electrochemistry, plasmonic, atomic layer deposition, titanium dioxide, photolysis of water 

1. INTRODUCTION 

One of the most important global environmental problems nowadays is the search for sources of ecological 
"green" fuels [1-7]. This problem is closely related to the high amount of emission gases that cause global 
warming effect and creating of greenhouse effect. One of the most promising «green» fuels is hydrogen, which 
releases water vapor as a by-product when burned [8-11]. 

One of the richest sources of hydrogen is water. By cleaving water molecules under the influence of electric 
current, the so-called «green» hydrogen can be released. Today, there are many studies related to the 
cleavage of water by electrolysis. However, these methods have relatively high energy requirements [12-15]. 
Therefore, studying related to the increasing the rate of green hydrogen production at lower energy costs is 
very relevant [16-19]. 

The main goal of this work was to create a hybrid structure with a combination of plasmon-active gold structure 
and additional catalytic TiO2 layer. The water splitting process proceeds under the simultaneous plasmon 
triggering and an electric field application. In perspective, proposed structures will be applied for the hydrogen 
production and generation of ecologically pure fuel in the future. 
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2. EXPERIMENTAL 

2.1. Materials 

Gold targets for metal deposition (purity of metal, 4 N) were purchased from Safina (Czech Republic). SU-8 
2005 was purchased from Microchem (Newton, USA). Titanium chloride (TiCl4, Vecton, Russia 99.99%) and 
deionized water were used as precursors, Rhodamine 6G was purchased from Sigma-Aldrich. 

2.2. Sample preparation 

The SU-8 polymer was deposited on a clean glass surface by using spin-coating method (1400 rpm for 20 
minutes). The prepared samples then were dried at 60 °C for 24 hours and then irradiated with UV light for 30 
minutes, followed by heat treatment at 90 °C for 2 hours (Figure 1A). Creation of periodic polymer structure 
was performed by excimer KrF laser with a wavelength of 248 nm (Figure 1B). Then, thin layers of gold were 
deposited on the periodically structured surface by vacuum sputtering (Figure 1C). In the last stage, a different 
number of TiO2 layers were deposited on the gold surface using ALD equipment (Figure 1D). The atomic layer 
deposition was performed in the hot-wall, flow-type reactor Nanoserf having slot-type geometry 
(Nanoengineering Ltd, Russia). The temperature of the reactor was maintained at 200 °C. Nitrogen (99.9999%) 
was used as a carrier and purging gas. The total reactor N2 flow rate at purge and pulse was 300 sccm 
(standard cubic centimeters per minute). The pulse and purge durations were 100 ms and 20 s respectively. 

LED light source (λ=850 nm, FWHM=30 nm, irradiance=1450 μW/cm2, current=1200 mA) was used for 
plasmon-polariton resonance excitation. 

 

Figure 1 Formation of a combined plasmon-active surface based on TiO2 

A - Deposition of Su-8 polymer on the glass surface; B - creation of a periodic grating under laser irradiation; 
C - Deposition of the gold layer by vacuum sputtering; D - Deposition of monoatomic TiO2 layers by ALD 

method 
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2.3. Measurement techniques  

Raman scattering was measured by using ProRaman-L spectrometer (Laser power 30 mW) Raman 
spectrometer with 785 nm excitation wavelengths. SEM images and EDX mapping were obtained using energy 
dispersive spectroscopy (EDX, analyzer X-MaxN, 20 mm2 SDD detector, Oxford Instruments). The amount of 
generated hydrogen was measured by gas chromatography (Tianmei GC 7900, TCD detector, N2 as a carrier).  

3. RESULTS AND DISCUSSION 

Figure 2 shows results of SEM measurements and EDX element mapping for Au and Ti. Figure 2A shows 
that as a result of laser modification of the polymer, an even and straight periodic grating was formed. After 
the deposition of titanium oxide by atomic layer deposition, significant changes in the structure are observed 
(Figure 2B). Moreover, based on the results of the EDX analysis (Figures 2C, 2D), it can be seen that gold 
was evenly distributed over the surface of the periodic structure. The EDX element mapping for titanium 
(Figure 2F) also shows that atomic layer deposition process results in an uniform distribution of titanium over 
the gold surface, while no traces of titanium were found on pristine sample (Figure 2E). 

 

Figure 2 Results of SEM for (a) pristine grating covered by gold and (b) gold grating covered by 3 layers of 
TiO2 and EDX element mapping (Au, Ti) for (c, e) pristine grating covered by gold and (d, f) gold grating 

covered by 3 layers of TiO2 
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Figure 3 shows the results of the SERS measurements. No peaks were observed on the gold sample without 
a periodic grating. However, a sample containing a periodic lattice coated with gold is capable to generate 
surface plasmon resonance, resulting in the appearance of pronounced peaks of the dye (Rhodamine 6G - 
R6G). Also, according to the measurement results, it was found that a combined structure based on a gold 
periodic grating and titanium oxide contributes to a significant increase in the SERS signal due to the influence 
of surface plasmon-polariton resonance and significant amplification of the electromagnetic field. 

 
Figure 3 SERS measurements for a) pristine sample with Au without grating, b) pristine sample with Au 

on the periodic grating and c) sample with gold periodic grating covered by 3 layers of TiO2 

 

 

Figure 4 Results of hydrogen amount evolution: a) H2 evolution rate production by using pristine gold grating 
and combination of gold grating with titanium dioxide layers with and without LED lamp; b) H2 evolution 

amount of samples with and without LED lamp 



 October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

187 

Figure 4 shows the results of measuring the amount of hydrogen produced in the process of water splitting. 
Figure 4A shows a comparison of hydrogen evolution efficiency with applied voltage of 0.6V by using samples 
with and without titanium oxide on the gold grating. The measurement results show that the samples with 
titanium oxide on the surface generate more hydrogen than the original sample due to plasmon triggering of 
titanium dioxide. Moreover, the effect of an LED lamp switching is also well visible. Figure 4B shows the time 
dependences of the hydrogen concentration in the electrolytic bath, which allows estimating approximately the 
reaction kinetics. 

4. CONCLUSION 

In this work, we created a hybrid structure with a combination of plasmon-active component and photocatalytic 
component TiO2. Grating was created in using excimer KrF laser with a wavelength of 248 nm. Gold was 
deposited by vacuum sputtering. TiO2 layer was produced from titanium (IV) chloride and was deposited by 
using atomic layer deposition process (ALD). Experiments were performed in dark or under illumination with 
LED lamp (λ=850 nm, FWHM=30 nm, irradiance=1450 μW/cm2, current=1200 mA) which corresponded to 
plasmon absorption band. It is shown that the combination of gold and titanium dioxide can lead to the 
triggering of catalytic activity of TiO2 and enhanced generation of green hydrogen.  
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Abstract 

In this work, TiO2 electron transport layers (ETL) of printed perovskite solar cells with back carbon electrode 
(C-PSCs) were prepared on uncleaned, chemically cleaned, and plasma-treated FTO substrates. The effect 
of cleaning procedure type on the quality of TiO2 ETL has been characterised by XPS and SEM. The C-PSCs 
with FTO substrates treated by low-temperature atmospheric plasma at ambient air for 10 s reached 
approximately the same efficiency (4.4%) as with the chemically cleaned FTO (4.5%). From optical microscope 
and SEM images, it was observed that the plasma cleaned the FTO substrate to some extent, thereby reducing 
the number of defects and pinholes occurring in the blocking layer. XPS measurements confirmed that 
chemical and plasma treatment significantly reduced organic species on the FTO surface. 

Keywords: Atmospheric cold plasma, TiO2, electron transport layer, carbon electrode, perovskite solar cells 

1. INTRODUCTION 

The role of the electron transport layer (ETL) of carbon-based perovskite solar cell (C-PSC) is to extract and 
transport electrons from the perovskite layer towards the transparent conductive oxide (TCO) electrode (glass 
or PET substrate with FTO or ITO layer). The quality of the ETL depends on two main parameters: 1) the 
preparation process and the composition of the used dispersion, which determine its thickness, roughness, 
and compactness; 2) the surface properties of the used substrate [1]. The most suitable ETL layer is very thin 
(<50 nm), which results in defects that cause internal short-circuits after the undesirable contact between the 
perovskite and TCO [2,3]. On the other hand, if the layer is too thick, the series resistance increases, the 
electrons recombine with the holes, resulting in a reduction of the current density and the fill factor of the solar 
cell [4,5]. The ETL with a thickness of several tens of nanometres is applied on the pre-treated substrates, and 
even the smallest impurity related to insufficient cleaning can significantly affect the quality of the ETL as well 
as the performance of the entire PSC. The most commonly used method of cleaning is chemical cleaning, 
which is very effective, but on the other hand, it is time-consuming (1 hour) and requires the use of harmful 
organic solvents [6].  

In this work, we showed that rapid (in order of seconds) atmospheric plasma treatment in ambient air has a 
potential to replace chemical cleaning of FTO substrates, and we examined the effect of plasma on FTO 
surface and the quality of TiO2 ETL deposited on FTO. In addition to substrate cleaning, plasma also increases 
the surface energy and ensures better ETL homogeneity and charge transport at its interface with FTO. 
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2. EXPERIMENTAL SECTION 

2.1. Materials 

FTO/glass substrates (fluorine-doped tin oxide, 7 /sq.), titanium diisopropoxide bis(acetylacetonate) (75 wt.% 
TiAcAc in isopropanol), isopropyl alcohol ( 99,7% (CH3)2CHOH), diethanolamine ( 98 wt.%, DEA) were 
purchased from Sigma-Aldrich. Titanium tetrachloride ( 97%, TiCl4) was ordered form Merck KGaA. Ethanol 
( 97%, CH3CH2OH) was from mikroCHEM. Mesoporous titania nanoparticle paste (Ti-Nanoxide T165/SP), 
mesoporous zirconium dioxide nanoparticle paste (Zr-Nanoxide ZT/SP), mesoporous carbon-black paste 
(Elcocarb B/SP) and perovskite solution ((5 - AVA)x (MA)1-xPbI3) were purchased from Solaronix. 

2.2. Device fabrication 

Printed mesoporous perovskite solar cells with carbon back electrode (C-PSCs) were prepared on the 
commercial FTO/glass substrates cleaned by three different methods: chemically cleaned, plasma-treated, 
and uncleaned. The preparation process of solar cells with the structure (Figure 1): FTO glass 
substrate/electron transport - blocking layer TiO2/mesoporous TiO2 layer/scaffold ZrO2 layer/carbon back 
electrode/perovskite ran under laboratory conditions. The chemical cleaning procedure was managed as 
follows: applied substrates were precisely and sequentially cleaned with a surfactant, acetone, and isopropyl 
alcohol in an ultrasonic bath for 20 min in every solvent. The drying of the substrates took place on the ambient 
air, and additionally before deposition of the functional layers were treated by ultraviolet radiation for 15 min to 
remove all organic residues. Plasma-treated substrates were exposed to 10 s low-temperature ambient-air 
surfaceplasma generated by RPS40+ (Roplass s.r.o., Czech Republic). The surface of the uncleaned 
substrates was not treated in any way. First, a compact TiO2 sol-gel blocking layers prepared from the mixture 
of TiAcAc and TiCl4 precursors were spin-coated on the different pre-treated FTO substrates and sintered at 
500 °C for 30 min. Second, other functional layers of the C-PSC, such as mesoporous TiO2, ZrO2 and carbon 
back electrode were deposited by screen-printing. Third, the perovskite solution was directly dropped and 
infiltrated trough the carbon layer and dried at 100 °C for 30 min. A detailed method of C-PSC and TiO2 
blocking layer preparation is described in the author’s previous work [7]. 

 

Figure 1 The structure of the printed C-PSC 

2.3. Characterisation 

The conversion efficiency of solar to the electric energy of the C-PSC was determined by measuring 
photocurrent density-voltage load characteristics under 1000 W/m2 of standard daylight exposition with a 1.5G 
air-mass (AM). Optical microscope (LEICA DM 2700 M) and scanning electron microscope (JEOL, 

JSM67500FA, Analytical field emission scanning electron microscope, Japan) were used for the analysis of 
the FTO/TiO2 sol-gel surface. The X-ray photoelectron spectrometer Axis Supra from Kratos Analytical was 
used to study the surface chemistry of chemically cleaned, plasma-treated and uncleaned FTO samples. 
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3. RESULTS AND DISCUSSION 

We analysed the reference, chemically cleaned and plasma-cleaned samples by X-ray photoelectron 
spectroscopy (XPS) to study the changes in the stoichiometry and bonding states on the surface of FTO glass. 
Table 1 presents the elemental composition of the surface of FTO for different cleaning methods used. The 
uncleaned sample was highly contaminated, containing as much as 74% of carbon on the surface. Chemical 
cleaning process led to a decrease in carbon concentration on the surface to 26%. The uncleaned surface 
also contained traces (below 1%) of potassium and calcium, which were also reduced and in case of potassium 
completely removed after chemical cleaning. The oxygen concentration on the surface also increased, which 
can be attributed to the relative change in carbon concentration. Plasma cleaning of FTO for 10 s led to a 
decrease in carbon concentration to around 14%. The increase of oxygen on the surface was more significant 
compared to the chemical cleaning process. Exposure of the surface to the ambient air plasma, which contains 
reactive oxygen species causes oxidation of the surface and is known to induce polar oxygen-containing 
functional groups to the treated surface [8-10]. The O:C ratio (Table 1) therefore increased significantly. 
Compared to chemical cleaning, plasma treatment was not so efficient for the total removal of the potassium 
and calcium contamination. Around 4% of nitrogen was introduced to the surface of plasma-treated samples, 
a known effect of treatment by plasma generated in ambient air. These results correspond well with the plasma-
cleaning of ITO with the same plasma source reported by Homola et al. [11]. 

Table 1 Atomic concentrations from XPS with standard deviation measured at two points for each sample 

 C [%] O [%] Sn [%] Ca [%] K [%] N [%] O:C O:Sn 

No clean 74 ± 7 19 ± 4 5 ± 3 0.7 ± 0.1 0.2 ± 0.0 1.0 ± 0.3 0.3 3.7 

Chem clean 26 ± 1 49 ± 1 23 ± 1 0.3 ± 0.1 0.0 ± 0.1 2.1 ± 0.7 1.8 2.1 

10 s plasma 14 ± 1 57 ± 0 23 ± 1 1.1 ± 0.3 0.8 ± 0.2 4.0 ± 1.0 4.0 2.5 

The high-resolution C 1s region in the XPS spectrum is shown in Figure 2a. Four components were used for 
deconvolution, specifically C-C/C-H, C-OH/C-O-C, C=O and O-C=O species at 285.0 eV, 286.5 eV, 288.0 eV 
and 289.0 eV of binding energy, respectively. The reference sample without any cleaning displayed a 
significant C-C/C-H component with around 82% relative intensity. Chemical cleaning led to the removal of C-
C/C-H groups from the surface, while the relative intensity of the oxygen-containing functional groups 
increased. The oxidation effect of the plasma can be seen in the increase of the relative intensity of the oxygen-
containing functional groups in the C 1s region of the plasma-treated sample. 

The high-resolution O 1s region is shown in Figure 2b. The SnO2 in FTO typically displays a peak in the O 1s 
region at around 530.5 eV [12,13]. Furthermore, oxygen on metallic surfaces can be found in the form of metal-
hydroxides (OH)- , that are often found in around 531.5 eV and in adsorbed H2O at around 533.0 eV [14,15]. 
Oxygen can also be found bound to carbon in a multitude of environments of the organic species, positions of 
which can vary between 531.0 eV up to 534.0 eV. We can expect significant contributions from the organic 
oxygen to the (OH)- and H2O components. Both chemical cleaning and plasma treatment led to a more 
pronounced SnO2 component due to the removal of organic species. A shift of the SnO2 component to higher 
binding energies can be seen after the plasma treatment. We believe that the surface of FTO prior to plasma 
treatment consisted of a mixture of Sn4+ oxide and Sn2+ oxide. Several author have shown that the signal in 
the XPS spectrum from the SnO is shifted from the signal from SnO2 by around 0.4 eV towards lower binding 
energies [15-17]. The reactive oxygen species in plasma cause oxidation of the SnO into SnO2 and therefore 
the shifted signal is observed. 
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a) b) 

Figure 2 Comparison of narrow regions of a) C 1s and b) O 1s in the XPS spectrum of the uncleaned, 
chemically cleaned and plasma-cleaned surface of FTO 

The photocurrent-voltage load characteristics of C-PSCs with all types of treated and uncleaned substrates 
are shown in Figure 3. It is evident, that the purity of the substrate’s surface has a crucial effect on the quality 
of the deposited functional layers. Specifically on the blocking layers, as their thickness is several tens of 
nanometers and any impurity adversely affects all the photovoltaic parameters. The blocking layer with high 
quality without any cracks or failures prevents the recombination of electrons with holes, and also the internal 
short circuits what is necessary for high performance of C-PSC. Devices with substrates treated by the 
chemical way and by plasma for 10 s reached approximately the same efficiency 4.4 - 4.5% with relatively 
good shapes of photocurrent-voltage load characteristics, fill factor (FF) and short-circuit current density (Jsc) 
(Table 2). The open-circuit voltage (Voc) has changed only partially from 0.65 to 0.70 V in all cases. Results 
achieved by the chemical cleaning can be attributed to a thin, homogeneous, and almost failure-free blocking 
layers, which was confirmed by optical and top-view SEM images (Figures 4, 5a). In the case of the substrates 
plasma-treated for 10 s, a small occurrence of impurities and defects in the blocking layers is seen in 
Figures 4, 5b. On the other hand, the effect of plasma improved the wettability of the FTO surface (contact 
angle decreased for plasma-treated FTO = 10° vs chemically cleaned FTO = 35°), and interfacial contact 
between the FTO and the blocking layer what led to better charge transport between the layers. The efficiency 
of C-PSCs with uncleaned substrates was at the level of 1% due to the presence of a large number of 
impurities, failures and pin-holes in the blocking layer (Figures 4, 5c). The presence of failures and pin-holes 
in the blocking layer created the trapping sites for charge recombination and current leakage what further led 
to a decrease in FF, Jsc, and to the linearisation of the load characteristics (Table 2, Figure 3). It can also be 
observed from optical images that the plasma, to some extent, cleans the surface of the substrate itself 
(Figures 4b vs 4c). 

Table 2 Photovoltaic parameters of the C-PSCs with differently treated and uncleaned substrates  

Treatment Jsc (mA.cm-2) Voc (V) Efficiency (%) FF 

Uncleaned 8.4 0.70 1.4 0.23 

Cleaned 15.8 0.68 4.4 0.41 

Plasma 10 s 17.0 0.65 4.5 0.41 
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Figure 3 J-V loading photo-curves of solar cells with differently cleaned and uncleaned substrates 

 a)  b)  c) 

Figure 4 Optical microscopy images of the TiO2 sol-gel blocking layers prepared on: a) chemically cleaned 
substrate, b) 10 s plasma treated substrate and c) uncleaned substrate  

 a)  b)  c) 

Figure 5 Top-view SEM images (scale bar 3 µm) of the TiO2 sol-gel blocking layers prepared on:  
a) chemically cleaned substrate, b) 10 s plasma-treated substrate and c) uncleaned substrate 

4. CONCLUSION 

In this work, the mesoporous perovskite solar cells with carbon back electrode were prepared on chemically 
cleaned, plasma-treated and uncleaned substrates by screen-printing and coating technics. The obtained 
results showed that solar cells prepared on chemically cleaned substrates reached the approximately same 
efficiency and FF as on the substrates treated by 10 s low-temperature ambient air plasma. It means that the 
few second plasma treatments of FTO glass substrate can successfully replace protracted one hour chemically 
cleaning in different solvents and an ultrasonic bath.  
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Abstract  

Thin-film transition metal oxides can be applied as transparent conductive coatings, photocatalysts, 
thermoelectric generators, and battery electrodes. In power sources application binary transition metal oxides 
are attractive due to high theoretical capacities. Among them nickel-cobalt oxides possess the highest 
(NiCoO2, 717mAh/g or 471.4 µAh cm-2 µm-1). This work is devoted to Atomic layer deposition (ALD) of thin-
films of nickel-cobalt oxides and evaluating their performance as negative electrodes for solid-state lithium-ion 
batteries. Ni-Co-O thin films were synthesized with different NiO/CoO ALD cycles ratio (5/1, 3/1, and 1/1) using 
nickelocene, cobaltocene and oxygen plasma. Both NiO and CoO crystal phases were observed in deposited 
films. The content of chemical elements (C, O, Ni and Co) in the film’s depth are uniform, except for sample 
5/1. The electrochemical performance of synthesized thin films was studied by cyclic voltammetry and 
galvanostatic cycling. It was found that with an increase of the nickel content in the coatings, the electrode's 
specific capacity is increasing. The highest capacity at high discharge currents (35C) is observed for the 
sample obtained with NiO/CoO - 5/1 ratio (660 µA·h·µm-1·cm-2) 

Keywords: Atomic layer deposition, Nickel-cobalt oxide, lithium-ion batteries, solid-state lithium-ion batteries 

1. INTRODUCTION 

Solid-state thin-film lithium-ion batteries (SSLIBs) can be applied to power various miniature devices [1]: 
medical implants [2], “smart” bank cards, RFID tags, etc. The increase of operating time (that is usability) 
requires power sources with higher energy density. 

SSLIBs can be manufactured using chemical vapor deposition, pulsed laser deposition, dip coating, and atomic 
layer deposition [3-5] (ALD). ALD is a promising technology that allows the deposition of films of various 
materials with high thickness accuracy on flat and three-dimensional substrates. 

Nickel oxide and cobalt oxide are promising materials for SSLIBs [6-8] and have high theoretical capacities 
(715-746 mAh/g [9], 425-480 Ah·m-1·cm-2). The chemical composition of the active material can affect the 
electrochemical activity and service life of the electrodes. In this regard, we studied the effect of the chemical 
composition of films of mixed nickel and cobalt oxide obtained by the ALD method using the supercycle 
approach [3]. 

2. MATERIALS AND METHODS 

Silicon (surface orientation (100), 40 × 40 mm2, Telecom-STV Co., Ltd., Zelenograd, Russia) and stainless-
steel (316SS, 16 mm diameter plates, Tob New Energy Technology Co., Ltd., Xiamen, China) were used as 
substrates. The substrates were cleaned in an ultrasonic bath in acetone and deionized water for 10 and 5 
min, respectively. The native oxide layer was removed by immersion of silicon wafer in 10% HF solution for 5 
min. Then, to remove organic contaminants and produce a hydroxylic surface, silicon substrates were cleaned 
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using piranha solution (H2SO4/H2O2, volume ratio 7:3) for 20 min, rinsed in deionized water, and dried under 
an argon atmosphere  [10].  

ALD processes of nickel-cobalt oxide (NCO), nickel oxide (NO), and cobalt oxide (CO) were performed by a 
commercial R-150 setup (Picosun Oy, Espoo, Finland) at a temperature 300 °С and a reactor base pressure 
of 8-12 hPa. Bis(cyclopentadienyl) nickel(II) and Bis(cyclopentadienyl) cobalt(II) (Ni(Cp)2, Co(Cp)2; 99%, 
Dalchem, Nizhny Novgorod, Russia) were used as the nickel- and cobalt-containing precursors. Co(Cp)2 and 
Ni(Cp)2 were kept in stainless-steel bottles (PicohotTM 200, Picosun Oy) and heated to 160 and 110 °С, 
respectively. Pulse times and purge times were 1s and 10s, respectively, for both Co(Cp)2 and Ni(Cp)2. Remote 
oxygen plasma was used as a counter-reagent (pO2). The plasma power was 3 kW, with a frequency range of 
1.9-3.2 MHz. The total oxygen plasma pulse time was 19.5 s (Ar purge during 0.5 s with flow rate 40 sccm; Ar 
and O2 plasma purge during 14 s with flow rate 90 sccm; Ar purge during 5 s with flow rate 40 sccm). 
Deposition conditions were based on our previous studies devoted to obtaining cobalt and nickel oxide [11,12]. 
Synthesized films were denoted as NCO 1/1, 3/1, 5/1, which correspond to NiO/СoO pulse ration in supercycle 
([n·(Ni- pO2)+m·(Co-pO2)]). 

The thickness of the films was determined using an Ellips-1891 SAG ellipsometer (CNT, Novosibirsk, Russia) 
in a wavelength range from 370 to 1000 nm (at an incidence angle of 70°) and the Spectr software package 
(1.10, CNT, Novosibirsk, Russia). The growth per cycle (GPC) and growth per supercycle (GPSC) were 
calculated by dividing film thickness by the number of cycles/supercycles. 

X-ray diffraction (XRD) studies were performed by Bruker D8 DISCOVER (Cu-Kα, Billerica, MA, USA) 
diffractometer. Surface-sensitive grazing incidence XRD (GIXRD) mode was used for XRD measurements 
using 2θ range of 15-65° with a step of 0.1° and an exposure of 1s at each step.  

Escalab 250Xi spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) was used to obtain X-ray 
photoelectron spectra (XPS). The samples were etched by Ar+ ions with 3 keV energy for 30 and 90 s for 
depth profiling studies. The samples were excited by Al-Kα (1486.7 eV) X-rays at a pressure of 7 × 10−8 Pa. 

The thin films deposited on stainless-steel plates were used for electrochemical studies in CR2032 coin cells. 
Lithium foil, polyolefin porous film 2325 (Celgard, Charlotte, NC, USA), and TC-E918 (Tinci, Guangzhou, 
China) solution were used as the counter electrode, separator, and electrolyte, respectively. Coin cells were 
assembled in an argon atmosphere using OMNI-LAB glove box (VAC). Cyclic voltammetry (CV) was 
performed using PGSTAT302N+ potentiostat (Autolab, Utrecht, the Netherlands) in the range of 0.01-3 V with 
a scan rate of 0.5 mV/s. Cyclic charge/discharge was performed using the battery testing system CT-3008W-
5V10mA (Neware, Shenzhen, China) at room temperature in the potential range of 0.01-3 V, current range 
20-1600 µA. 

3. RESULTS AND DISCUSSION 

3.1.  Film characterization 

The deposition of films was effectuated with the use of the supercycle approach. To deposit NCO 1/1, NCO 
3/1 and NCO 5/1, the 900 (1800), 470 (1880) and 310 (1860) supercycles (cycles) of synthesis were 
conducted. According to spectral ellipsometry measurements, the thicknesses of the NCO 1/1, NCO 3/1 and, 
NCO 5/1 films were 45.9 nm, 44.2 nm and, 36.3 nm, respectively. 

The GPC determined from spectral ellipsometry analysis of NiO and CoO films are 0.12 ± 0.01 Å/cycle [11] 
and 0.25 ± 0.02 Å[12], respectively. Thus, the decrease of GPC of mixed oxide with number of NiO cycles 
increment in supercycle is expected (Figure 1). The observed augmentation of GPSC is also evident since 
the number of deposition cycles in one supercycle is augmented. For most samples, a good agreement 
between calculated values of GPC of mixed oxide films (basing on GPC of monoxides) and derived from 
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ellipsometry measurements of deposited mixed oxide films is observed (0.01-0.03 Å/cycle difference). The 
slight increase of GPC and GPSC of deposited mixed oxide films may occur due to their lower density. 

 

Figure 1 Growth per cycle(a) and growth per supercycle (b) of NCO thin films 

Several reflexes were observed on the XRD patterns of deposited films. The peaks situated in 55, 56.5, and 
62° are appeared due to defects of silicon substrates. The rest reflexes presented at 37, 43, 63° are associated 
with crystal phases of nickel oxide (PDF 01-071-1179) and cobalt oxide (PDF 01-061-1227). Thus, the 
deposition conducted at 300°C resulted in the formation of crystal phases of NiO and CoO. 

 

Figure 2 XPS profiling of NCO films 

The Chemical composition of the films was estimated using XPS after etching during 30 and 90s (Ar+, 3keV) 
(Figure 2). The first etching allows the elimination of hydrocarbon residues adsorbed from the atmosphere. 
According to the results of the experiments, the etching rate of nickel-cobalt oxide films in the chosen conditions 
is 0.77 Å/s. Therefore, XPS measurements performed after 90s of etching shows the composition of the film 
at a depth of 5-10 nm. For all samples and etching time, the concentration of carbon is stable, doesn’t exceed 
4.2 At.%, and might be caused by residues of Ni and Co precursor ligands. The concentration of transition 
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metal (Ni, Co) augments with an increment of cycles effectuated for transition metal oxide deposition. The 
content of all elements in the film’s depth is uniform, except for sample 5/1, where an increase in the proportion 
of nickel in the depth of the film is observed in proportion to a decrease in the proportion of cobalt (about 5%). 
An oxygen concentration varies from 42.5 to 47 at.%. The sum of transition metal concentration varies from 
49 to 54 at.%. The ratio of concentrations - transition metals/oxygen is higher than 1. Thus part of metals may 
retain metal-carbon bonds or present in zero oxidation state. 

3.2.  Electrochemical analysis 

With a potential decrease from 3.0 to 0V, an intense increase of current observed in the 0.2-0.8V area is 
observed. It can be related to the reduction of electrolyte components on the surface of materials [11]. The 
form of the observed current maximum is asymmetrical, and it may characterize at least to reduction reaction 
(with the participation of nickel or cobalt atoms). The subsequent increase of potential is accompanied by the 
increase of current in the 1.5-2.5V region. A shoulder at 1.62V is observed, and it is related to SEI 
electrochemical activity.  The position of the main maximum shifts from 2.1 to 2.21 with an increment of nickel 
content. Thus, it can be concluded that maximum in the 2.1-2.21 region is related to oxidation reaction with 
transition metals (2.0V CoO [13], 2.05V Co3O4.[13], 2.22V NiO [11]). On the CV cathode curves of the 2nd-9th 
cycle, asymmetrical peak (peaks) are observed in the 0.6-1.5 V region while the increase of current observed 
during the first cycle is no longer presented. The noted current increase may be related to the reaction of 
transition metal oxide with lithium [14]. On the anode curves, the peaks observed on the first cycle are remained 
at following cycles, but their positions are slightly shifted to higher potentials. 

After CV, the samples charged-discharged at different currents (20-1600 A correspond to 25-42C). The 
specific discharge capacity of NCO 1/1, NCO 3/1, and NCO 5/1 at highest discharge currents were equal 470 
µA h µm-1 cm-2 (25.5C), 650 µA h µm-1 cm-2 (29C), and 660 µA h µm-1 cm-2 (35C). Therefore, the increase in 
nickel content provides better C-rate performance due to possible solid electrolyte interphase (SEI) contribution 
which increases with nickel content. The theoretical capacities of nickel oxide and cobalt oxide are 
approximately equal (718 and 715 mAh/g). Probably, NiO better promotes the decomposition of the electrolyte 
to form an SEI film. When studying the electrochemical characteristics of thin films, SEI makes a significant 
contribution to the measured capacitance. Accordingly, higher NiO (SEI) content promotes higher capacity 
values. 

  

Figure 3 Cyclic voltamperograms of NCO thin films obtained at first and ninth cycle  
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4. CONCLUSION 

Thin films (36-46 nm) of mixed nickel and cobalt oxides with a different ration of Ni/Co were deposited on 
silicon and stainless steel substrates using the ALD method. The growth per supercycle of the mixed oxide 
film was close to the linear combination of NiO and CoO cycles deposition. Both NiO and CoO crystal phases 
were observed in deposited films. 

The increase in the number of transition metal (Ni, Co) oxide deposition cycles led to increased transition metal 
content in the film. Carbon (less than 4.2 at.%) was observed on the external surface and in the films' depth. 
An atomic concentration of transition metal exceeds oxygen concentration; thus, part of transition metal may 
be presented in a lower oxidation state.  

According to electrochemical investigations, the specific capacity and rate performance increase with nickel 
content, due to possible solid electrolyte interphase (SEI) contribution which increases with to nickel content. 
The highest capacity at high discharge currents (35C) is observed for the sample obtained with NiO/CoO - 5/1 
ratio (660 µA·h·µm-1·cm-2).  
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Abstract 

Energy density is one of the essential characteristics of thin-film power sources which provides the duration of 
the autonomous performance of sensors, energy harvesters, IoT devices, etc. The Atomic layer deposition 
(ALD) allows the growth of conformal coatings with a controlled composition on high aspect ratio substrates 
and can be used to manufacture some components of thin-film batteries. Modern high energy active cathode 
materials include Li, transition metal, and oxygen. The production of such films by the ALD method can be 
carried out using a linear combination of lithium oxide structures and transition metal oxide structures 
(supercycle approach), followed by annealing. The control of the composition and properties of the films can 
be achieved by varying the ratio of cycles conducted for deposition of binary oxides during supercycle. In 
present work, were used 1/10 and 1/30 ratio of lithium oxide/nickel oxide ALD cycles during supercycle to 
obtain thin films of Li-Ni-O system. X-ray photoelectron spectroscopy of the as-deposited films demonstrates 
low nickel content in films. The annealed films at 800 and 900 ºС for 10 minutes show the presence of the 
lithium silicates and nickel silicide phases. It was found that the best electrochemical performance show 
samples of LNO 1/30 series annealed at 800 °C: at a discharge current of 20 μA (5C), the capacity was equal 
to 35 μA⋅h⋅μm-1⋅cm-2. The obtained results demonstrate a low effect of an increase in the number of cycles on 
the proportion of nickel in the films and, consequently, on the electrochemical characteristics. 

Keywords: Atomic layer deposition, lithium nickel oxide, Li-ion batteries, thin films 

1. INTRODUCTION 

The Internet of Things (IoT) is a rapidly growing area in which every object, thing, is a source of information 
and can communicate with other objects within the network [1,2]. Improving devices' performance in the 
Internet of Things requires miniature autonomous power supplies with increased lifetime, specific energy, and 
power. Solid-state lithium-ion batteries (SSLIBs) can be used to power IoT devices [1,3,4]. The advantages of 
SSLIBs include a wide range of operating temperatures and safety. One of the critical characteristics of the 
SSLIBs is the specific energy, which ensures the duration of autonomous operation. 

Since IoT power supply can be mounted on printed circuit boards, the essential characteristics are the capacity, 
energy, and power density per specific mounting area (A·h/cm2, W·h/cm2, W/cm2). These parameters can be 
improved by increasing the number of electrode pairs [5], the thickness of the electrodes, or by creating thin-
film batteries on high aspect structures (3D batteries) [6]. 
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Another way to increase the specific energy is to create batteries using active anode and cathode materials 
with higher energy. Among the promising cathode materials that can be used for SSLIBs production are 
lithiated mixed oxides with high nickel content. 

The ALD method allows the deposition of films of various compositions on substrates with a high aspect ratio 
trenches and can be used to obtain high-energy-density thin-film electrodes. Previously, it was shown that an 
electrochemically active film could be obtained by a linear combination of deposition cycles of lithium oxide 
and nickel oxide structures [7]. When using the ratio of the cycles of synthesis of lithium oxide structures and 
nickel oxide structures equal to 1/10 or less, the atomic fraction of nickel was small and amounted to about 
0.2% [7]. An increase of nickel content can be achieved by increasing the number of nickel oxide synthesis 
cycles in the supercycle. This work describes ALD synthesis and studies (physicochemical and 
electrochemical) of films obtained by ALD with a ratio of lithium oxide/nickel oxide synthesis cycles of 1/10 and 
1/30. 

2. MATERIALS AND METHODS 

Monocrystalline silicon wafers (surface orientation 111, the diameter 40 mm, Svetlana Co., LTD, Saint-
Petersburg, Russia) and stainless-steel plates (316SS, Tob New Energy Technology Co., LTD, diameter 15.8 
mm) were used as substrates. Before deposition, silicon substrates were cleaned in an ultrasonic bath in 
acetone and deionized water for 15 min.  

The deposition of lithium nickel oxide (Li-Ni-O) films was conducted by the ALD method using Picosun R-150 
setup at 300 °С and at a base pressure in the reactor of 8-12 hPa. Lithium hexamethyldisilazide (LiHMDS, 
97%, Sigma Aldrich) and bis(cyclopentadienyl)nickel (II) (NiCp2, 99% Sigma-Aldrich) were used as metal-
containing reagents. Remote oxygen plasma applied as a counter-reactant. The supercycle started with 10 or 
30 nickel oxide structures (Ni-O, n) cycles deposition followed by one cycle of lithium oxide structures (Li-O, 
m) deposition. The conditions of Li-O and Ni-O deposition were selected, considering results reported 
elsewhere [8,9]. Deposition of lithium oxide system: Tsource - 160 °C; pulse/purge with N2/remote O2 plasma 
pulse/purge with N2 - 0.1/6/15/6 s. Deposition of nickel oxide system: Tsource - 110 °C; pulse/purge with 
N2/remote O2 plasma pulse/purge with N2 -1/10/15/10 s. The Synthesized samples were heated in an oven for 
10 minutes at 800-900 °C (T). The samples are denoted according to the following form of designation Li-Ni-
O m/n T.  

The growth rates were calculated from film thickness measured by spectral ellipsometry (350-1000 nm) using 
Ellips-1891 SAG ellipsometer (CNT, Novosibirsk, Russia). 

X-ray photoelectron spectra (XPS) were registered with a Thermo Fisher Scientific Escalab 250Xi 
spectrometer in the Physical Methods of Surface Investigation Resource Centre, SPbSU (Thermo Fisher, 
Waltham, MA, USA). Before performing the first measurement, the surface layer of samples was etched by 
Ar+ ions with 500 eV energy for 30 s to remove adventitious carbon. The samples were excited by Al-Kα 
(1486.7 eV) X-rays in the vacuum of 7x10-8 Pa. The sample charging was automatically compensated. 

X-ray diffraction (XRD) studies in surface-sensitive grazing incidence XRD (GIXRD) modes were performed 
using a Bruker D8 DISCOVER (Cu-Kα, Billerica, MA, USA) high-resolution diffractometer. 

The electrochemical performance of 316SS substrates with deposited Li-Ni-O films was studied in CR2032 
coin cells. Lithium foil, polyolefin porous film 2325 (Celgard, Charlotte, NC, USA), and TC-E918 (Tinci, 
Guangzhou, China) were used as the counter electrode, separator, and electrolyte, respectively. Coin cells 
were assembled in an argon glove box OMNI-LAB (VAC). Cyclic voltammetry (CV) was performed using a 
potentiostat PGSTAT302N+ (Autolab, Utrecht, the Netherlands) in the range of 2.5 - 4.3 V with a scan rate of 
0.5 mV/s. Cyclic charge/discharge was performed using the battery testing system CT-3008W-5V10mA 
(Neware, Shenzhen, China) at room temperature in the potential range of 2.5-4.3 V, at current 20-80 µA. 
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3. RESULT AND DISCUSSION 

3.1. Films deposition and thermal treatment 

The program for the synthesis of films is summarized in Table 1. For both series of samples, the growth per 
supercycle determined from thickness of films measured by spectral ellipsometry was lower than calculated 
from linear combination of growth per rate of lithium oxide (LiOx - 1.23 ± 0.01- Å / cycle [9]) and nickel oxide 
(NiO - 0.12 ± 0.01 Å / cycle [8]). The difference between values augmented with the increase of nickel oxide 
deposition cycles in the supercycle. Therefore, we assume that Li-contained species grafted on the surface 
may slow nickel oxide structure growth. 

Table 1 Synthesis program and thin films growth characteristics 

Name  Cycles Supercycles/Cycles Growth per cycle/supercycle, Å 

Calculation Ellipsometry 

Li-Ox Ni-Ox SC C SC C 

LNO 1/10 1 10 250/2750 2.56 0.23 2.32 0.21 

LNO 1/30 1 30 175/5250 4.56 0.14 3.06 0.1 

The stainless-steel substrates with deposited structures were investigated by XPS analysis (Figure 1). It was 
found that for both series of samples, atoms of carbon, lithium, and oxygen are presented in significant 
quantities on the films external surface. The presence of Carbon may be due to adsorbed hydrocarbon and 
carbonate impurities as well as residues of Carbon from precursor ligand. The quantiles of nickel and silicon 
are moderate and don’t exceed 2.3 at.%. The concentration of nickel (0.7 at.%) on the surface of LNO 1/30 is 
3.5 times higher than for LNO 1/10 but still not sufficient to form the stoichiometric LiNiO2 phase.  

 
Figure 1 Concentration depth profile measured by X-ray photoelectron (XPS) 

The LNO 1/30 sample was investigated by XPS after different times of etching (3 keV). The rate of etching 
determined for model samples of similar composition was 0.225 nm/s. Thus, the maximal etching time (600 s) 
exceeds the etching time required for reaching the substrate.  
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After 30 seconds of etching, the quantity of carbon decreases significantly (from 32 to 10 at.%) and declines 
moderately with subsequent etching time. According to calculated data, the deposited films' carbon content is 
varied from 5 to 10 at.%, and its presence may be due to ligand residues. The quantity of nickel slightly 
increased from 0.7 at.% to 4.5 at.%, but the increment may be due to nickel content in the stainless-steel 
substrate. The concentration of silicon in the films reaches 11 at.%. Thus, the ligand of the LiHMDS precursor 
also is not entirely removed during plasma treatment. Lithium (1s) and Iron (3p) bands in XPS spectra are 
superimposed, and the increment of lithium shown in Figure 1 may be explained by the contribution of iron 
from the substrate. Nevertheless, one can conclude that lithium's atomic concentration is much higher than 
other elements' concentrations. 

The as-deposited thin films exhibited no reflexes on XRD patterns. Therefore, no detectable crystal phase was 
observed in the films. On the diffractograms of the samples obtained after thermal treatment at 800-900 °C for 
10 minutes, several reflexes have appeared. The observed reflexes could be assigned to silicon support and 
the phases of lithium silicates and nickel silicide (L2O5Si2 [PDF-2 00-030-0767], Li2SiO3 [Li2SiO3 PDF 01-070-
0330] NiSi2 [PDF 01-077-9324]). Since a deposited film contains silicon (Figure 2), the lithium silicates can be 
formed due to phase transformation in film and not due to the interaction of deposited film and a silicon 
substrate. Nickel silicide could be formed due interaction of nickel and silicon substrate. The reflexes of NiO 
(PDF 01-071-1179) и LiNiO2 (PDF 00-062-0468) were not found on the roentgenograms. Probably contained 
nickel, lithium, and oxygen phases are not formed during deposition, and subsequent calcination or their 
quantity is the bellow of the detection limit. 

 

Figure 2 XRD patterns of LNO 1/10 and LNO 1/30 

3.2. Electrochemical performance 

According to the results of nickel-containing cathode materials investigations using cyclic voltammetry [10] the 
maximum current increase is observed in 4.15-4.25V region of the anode curve. It corresponds to the oxidation 
of nickel (Ni2+/Ni3+/Ni4+). During the reverse process, the current increases at 4.2V (Ni4+/Ni3+) and 3.65-3.75V 
regions (Ni3+/Ni2+). Although both regions with increment of current are observed in cyclic voltammetry of 
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samples only after calcination taking into account the nickel quantity it is possible that observed increment of 
current characterizes other phases electrochemical activity such as lithium silicates.  

The charge/discharge at various C-rate was performed after 15 cycles of CV measurement. To compare the 
performance of films, the specific volumetric (Ah·m-1·cm-2) discharge capacities were used. At higher 
discharge currents, all samples showed a lower discharge capacity. The LNO-1/30 samples showed higher 
discharge capacities at various C-rates (Figure 3). As deposited, films have not possessed any notable 
electrochemical activity and could not store energy. For both series of the sample, the higher discharge 
capacity exhibit samples calcinated at 800 °C. The calcination at 900 °C led to a small decrease in discharge 
capacity. The capacity observed at moderate discharge currents (20 A, 5-7C) varied from 23 μAh·μm-1·cm-2  
(LNO 1/10 900°С) to 35 μAh·μm-1·cm-2  (LNO 1/30 800°С) and less than the calculated value from density and 
specific gravimetrical capacity for LiNiO2 film - 103 μAh·μm-1·cm-2 (at 0.5C discharge rate [7,11]). The lower 
discharge capacities of deposited films may be due to another active compound (smaller nickel content) and 
higher discharge rates. 

 

Figure 3 The effect of discharge current on the capacity of annealed LNO 1/10 and LNO 1/30 samples 

4. CONCLUSION 

With the use of LiHMDS, NiCp2, O2 (remote plasma) precursors, and the supercycle approach, the thin films 
were deposited at 300 ºC by Atomic layer deposition on the silicon and stainless steel substrates. The growth 
of NiO structures is hindered by LiHMDS/O2 treatment. The increase of NiO cycles deposition from 10 to 30 in 
supercycle led to an augmentation of nickel content from 0.2 at.% to  0.7 at.% at surface (4.5 at. % in the depth 
of the film - LNO 1/30). According to XPS results, the films are contaminated by silicon and carbon - lithium 
and nickel precursors' residues. The as-deposited films were amorphous. Calcination of films for 10 minutes 
at 800 and 900 ºC led to a probable formation of lithium silicate phases and NiSi2. Before thermal treatment, 
the synthesized films have not possessed any electrochemical activity. After annealing, the discharge capacity 
increased to 32-35 μAh·μm-1·cm-2 at 5-7C rate currents, which is smaller than the estimated value for LiNiO2 - 
103 μAh·μm-1·cm-2 (0.5C) possible due to low content of electrochemical active phase and higher discharge 
rate.  
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Abstract 

Covering layers might have very important role in improving performance of many mechanical parts. These 
layers are usually designed to protect a substrate from the environment and enhance mechanical properties 
such as hardness. Blackening is a classical approach that is very demanding on resources. This process is 
based on the alkalisation of surface atoms and the transformation of formed hydroxides to oxides. Such an 
approach inspired us to carry out experiments resulting in preparation of protective layers with similar 
properties, by using stoichiometric spinel ferrite nanoparticles (MeFe2O4). Thus mechanical parts were covered 
with ferrite nanoparticles and heated in a furnace. Ferrite samples, which were used as precursor for the 
preparation of layers, were analysed with X-ray powder diffraction, energy dispersive X-ray spectroscopy and 
57Fe Mössbauer spectroscopy. The samples were analysed with ultrasonic hardness test, electron microscopy, 
and Mössbauer spectroscopy. The protection layers showed a higher hardness compared to untreated parts. 

Keywords: Spinel ferrites, protective layer, Mössbauer spectroscopy, hardness test 

1. INTRODUCTION 

Spinel ferrites are a family of compounds similar to magnetic iron oxides, thus chemically magnetite can be 
considered as a spinel ferrite. The chemical formula of spinel ferrites is MeFe2O4, where Me is a divalent metal 
cation, e.g. Zn, Mg, Ni or Mn [1]. If the metal cation does not have a trivalent state, we can presume that the 
compound has high chemical stability. Spinel ferrites exist in normal, inverse or mixed modification. Both spinel 
modifications have the same Fd-3m space group, but the distribution of cations can be determined by low 
temperature Mössbauer spectroscopy [2]. The physico-chemical properties of spinel ferrites are very 
convenient for passivation of surfaces, long lasting sensors, supercapacitors or contrast agents [1]. Thus the 
synthetic procedure is the key to tailor nanoparticles for specific purposes. The coprecipitation technique is 
very convenient for environmentally friendly synthesis of narrowly distributed nanoparticles [3], so it was 
employed in the study. 

A surface treatment of mechanical parts is crucial to fabricate high quality products. Many metals lack rust 
resistance. Commonly used techniques are able to improve only the mechanical or chemical properties, e.g. 
galvanisation or painting. Other techniques are able to improve both mechanical and chemical properties, but 
require a relatively high amount of energy and resources, namely nitriding, anodising or blackening [4]. 
Blackening is a powerful technique to improve surface properties, hardness and chemical stability [5]. This 
process is applied to carbon steel such as high quality alloy steel used for guns. Military standards also mention 
blackening for surface treatment and testing of chemical resistance to moisture, salts and operating fluids (e.g. 
oil, gasoline). Blackening consists of submerging the part into highly alkaline solution with a high temperature. 
Leading to the formation of a hydroxide on the surface, which is then heated to form an oxide layer, which is 
chemically stable. This process is transformed into deposition of spinel ferrite nanoparticles and heating in 
a furnace for moderate temperature and time. 
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The goal of the study is to investigate the influence of depositing zinc ferrite nanoparticles on the surface of an 
alloy steel plate. Basic properties of the prepared zinc ferrite nanoparticles were obtained with X-ray powder 
diffraction, Mössbauer spectroscopy and scanning electron microscopy. The phase composition of covered 
alloy steel plate was determined via the same analytical tools. The hardness is the main feature of prepared 
samples as the only mechanical property investigated during the study. 

2. MATERIALS AND METHODS 

2.1. Preparation of spinel ferrite nanoparticles 

FeCl3⋅6H2O, ZnCl2 and NaOH (pure analytically) chemicals were purchased from PENTA, s.r.o. (Prague, 
Czech Republic). Ethanol was purchased from the company Verkon. Nanoparticles were prepared by 
precipitation of Zn2+ and Fe3+ ions by sodium hydroxide. The amount of ions were n(Fe3+) = 2 mmol, 
n(Zn2+) = 1 mmol and n((OH)-) = 9 mmol. The admixture was homogenised for 5 min, then washed by 
deionised water. Finally, vacuum filtration was applied to collect the precipitate. 

2.2. Surface treatment of CL20ES plates 

CL20ES is an austenitic stainless steel powder of the chemical composition indicated in Table 1. The powder 
was sintered with a laser to form 25 mm x 25 mm x 3 mm metallic plate. This plate was then thermally treated 
and finally the plate was sandblasted by corundum abrasive of grain size of 70 - 150 um. The prepared 
nanoparticles were dispersed in ethanol and deposited on the plate, then the dispersions were dried at 80 °C 
and finally the plates were heated in a furnace at the desired temperature for 2 h. Sample Zn_Et_200 was 
heated at 200 °C and sample Zn_Et_400 was heated at 400 °C. 

Table 1 The chemical composition of CL20ES powder 

Component Fe Cr Ni Mo Mn Si P C, S 

Indicative value (%) Balance 16.5-18.5 10.0-13.0 2.0-2.5 0.0-2.0 <=1.0 <=0.045 <=0.030 

2.3. X-ray diffraction (XRD)  

X-ray powder diffraction (XRD) was used to determine the crystal structure and phase composition. The 
measurements were conducted using a Bruker D8 ADVANCE powder diffractometer operating in the Bragg-
Brentano parafocusing geometry. The diffractometer was equipped with a LYNXEYE position sensitive 
detector and with a Co "Kalpha" radiation source. In addition, the divergence slit and Soller slits for the primary 
beam and the Fe "Kbeta" filter and Soller slits for the secondary beam were applied for the measurements. 

2.4. 57Fe Mössbauer spectroscopy 

To distinguish positions and chemical states of 57Fe within the crystal structure in the samples, two Mössbauer 
spectrometers were used. The first spectrometer is a MS96 transmission Mössbauer spectrometer, the second 
a Conversion Electron Mössbauer Spectrometer (CEMS). Both operate in constant acceleration mode and 
make use of a 57Co radioactive source in a Rh matrix. Samples were measured at room temperature [6]. 
The MS96 spectrometer was calibrated using a α-Fe calibration foil zeroing the isomer shift values. 
No external magnetic field was applied during measurement. The samples were measured at room 
temperature without applying an external magnetic field. MossWin 4.0 software was used for spectra 
evaluation [7]. 

The CEMS works in a reflective geometry and measures a Mössbauer spectrum based on conversion 
electrons which come from a depth up to 300 nm in the sample [8]. The CEMS makes use of a ФЭУ-85 
photomultiplier as its detector. It is build into a Pfeiffer Vacuum Chamber to make the mean free path of the 
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conversion electrons longer and an electric field is created using an Ortec 556H High Voltage Power Supply 
between the detector and the sample to accelerate electrons towards the photomultiplier tube. 

2.5. Ultrasonic hardness test 

Hardness tests were performed with a ultrasonic portable hardness tester MET-U1A (Centre “MET”, Russia). 
The tester is equipped with a probe that operates according to the ultrasonic contact impedance method 
(ASTM A 1038, DIN 50159). The hardness was measured on each side several times and an estimated 
hardness was used to calculate the improvement in hardness as a percentage. 

2.6. Energy dispersive X-ray spectroscopy 

VEGA3 LMU (TESCAN, Czech Republic) was used to collect EDS spectra, equipped with Si(Li) XFlash 410 
EDS detector (Bruker, Germany). The primary energy of electrons was 30 keV with a takeoff angle of 35°. 

3. RESULTS 

3.1. Zinc ferrite characterisation 

Zinc ferrite was synthesised as described in the experimental section. XRD pattern corresponds to Fd-3m 
space group, which is associated with spinel structure, because spinel ferrites have the same space group 
varying per cell parameter. The recognised peaks correspond exclusively to Fd3-m space group pattern 
(Figure 1a). 

 

Figure 1 Prepared zinc ferrite MW_Zn_H1 (a) XRD pattern (b) 57Fe Mössbauer spectroscopy 

Room temperature transmission 57Fe Mössbauer spectroscopy revealed only superparamagnetic 
nanoparticles containing FeIII (doublet spectral component) in Figure 1b. Generally, the size of 
superparamagnetic nanoparticles is under 20 nm. The detailed parameters of Mössbauer spectral components 
are included in Table 2. 

Table 2 Components and parameters of Mössbauer spectra of prepared zinc ferrite 

Sample Component 

δ 

± 0.01 

(mm/s) 

ΔEQ 

± 0.01 

(mm/s) 

Bhf 

± 0.3 

(T) 

FWHM 

± 0.01 

(mm/s) 

RA 

± 1 

(%) Identification 

MW_Zn_H1 Doublet 0.35 0.60 --- 0.46 100 FeIII (SP) 

δ is the isomer shift (related to -Fe calibration foil at room temperature), ΔEQ is the quadruple splitting 
energy, Bhf hyperfine magnetic field and RA is relative area. 



 October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

211 

The element composition was evaluated by EDS, it identified peaks, that belongs to silicon, iron, copper, 
oxygen, zinc and carbon and the amount of individual elements are listed in Table 3. The spectrum has 
identified high intensity peaks, because the peaks of copper have low intensity they are not marked in Figure 2. 
The amount of iron, zinc and oxygen meet the synthetic procedure expectations, i. e. the ratio of Fe : Zn is 
approximated to 2 : 1. 

  

Figure 2 EDS spectrum of prepared zinc ferrite 

Table 3 Quantification of EDS spectra of prepared zinc ferrite in weight % with incertenity 0.5 % 

Sample Fe Zn Si C O Cu 

MW_Zn_H1 6.5 3.1 0.5 43.0 46.8 0.1 

3.2. Covering layers characterisation 

The CL20ES sample plates with covering layer were analysed using conversion 57Fe Mössbauer spectroscopy 
to obtain information about the surface phase composition. The investigation of layers was performed with a 
CEMS. The obtained spectra has 2 spectral components, a singlet is austenite, a doublet corresponding to 
zinc ferrite (Figure 3). The ferrite at the layers has different parameters as compared to the original spinel 
ferrite. The Zn_Et_200 doublet has similar parameters as untreated ferrite, but a higher temperature leads to 
a slight modification in the structure as presented in Table 4. 

 

Figure 3 CEMS spectra of samples (a) Zn_Et_200 (b) Zn_Et_400 
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Table 4 Components and parameters of CEMS spectra of plates covered with prepared zinc ferrite 

Sample Component 

δ 

± 0.02 

(mm/s) 

ΔEQ 

± 0.02 

(mm/s) 

Bhf 

± 0.3 

(T) 

FWHM 

± 0.02 

(mm/s) 

RA 

± 2 

(%) Identification 

Zn_Et_200 
Doublet 1 -0.13 0.14 --- 0.28 89 Austenite 

Doublet 2 0.41 0.63 --- 0.30 11 FeIII (SP) 

Zn_Et_400 
Doublet 1 -0.11 0.15 --- 0.27 86 Austenite 

Doublet 2 0.52 0.63 --- 0.30 14 FeIII (SP) 

δ is the isomer shift (related to -Fe calibration foil at room temperature), ΔEQ is the quadruple splitting 
energy, Bhf hyperfine magnetic field and RA is relative area. 

Hardness tests performed on each side of each plate show an improvement in hardness as indicated in Table 5 
with the respective conditions of preparation. 

Table 5 Improvement in hardness of prepared covering layers compared to untreated sides 

Sample Alcohol Temperature (°C) Improvement in hardness (%) 

Zn_Et_200 Ethanol 200 8.6 

Zn_Et_400 Ethanol 400 9.4 

4. CONCLUSION 

The detailed composition of the prepared zinc ferrite is provided including phase and elemental composition. 
The fabrication of the covering layer on a CL20ES plate was successful as demonstrated in the result section 
by phase composition and hardness test. The results indicate improved hardness in all cases, in addition the 
relative hardness is even higher as the annealing temperature is higher. CEMS provided very useful 
information about the surface. The study revealed a need for covering layers not only to enhance mechanical 
properties, but also to passivate the surface. Spinel ferrites can be considered a good candidate to provide 
higher hardness and chemical stability to mechanical parts even in the case of alloy steel, which is considered 
as stainless. 
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Abstract 

Titanium nitride (TiN) is largely applied as protective nanolayer of medical titanium implants due to its 
significant positive influence on the surface properties such as friction and corrosion resistance. During the 
process of its phase formation, occurrence of the point defects is probable and can potentially affect various 
material properties, e.g. change the lattice parameters. The surface energies of 8 crystallographic planes and 
effects of nitrogen vacancies on the lattice parameter in rock salt-like structure of TiN (δ-TiN) were studied 
using ab-initio method of density functional theory (DFT) with the generalized gradient approximation functional 
(GGA) as parametrized by Perdew, Burke and Ernzerhof (PBE). TiN supercell with 64 atomic positions was 
used for the calculation of defects influence and the results are thoroughly discussed in the context of available 
theoretical and experimental literature data. The linear decrease of lattice parameter with the increasing 
presence of nitrogen vacancies up to ca. 80 % was observed. The surface energy of (100) crystallographic 
plane is two times lower (1.499 J/m2) than for the rest of the studied planes. 

Keywords: Titanium nitride, TiNx, ab initio simulation, density functional theory, DFT, vacancies, lattice 
parameter, surface energy 

1. INTRODUCTION 

Titanium and its alloys are nowadays widely used as implant materials in biomedical industry due to their 
generally great mechanical, physical and chemical properties. By various types of surface treatment, their 
surface properties (such as friction or corrosion resistance) are often suitably modified without changing the 
required bulk ones (such as internal bulk modulus) [1]. One of the most prominent and controllable surface 
modification methods is the implantation of charged particles (e.g. ions of nitrogen, hydrogen, oxygen, 
potassium, carbon, argon, silver) under the top surface layer intervening depth of the sample typically about 
100 nm [2]. Changes of material properties are primarily caused by the formation of point defects, dislocations 
and potential new phases in the affected area, all of which are directly related to the depth concentration 
profiles of implanted ions and their dose [3]. In case of N ion implantation into the α-Ti matrix (P63/mmc, #194) 

[4], titanium nitride (TiN) with rock salt-like structure (δ-TiN, Fm3Rm, #225) is primarily formed [5].  

Metallic TiN has wide range of interesting properties such as high melting point, ultra-hardness, excellent 
mechanical resistance or good electric and thermal conductivity [6]. Therefore, it is being largely applied as 
coating nanolayer. During the modification of α-Ti with N ion implantation, the occurrence of high-density of N 
and Ti vacancies, substitutions or interstitials can significantly modify physical properties in the implanted zone, 
e.g. change the lattice parameters. Thus, knowledge of point defects and their influence is essential for 
understanding the behavior of our material. Particularly other important characteristics are the surface energies 
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as they play significant role in epitaxial film growth of TiN or in the explanations of particle (e.g. hydrogen, 
oxygen) absorptions on its given surface layer [7]. 

It is often desirable to have theoretical predictions of all the mentioned characteristics and effects as they can 
provide a meaningful insight to the material behaviour or the processes occurring during its modifications. 
Development of ab-initio simulation methods, such as density functional theory (DFT), allowed performing 
aforementioned predictions and had become broadly used in the last decades. In this study, we provide DFT 
predictions of the mean effects of vacancies on the lattice parameter in rock salt-like structure of TiN. We also 
present the calculations of surfaces energies of TiN for 8 crystallographic planes and compare all our results 
with published studies for the cases where data was available.  

2. COMPUTATIONAL DETAILS 

DFT simulations were performed within the CASTEP (Cambridge Serial Total Energy Package) code [8]. The 
exchange-correlation energy functional was approximated by means of the GGA in PBE parametrization [9]. 
Iterative solutions of Kohn-Sham equations are derived with plane-wave basis for linear expansion of the 
electronic wavefunctions. Suitable value of energy cutoff S�TU, determining the number of plane waves used in 
the expansion, was found by the following algorithm: The total free energy of the fcc-TiN unit cell (with 8 atoms) 
was calculated with predefined ultra-fine settings while changing only the values of S�TU ranging from 140 to 
600 eV with the step of 20 eV (Figure 1, Left, red marks). We set the energy cut-off at 360 eV to achieve the 
calculation convergence of at least 0.02 eV per atom with respect to this parameter. Similar convergence 
algorithm was used to find the suitable parameters of the Monkhorst-Pack k-point mesh [10] for the sampling 
of Brillouin zone. We selected 8 V 8 V 8 (Figure 1, Left, blue marks) as the energy convergence per atom 
with respect to the k-point sampling is here lesser than 0.01 eV. To further reduce the number of plane wave 
coefficients, we used the ultrasoft pseudopotential of the Vanderbilt type [11]. The system was considered be 
fully relaxed when the magnitude of the forces acting on all atoms was smaller than 0.01 eV/Å and the 
difference of energy per atom between consecutive iterates has decreased under 5 ∙ 10-6 eV/atom. 

   

Figure 1 Left: Convergence of the fcc TiN total energy per atom with respect to the cutoff energy parameter S�TU and DX V DX V DX k-points from the Monkhorst-Pack grid. Right: Quality of DFT data fit with  
Birch-Murnaghan equation of state. 

For the surface energies calculations, we have used a grid of 8 V 8 V 1, where V 1 is the usual choice  
in the direction perpendicular to the surface. This accounts the fact that the length of the supercell along this 
direction includes a vacuum region. Calculations of vacancies were performed on the TiN supercell containing 
64 atomic sites. Monkhorst-Pack grid was reduced to 4 V 4 V 4 as the lattice parameters are now twice the 
bigger the unit cell containing 8 atoms. This provides a set of k-points with equal density in each axis direction 
of the reciprocal space. The placement of defects for their given number was randomized using a custom script 
in PERL language. Being interested only in mean effects of vacancies on lattice parameters, we kept  
the supercells as cubic and calculated their dependences of total energy per atom on the lattice parameter D. 
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The range of changes of D was within 10 % of the computed equilibrium value of non-defected TiN (8.492/2 = 
4.246 Å) with the step of 0.04 Å. The obtained dependences were fitted by the Birch-Murnaghan equation of 
states (EOS) [12]: 

 S	D� � S� Y 9DZ[16 ]^_DZD `�a & 1ba [% Y ^_DZD `�a & 1b� ^6 & 4 _DZD `�abd,     (1) 

where fitting parameters have the following physical meaning: S� is the cohesive energy, DZ the equilibrium 
lattice parameter, [ the bulk modulus and [′ its derivation. Quality of this fit is illustrated for the one case in 
Figure 1, Right. 

3. RESULTS AND DISCUSSION 

3.1. Calculations of TiN surface energies 

We have studied the TiN surface energies SfghiTjk of (100), (110), (111), (211), (221), (311), (321) and (322) 
cleavage planes. The bulk energy per atom was set as the energy of geometrically optimized TiN structure. 
Resulting lattice parameter D � 4.246 Å was in very good agreement with the experimental value 4.238 Å [13] 
(relative deviation of 0.2 %). After that, all the crystallographic planes were cleaved from this optimized 
structure. Neither the symmetric nor the asymmetric surface relaxations were allowed as well as the surface 
reconstructions.  In all the considered planes (except for (111) and (311)), we have used the smallest possible 
surface cell for all slab calculations and tested the effect of different numbers of atomic layers ranging from 4 
to 12 (with 8 to 24 atoms) on the surface energy. For (111) and (311), we had to choose non-primitive surface 
cell in order to keep the consistence of the same number of atoms in layers with the rest of the studied planes. 
Since (111) and (311) surfaces have single species termination in rock salt-like structure, there are three 
possibilities of cleavage. Both sides are either Ti or N terminated, or one is terminated with Ti layer while the 
other one with N. We have chosen the later, mixed state. This should lead to an average value of surface 
energy between the two different terminations with the same atomic species [3]. 

 

Figure 2 Descending order from the most stable surface to the least stable one in TiN. Given data are 
calculated by means of the GGA-PBE functional with 12 atomic layers (24 atoms in the slab) and 10 Å 

thickness of vacuum. For each plane, corresponding atomic surface density is also shown. 

Resulted surface energies are summarized in Table 1. Our values are well converged with respect to the 
numbers of atomic layers in the slab as the surface energy changes are not greater than 0.1 J/m2 from 8 layers 
(16 atoms). Descending order from the most stable surface to the lowest stable one is shown in Figure 2 with 
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the corresponding atomic surface densities (energies are in units J/m2 � 16.022 eV/Å2 and for the vacuum 
thickness of 10 Å with 24 atoms in the slab). Typically, the most stable surfaces are the ones with highest 
surface densities. This agrees for the (100) (1.499 J/m2) as it has significantly higher density (22.7 %) than the 
second most stable (110) (3.006 J/m2) surface with 16.1 %. 

Table 1 DFT GGA-PBE calculations of TiN surface energies. Vacuum thickness was set to 10 Å. Surface 
relaxations and reconstructions are not considered. For the (111) and (311), one side was terminated 
with N atomic plane while the other with Ti. Comparison (percentage of the relative deviation) with 
the closest reference value [3,7] is given for the cleavage planes where data was found. 

N.  of 
layers  

(atoms) 

lmno	pqq� 
J/m2) 

lmno	ppq� 
(J/m2) 

lmno	ppp� 
(J/m2) 

Ti-N term. 

lmno	rpp� 
(J/m2) 

lmno	rrp� 
 (J/m2) 

lmno	spp� 
(J/m2) 

Ti-N term. 

lmno	srp� 
 (J/m2) 

lmno	srr� 
 (J/m2) 

4 (8) 1.580  
(+3.3 %) 

3.013 
(+5.0 %) 

4.420 
(+5.3 %) 3.925 3.977 3.151 3.538 4.519 

6 (12) 1.525  
(-0.3 %) 

3.011 
(+4.9 %) 

4.163  
(-0.8 %) 3.782 4.072 3.098 3.387 4.341 

8 (16) 1.529  
(-0.1 %) 

3.030 
(+5.6 %) 

4.206 
(+0.2 %) 3.730 3.926 3.013 3.313 4.382 

10 (20) 1.497  
(-2.2 %) 

3.011 
(+4.9 %) 

4.176 
 (-0.5 %) 3.736 3.896 3.002 3.365 4.277 

12 (24) 1.499  
(-2.0 %) 

3.006 
(+4.7 %) 

4.181  
(-0.4 %) 3.719 3.880 3.009 3.355 4.194 

Refer. 

1.530[3], 

rPBE 

1.602[7], 

PW91 

2.870[3], 

rPBE 

4.198[7], 

PW91 
5.080[3], 

rPBE  

- - - - - 

3.2. Nitrogen vacancies in TiN and their influence on lattice parameter 

We present DFT prediction of the mean effects of nitrogen vacancies on the lattice parameter D in fcc TiN1-x. 
To minimize the interactions between vacancies themself for periodic boundary calculations, the TiN supercell 
with 64 atomic sites was chosen.  Within this supercell, vacancies had been created ranging from 3.13 % to 
100.00 % with the step of 3.13 % up to the 12.50 % and from this point, with the step of 6.25 % (corresponding 
to creation of two vacancies from initial 32 N atoms). Resulted dependence of the lattice parameter D on N 
vacancies concentration (as 100 × x in TiN1-x) from the least-square best-fit with Birch-Murnaghan EOS is 
presented in Figure 3. We observed linear decrease in D with possible linear regression D � &0.00009261t Y4.247 up to the 80 % of vacancy concentration t (up to TiN0.2 stoichiometry). The stability of δ-TiN1-x phase 
was experimentally observed up to 63 % of N vacancy concentration [14]. Our calculation shows that the cubic 
phase of TiN1-x could be stable/metastable with even higher concentration of N vacancies, up to ca. 80 %, as 
the slope of the lattice parameter starting to decrease from this point in much steeper way.  

In [15,16], similar calculations were performed on smaller supercell consisting of 8 atomic positions of fcc TiN 
using the Full Potential-Linear Muffin Tin Orbital (FP-LMTO) implementation of DFT with local density 
approximation (LDA). However, there arising direct disadvantages using this type of cell as the number of 
vacancy concentrations is strictly limited (0 %, 25 %, 50 %, 75 % and 100 %), and the self-interactions of 
defects within periodic boundary conditions are less eliminated. Very recently, such simulations were extended 
in [17] using GGA-PBE functional on the supercell with the same size as ours (64 atomic positions). We used 
all these theoretical reference data as well as available experimental results [17-20] and have compared them 
with linear regression of own calculated lattice parameter dependence in Table 2. Our results are for 0.00, 
1.00, 20.00, 49.00 and 50.00 % of N vacancy concentration in very good agreement with experimentally 
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derived lattice parameters, as the maximum relative deviation was 0.61 % for TiN0.80 [19]. Comparing to the 
theoretical prediction [17], their data starting at very similar value (0.00 % deviation at x = 3.13 %) and slightly 
differs at x = 25.00 % with -0.26% error from our results. Overall, with the highest relative deviation of 2.14 % 
for TiN0.25 [16], there is no discrepancy between data in literature and our calculated prediction. 

   

Figure 3 DFT GGA-PBE calculations of TiN1-x lattice parameter changes with increasement presence of 
nitrogen vacancies (100 × x) performed on the supercell with 64 atomic position sites.  

Table 2 Comparison of our GGA-PBE calculations of TiN1-x lattice parameter dependence on N vacancy 
concentration with theoretical and experimental data from available literature  

x in TiN1-x 

(× 100 %) 

vwxy, references 

(Å) 
vz{w, our PBE 

results, linear fit (Å) 
 vz{w! vwxyvwxy  (%) 

0.00 4.238exp, [18], 4.225LDA, [15], 
4.180LDA, [16], 4.244PBE, [17] 4.247 +0.21, +0.52,  

+1.60, +0.07 

1.00 4.237exp, [19] 4.246 +0.21 

3.13 4.244PBE, [17] 4.244 0.00 

6.26 4.243PBE, [17] 4.241 -0.04 

12.50 4.242PBE, [17] 4.235 -0.16 

20.00 4.203exp, [19] 4.228 +0.61 

25.00 4.229exp, [18], 4.196LDA, [15], 
4.160LDA, [16], 4.235PBE, [17] 4.224 -0.12, +0.66, 

+1.53, -0.26 

36.00 4.228exp, [21] 4.214 -0.34 

49.00 4.217exp, [20] 4.202 -0.36 

50.00 4.214exp, [18], 4.192LDA, [15], 
4.128LDA, [16] 4.201 -0.32, +0.21, 

+1.76 

75.00 4.090LDA, [16] 4.178 +2.14 

4. CONCLUSION 

We have determined surface energies of 8 crystallographic planes in TiN by means of the ab-initio simulation 
method of DFT with GGA-PBE exchange-correlation functional. The most stable is (100) which agrees with 
the fact it has significantly higher atomic surface density than the rest of the studied surface planes. Comparing 
with available published data for (100), (110) and (111) surfaces, our calculations are in very well agreement. 
We also used DFT GGA-PBE method to calculate influence of nitrogen vacancies on the lattice parameter D 
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in rock salt-like structure of TiN1-x. Linear decrease of D with increasement in N vacancy concentration is 
observed and the linear regression of those data is possible up to 80 % of vacancies presence. From this 
point, the slope of the lattice parameter is much steeper and one can predict that the metastability of cubic 
TiN1-x phase will be close to TiN0.20 composition. To conclude, we have reached excellent correspondence with 
theoretical and experimental published literature data and extended calculated lattice parameter dependence 
of δ-TiN1-x on the full range of nitrogen vacancies with very good linear fit regression.    
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Abstract 

Synthetic crystalline materials of the garnet group are used as scintillators in scanning electron microscopy. If 
a thick conductive layer is applied on the garnet surface, slower electrons don’t have enough energy to pass 
through this relatively thick conductive layer on the scintillator surface. Therefore, either thinner conductive 
layer or appropriate patterning of the thicker layer has to be used. Within this contribution we study the 
patterning process of such conductive nano-layer. Resolution of the patterning process is of high interest. Two 
approaches are compared: direct writing electron beam lithography and mask projection UV lithography.  

Keywords: Electron beam lithography, nano-patterning, yttrium aluminium garnet 

1. INTRODUCTION 

Scintillation detectors are one of the most widely used types of backscattered electron (BSE) and secondary 
electron (SE) detectors. Their basic element is a scintillator. The scintillator is a material in which a 
cathodoluminescence (CL) response occurs after an electron impact. The integral intensity of CL is a very 
important physical quantity and its magnitude affects the performance of the overall scintillation detector. The 
problem arises in the detection of low-energy electrons, since the integral intensity of CL decreases 
significantly with decreasing energy of incident electrons. SEs, having an energy of the order of tens of eV, 
are accelerated by the applied positive voltage on the scintillator, so that upon impact on the scintillator they 
elicit an intense CL response. BSEs have an energy close to that of the primary beam and are often detected 
by a scintillator without a positive potential applied. When the low energy of the primary beam is selected, the 
detected BSEs also have a low energy, which causes a weak CL response. 

Another important factor influencing the CL response is the depth of electron penetration into the scintillator, 
which also decreases significantly with decreasing energy of the incident electrons. Then in single-crystalline 
scintillators, CL does not occur deep in the bulk, but closer to the surface of the scintillator. The energy quantum 
states at the surface do not have to create radiative recombination centers as in the bulk, but can change their 
nature from radiative to non-radiative. In addition to the surface treatment of the scintillator after its growth 
(cutting, grinding, polishing, thermochemical treatment), it also depends on the chemical composition and 
crystal structure of the scintillator. For the detection of electrons with an energy in hundreds of eV, a completely 
different scintillator may be suitable due to its CL response than for the detection of electrons with an energy 
of 10 keV. 

Various approaches were presented for the etching of the ITO (Tin-doped indium oxide) conductive layer [1-3]. 
Alternatively, highly luminescent thin films of zinc tungstate have been deposited on top of conventional 
scintillators for electron detection in order to replace the need for a top conducting layer [4]. 

The aim of this contribution is to develop a technology for patterning of an ITO nano-layer on a single crystalline 
scintillator substrate. Microlithography shall be used for this purpose, both direct write e-beam lithography and 
mask projection UV lithography (using the EBL originated photo mask) are of interest. Pattern line width is 
expected in the range 1-2 microns; the final surface coverage of the patterned ITO layer should be less than 
20 %. The ITO layer with specific parameters is coated on the sample surface before the lithography steps. 
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2. METHOLOGICAL BASIS 

Basically, a lithographic process is used for patterning of the thin conductive layer. The electron-beam direct-
write patterning generally provides higher resolution and flexibility. The advantage of the optical projection 
lithography is basically lower processing cost. 

3. EXPERIMENTS 

The garnet sample (Figure 1, left) was coated by a conductive ITO layer of 30-50 nm. A specific sample holder 
was designed for the spin coating process (Figure 1, right). 

    

Figure 1 Garnet sample (left); sample holder for spin-coating process 

3.1. Direct Writing Electron Beam Lithography 

First, the sample was coated by an electron resist layer. Two types of positive-tone resist were evaluated, 
PMMA and Shipley S1813. The adhesivity of both types on the ITO layer was very poor. Known approaches 
for improving the adhesivity, i.e. plasma treating and adhesive promoter, were not effective. The resist layer 
was peeled off, partially or fully, either during the resist development process or during the ITO etching process. 
Partial results were achieved only for rough patterns; testing pattern in successive technological steps is shown 
in Figure 2. Moreover, the positive tone resist is not very suitable for the intended grid pattern, due to proximity 
effect of back scattered electrons during the exposure, the technological window of the applied dose is very 
narrow. The appropriate etching of the ITO layer was achieved using the HCl+H2O 1:1 solution. 

     

Figure 2 Sample test mark (see text): after resist development (left), after wet etching (center),  
after resist removing (right) 

3.2. Mask Projection UV Lithography 

The resolution of grid patterns was aimed at line width of less than 2 microns, with the spacing between lines 
in order of 20 microns; the final coverage of the ITO layer should be in the range 10-20 %. 
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The projection photo mask was prepared by using the e-beam lithography. The glass substrate was covered 
by the chromium layer of 100 nm and subsequently by a PMMA resist layer of 400 nm. The patterning was 
performed by using the e-beam pattern generator Vistec EBPG5000+ES with 100 keV energy of electrons. 
After the development of the resist mask, the pattern was transferred into the chromium layer by wet etching 
process, using a commercial solution TechniStrip from MicroChemicals.Detail of the photo mask is depicted 
in Figure 3. 

 

Figure 3 Chromium photo mask (light microcopy); grid size 12 um; line width 2.0 um 

The garnet sample with the ITO layer was coated by 200 nm layer of the photoresist AZ 1518 from 
MicroChemicals. The photo lithography transfer of pattern from the mask to the photoresist was done by using 
the mask aligner MA/BA6 form Süss. The exposure time was set to 7 seconds; the resist was developed by 
AZ 726 MIF developer for 15 seconds. The ITO layer was etched with HCl+H2O solution 1:1 for 30 seconds. 
The photo resist adhesion was found to be acceptable.  

4. RESULTS AND DISCUSSION 

The designed mask line of 3 microns was transferred as 1.5-2.0 micron lines in the ITO layer, thus achieving 
the final line width below 2 micrometers. The AFM measurements are shown in Figure 4; the micro photo is 
shown in Figure 5. The surface electrical conductivity of the sample was successfully checked. 

    

Figure 4 Conductive line on garnet (AFM); grid size 20 um; line width 1.5 um; thickness ~ 30 nm 
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Figure 5 Conductive grid-patterned nano layer on garnet (light microcopy); grid size 20 um;  
line width 1.5 um; thickness ~ 30 nm 

5. CONCLUSIONS 

The paper summarizes the results of patterning conductive nano layer on the garnet substrate. Direct write 
lithography using electron beam patterning was unsuccessful. The projection optical lithography using the e-
beam originated photo mask was shown to be adequate and precise process. The resulting sample is used as 
a cathodoluminiscence detector with defined surface conductivity. 
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Abstract 

We present a novel approach for deposition of metallic silver films from silver nitrate (AgNO3) ink. The 
conversion of AgNO3 is induced by argon plasma of the diffuse coplanar surface barrier discharge (DCSBD) 
generated at atmospheric pressure. The macroscopically homogeneous and diffuse plasma of high power 
density allows fast reduction of AgNO3 into conductive metallic silver within two minutes. The process is carried 
out at temperatures below 70 °C and without the need for a complex vacuum chamber and is therefore highly 
suitable for deposition onto temperature-sensitive materials. In our study we used paper prepared from 
nanocellulose fibres, which offers mechanical flexibility, translucency and recyclability while having lower 
surface roughness and enhanced mechanical properties and thermal stability compared to regular paper. As 
a figure of merit, the resistivity of prepared films was measured. The X-ray photoelectron spectroscopy was 
used to study the conversion of AgNO3 into metallic silver. Scanning electron microscopy revealed the 
morphology of the surface of the films giving insight on the nucleation and the growth process. The silver films 
prepared according to our methodology are an attractive possibility for applications in sensing devices or as 
conductive lines and other features in flexible electronics. 

Keywords: Conductive films, silver nitrate, reduction, argon plasma, nanocellulose 

1. INTRODUCTION 

Printed electronics is an emerging technological field that focuses on utilizing deposition methods compatible 
with solution processing to prepare functional coatings for electronic devices. While conventional electronics 
are based on rigid substrates as silicon wafers; printed electronics aim towards flexible substrates such as 
polymer (PET, PEN) foils or (nano)paper, which can be designed for the highly desirable roll-to-roll processing 
with high throughput.  

Printing of the metals is essential to create conductive features and paths in electronic circuits. There are 
several approaches for the formulation of metal inks for printing. Nanoparticle inks are the most studied in the 
metal ink technology [1]. Nanoparticles are dispersed within an organic solution together with some capping 
agents to control their shape and size. Another approach is formulation of particle-free inks, where metals exist 
in a form of ions from metal-metorganic complexes dissolved in volatile solvents. After printing the complexes 
can be transformed into pure metal patterns by decomposition at elevated temperature [2] or by chemical 
reduction [3]. 
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Of particular interest are metal particle-free inks based on inorganic metal salts [4]. They have the same 
advantages against NP inks as the metal-organic complex inks, while the metal salts are readily available and 
do not require careful design and synthesis. Numerous metals have been printed by simple dissolving of the 
metal salt in water with addition of volatile organic solvents to adjust the fluid properties of the inks including 
gold, silver, copper, palladium, platinum, lead, bismuth and tin [5]. The drawback of metal salt inks is relatively 
high sintering temperature required for the decomposition.  

Post-deposition sintering is typically required for removal of the organic parts of the inks that decrease the 
conductivity of the printed films. In case of particle-free inks the sintering is also needed for the conversion of 
the ionic metals to pure metal films. Sintering at elevated temperatures restricts the possible substrates used, 
as polymers or paper often cannot withstand temperatures exceeding 100 °C. Alternative sintering approaches 
have therefore been used such as photonic sintering [6], microwave sintering [7], chemical sintering [8] and 
plasma sintering [5,9-11]. 

In this contribution we present a method to prepare conductive silver films by reduction of silver nitrate AgNO3 
printed from a simple water-based ink by plasma treatment at low temperature (< 70 °C) at atmospheric 
pressure. The approach we present can completely convert silver nitrate film into pure metallic silver in just 
two minutes. It is highly suitable for printing on temperature-sensitive substrates and is capable of fast 
treatment of large areas and is compatible with roll-to-roll processing. 

As a substrate we used nanocellulose paper. Compared to naturally-occurring cellulose, which consists of 
cellulose fibres 20-50 µm in diameter, the microfibrils that make up nanocellulose paper have diameters that 
lie in a measurement range of only tens of nanometres. This allows nanocellulose paper to match the desirable 
properties of plastic substrates, such as low surface roughness and thermal stability, while adding recyclability 
and enhanced flexibility [12,13]. 

2. EXPERIMENTAL PROCEDURE 

2.1. Materials 

Silver nitrate was purchased from Merck KGaA (Germany). By dissolving 0.212 g of AgNO3 in a mixture 
of 0.429 g water and 0.946 g ethylene glycol (Lach-ner s.r.o, Czech Republic) we obtained an ink with 15 wt.% 
of AgNO3. The ink was very stable and retained its properties after up to a year of storage.  

The nanocellulose paper was kindly provided by Dr. Juho Antti Sirviö of the Fibre and Particle Engineering 
Research Unit at the University of Oulu, Finland. The preparation process is thoroughly described in the works 
of Sethi et. al. and Li et. al. [14,15].   

2.2. Deposition and plasma treatment 

We deposited the silver nitrate ink using a spin-coater. A droplet with volume of 10 µl was placed in the middle 
of a 0.5 cm × 0.5 cm square nanocellulose substrate and spun for 45 s at 2000 RPM to distribute the ink. 

Immediately after the deposition the coated samples were attached to the sample holder by a double-sided 
tape and inserted into the gas chamber, schematically visualized in Figure 1. The gas chamber had a volume 
of 50 cm3. An argon gas was continually flowing through the gas chamber at a rate of 1 l/min to achieve an 
argon atmosphere inside the chamber. The chamber was operated at atmospheric pressure. Plasma was 
generated by diffuse coplanar surface barrier discharge (DCSBD) - a dielectric barrier discharge withcoplanar 
arrangement of electrodes; commercialized by Roplass s.r.o. (Czech republic) [16]. 

The plasma region of the DCSBD unit was around 0.3 mm thick. To ensure a good contact of the sample 
surface with the plasma region the sample holder was distanced from the ceramics of the DCSBD unit by 
0.3 mm of Kapton tape. The exposure time of the treated sample surface was varied from 0 s to 128 s.  
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Figure 1 Scheme of the setup of the DCSBD plasma unit operating in argon. Samples are attached to the 
sample holder, which can be moved horizontally over the plasma region to achieve a uniform treatment. 

2.3. Film analysis 

Mira3 scanning electron microscope (SEM) from Tescan (Czech Republic) was employed for the analysis of 
the morphology of the reduced silver film and the evaluation silver nanoparticles dimension. The images were 
captured at with 20x up to 100x magnification, 5 kV accelerating voltage and at a working distance of 5 mm. 

The surface chemistry of the reduced silver films was determined from X-ray photoelectron spectra (XPS) 
obtained by AXIS Supra spectrometer from Kratos Analytical Ltd. (United Kingdom). The instrument uses Al Kα 
spectral line (1486.6 eV photon energy) and an electron flood gun was utilized for charge compensation. The 
acquisition of narrow regions of the spectrum was performed with the pass energy 20 eV. For analysis of the 
spectra CasaXPS software was used. The spectra were calibrated to C-C/C-H peak of C 1s at 284.8 eV 
binding energy. 

The sheet resistance of the reduced silver films was determined by the four-point probe measurement using 
the Four-Point Probe System from Ossila Ltd (United Kingdom). 

3. RESULTS AND DISCUSSION 

The sheet resistance of the as-deposited AgNO3 film and the converted silver films after treatment for 16 s, 
64 s and 128 s are shown in Table 1. Because of the insulating nature of the AgNO3 caused the sheet 
resistance of the reference sample was too high to be measured. With increasing exposure to the reduction 
atmosphere of the argon plasma the sheet resistance of the film decreased down to 0.6 ± 0.1 Ω/□ for the film 
treated for 128 s. The energetic species in the plasma, specifically the argon ions and electrons are thought 
to be responsible for the conversion of the AgNO3 into metallic silver. The plasma has a limited penetration 
depth into the treated film given by the porosity of the substrate and the film. There is a possibility that the 
converted metallic silver film forms a crust around non-converted AgNO3 below, that has not been exposed to 
the plasma species. 

The XPS spectra of the film treated for 128 s were analysed for the atomic concentrations and displayed 48% 
of silver, 35% of carbon, 14% of oxygen and 3% of fluorine. The carbon and oxygen that were detected can 
be attributed to surface contamination as well as the signal from the underlying nanocellulose substrate, which 
can be significant due to its porosity. The fluorine signal was also detected in the XPS spectra of the 
nanocellulose without the coating, therefore it can be attributed to the substrate as well. Interestingly, no 
nitrogen was detected in the coating. This suggests complete removal of the AgNO3 during the conversion 
process. 
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Table 1 Sheet resistance of as-deposited AgNO3 reference film and plasma reduced silver films 

Treatment time Sheet resistance [Ω/□] 

Reference n/a (> 10 MΩ/□) 

16 s 160 ± 30 

64 s 50 ± 20 

128 s 0.6 ± 0.1 

The narrow XPS region of the Ag 3d 5/2 of the 128 s treated sample is shown in Figure 2a. A metallic Ag 
displays a single peak at around 368.4 eV and the signal from AgNO3 is typically shifted by 0.4 eV towards 
higher binding energies. This small difference in the binding energies makes it difficult to assess the chemical 
form of the film. If we look at the Ag MNN auger peak in Figure 2b we can better see the pronounced features 
typical for the metallic silver rather than those in the position for the AgNO3 [17]. 

  

Figure 2 Narrow XPS regions of the film treated for 128 s a) Ag 3d 5/2 peak b) Ag MNN auger peak 

The SEM images of the film treated for 128 s are shown in Figure 3. The image with lower magnification in 
Figure 3a shows the homogeneity of the converted film. The reduced silver film copies the fibres of the 
underlying nanocellulose substrate. The image with higher magnification in Figure 3b shows details of the 
nanoparticles of silver which formed by agglomeration of silver atoms during the conversion from AgNO3 by 
plasma. The average diameter of nanoparticles was 36 ± 1 nm. The tight packing of the nanoparticles that can 
be seen in Figure 3b and the necks that formed between them explain the excellent sheet resistance of the 
film. 

  

Figure 3 SEM images of the reduced silver film after 128 s treatment with a) 20 kx magnification and 
b) 100 kx magnification 
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4. CONCLUSION 

Silver nitrate dissolved in a mixture of water and ethylene glycol was printed using spin-coating on the 
nanocellulose substrate. Exposure of the printed film to the argon plasma generated by the diffuse coplanar 
surface barrier discharge led to the conversion of the silver salt to metallic silver as a result of reduction by 
energetic species from the plasma, specifically electrons and argon ions. The sheet resistance of 0.6 Ω/□, 
which is about 10x the resistance of bulk silver, was achieved after treatment for just 128 s. X-ray photoelectron 
spectroscopy suggested a complete conversion of the AgNO3, as there was no nitrogen detected on the 
surface and the auger peak of silver displayed a shape typical for metallic silver, not a mixture of silver and 
silver nitrate. The nanocellulose paper substrate was used because of its compatibility with the ink, good 
mechanical and thermal properties and it’s flexibility and recyclability.  Scanning electron microscopy images 
showed homogeneous coating copying the rough surface of the nanocellulose. The agglomerated 
nanoparticles were densely packed and formed connections during conversion. The high conductivity of the 
prepared films and the compatibility with the roll-to-roll processing makes this method very attractive for 
applications in flexible and printed electronics. 
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Abstract 

Thin-film solid-state lithium-ion batteries can provide autonomous operation of miniature devices (biosensors, 
smartwatches, medical devices, etc.). In this work, we investigated the processes of obtaining thin films of 
manganese oxide by atomic layer deposition (ALD), and their electrochemical activity as an anode of a lithium-
ion battery (LIBs). Tris (2,2,6,6-tetramethyl-3,5-heptanedionato) manganese (III) (Mn(thd)3) was used as an 
Mn precursor, and remote oxygen plasma was used as a co-reactant. Each pulse of Mn(thd)3 and remote 
plasma treatment were separated by N2 purge and evacuation of the reactor. The deposition of manganese 
oxide films was carried out on silicon (100) and stainless steel (316SS, 16 mm in diameter) substrates at the 
temperature of 250-300 °C. The effect of the precursor sublimation temperature, the pulse of manganese 
precursor, and purge time on the growth rate per cycle was studied. The average growth per cycle calculated 
from film thickness measurements (spectral ellipsometry) varied from 0.06 to 0.12 Å/cycle. Using X-ray 
photoelectron spectroscopy (XPS), the compositions of the deposited films were determined. According to 
XPS results, the formation of Mn2O3 oxide occurred during deposition. The change in the shape of the curves 
of cyclic voltammetry as a result of cyclic charge/discharge relative to lithium is discovered. The maximum 
capacity observed at 0.8 С-Rate (30 µA) was 110 µAh·µm-1·cm-2 for a steel substrate with a manganese oxide 
layer. 

Keywords: Atomic layer deposition, manganese oxide, thin films, solid-state li-ion battery 

1. INTRODUCTION 

Nowadays, most electronics companies try to reduce the size of their product. Due to this fact, the downsizing 
of power-supply sources is the current problem for them. There is a need for methods that can accurately 
recreate the structure of the battery and its materials while improving the parameters compared to old ones. 
The synthesis of thin-film cathode and anode materials by atomic layer deposition (ALD) allows solving this 
problem. The method is based on self-limiting reactions of a gas-phase reagent with a substrate surface [1,2]. 
Due to its peculiar properties, the process makes it possible to create uniform coatings on substrates of 
complex shapes such as high-aspect structures [3,4]. Therefore, the energy capacity of the battery can be 
increased, which has a positive effect on the device’s autonomy. Studies [5-7], have shown that ALD coatings 
the oxides of transition metals such as Ni, Co, have high electrochemical activity. Manganese oxides have 
similar electrochemical characteristics [8]. Thus, it can appear for high-capacity anode material of a thin-film 
lithium-ion battery. 

Various compounds are used to synthesis thin films of manganese oxides by the ALD. The most common are 
manganese carbonyl Mn2(CO)10 [9], Bis(ethylcyclopentadienyl)manganese (II) Mn(EtCp)2 [10,11], and 
Tris(2,2,6,6-tetramethyl-3,5-heptanedionato)manganese (III) Mn(thd)3 [12-14]. The main disadvantage of 
Mn2(CO)10 is the difficulty of controlling the uniform growth of films at elevated temperatures due to the reagent 
decomposition. In the case of using Mn(EtCp)2, the resulted manganese oxides generally have a stoichiometric 
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formula close to MnO. Thus, stronger oxidation conditions are required to obtain manganese oxides with higher 
oxidation states.  

In this work, Mn(thd)3 was chosen as a precursor due to the stable average growth per cycle rate and uniformity 
of the films. Another advantage is the possibility of synthesis of manganese oxides in a wide range of oxidation 
states from +2 to +4 by varying the second reagent [10]. This work describes ALD synthesis and studies 
(physicochemical and electrochemical) of films obtained by ALD synthesis thin films of manganese oxide using 
Mn(thd)3 as a reagent, as well as to identify the optimal synthesis parameters. 

2. MATERIALS AND METHODS 

Silicon monocrystal plate (111, 40 мм, ZAO “Svetlana”) and stainless-steel plate (316SS, Tob New Energy 
Technology Co., LTD, 15.8 mm) were used as a surface for the thin film deposition. Steel plates were cleaned 
in Ultrasonic cleaner, acetone, and deionized water for 15 minutes successively. 

ALD of the thin film was performed in the «Functional materials» laboratory, SPbPU using Picosun R-150 
setup at the reactor temperature of 270°С and the reactor pressure of 8-12 GPa. Tris(2,2,6,6-tetramethyl-3,5-
heptanedionato)manganese(III) (Mn(thd)3) (CAS № 14324-99-3, DalChem) was used as a precursor. Oxygen 
plasma was used as a co-reactant (Power- 3 kW, pulse - 15 s).  

Spectroscopic ellipsometry parameters for the Mn2O3 film was measured by ellipsometer SAG Ellips-1891 
(CNT, Novosibirsk, Russia) in wave range from 350 to 1000 nm. 

Electrochemical measurements were carried out on coin cells with CR2032 dimensions relative to lithium. Mn-
O samples on the 316SS surface were used as an electrode. Lithium foil, polyolefin porous film 2325 (Celgard, 
Charlotte, North Carolina, USA), and TC-E918 solution (Tinci, Guangzhou, China) were used as a counter 
electrode, separator, and electrolyte, respectively. Disc cells were collected in the OMNI-LAB (VAC) glove box 
under argon atmosphere. Cyclic voltammetry (CV) was performed using the PGSTAT302N+ potentiostat 
(Autolab, Utrecht, Netherlands) in the range of 0-3.0 V at a scan velocity of 0.5 mV / s. 

X-ray photoelectron spectra (XPS) were detected with “Thermo Fisher Scientific Escalab 250Xi”. The surface 
of samples was etched by Ar ions with an energy of 500-3000 eV before the measurements. Then samples 
were illuminated by the x-ray emission of Al Kα (1486.7 eV) in vacuum 7∙10-8 Pa. Sample charging was 
automatically compensated. Analysis for each sample was carried out at 2-3 randomly selected points on the 
surface. 

X-ray diffraction (XRD) studies were performed using a Bruker D8 ADVANCE (Cu-Kα, Billerica, MA, USA). 

3. RESULT AND DISCUSSION 

3.1. Mn-O thin films synthesis 

Different deposition parameters were varied during the experiment to determine their influence on the growth 
parameters of the films. Experimental parameters and growth results are presented in Table 1. 

Deposition parameters consisted of the temperatures of the evaporator (170-190 °C), the temperature of the 
reagent supply line to the reactor (200-210 °C), and the pulse time of the manganese precursor (0.5-4 s). The 
growth rate was studied on films resulting from 500 ALD cycles. Thicker films were grown (over 1700 cycles) 
to research chemical, phase compositions and determine the electrochemical characteristics. The purge time 
for all experiments was 3 seconds after the Mn(thd)3 injection. The time of the pulse and purging of oxygen 
plasma was 15 and 5 seconds, respectively. Experimental parameters and growth conditions are presented in 
Table 1. 
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The study showed that the growth rate doubled from 0.06 to 0.12 Å/cycle, with an increase in the evaporator 
temperature from 170 to 190 °C. Such a difference is caused by the vapor pressure rise of Mn(thd)3 in the 
evaporator and, consequently, in the reactor. Furthermore, the uniformity of the coatings improves with an 
increase of the pulse duration at the minimum investigated temperature of the evaporator (170 °C). Still, the 
average growth per cycle does not increase significantly. An increase in the precursor’s pulse time from 0.5 to 
2 s at 190 °C leads to a nonlinear increase in the growth rate. The maximum growth per cycle was recorded 
at a 1 s pulse with maintaining the uniformity of the coating constant. This time is sufficient to saturate the 
substrate with reagent vapors. Subsequent increase pulse time may cause a purge effect, which promotes 
reagent desorption and a decrease in the growth rate per cycle. 

Table 1 Influence of synthesis parameters on the growth rate of manganese oxide films  

Tsource/ Tline  Pulse Mn(thd)3/  

Purge  

Thickness  Growth per cycle  Cycle  

°C  s nm Å/ cycle  n  

170/210  1.0/3.0  2.0-3.8  0.06±0.01 500  

170/210  4.0/3.0  2.9-3.7  0.07±0.01 500  

180/200  1.0/3.0  3.3-3.8  0.07±0.01 500  

190/200  0.5/3.0  3.2-4.6  0.08±0.01  500  

190/200  1.0/3.0  5.0-6.3  0.12±0.01  500  

190/200  2.0/3.0  3.8-4.9  0.09±0.01 500  

190/200  1.0/3.0  12.6-20.7  0.10±0.01  1700 

It should be noted that the reagent is stable up to 240 °C [15]. Hence, a further increase in the evaporator 
temperature would lead to unwanted decomposition of the reagent. 

Consequently, deposition conditions with the highest growth rate were chosen to grow a thick manganese 
oxide film (1700 cycles): the deposition temperature is 190 °C, the precursor pulse and purge times are 1 and 
3 seconds, respectively. The average growth per cycle for samples obtained at 500 and 1700 cycles is 
approximately the same and varies in the range of 0.10-0.12 Å / cycle. 

3.2. Mn-O thin films characterization 

To determine the chemical composition, the obtained samples were examined using X-ray photoelectron 
spectroscopy. Before measurements, the surface was etched with argon ions (3 keV) for 30 seconds to remove 
surface contamination. It was found that the coating in the analyzed region contains 63.8 at. % oxygen, 26.8 
at. % manganese and 9.4 at. % carbon. Thus, the ratio of oxygen to manganese is 1.43 (63.8/26.8), closest 
to Mn2O3. The high carbon content in the film is associated with carbon-containing contaminants during etching 
and incomplete removal of the residues of the precursor ligands. Two peaks are observed on the C1s spectrum 
(Figure 1a), corresponding to C-C, C-H bonds, and carbonates (CO32-). 

On the O1s spectrum (Figure 1b) appear two peaks at 529.8 eV and 531.9 eV. The former refers to the 
compounds of oxygen with manganese in Mn2O3. The latter corresponds to oxygen in hydroxyl groups and/or 
carbonate.  

The Mn2p spectrum (Figure 1c) contains two peaks with maxima at 641.4 eV (Mn 2p3/2) and 653.1 eV (Mn 
2p1/2), which correspond to the compound Mn2O3. As a result, separation of the Gaussian curves, it was found 
that the analyzed part of the sample might contain a small proportion of MnO2. 
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                                               (a)                                                                          (b) 

 
    (c) 

Figure 1 XPS spectra (a) C1s, (b) O1s, (c) Mn2p obtained after etching the film surface 

The oxidation state of manganese can also be estimated based on the difference between the values of the 
Mn2p3/2 maximum and the Mn-O peak in the O1s spectrum. In the study of various manganese oxides, it was 
found that with a decrease in the oxidation state, this difference decreases and amounts to 112.2 eV for MnO2, 
111.7 eV for Mn2O3, and 111.1 eV for MnO [16]. In our case, it is 111.6 eV, which indicates the predominant 
presence of manganese in the Mn2O3 compound. In the process of ALD with the use of Mn(thd)3 and O2 
plasma, there is practically no change in the oxidation state of manganese, and a Mn2O3 film is formed. 

According to the results of an X-ray phase analysis study, no reflections corresponding to manganese oxides 
were found on the X-ray diffraction patterns. In this regard, it can be concluded that an X-ray amorphous film 
is possibly formed during the ALD at 275 °C. 

3.3. Electrochemical characteristics 

The electrochemical characteristics of thin films of manganese oxide Mn2O3 obtained on steel substrates 
during 1700 ALD cycles are shown in Figure 2. CV (cyclic voltammetry) studies (Figure 2a) showed that 
during the first scan, as well as in the subsequent 15, there are intense increases in the current in the anodic 
region with maxima of 1.3, 1.6, and 2.0 V. Inverse processes are present in the cathodic curve of 0.3 and 0.7 
V. The presence of a maximum in the anodic region of 1.6 V (cathodic curve 0.7 V) is associated with the 
formation of the solid electrolyte interface (SEI film) [5]. In the anodic process, two distinct peaks at 1.3 V and 
2.1 V could be described to the oxidation of Mn0 to Mn2+ and Mn2+ to Mn4+, respectively [17]. It should be noted 
that after 15 CV scans intensity of anodic peak at 1.3 V decreased, and cathodic peaks became more intensive. 
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The areas of the anode and cathode parts are comparable in area, which indicates high reversibility of the 
processes. 

 

                                             (a)                                                                         (b) 
Figure 2 a - CV curves of manganese oxide coatings, b - electrochemical charge-discharge tests with 

different currents 

Cyclic charge-discharge tests at various current densities were carried out after 15 CV cycles in Figure 2b. 
The figure shows the discharge capacity at different current densities from 30 to 900 μA (from 0.8 C-Rate to 
28 C-Rate) and coulombic efficiency. An increase in the discharge current density led to the decrease in 
capacity. The maximum capacity of 37 μAh corresponded to the lower current of 30 μA (0.8 C-Rate), the 
minimum 24 μAh for 900 μA (28 C-Rate). Thus, the capacitance drop was 35% of the maximum with 30 times 
increase in current, which corresponds to the high discharge characteristics of the obtained coatings. The 
maximum specific volume discharge capacity was 110 µAh•µm-1•cm-2 corresponding to the discharge capacity 
of 37 µAh. For example, NiO prepared by us early has the specific discharge capacity 94 µAh·µm-1·cm-2 (0.8 
C-Rate) [5]. Cyclic tests showed the values of the coulombic efficiency are more than 100%, which is 
associated with the formation of the SEI film and/or associated with adsorption processes occurring on the 
electrode surface. 

4. CONCLUSION 

ALD growth of Mn-O films was carried out using Bis (2,2,6,6-tetramethyl-3,5-heptanedionato) manganese (III) 
(Mn(thd)3) and remote oxygen plasma as an oxidizing agent. The largest average growth per cycle, 0.12 
Å/cycle, is achieved at a reactor temperature of 270 °C, an evaporator temperature of 190 °C, a pulse time 
Mn(thd)3 - 1 second, and a purge time (N2) - 3 seconds. According to XPS, the film contains predominantly 
Mn2O3. The presence of carbon is due to incomplete removal of the residues of the precursor ligands. The 
crystalline phase of manganese oxides was not found, and the films is amorphous. 

According to the results of CV, the films had high electrochemical reversibility. The resulting two peaks at 1.3 
V and 2.1 V could be described to the oxidation of Mn0 to Mn2+ and Mn2+ to Mn4+. The highest specific discharge 
capacity is 110 µAh·µm-1·cm-2 (0.8 C). The capacity drop was 35% of the maximum with an increase in current 
30 times, which corresponds to the high discharge characteristics of the obtained coatings. 
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Abstract 

Nanoscale zero-valent iron (nZVI) particles represent a strong reducing agent which makes them highly 
promising in the process of degradation of organic compounds such as persistent chlorinated compounds 
(e.g. chlorinated ethylenes) as well as immobilisation of inorganic pollutants (e.g. hazardous elements). In this 
contribution, we compare several types of activation procedures to restore the reactivity of air-stable nZVI 
particles. Different approaches to increase the reactivity of nZVI particles have been tested for hexavalent 
chromium (Cr(VI)) removal. The study was supplemented by complex characterisation of nZVI particles 
including electrochemical impedance spectroscopy, X-ray powder diffraction, transmission electron 
microscopy and specific surface area measurement. Based on experiments of contaminant removal capacity 
and the characterization of activated nZVI particles, we can conclude that the short-time high-temperature 
activation process is the most efficient. 

Keywords: Air-stable zero-valent iron nanoparticles, activation process, hexavalent chromium removal, 
groundwater remediation 

1. INTRODUCTION 

Nanoscale zero-valent iron (nZVI) particles are typically used for removal of environmentally hazardous 
substances (e.g. hazardous elements) because of their high reactivity and the strong reducing effect. 
During the chemical reduction, nZVI particles reduce pollutants to less toxic products and nanoparticles 
themselves are oxidized to environmentally benign iron oxides. The nanoscale of the particles leads to their 
high reactivity and allows them to migrate in aqueous media easily. The high specific surface area of nZVI 
particles causes their high reactivity and also a high sorption capacity. Reactivity of nZVI particles could be 
further controlled by modifying their surface and/or by combination with other abiotic or biotic processes [1-3]. 

The most common modification of nZVI surface is to create a compact oxide shell. Such nanoparticles are 
air-stable containing a metallic-iron core and a compact oxide shell [4]. The oxide shell is formed by iron oxides 
protecting nZVI core against fast oxidation by oxygen leading to their easier transport, storage 
and manipulation. On the other hand, this shell leads to the decrease of the nZVI reactivity when they are used 
for contaminant removal. A process called the activation of air-stable zero-valent iron nanoparticles is essential 
for recovering their reactivity with contaminants during the remediation process [5]. 

In this paper, we compared a traditional activation [5] with two new approaches to the activation of air-stable 
zero-valent iron nanoparticles. Evaluation of changes in their reactivity was monitored by hexavalent chromium 
reduction to trivalent chromium [6,7]. 
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2. MATERIALS AND METHODS 

2.1. Chemicals 

NANOFER STAR (air-stable zero-valent iron nanoparticles consisting of metallic iron core and thin oxide shell) 
were purchased from NANOIRON, Ltd. (Czech Republic). The solution with an initial Cr(VI) concentration 
equal to 10 mg/L was prepared from potassium dichromate (K2Cr2O4, Sigma Aldrich, USA) with the minimum 
purity of 98 %. Chemicals used for electrochemical impedance spectroscopy: phosphate buffer solution 
(Penta s.r.o, Czech Republic) and potassium ferricyanide(III) (Sigma Aldrich, USA). Solutions for colourimetric 
test contained 1,5-diphenylcarbazide (Sigma Aldrich, USA) and 0.04 mol solution of HCl (Lach-Ner, 
Czech Republic). 

2.2. Characterization Techniques 

Microscopy characterization was performed on a transmission electron microscope (TEM) JEOL JEM 2100 
at 200 kV of accelerating voltage. To each sample in small Eppendorf tube was added ethanol (methylated 
ethanol, Tereos TTD, Czech Republic) and was not followed by sonication. Suspensions were dropped 
on carbon grid and dried on air. The average thickness of the oxide layer on nZVI particles was measured 
from TEM images using ImageJ software (version 1.53e, Wayne Rasband, USA). 

Electrochemical impedance spectroscopy (EIS) was measured in a three-electrode configuration, in which the 
glassy carbon electrode modified with iron-based samples, platinum wire electrode, and Ag/AgCl (3 M KCl) 
electrode (all purchased from 2THETA ASE s.r.o., Český Těšín, Czech Republic) served as working, counter, 
and reference electrodes, respectively. EIS experiments were carried out using a Metrohm Autolab 
PGSTAT128N potentiostat/galvanostat (Metrohm Autolab B.V., Netherlands). Phosphate buffer solution 
(PBS, pH 7) was used as a supporting electrolyte containing 5 mmol/L K3[Fe(CN)6] as a redox probe. 
All experiments were carried out at room temperature (22 ± 2 °C). All EIS spectra were collected using a 5 mV 
amplitude and were recorded over the frequency range from 0.1 Hz to 10 kHz using the half-wave potential 
of potassium ferricyanide(III) (0.2 V). The glassy carbon electrode (GCE) was modified as follows: 
a 10 µL drop of a powder suspension (2 mg/mL) was drop-coated onto the surface of the GCE electrode 
and allowed to dry at ambient temperature to form a thin film. 

For measurement of the specific surface area, samples were dried under a nitrogen atmosphere in a glove 
box (SylaTech GmbH, Germany). The specific surface area of samples was measured using a surface area 
and porosity analyser Autosorb IQ (Quantachrome, USA) and determined by Brunauer-Emmett-Teller (BET) 
theory. Process of degassing was held at a temperature of 130 °C for 13 hours. 

The X-ray powder diffraction (XRD) was measured employing X`Pert PRO diffractometer (Malvern 
Panalytical, UK) equipped with Co radiation source, programmable divergence and diffracted beam 
anti-scatter slits, and X`Celerator detector. The wet samples were dropped on a zero-background silicon slide 
and covered with Myllar foil to protect them against drying. Every pattern was captured by the measurement 
of six fast repetitive scans (5 min each) in the range between 5 and 105 °2Theta. NANOFER STAR 
nZVI particles (NFSTAR) were measured as a typical dry powder sample, i.e., the sample was prepared 
by the back-loading method of the sample holder and the pattern was measured as a single scan in the range 
between 5 and 105 °2Theta. The data were processed employing High Score Plus software in conjunction 
with PDF-4+ and ICSD databases. 

2.3. Activation Process 

Three different approaches of activation of zero-valent iron nanoparticles were examined in this study. 
To obtain nZVI slurries, nZVI particles were added to deionized water leading to the final concentration 
of 250 g/L nZVI particles to distilled water. Before the activation process, nZVI slurries were dispersed using 
T 10 basic ULTRA-TURRAX (IKA, Germany) for 2 minutes at 11 000 rpm.  
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The first method of activation of nZVI particles in water for 24 hours was adopted from Ribas et al. [5]. 
Briefly, 5 g of nZVI particles was added to 20 mL of distilled water in 40 mL glass vial and dispersed. 
The activation process was held at the room temperature for 24 hours (sample labelled as A_TIME).  

The second approach utilized heating of ferromagnetic nZVI particles in an electromagnetic field (EMF) 
(samples labelled as A_EMF) [8,9]. nZVI suspension (10 g of nZVI and 40 mL of distilled water in 60 mL glass 
vial) with the final concentration of nZVI equal 250 g/L was dispersed. Then, glass vial was placed inside 
the copper coil of the induction heating device CX-2015A (Chengdu Jinkezhi Electronic Co., China). 
The activation process was performed for 30 minutes with the regulation of secondary current in the coil 
equal 310 A. 

To simulate the heating effect of the electromagnetic field on nZVI particles (samples labelled as A_TEMP), 
the third method of zero-valent iron nanoparticles activation was tested The nZVI suspension was prepared 
by the same approach as in the first method. Glass vial was placed in a water bath and heated for 35 minutes 
with a setting of the temperature of water bath equal to 105 °C (sample labelled as A_TEMP). Heating time 
and temperature rate were chosen according to temperatures reached during the activation process in EMF. 

All experiments were conducted in triplicates. Measurements of temperature, pH and oxidation-reduction 
potential (ORP) were done for every sample before and after the process of activation (Multi 3410, WTW, 
Germany). ORP values normalized to standard hydrogen electrode (SHE) adding +207 mV (for 25 °C, sample 
A_TIME), +188 mV (for 50 °C, sample A_EMF) and +184 mV (for 55 °C, sample A_TEMP). 

2.4. Hexavalent Chromium Removal 

To determine the reactivity of treated nZVI particles for contaminant removal, batch experiments with model 
contaminant Cr(VI) were held. Slurries with nZVI particles were dispersed after the activation process 
in the same procedure as described in Section 2.1. The initial concentration of Cr(VI) was 10 mg/L 
and concentration of nZVI was equal to 2 g/L. The pH of Cr(VI) solution was adjusted to 7 using 0.4 mol HCl 
(Lach-Ner, Czech Republic). Experiments were conducted in 40 mL glass vials at room temperature (RT). 
Experiments for Cr(VI) removal by nZVI particles were managed for 1, 2.5, 5, 15, 30 and 60 minutes, 24, 48 
and 72 hours. Blank samples without nZVI particles were measured in the time period of 0, 1, 24, 48 
and 72 hours. Samples were shaken at the horizontal shaker Unimax 2010 (Heidolph, Germany) at 300 rpm. 
Samples were filtrated using PTFE membrane filters with 0.1 µm pore size (Whatman, United Kingdom). 
Colourimetric test EPA METHOD 7196A was performed to measure the residual concentration of Cr(VI) 
in samples using UV-Visible spectrophotometer (Biochrom WPA Lightwave II, UK) at wavelength λ = 542 nm. 

3. RESULTS AND DISCUSSION 

3.1. Characterization of Nanoparticles Before and after Activation Process 

TEM images of nZVI particles before and after the activation process are presented in Figure 1. Initial nZVI 
particles (samples labelled as NFSTAR) show a uniform oxide layer on their surface with a thickness 
approximately 4.3 nm (Table 1). The oxide shell of activated nanoparticles reveals substantial changes as can 
be seen from Figure 1. This is mainly reflected in the presence of significant fractures and defect of the oxide 
shell for all three activated samples. Such changes are accompanied by the increased thickness of the oxide 
layer compared to un-activated nZVI (ranging from 5.1 to 5.6 nm). 

Charge transfer resistance (Rct) values obtained from electrochemical impedance spectroscopy (EIS) are 
shown in Figure 2. The average value of Rct of unactivated nZVI particles (NFSTAR) is the lowest compared 
to activated samples. During the activation process, the value of Rct increased. This change is significant for the 
growth of the oxide shell but also for its structural changes and growth of other material phases such as 
e.g. iron hydroxides. This increased thickness of the oxide layer is also observable in TEM images (Figure 1). 
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The changes in the specific surface area of nZVI particles during the activation process are shown in Table 1. 
This value increased for all types of the activation process and is comparable for all activated samples. 

 

Figure 1 Comparison of TEM images of initial and activated nZVI nanoparticles 

Table 1 The average thickness of the oxide layer on nZVI particles measured from TEM images and the 
average specific surface area of nZVI particles before and after the activation process 

Sample  
Average thickness of the 

oxide layer (nm) 
Number of 

measurements 
SSA 

(m2·g-1) 

NFSTAR 4.3 ± 0.6 93 20.8 

A_TIME 5.3 ± 0.7 53 37.3 ± 5.6 

A_TEMP 5.1 ± 0.9 57 30.5 ± 6.0 

A_EMF 5.6 ± 0.9 74 36.3 ± 8.6 

  

Figure 2 Average charge transfer resistance (Rct) of un-activated (NFSTAR) and activated nZVI particles 
measured by EIS 

XRD patters of un-activated and activated nZVI particles are shown in Figure 3. In is worth to note, that XRD 
records of activated samples and NFSTAR sample, do not exhibit any significant crystallographic changes 
or changes in phase composition. 

Evolution of pH and ORP values proved enhanced reactivity of nZVI particles after the activation process. 
Increasing values of pH and decreasing values of ORP (Table 2) are significant for higher reactivity 
of zero-valent iron nanoparticles in an aqueous environment. Comparing different approaches of activation 
of nZVI particles, there is only a small increase of pH value and slower decrease of ORP for nZVI particles 
activated for 24 hours (A_TIME) compared to other two activation procedures. For activation in the water bath 
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(A_TEMP) and EMF (A_EMF), the change of pH and ORP have similar trend and are more significant than 
for method A_TIME. While the activation process A_TIME was held at the RT, the other two samples reached 
temperatures up to 95 °C during the activation process. According to this, it can be concluded that a higher 
temperature is increasing the reactivity of nZVI particles. The changes in the oxide shell morphology seem 
to be analogous to the oxide shells prepared at elevated temperatures by Kašlík et al. in [10] leading 
to the same changes in reactivity. 

 

Figure 3 XRD patterns of initial and activated nZVI nanoparticles. NFSTAR was measured in a different 
mode which is leading to higher peak intensities (counts) compared to activated samples 

Table 2 pH and ORP development during the activation process. Data logged before and after the activation 
processes in nZVI suspensions (Multi 3410, WTW, Germany) 

Sample  
Average ORP (mV SHE) Average pH 

Before After Before After 

A_TIME 270 ± 109 -38 ± 1 6.91 ± 0.04 7.2 ± 0.4 

A_TEMP 143 ± 40 -125 ± 32 6.90 ± 0.08 8.5 ± 0.2 

A_EMF 263 ± 75 -269 ± 12 6.9 ± 0.2 8.5 ± 0.2 

3.2. Evaluation of Cr(VI) Removal 

 

Figure 4 The change of residual concentration of Cr(VI) in time for nZVI particles activated in three different 
approaches. Initial concentration of Cr(VI) was equal to 10 mg/L 
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The trend of the residual concentration of Cr(VI) in time for nZVI particles activated in three different 
approaches is shown in Figure 4. The lowest reaction rate corresponds to A_TIME nZVI particles with removal 
capacity of 37 % of Cr(VI) after 3 days. However, the Cr(VI) removal capacity was higher for nZVI particles 
activated at higher temperatures reaching 69 % (A_TEMP) and 61 % (A_EMF) of removed Cr(VI) after 3 days. 

4. CONCLUSION 

Three different approaches of the activation process were performed on air-stable zero-valent iron 
nanoparticles to recover their reactivity. The activation process of nZVI particles commonly used in practice 
was compared with two new methods of activation performed at high temperatures for the period 
of 30-35 minutes. Short-time high-temperature methods revealed an increase of the contaminant removal 
capacity tested on Cr(VI) reduction. In all cases, the oxide shell of nanoparticles changed its character 
with increasing specific surface area and more defects leading to their higher reactivity without significant 
structural changes or phase composition of nZVI particles. 
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Abstract 

Zinc sulfide (ZnS) is a well-known semiconductor with the wide band gap ~3.6 eV. Since the ZnS exhibits 
excellent transmission properties, high electron mobility, non-toxicity, water insolubility, and it is relatively 
inexpensive, it has been considered as an important photocatalyst for water and wastewater treatment. In this 
study, ZnS nanoparticles were successfully prepared by hydrothermal synthesis using zinc chloride and 
sodium sulfide. Nevertheless, in order to further reduce the size of prepared ZnS nanoparticles and thus to 
further increase their photocatalytic activity, also the microwave synthesis was tested. Phase composition, 
morphology, particle size, and photoactivity of ZnS nanoparticles prepared by both methods were compared. 
FTIR spectroscopy, Raman microspectroscopy, scanning electron microscopy, and X-ray powder diffraction 
analyses were used. The efficiency of prepared photocatalysts was established by the decomposition of 
organic azo dye Acid Orange 7 under ultraviolet irradiation.  

Keywords: ZnS, hydrothermal synthesis, microwave synthesis, photocatalytic activity  

1. INTRODUCTION 

Nanostructured materials have attracted much attention due to their unique properties that are different from 
bulk materials. Zinc sulfide (ZnS) is semiconductor with wide band gap (~3.6 eV) [1]. This is the one of reasons 
why ZnS has been used for the light emitting diodes, flat panel displays, electroluminescent, and infrared 
devices [1]. Nanoparticles ZnS have also a great potential in antibacterial application due to the large surface 
to volume ratio in comparison with bulk ones. Antibacterial effects of ZnS nanoparticles (2-4 nm) against some 
pathogen bacteria (Pseudomonas aeruginosa, Actinomycet, Salmonella typhi) have been observed [2]. 
Various precursors are used for ZnS nanoparticles preparation. For example, zinc acetate [3-5], zinc chloride 
[6], zinc sulphate [7], or zinc nitrate [6] can be used as a source of zinc ions. Sulfur source can be, for example, 
thioacetamide [3,4] or thiourea [6]. In this paper, we report a rapid microwave method compared with 
hydrothermal synthesis for simple preparation of ZnS nanoparticles synthesized from sodium sulfide (Na2S) 
and zinc chloride (ZnCl2). Hydrothermal synthesis is a simple one-pot method which does not acquire 
temperatures above 100 °C. Main principle of microwave synthesis is transferring energy from microwaves to 
the material, which causes particle reduction. In comparison to hydrothermal synthesis, the microwave-
assisted synthesis is much faster, cleaner, energy efficient, and more economical [8]. Preparation process of 
hydrothermal synthesis was optimized [9], and the microwave synthesis parameters were chosen according 
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to previous studies [3,4,6]. The precursors were chosen to develop economically acceptable production without 
by-products and harmful effects on the environment. The aim of this work was to compare the nanostructured 
material of ZnS prepared by hydrothermal and microwave synthesis. The resulting nanostructured materials 
were characterized by scanning electron microscopy (SEM), X-ray powder diffraction (XRPD), Fourier 
transform infrared spectroscopy (FTIR), and Raman microspectroscopy. Photocatalytic activities of both 
prepared nanostructured materials were compared.  

2. MATERIALS AND METHODS 

A solution of ZnCl2 (0.5 M) and solution of Na2S (1M) were combined, and later the formed solution was diluted 
with distilled water. Total volume of the solution was 200 ml. The obtained solution was heated in a microwave 
oven (SENCOR, 700W) operating at 50%. The heating time in the microwave was 30 minutes, the solution 
was stirred and temperature was measured after every 10 minutes. The same preparation of solution was 
applied to hydrothermal synthesis. Solution was heated (up to 100 °C) and stirred on a magnetic stirrer 
(Heidolph, MR Hei-Standard) for 3.5 hours. Precipitates were separated from solution by centrifugation and 
washed repeatedly with water. SEM analysis was performed using JEOL JSM-7610Fplus. Samples were 
coated by thin layer (20 nm) of Pt to make surface conductive, and to prevent charge accumulation. 
GWYDDION software was used to determine particle sizes. XRPD patterns were recorded (range 5-80°2θ) in 
reflection mode in symmetrical Bragg-Brentano arrangement using Bruker D8 Advance diffractometer 
equipped with fast position sensitive detector VÅNTEC 1. Radiation CoKα was used (λ = 0.1789 nm). Sizes of 
ZnS crystallites were calculated from the most intensive reflection, i.e. ZnS(111), using Scherrer equation  [10]. 

|} � ~∙��∙��� 
 (1) 

where: 

K - dimensionless shape factor (0.9) 

λ  - radiation wavelength (nm) 

β - full width at half maximum (FWHM) of the ZnS(111) reflection (°) 

θ - position of the ZnS(111) reflection (°). 

FTIR spectra in range 400 - 4000 cm-1 were recorded by Nicolet 6700 - Thermo Fisher Scientific with diamond 
ATR crystal (spectral resolution 4 cm-1, 32 scans). The measured data were processed by the OMNIC 
software. Raman spectra were acquired on Smart Raman System XploRATM in range 120 - 1200 cm-1. Laser 
(785 nm) was reduced to 50 % of the initial intensity. Grating with 600 grooves/mm and objective with 
magnification 50x were used. The acquisition time was set to 10 s with 10 times repetition. Photocatalytic 
activity (PA) was tested as follows. For each sample, two suspensions containing Acid Orange 7 (AO7) 
aqueous solution (V = 5∙10-3 dm3, c = 6.259∙10-4 mol/dm3), 50 ml of demineralized water, and 50 mg of the 
sample were stirred for 1 h in the dark to obtain the adsorption equilibrium. One suspension was further stirred 
under UV irradiation (λ = 254 nm) for 1 h, the second one (control) was stored in the dark. Discoloration was 
evaluated using CINTRA 303 UV-VIS spectrometer according to the equation 

@? 	%� �  �1 & _8�8�`� ∙ 100   (2) 

where:  

Ai - intensity of AO7 absorption maximum (480 nm) for irradiated suspension 

Ac - intensity of AO7 absorption maximum (480 nm) for control suspension.   
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3. RESULTS AND DISCUSSION 

3.1. Scanning electron microscopy 

SEM images of ZnS_H and ZnS_M samples (Figure 1) show high degree of agglomeration. In both samples, 
the sizes of agglomerates are in micrometer range. However, sizes of the observed particles vary. While 
agglomerates in ZnS_H sample contain small round shaped (nano)particles having size in range 50 - 200 nm, 
agglomerates in ZnS_M sample consist of (nano)particles having size < 150 nm. EDS spectra showed the 
presence of Zn, S, and Na elements in both samples, only in the selected spectrum of the ZnS_M sample 
(shown in Figure 1) Zn band overlaps Na band. Occurrence of Pt and C elements is associated with sample 
preparation for the SEM analysis. Oxygen may indicate the atmospheric water on the surface of particles. 

 

Figure 1 SEM images with corresponding EDS spectra of synthesized ZnS_H (a) and ZnS_M (b) samples  

3.2. Phase analysis 

XRPD analysis (Figure 2) revealed that both ZnS_M and ZnS_H samples contain the same ZnS phase: the 
cubic phase sphalerite (PDF no. 005-0566). Width of the reflections indicates a low degree of crystallinity. 
FWHM value for the ZnS_H and ZnS_M sample are 2.894° and 2.824°, respectively. Lc values, calculated 
according to the equation (1), are similar for both samples, 3.33 nm (ZnS_H sample) and 3.41 nm (ZnS_M 
sample). Apart from ZnS, the XRPD analysis did not show the presence of any other phases. 
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Figure 2 XRPD patterns of synthesized ZnS_M and ZnS_H samples  

3.3. Fourier Transform Infrared Spectroscopy 

Measured FTIR spectra are shown in Figure 3, and it is clearly evident that both samples have similar band 
position. Thus, the different preparation methods lead to the same composition of the sample, which  
is in agreement with XRPD results. The most intensive bands at ~3230 cm-1 and ~1629 cm-1 correspond to 
the stretching and bending vibration of -OH, respectively. Presence of -OH group indicates the absorbed water 
on the surface of (nano)crystals originating from atmospheric humidity. Based on the data from literature, the 
obtained spectra corresponds to the ZnS spectra, and the Zn-S bond can be observed at positions  
~1111 cm-1, ~977 cm-1, and ~635 cm-1 [11,12]. 

 

Figure 3 Infrared spectra of synthesized ZnS_M a ZnS_H samples 

3.4. Raman microspectroscopy  

Raman spectra for both ZnS_M and ZnS_H samples are shown in Figure 4. Similarly to the results of XRPD 
and IR analyses, Raman spectra reveal that both ways of preparation lead to the same ZnS phase as the 
spectra has similar shape and band positions. According to the bands appearance and bands positions, the 
ZnS cubic phase, i.e. sphalerite, is confirmed due to the presence of bands at 276 cm-1 and 352 cm-1, which 
corresponds to the transverse and longitudinal optical zone center phonons of the cubic ZnS sphalerite phase 
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[13]. The shape of the Raman spectra (Figure 4) is partially caused by the amorphous-like structure of the 
ZnS and partially by size of the synthetized particles (in nano range) [14].  

 
Figure 4 Raman spectra of synthesized ZnS_M a ZnS_H samples 

3.5. Photocatalytic activity  

ZnS samples prepared by hydrothermal and microwave synthesis do not show a significant difference in 
photocatalytic activity. Although no change in the color of the AO7 solution was visually observed during the 
first half of the total duration (1 h) of the experiment, the resulting PA values for both ZnS_H and ZnS_M 
sample were very satisfactory. PA values, calculated according to the equation (2), are 99.27% (ZnS_H) and 
98.06% (ZnS_M). The photocatalytic efficiency of both ZnS_H and ZnS_M samples can therefore be 
considered very good. 

4. CONCLUSION 

Hydrothermal and microwave synthesis led to the successful synthesis of ZnS nanoparticles. The ZnS 
nanoparticles are not separate; the resulting ZnS_H and ZnS_M samples consist of their nanostructured 
agglomerates. While SEM analysis showed slight morphological differences between the samples, XRPD, IR, 
and Raman analyzes consistently confirmed cubic (sphalerite) ZnS phase in both samples, and revealed no 
significant differences between them. Both samples show high photocatalytic activity. After 1 h of UV 
irradiation, more than 99% (ZnS_H) and more than 98% (ZnS_M) of the AO7 dye was degraded. The 
microwave synthesis is faster and more energy efficient than the hydrothermal synthesis. Microwave radiation 
ensuring uniform heating of the reaction mixture makes the microwave synthesis a promising method for 
preparing large amount of this highly efficient ZnS photocatalyst. 
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Abstract 

In the research of the alternative vibration sensing systems, the major potential is attributed to piezoelectric 
materials that can generate the electrical output from the waste vibration sources of the industrial machines. 
Poly(vinylidene fluoride) (PVDF), mostly in the electroactive β-phase, is a great option due to its excellent 
piezoelectric properties and good flexibility. The β-phase PVDF can be obtained by simple stretching of the α-
phase PVDF films, and the conditions of this process are well documented. Surprisingly, the implications of 
molecular parameters of the PVDF have not been addressed yet. This study investigates the effect of the 
molecular weight (Mw) of the PVDF on the β-phase development and consequential vibration sensing 
capabilities after uniaxial stretching. The successful phase transformation was confirmed using FTIR and XRD. 
In the FTIR spectra, a typical α-phase peak at 762 cm-1 diminished giving rise to the β-phase peak at  
840 cm-1 after the stretching. The results also showed a remarkable impact of the Mw on d33 coefficient making 
Mw an important parameter that should not be overlooked in designing the PVDF-based sensing elements. 
The obtained data are highly important for the optimization of the PVDF-based vibration sensors applicable in 
the efficient structural and health monitoring nanosystems. 

Keywords: Nanosystem, vibration sensing, poly(vinylidene fluoride), crystallites, d33, electromechanical  
                   coupling 

1. INTRODUCTION 

At the present time, the increasing demand for the electrical energy is one of the most serious challenges that 
world faces. To cover this demand, fossil fuels, such as petroleum, coal and natural gas, are used as the main 
primary-energy source. The use of these traditional fuels is however connected to many environmental 
problems including air pollution, water pollution, or accidental oil spills [1,2]. From these reasons, there is an 
urgent need for the alternative energy sources. Probably, the most fascinating alternative concept to obtain 
energy is represented by the energy harvesting systems. Such devices utilize waste mechanical energy, such 
as vibrations, air/fluid movement, body motion etc., and converts it into the electrical form [3]. To construct the 
energy harvesting nanogenerator, various inorganic semi-conducting materials (ZnO, InN, GaN, CdS) or free 
ceramics (NaNbO3, KNbO3) have been studied [4]. Although these materials demonstrated high efficiency, 
they are brittle, heavy and difficult to process, which limits the breadth of applications [3,5]. To eliminate these 
drawbacks, the materials of choice can be found in ferroelectric types of polymers, mainly poly(vinylidene 
fluoride) (PVDF) and its copolymers [6]. PVDF is a polymorphic material existing in five phases (α, β, γ, δ  
and ε) depending on the processing methods. The α and ε-phases are non-polar due to the antiparallel packing 
of dipoles. On the other hand, the β, γ and δ-phase are polar, and hence electroactive [7]. The γ-phase of 
PVDF is referred to as the mixture of the α and β-phases, while δ-phase is regarded as polar version of α-
phase. Amongst all conformations, the β-phase PVDF is the most desirable one for the construction of the 
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energy harvesting and vibration sensing devices, since it exhibits the best piezoelectric properties [8,9]. The 
significant research efforts have been therefore targeted to facilitate formation of the β-phase content in PVDF.  
The β-phase can be obtained directly from the polymer melt, however, the process requires high temperature, 
high pressure and other specific conditions [9]. Conversely, the α-phase can be obtained very easily, because 
it is the most stable primary phase of PVDF [10]. And subsequently, it can be transferred into the β-analogue 
by simple stretching (uniaxial or biaxial) at the elevated temperatures [11]. Other method to increment the  
β-phase content is through poling of the PVDF films in high external electric fields [12]. Also, the fabrication of 
films through electrospinning, which is also a form of mechanical elongation, was successfully applied [13]. 
Certain improvements in the α-β-phase transformation were observed after the addition of graphene oxide or 
cellulose particles [14,15]. The β-phase is also achievable from the γ and δ-phase using a plethora of other 
processing techniques [9,16]. However, from the technological point of view, the uniaxial stretching is the most 
convenient method to convert the α-phase into its electroactive β-counterpart. The stretching process of the 
PVDF was performed within wide temperature range (50-150 °C), with different stretching speeds  
(1-1000 µm/s) and various (1-5) stretching ratios [10]. Although the effects of these parameters on the 
formation of β-phase PVDF have been described, the implications of its molecular weight (MW) on the β-phase 
development, energy harvesting and vibration sensing capabilities have not been, surprisingly, addressed yet. 
Moreover, the MW of the applied PVDF is hardly ever mentioned in the literature. This paper therefore aims to 
clarify the correlations between the MW of the PVDF and the formation of the electroactive β-phase and 
consequential d33 coefficient after stretching at various uniaxial ratios. 

2. EXPERIMENTAL PART 

2.1. Materials 

The PVDF beads (CAS number: 24937-79-9) of different average molecular weights (MW); 71 000, 107 000 
and 530 000 g/mol (sample ID: M71, M107 and M530) were purchased from Sigma-Aldrich (USA). The density 
of beads was 1.78 g/cm3 and they were used as received. 

2.2. Fabrication and stretching process 

The PVDF films with thickness of 0.8 mm were prepared using compression molding. In a typical procedure, 
the calculated mount of PVDF beads was placed into a mold, pre-heated (5 minutes) and compressed with a 
pressure of 10 MPa (for additional 5 minutes), while the temperature was set to 210 °C. Afterwards, the mold 
was cooled down in a controlled manner to ensure repeatability of the process. The characterization/testing of 
the samples was performed at least 24 h after their successful fabrication. 

The rectangular strips (dimensions of 10 mm × 100 mm) were cut out from PVDF films. Stretching of as-
prepared PVDF elements was performed using a tensile device M350-5 CT (Testometric, Lancashire, UK) 
coupled with a heat chamber (Omron) operating at a temperature of 65 °C. The cross-head speed of the 
clamps was set to 10 mm/min, with the relative elongations of 50, 100, 200, 300 and 500 %. In the case of 
M71, the elongation of 500 % could not be achieved, since it was above its breaking point. Therefore, for this 
sample, we have selected the maximum elongation at 400 %. 

2.3. General characterization 

The crystalline phase development of PVDF films was studied via X-Ray diffractions (XRD) using Miniflex 600 
(Rigaku, Japan) diffractometer with a Co-Kα radiation source (λ = 1.789 Å) operating within 2θ range of 10-
95° with a scan speed of 3°/min. The Fourier transform infrared spectroscopy (FTIR) was performed on 
Nicolet 6700 (Thermo-Scientific, USA) spectrometer equipped with ATR accessory and a germanium crystal. 
The spectra were recorded in a wavenumber range of 4000-500 cm-1 with a spectral increment of 2 cm-1. Both 
analyzes were performed at laboratory conditions.  
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2.4. Energy harvesting setup 

Firstly, the poling of the stretched PVDF strips was performed using a custom-build apparatus at the electric 
field strength of 7 kV/mm, and the temperature of 110 °C. Secondly, a thin conductive (silver) layer was 
deposited on the samples and their piezoelectric charge coefficient, d33, was measured within one hour after 
the poling process. The d33 was analyzed in the transversal mode using the electrometer 6517b (Keithley, 
USA). Each sample was placed between two copper electrodes; the lower electrode had a diameter of 20 mm, 
while the upper one had a diameter of 10 mm. A mechanical force of 0.49 N was applied onto the upper 
electrode and the electric charge generated by the sample was recorded. Each sample was analyzed at ten 
positions, the presented d33 values represent the average values from the obtained data. 

3. RESULTS AND DISCUSSION 

The PVDF strips of different MW were stretched at the temperature of 65°C to generate the piezoelectric β-
phase with subsequent poling process performed at 110 °C. The efficiency of phase transformation was 
determined by means of the FTIR spectroscopy. Figure 1 compares the FTIR spectra recorded for the M71, 
M107 and M530 samples. As clearly seen, the mechanical stretching significantly altered the FTIR profile 
indicating changes in the polymer chain conformations. In detail, the α-phase PVDF can be identified through 
a large number of characteristic peaks. In the studied wavenumber region, the relevant peaks of the α-phase 
were centered at 762, 795, 855, 974 and 1210 cm-1 [2,17]. After stretching, these peaks diminished giving rise 
to their electroactive β-phase counterparts centered at 840 and 1276 cm-1 [11]. 

 

 

Figure 1 Comparison of the FTIR spectra for the PVDFs of different MW  
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The interpretation of peak at 840 cm-1 is not always straightforward; in some papers this peak is classified as 
pure β-phase [17], while in others it is considered as the β-γ-phase mixture [18]. However, the signature of the 
γ-phase in terms of peaks at 776, 812, 833 and 1233 cm-1 was not identified. Also, the peak at 840 cm-1 was 
sharp without any distinct shoulder that would be coming from the γ-phase. Based on these findings, we tend 
to believe that the content of the γ-phase in the PVDF was rather minimal.  

The XRD is usually used as a complementary technique to determine the crystal phase of the PVDF. As shown 
in Figure 2, all samples exhibited typical XRD diffractograms (Kα1, λ = 1.790 Ǻ). Prior to stretching, the α-
phase was the most prevailing and exhibited typical double-peak corresponding to diffractions in planes (100) 
and (020), respectively. After the stretching, the β-phase was successfully developed, which was reflected in 
the single sharp peak that is assigned to the total diffraction in (110) and (200) planes [13]. The phase 
transformation was remarkably affected by the MW of the samples. For M71, the manifestation of the β-peak 
changed without any trend in peak intensity. In the samples M107 and M530, the intensity of the β-peak 
generally increased with the relative elongation, which implies a greater efficiency of the α-β-phase 
transformation. These results indicate that the MW of the PVDF has a significant influence on the structural 
changes during the stretching process.  

  

 

Figure 2 Comparison of the XRD patterns for the PVDFs of different MW 

The electromechanical performance of the PVDF mainly depends on the β-phase content [12]. In our case, 
the formation of the β-phase was facilitated by stretching in a combination with poling process. Table 1 
summarizes the d33 data for the investigated samples. It can be claimed that the applied stretching positively 
affected the d33 values, since they increased by a factor of 4-5 for the M71 and M530, when stretched from 
50 to 500 % relative elongation. The highest d33 value was however detected for the M107, which exhibited 
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the d33 of 9.10 pC/N at maximal relative elongation. This value is below the theoretical d33 maximum that is 
over 25 pC/N for pure β-phase PVDF. Such difference indicates the persistent co-existence of the α-phase, 
and the presence of trapped charges induced during the processing [19]. It should be mentioned that samples 
M107 and M530 have potential for further improvements since they have capability to achieve even higher 
relative elongations, and thus better conditions for the β-phase development. To conclude, we have shown 
that the MW of the PVDF is highly important parameter affecting the d33 performance, and thus, it is of high 
relevancy for the fabrication of vibration sensing and energy harvesting elements.  

Table 1 Summarized d33 values for the investigated PVDF samples  

Sample ID 50 % 100 % 200 % 300 % 500 % 

M71 1.20 pC/N 5.10 pC/N 5.62 pC/N 6.20 pC/N *6.50 pC/N 

M107 7.00 pC/N 7.80 pC/N 7.60 pC/N 8.50 pC/N 9.10 pC/N 

M530 2.00 pC/N 4.18 pC/N 3.20 pC/N 3.60 pC/N 8.20 pC/N 

*the value taken for sample with the relative elongation of 400 % 

4. CONCLUSION 

In this study, the PVDF strips of different MW were stretched and subjected to poling in order to facilitate 
formation of the piezoelectric β-phase. The phase transformation was monitored using FTIR spectroscopy 
demonstrating the changeover between the dominating peaks of the α and β-phase at 762 cm-1 and  
840 cm-1, respectively. Also, the XRD data showed the successful β-phase development. In particular, samples 
M107 and M530 exhibited increasing peak-signal intensity with the relative elongation. The implications of 
different MW of the samples were reflected in the d33 values that exhibited significant variations. Samples M71 
and M530 experienced several-fold increase in the electromechanical performance, however, the highest 
value of the d33 was 9.10 pC/N generated by the M107. Based on these preliminary findings, further research 
is clearly required to better understand the interrelations among the Mw, relative elongation, crystallinity, poling 
conditions and d33 value of the PVDF-based nanosystems.  
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Abstract 

Noble metal nanoparticles are excellent catalysts for many industrial important reactions. Because 
heterogenous catalysis is dependent strongly on the surface of catalyst the nanomaterials are better catalysts 
in comparison with the bulk materials. However, it is important for optimization of the effectivity of catalytic 
process to have a comparison of the nanostructured catalysts of different nature for application in the particular 
reaction. As a model for this process was conducted primary testing of catalytic activity of five noble metal 
nanoparticles (Ru, Rh, Os, Ir, Pt) in redox reaction (reduction of 4-nitrophenol by the borohydride). It is 
interesting that for this model reaction the best catalyst is rhodium with the shortest induction period and fastest 
main part of the reaction course. On the other hand, platinum nanoparticles are not the best catalyst for the 
studied model reaction.  

Keywords: Nanoparticles, noble metals, catalytic activity, model reaction, 4-nitrophenol 

1. INTRODUCTION 

Nanoparticles of metals, especially noble metals from the platinum group, show high catalytic activity with high 
potential for use in practical applications. Typically, these materials are tested as suitable catalysts for fuel 
cells [1]. These catalytic metals are currently difficult to replace in the redox reactions [2], but a similar situation 
prevails in the field of other types of catalytic reactions. Hydrogenations of unsaturated hydrocarbons can be 
mentioned as reaction mostly applicated in practice [3]. However, the catalytic action of this type of 
nanoparticles is also studied in other types of reactions - preparation of hydrogen by hydrolysis of ammonium 
borane [4] or in catalytic oxidation of organic compounds [5]. These metal nanocatalysts are frequently studied 
in reactions useful in environmental technologies [6]. In this respect, they are involved in a number of studies 
where a model reaction is used to assess their basic catalytic activity. Typically, the most used model reaction 
is reduction of 4-nitrophenol to 4-aminophenol. [7].  

Preparation of nanoparticles of these noble metals is most easily accomplished by the method of chemical 
reduction of a salt of a given metal using a suitable reducing agent. When NaBH4 is used as a reducing agent, 
the smallest particles in the range of about 1.5-5 nm are formed for all metals in this group [1,8]. However, 
since the metal nanoparticles prepared by this method easily aggregate, they are stabilized using protective 
layers formed by surfactants [9] or polymers [7,10]. Stabilization ca be also realized by anchoring of 
nanoparticles on the surface of a solid inert substrate of the type of carbonaceous materials [3] or inorganic 
substances such as ZnO [11]. On the other way, the reducing action of weak reducing agents, as are polyols, 
are often used in this field [2,12]. Due to the highly positive redox potential of noble metal ions, the so-called 
“green synthesis”, which has recently become very popular, using natural substances as reducing agents and 
stabilizers of the resulting nanoparticles, can also be used in the preparation of this type of nanoparticles. 
Thus, for example, Pd nanoparticles can be prepared by reduction with polyphenols from black tea extract. 
[13] 
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However, very few studies can be found in the available literature offering a basic comparison of the catalytic 
activity of platinum metal nanoparticles prepared by the same method in the same standard reaction. 
Therefore, this study is aimed at platinum metal nanoparticles which were prepared using reduction synthesis 
with NaBH4 and then they were tested for their catalytic activity in the most commonly used model reaction - 
reduction of 4-nitrophenol with NaBH4. 

2. EXPERIMENTAL 

2.1. Chemicals 

The chemicals that were used for the preparation of nanoparticles and subsequent kinetic experiments are 
listed in Table 1. Deionized water (18 MΩ·cm, Millipore) was used to prepare all solutions. 

Table 1 Chemicals for nanoparticle preparation and kinetics experiments 

Formulae Name Producer Molar weight (g/mol) 

NaBH4 Sodium borohydride Sigma-Aldrich 37.83 

C6H5Na3O72H2O Trisodium citrate dihydrate Lach-Ner 294.1 

RuCl3xH2O Ruthenium(III) chloride hydrate Merck KGaA 207.43  

(anhydrous base) 
RhCl33H2O Rhodium(III) chloride trihydrate Merck KGaA 263.32 

PdCl2 Palladium(II) chloride anhydr. Sigma-Aldrich 177.33 

OsCl3xH2O Osmium(III) chloride hydrate Sigma-Aldrich 296.59  

(anhydrous base) 
IrCl3xH2O Iridium(III) chloride hydrate Merck KGaA 298.58  

(anhydrous base) 
PtCl4 Platinum(IV) chloride Merck KGaA 336.89 

C6H5NO3  4-nitrophenol Lachema 139.11 

2.2. Nanoparticles preparation 

Nanoparticles of all metals used in this study were prepared in the same way - reduction of a salt of a given 
metal with borohydride and citrate. Citrate also serves as a stabilizer of the resulting nanoparticles. The 
reaction takes place at room temperature. In a 50 ml beaker, mix 5 ml of NaBH4 solution with a concentration 
of 10-2 mol.dm-3 and 5 ml of sodium citrate solution with a concentration of 2.10-2 mol.dm-3 while stirring. To 
the solution is then added water to obtain total volume 20 ml and then left to stand for about 20 minutes. 
Subsequently, 5 ml of a 4.96.10-3 mol.dm-3 salt solution of the metal are added dropwise. The reaction is 
stopped after stirring for another about 20 minutes. 

2.3. Nanoparticles characterization 

The resulting colloidal dispersions were characterized by UV-Vis spectroscopy and the dynamic light scattering 
(DLS, Zetasizer Nano ZS, Malvern Instruments, UK) method. However, the particle sizes measured by DLS 
were taken as indicative only, and the actual particle size was determined only from transmission electron 
microscope images (TEM, JEM 2100, Jeol Ltd., Japan). UV-Vis spectra (Specord S600, Analytic Jena AG, 
Germany) were obtained after 10-fold dilution of resulting dispersions. 
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2.4. Catalytic experiments 

For the purpose of evaluating the catalytic activity of the prepared nanoparticles, a solution of 4-nitrophenol 
with a concentration of 1.5.10-3 mol.dm-3 was prepared, which was used in all experiments. The NaBH4 solution 
(8.10-3 mol.dm-3) was prepared fresh before each experiment due to its considerable instability. The reaction 
system was prepared by mixing 0.03 ml of the prepared nanoparticle dispersion, 0.09 ml of 4-nitrophenol (4-
NP) solution and 1.28 ml of water. A cuvette with this solution was placed in a UV-Vis spectrophotometer 
(Specord S600, Analytic Jena AG, Germany), the measurement being started immediately after the addition 
of 1.6 ml of NaBH4 solution. The NaBH4 solution must be allowed to stand for 20 minutes after preparation so 
that the kinetic experiment takes place at a time when its reducing power is the best. All measurements were 
performed in a quartz cuvette in the wavelength range of 250-600 nm. The duration of the experiment was set 
to 20 minutes, measured every 10 seconds. 

3. RESULTS AND DISSCUSSION 

3.1. Nanoparticles preparation 

Noble metal nanoparticles prepared by the above reduction method were characterized by UV-vis 
spectroscopy and their size was evaluated from TEM images (Figure 1). The one same procedure was used 
to prepare nanoparticles of all platinum metals with the exception of palladium, whose nanoparticles in the 
given method of preparation quickly aggregated and the resulting aggregates sedimented to the bottom of the 
reaction vessel. Because the aim of this study was to evaluate the catalytic activity of unmodified metal 
nanoparticles, no attempt was made to stabilize these nanoparticles with surfactants or polymers that can 
fundamentally affect the resulting catalytic activity [14]. In all cases, a strong absorption peak in the region of 
190-210 nm appeared in the UV-vis spectra (Figure 2), which is typical for very small platinum metal 
nanoparticles. [link below] The average size of the prepared nanoparticles is given in Table 2. 

Table 2 Average size of the prepared nanoparticles (measured in nanometers)  

Ruthenium Rhodium Osmium Iridium Platinum 

5.1±1.1 4.8±1.3 1.3±0.6 1.2±0.3 4.4±1.3 

Except for iridium, whose dispersion was yellow, all the dispersions prepared were in shades of brown, and 
except for iridium and osmium, the dispersions were color stable. The iridium dispersion began to change color 
from yellow to light blue approximately one week after preparation. The reason for this color change is probably 
the recrystallization of nanoparticles. The dispersion of osmium was changed the intensity of color over time, 
this color change is observable about three weeks after preparation. The reason is probably the deposition of 
nanoparticles on the walls of the vessel. 

 

Figure 1 TEM images of nanoparticles a) Ru, b) Rh, c) Os, d) Ir, e) Pt (scale is 20 nm, only for Ir 10 nm) 
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Figure 2 UV-vis spectra of aqueous dispersions of nanoparticles a) Ru, b) Rh, c) Os, d) Ir, e) Pt  

3.2. Catalytic activity of nanoparticles 

The catalytic activity of the prepared nanoparticles was studied using a model reaction, which was the 
reduction of 4-Nitrophenol (4-NP) to 4-Aminophenol. 4-Nitrophenol has a significant absorption peak at 401 
nm, which decreases with reduction and a new peak appears around 300 nm, which belongs to 4-aminophenol. 
Since reductant NaBH4 is in significant excess, it was possible to evaluate the used model reaction according 
to the kinetics of the pseudo-first order. For this reason, it was possible to subtract the rate constants as 
exponents in absolute value from the exponential regression equation from the graphs of the absorbance of 
4-nitrophenol versus time. Absorbance values at 401 nm were used for this evaluation. When calculating the 
value of the rate constant, only the time interval in which the value of the logarithm of the absorbance 
decreased linearly was used from the graph of the dependence of the logarithm of absorbance on time. Thus, 
the time interval corresponding to the initiation period, in which the catalyst surface is activated in a strongly 
reducing environment and the primarily adsorbed particles are replaced by reactant molecules, was omitted 
from the calculation. To evaluate the effect of this slow part of the reaction, the reaction half-times t1/2 were 
also subtracted from the measured kinetic curves, which better reflect the overall course of the catalytic 
reaction. The records of the spectra from the catalytic experiments are shown in Figure 3. 

 

Figure 3 UV-vis spectra taken from the catalytic reaction of 4-NP reduction by borohydride a) without 
catalyst, b) catalysis of RuNPs, c) RhNPs, d) OsNPs, e) PtNPs, f) IrNPs 

The average value of the rate constant for the reaction catalysed by ruthenium nanoparticles was the same as 
for the reaction catalysed by rhodium nanoparticles. However, the very long time was required to activate the 
Ru nanoparticle surface caused the reaction to be generally slower than in the case of Rh. This fact is also 
evidenced by the average value of the reaction half-time, which is almost 2.5 times higher for Ru than for Rh 
(Table 3). 

As was already mentioned, the average value of the rate constant for the reaction catalysed by ruthenium 
nanoparticles is the same as in the case of Ru, but due to the much shorter time required for its activation, the 
reaction is faster. As a result, Rh nanoparticles (in this study) proved to be the best catalyst. A similar result 
was obtained in the study of Maegawa et al. [3]. 

The average value of the rate constant of the reaction catalysed by osmium nanoparticles makes it the third 
best catalyst. Iridium nanoparticles have proven to be the worst catalyst and the reaction catalysed by them 
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practically does not run, even compared to the uncatalyzed reaction. These nanoparticles appear to be an 
inhibitor of the observed reaction. However, the probable cause of a slight increase in absorbance 
(approximately 2%) is rather influenced by the aggregation of iridium nanoparticles in the reaction system. 
Platinum nanoparticles have proven to be the second worst catalyst in the reaction system used, but unlike 
other metals, this catalyst shows no initiation period. 

Table 3 Rate constants and reaction half-times of 4-nitrophenol reduction with NaBH4 in the presence of  
             noble metal nanocatalysts  

Metal Rate constants (s-1) kav (s-1) ks (s-1) t1/2av (s) 

Ruthenium 0.001 0.001 0.001 0.002 0.002 0.001 0.0013 0.0004  1250 

Rhodium 0.001 0.001 0.002 0.002 0.001 0.001 0.0013 0.0004  485 

Osmium 0.0005 0.0006 0.0006 0.0005 0.0006 0.0004 0.00053 0.0001  1275 

Platinum 0.0002 0.0003 0.0002 0.0002 0.0003 0.0003 0.00025 0.00005  2990 

ks - rate constants normalised per 1 µg of catalyst 
t1/2av - reaction half-times obtained from the experimental kinetic curves (evaluated as average from six 
measurements) 

4. CONCLUSION 

The presented study was focused on methods of preparation of noble metal nanoparticles and study of their 
catalytic activity. The objective was to compare catalytic activity of these nanoparticles for redox reactions. 
Metal nanoparticles were prepared by the same method using sodium borohydride as primary reducing agent 
in the presence of sodium citrate as secondary reducing agent and stabilizer of the prepared nanoparticles. 
Successfully was prepared nanoparticles of ruthenium with an average diameter of 5.1 nm, nanoparticles of 
rhodium with an average diameter of 4.8 nm, nanoparticles of osmium with an average diameter of 1.3 nm, 
nanoparticles of iridium with an average diameter of 1.2 nm and nanoparticles of platinum of average size 4.4 
nm. Palladium nanoparticles wasn't involved in this work because of problems with their preparation. The 
catalytic activity of the prepared nanoparticles was studied using model reaction based on reduction of 4-
nitrophenol to 4-aminophenol with sodium borohydride at room temperature. Rate constants for reactions 
catalysed by nanoparticles of each metal were calculated using pseudo-first order kinetics. Rhodium 
nanoparticles have proven to be the best catalyst. Although the reaction catalysed by ruthenium nanoparticles 
had the same average rate constant as the reaction catalysed by rhodium nanoparticles, the very long time 
was required for activation of Ru catalyst. By this reason, ruthenium nanoparticles were worse catalyst than 
rhodium nanoparticles. Osmium nanoparticles were the third best catalyst. The second worst catalyst were 
platinum nanoparticles. The worst catalyst were iridium nanoparticles, which had no catalytic activity in the 
used reaction system. 
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Abstract 

Zinc sulfide (ZnS) nanocrystals were prepared at a large-scale via precipitation of Zn2+ ions water solution with 
gaseous hydrogen sulfide, H2S. The effect of annealing time on the ZnS phase structure, morphology, and 
optical properties was investigated in detail by XRD, SEM, UV-vis, and photoluminescence (PL) spectroscopy. 
It was observed that pristine ZnS possessed a pure cubic phase structure and an increase in annealing time 
resulted in a phase mixture with increased content of wurtzite phase structure. Moreover, the crystallinity of 
the prepared samples, as well as PL intensities, increased with increasing annealing time. Photocatalytic 
activities of the pristine ZnS annealed at different time intervals were evaluated by the means of methyl violet 
2B (MV 2B) degradation under UV LED illumination wavelengths at λmax~ 343 nm and 365 nm. It was observed 
that the photocatalytic activities of the annealed ZnS samples increased with increasing annealing time. The 
improved photocatalytic performance can be attributed to the improved crystallinity of annealed ZnS samples. 

Keywords: ZnS, annealing, photocatalysis, luminescence 

1. INTRODUCTION 

Zinc sulfide (ZnS) is an important wide bandgap semiconductor with optoelectronic properties suitable for 
diverse applications in light-emitting diodes (LEDs), electroluminescent flat panel displays, sensors, 
photovoltaic devices, photocatalysis, and water splitting [1,2]. Due to its luminescent properties, which were 
first recognized by Sidot in the 19th century followed by the discovery of phosphor-based high field 
electroluminescence in 1936, ZnS is probably the most studied sulfide semiconductor material to date [3]. ZnS 
exists in two crystalline forms, i.e., cubic ZnS (sphalerite) and hexagonal ZnS (wurtzite) phase with an optical 
bandgap of 3.72 eV and 3.77 eV at room temperature, respectively. The wurtzite phase is thermodynamically 
metastable and forms at a higher temperature than sphalerite (1020 °C in bulk ZnS). Moreover, the 
crystallography of ZnS is complicated by its propensity to crystallize in a variety of polymorphic modifications 
and polytypes, with substantially deviated phase structures. Due to this extensive polytypism, defect structures 
associated with intergrowths of several crystal forms are commonly encountered [4]. These defects, together 
with native point defects are responsible for the luminescence even in pristine, undoped ZnS, especially when 
thermally post-treated. Although ZnS itself exhibits luminescence over a broad range of wavelengths, emission 
wavelength and intensity can be finely tuned by modifying its structural properties. 

While ZnS is traditionally used in various electroluminescent devices, it has also been widely studied for its 
ability of water splitting and photocatalytic degradation of the pollutants. ZnS has been already demonstrated 
to possess excellent photocatalytic activity towards degradation of dyes, phenol, or halogenated compounds 
under UV light irradiation, as well as hydrogen evolution capability [5-8].  

ZnS nanocrystals are typically synthesized by hot injection method or heat-up method, with both employing 
various types of precursors. The most commonly used method of hot injection can produce nanocrystal 
batches with good crystallinity and high PL quantum yields but there is a drawback of limited scalability. This 
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restriction of large scale production is due to the inevitable occurrence of nucleation and growth stages at 
different temperatures and times [9-11]. Herein, we report a facile preparation method of nanocrystalline ZnS, 
which is based on the precipitation of Zn2+ cations in an aqueous solution by gaseous hydrogen sulfide, H2S, 
at room temperature. The effect of annealing time on luminescence properties and photocatalytic activity was 
also investigated in detail. 

2. EXPERIMENTAL 

2.1. Materials 

Zinc nitrate hexahydrate (Zn(NO3)2.6H2O), sodium sulfide hydrate (Na2S.xH2O), hydrochloric acid (HCl, 38% 
aqueous solution) were all purchased from Sigma Aldrich (St. Louis MO, USA) and used as received without 
further purification.  

2.2. Synthesis of ZnS nanocrystals 

ZnS nanocrystals were synthesized by the precipitation of zinc ions by hydrogen sulfide at room temperature 
according to the method described previously for the preparation of CuS nanoplates by our group [12] as 
follows: 4.569 g of zinc nitrate hexahydrate was dissolved in 100 mL of water and transferred into a cylindrical 
flask. Afterward, the gaseous hydrogen sulfide evolved by the reaction of sodium sulfide with hydrochloric acid 
was bubbled through the solution containing zinc ions. During this, the solution pH increased steeply, and the 
precipitation reaction occurred in a short time interval after reaching pH high enough at which S2- ions 
predominated in solution. The resultant white precipitate was washed several times by distilled water prior to 
filtration and the collected powder was dried in an oven at 60 °C. The obtained dried powder was later put into 
a glass test tube and annealed using a Bunsen burner for 30 and 90 s. The glass test tube was placed within 
flame at the position of highest temperature, i.e., at the tip of the inner flame cone. The temperature of samples 
measured immediately following the annealing process by the contactless thermometer was approximately 
350 °C and 700 °C, for 30 and 90 s, respectively. The annealed samples were labeled as ZnS-30 and ZnS-
90. 

2.3. Characterization methods 

The crystalline phases of the as-prepared samples were characterized by the X-ray diffractometer Miniflex 600 
(Rigaku, Japan) with a Co-Kα X-ray source ( = 1.5418 Å) in the diffraction angle range 5-85° 2θ. The 
morphology was investigated by scanning electron microscope NOVA NanoSEM 450 (FEI, The Netherland). 
The study of UV-vis absorption of prepared powders was performed by the UV-vis spectrometer LAMBDA 
1050+ (PerkinElmer, UK). Photoluminescence (PL) measurements were carried out by fluorescence 
spectrometer FLS920 (Edinburgh Instruments Ltd).  

2.4. Photocatalytic experiment 

The photocatalytic activity of the as-prepared samples was evaluated via degradation of methyl violet 2B (MV 
2B) at a concentration of 3.5 mg.L-1 under UV light (Roithner LaserTechnik, UVLUX 340-HL-3) with maxima 
wavelength of 343 and 365 nm. An original experimental arrangement intended for the online measurement 
of photocatalytic activity under irradiation with LED comprised of various wavelengths was used. It is based 
on the homemade cuvette holder housing equipped with LED mounted directly inside the UV-vis spectrometer. 
The cuvette serves as a miniature photochemical reactor with its content being mixed continuously or in a duty 
cycle with a small magnetically driven stirrer bar. In a typical experiment, a quartz glass cuvette containing 10 
mg of photocatalyst and 5 mL of model dye solution was inserted inside the UV-vis spectrophotometer, covered 
by cuvette holder housing, and stirred in the dark for 1 hour in order to reach adsorption/desorption equilibrium. 
After that, an LED was switched on with continuous stirring. Degradation of model dye was monitored every 
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15 minutes interval without the need for sampling and extra evaluation. During the experiment, the temperature 
was precisely controlled to 25 °C by dual cell Peltier.  

3. RESULTS AND DISCUSSION 

The crystalline phase structures of the pristine ZnS powder and the products of its annealing were investigated 
by powder XRD. The diffractogram of pristine ZnS and the products of its annealing for 30 and 90 s are shown 
in Figure 1. XRD pattern of the pristine ZnS exhibits three peaks at diffraction angles 2θ= 33.34°, 55.86° and 
66.63° which corresponds to most intense (111), (220) and (311) planes of the (sphalerite) cubic ZnS phase 
(PDF Card No.: 01-071-4763), respectively. The broadness and the low intensities of the peaks indicate small 
particle size and poor crystallinity. Phase quantification for the pristine and annealed samples was done by the 
RIR (reference intensity ratio) method and the calculated values are given in Table 1. It should be mentioned 
that the unambiguous identification of ZnS phase structures is accompanied by some difficulties, as both 
polymorphs possess tetrahedral arrangements of Zn and S and differ only in the stacking sequence of atomic 
layers in cubic and hexagonal structures. Based on the RIR calculation, even pristine ZnS is not composed 
entirely of cubic phase but contains about 10 % of the wurtzite hexagonal phase. Average crystalline scattering 
domain sizes, Dc, were also estimated according to the well-known Debye-Scherrer formula and the values 
are given in Table 1. 

 

Figure 1 Powder XRD patterns of samples ZnS, ZnS-30, and ZnS-90. Stick pattern correspond to PDF Card 
No.: 01-071-4763 (sphalerite cubic phase ZnS, black), PDF Card No.: 00-036-1450 (wurtzite hexagonal ZnS, 

red), and PDF Card No.: 01-079-0207 (wurtzite hexagonal ZnO, blue) 

The morphology of the as-prepared samples was investigated using SEM as shown in Figure 2. Pristine ZnS 
exhibits flake-like morphology with a smaller grain size, which is consistent with poor crystallinity as evidenced 
by the XRD results. For the annealed samples, ZnS-30 and Zn-90, an increase in the temperature led to 



 October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

264 

coarser grain size. This increase may result in the extension of the absorption edge due to the formation of 
defects and scattering centers. 

 

Figure 2 SEM images of precipitated ZnS (a) and products of its annealing for 30 and 90 s, ZnS-30 (b) ZnS-
90 (c)  

Table 1 XRD data and photocatalytic activity of the prepared samples 

Sample 

Crystalline phase structure Average 
Crystallite size 

[nm] 

Rate Constant r, �~343 nm [s-1] 
Rate Constant r, �~365 nm [s-1] Cubic 

ZnS 
Hexagonal 

ZnS 
Hexagonal 

ZnO 

ZnS 90 10 - 6.2 - - 

ZnS-30 85 15 - 27.5 0.44 ± 0.05 0.09 ± 0.01 

ZnS-90 62 35 3 64.0 0.94 ± 0.03 0.17 ± 0.01 

The photocatalytic activity of prepared materials was evaluated via degradation of MV 2B at the concentration 
of 3.5 mg. L-1 under UV light irradiation (Roithner LaserTechnik, UVLUX 340-HL-3) with maxima wavelength 
of 343 (3.6 eV) and 381 nm (3.4 eV). From Figure 3, it is obvious that the photocatalytic activity at 365 and 
343 nm is greatest for the sample, ZnS-90. From Table 1, it can be seen that the rate constant for dye 
degradation with ZnS-90 sample is one-fold higher than for the sample ZnS-30, at both 365 and 343 nm light 
irradiation. The limited activity of ZnS-30 sample can be ascribed to the slow rate of electron-hole pairs creation 
and low crystallinity. 

 

Figure 3 Photocatalytic activities of ZnS, ZnS-30, and ZnS-90 samples 
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The as-prepared samples were also characterized by PL emission spectra to investigate the charge carrier’s 
separation and recombination rate. A stronger intensity of PL indicates more rapid recombination of 
photoexcited electro-hole pairs while a lower PL intensity is associated with slow charge recombination rate. 
From Figure 4, it can be seen that pristine ZnS and ZnS-30, exhibit the lowest PL intensity while ZnS-90 has 
the highest PL intensity implying that pristine ZnS has a low recombination rate as compared to annealed ZnS 
samples. This result indicates that the high photocatalytic activity of ZnS-90 sample is due to the rapid creation 
of electron-hole pairs which led to an increase in photocatalytic activity as compared to pristine ZnS and ZnS-
30 samples. 

 

Figure 4 PL spectra for ZnS, ZnS-30 and ZnS-90 samples 

4. CONCLUSION 

ZnS nanocrystals were prepared and the effect of annealing on the ZnS phase structure, morphology, and 
optical properties was investigated. Pristine ZnS samples exhibited pure cubic phase structure with slight 
wurtzite content which increased with increasing annealing time. Pristine ZnS annealed for 90 s exhibited the 
highest photocatalytic activity as compared to unannealed ZnS. Optical investigation of the as-prepared 
samples suggested that annealing resulted in the formation of luminescence and charge recombination 
centers. 
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Abstract  

Polystyrene (PS) is an important plastic material, which is widely used in packaging, home, construction, 
electrical appliances, medical equipment etc. The widespread use of PS generates large amounts of PS 
wastes, which is due to poor recycling rates globally end up in landfills as well as in the oceans. The increasing 
amounts of wastes polystyrene and other wastes plastics thus represent a serious threat to the environment, 
and also to human and animal health. Chemical recycling is an environmentally friendly approach that can be 
applied for the recycling of plastics. For chemical recycling, thermal or thermo-catalytic pyrolysis/degradation 
can be used. During the degradation process, polymeric materials are converted into their monomers or other 
valuable compounds. This paper deals with the synthesis of α-Fe2O3 nanoparticles and their use as catalyst 
in thermo-catalytic degradation of PS in a semi-batch reactor. The aim was to study the influence of synthesis 
parameters on the catalytic properties of α-Fe2O3 in PS degradation. The α-Fe2O3 catalyst samples were 
prepared by the chemical precipitation method using FeCl3.6H2O as a precursor salt and NaOH as precipitating 
agent and by calcining the precipitates at different temperatures. All catalyst samples prepared were 
characterized by XRD and physisorption of nitrogen. It is shown that by increasing the calcination temperature 
of precipitates, pure α-Fe2O3 (hematite phase) can be obtained. Furthermore, it is demonstrated that PS 
degradation using pure hematite as catalyst in comparison with mixed phase or non-catalytic degradation gives 
higher yields of oil and styrene monomer. 

Keywords: Degradation, chemical recycling, polystyrene, catalyst, pyrolysis 

1. INTRODUCTION 

Nowadays, plastics are an integral part of everyday life. Due to their widespread use in modern society, they 
have become irreplaceable. In recent years, the amount of produced plastics has been continuously increasing 
due to the wide possibilities of their use in different sectors. The largest amount of plastics is produced for the 
packaging industry, which amounts to be approximately 40 %. Among various types of plastics, polystyrene 
(PS) is one of the most important and versatile polymeric material that is used in numerous applications which 
include packaging, construction, medical equipment etc. The continuously increasing demand for plastics as 
well as poor recycling rate has caused the accumulation of landfilled plastic waste, which contributes to the 
environmental problem. 

Recycling is one of the possibilities to reduce the amount of produced (virgin) plastics and the associated 
negative impact on the environment. There are four main categories of plastic recycling, namely primary, 
secondary, tertiary and quaternary recycling. In recent years, the tertiary recycling which is also known as 
chemical or feedstock recycling has attracted much attention. This is because it represents a potential effective 
way of processing waste plastics efficiently from ecological and economic point of view.. 

In chemical recycling, the waste polymeric materials are converted back to their original monomers  
or oil /hydrocarbon components which can be reused for the production of pure (virgin quality) polymers  
or new polymers respectively. Chemical recycling can be realized by thermal or thermo-catalytic 
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degradation/pyrolysis of waste polymeric materials. In comparison with thermal degradation, thermo-catalytic 
degradation offers the possibility of reducing the process temperature and improving the selectivity towards 
desired compounds. Among various thermoplastics, PS has a unique property to be fully recycled. Therefore, 
PS wastes are good candidates for the chemical recycling. 

In literature, thermo-catalytic degradation of PS has been widely studied. In these studies, the use of solid 
acids and bases as catalysts has been extensively reported. Ukei et al 2000 concluded that solid bases are 
effective catalysts for the thermochemical conversion of PS into styrene monomer (SM). Furthermore, it has 
also been reported that some transition metal oxides have basic sites on their surfaces and therefore can be 
alternative catalytic materials for converting PS into oil with high fraction of SM. In this regard, α-Fe2O3 
nanoparticles can be attractive catalytic material for PS degradation, which exhibit remarkable structural 
properties that can be beneficial in the decomposition of PS into SM at low reaction temperature of about  
400 °C. Therefore, it is the aim of the present work to synthesis α-Fe2O3 nanoparticles using different synthesis 
parameters and test the resulting materials in thermo-catalytic degradation of PS. For this purpose, as a first 
step, α-Fe2O3 nanoparticles were prepared by using the chemical precipitation method followed by calcination 
at different temperatures. As a second step, the influence of calcination temperature on the structural, textural 
and catalytic properties of synthesized α-Fe2O3 materials was studied. 

2. MATERIALS AND METHODS 

2.1. Feedstock and catalyst 

Granular PS (purchased from Sigma Aldrich) with an average diameter of 3-4 mm and an average molecular 
weight of 192000 g.mol-1 was used as feedstock. For the catalytic degradation of PS, α-Fe2O3 nanoparticles 
synthesized in house were used as catalyst. 

The α-Fe2O3 catalyst samples were synthesized by the chemical precipitation method using FeCl3.6H2O as a 
precursor salt. For the synthesis, 4 g FeCl3.6H2O was dissolved in 100 ml of distilled water. The resulting 
solution was stirred and heated to 70 °C for 30 minutes. During this time, the pH of the solution was adjusted 
to 11 using 0.4 Molar solution of NaOH. The precipitate obtained was filtered and washed extensively with 
distilled water until neutrality (pH ∼ 7) as indicated by paper indicator. Afterwards, the precipitate was dried in 
a drying furnace at 70 °C for 12 hours. Finally, the dried α-Fe2O3 precipitates were calcined at three different 
temperatures i.e. 250, 400 and 500 °C to obtain three catalyst samples, namely α-Fe2O3-250, α-Fe2O3-400 
and α-Fe2O3-500 respectively. All samples were characterized by X-ray powder diffraction (XRD) on a Rigaku 
SmartLab diffractometer (Rigaku, Japan) with detector D/teX Ultra 250. The source of X-ray irradiation was 
Co tube (CoKα, λ1 = 0.178892 nm, λ2 = 0.179278 nm) operated at 40 kV and 40 mA. The textural properties 
of the samples were determined by physisorption of nitrogen using Micrometrics 3Flex analyzer. For the 
catalytic experiments, all catalyst samples were pelletized to give a pellet size in the range 0.63-1 mm. 

2.2. Thermal and thermo-catalytic degradation 

Both thermal and thermo-catalytic degradation of PS were carried out in a semi-batch reactor setup under 
continues nitrogen gas flow at a flowrate of 50 ml.min-1. The schematic diagram of the reactor setup is shown 
in Figure 1. All experiments were performed at 400 °C using a heating rate of 10 °C/min and a dwelling time 
of 1 hour. The operating conditions used in the present work were optimized in our previous study. For all 
experiments, 4 g of PS was used that was placed between two layers of quartz wool in a quartz glass reactor 
tube with a length of 250 mm and internal diameter of 17 mm. For catalytic experiments, 0.4 g of catalyst 
pellets, packed between two quartz wool layers, were placed after the PS bed in the nitrogen flow direction. 
The reactor was heated using a cylindrical heating jacket which was equipped with a temperature controller. 
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Figure 1 Schematic diagram of semi-batch reactor setup: (1) Flowmeter, (2) Polystyrene, (3) Quartz wool, 

(4) Catalyst, (5) Electrical heating zone, (6) Air cooling, (7) Round bottom flask with condensate, (8) Washing 
bottle 

2.3. Product analysis 

For each experiment, two oil (condensate) fractions were obtained. The first fraction was collected in a glass 
flask by condensing the pyrolysis vapors through air cooling, while the second fraction was condensed inside 
the reactor tube within the quartz wool. In order to extract the second fraction, the quartz wool loaded with oil 
was soaked and washed with acetone and the oil was obtained by subsequent evaporation of acetone. The 
amount of both fractions was determined gravimetrically, and the overall oil yield was determined as the sum 
of both fractions. The amount of carbon deposited on the spent catalysts was determined using RC612 
Multiphase Carbon and Water Analyzer (LECO Instruments). The gas yield was obtained by subtracting the 
mass of oil and carbon from the mass of feedstock used. The analyses of both oil fractions were performed 
using gas chromatography. For this purpose, a YL 6100 GC equipped with a HP-5 column and a flame 
ionization detector was used. 

3. RESULTS AND DISCUSSION 

3.1. Characterization of catalyst 

The XRD patterns obtained for all three 
catalysts calcined at three different 
temperatures are shown in Figure 2. The 
samples calcined at 400 and 500 °C exhibited 
pure hematite phase, whereas the one 
calcined at 250 °C showed a mixture of 
goethite and hematite phases. Moreover, the 
sample calcined at 500 °C i.e. α-Fe2O3-500 
showed enhanced crystallinity as compare to 
the other samples. The textural properties of 
the catalysts as obtained from the nitrogen 
adsorption are summarized in Table 1. The 
results show that with increasing calcination 
temperature the BET surface area decreased, 
whereas the pore size increased. 

Figure 2 X-ray diffraction patterns of catalyst samples with reference lines indicating Hematite (solid lines) 
and Goethite (dotted lines) reflexes 
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Table 1 Textural properties of synthesized catalyst samples 

Catalyst 
 

SBET  
(m2g-1) 

Vnet 
(cm3(STP).g-1) 

dpore 
(nm) 

α-Fe₂O₃-250 165 211 4.5 

α-Fe₂O₃-400 66 212 14.4 

α-Fe₂O₃-500 36 197 29.3 

3.2. Product analysis 

The pyrolytic products from thermal and thermo-catalytic degradation of PS are shown in Figure 3. For all 
experiments main products obtained were oil and gas. No char was produced in any of the experiments. Only 
a small amount of carbon was observed on the surface of spent catalysts. The amount of deposited carbon 
was found to be less than 0.5 wt. %. The main components of oil produced were SM and oligomers (di-and 
trimers). In addition to SM and oligomers, some minor compounds including benzene, toluene, ethyl benzene 
and alpha-methylstyrene (not shown here) were also produced. The total amount of all minor compound was 
less than 5 wt. %.  

From the results as depicted in Figure 3, a trend of higher oil and SM yields with increasing calcination 
temperature can be observed. This can be attributed to the enhanced crystallinity (at higher calcination 
temperature) that may lead to higher basicity of the sample. It has been reported that base catalysts are 
effective catalysts for PS degradation, and as some transition metal oxides have basic sites on their surfaces, 
they can be potential catalytic material for this reaction in order to improve the selectivity for oil as well as 
styrene monomer. 

 

Figure 3 Pyrolytic products obtained from thermal and thermo-catalytic degradation of PS 

Table 2 Composition of oligomers produced 

Catalyst 
 

Total oligomers  
(wt. %) 

Dimers 
(wt. %) 

Trimers 
(wt. %) 

Thermal 37.8 22.6 15.2 

α-Fe₂O₃-250 35.2 16.2 19.0 

α-Fe₂O₃-400 34.4 19.6 14.8 

α-Fe₂O₃-500 33.0 14.9 18.1 
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4. CONCLUSION 

Thermo-catalytic degradation of PS was studied over α-Fe2O3 nanoparticle used as catalyst. The catalyst 
samples were synthesized by precipitation followed by calcination at 250, 400 and 500 °C. Different calcination 
temperatures led to different phases and textual properties of the samples. From XRD analyses it was shown 
that pure α-Fe2O3 phase could be achieved at higher calcination temperature. The results of thermo-catalytic 
degradation of PS over α-Fe2O3 showed that all three catalysts produced different amounts of oil, gas and SM. 
A trend of higher oil and SM yield was observed with increasing the calcination temperature. The present study 
shows that α-Fe2O3 nanoparticles can be interesting catalytic materials for thermo-catalytic degradation of PS. 
However, it is important to tune the properties (through synthesis parameters) of such materials in order to 
improve the selectivity for target products, as different phases and textural properties will lead to different 
product spectra. 
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Abstract 

The ever-increasing population has aroused demand for contraceptive chemicals which pollute the water 
reservoirs through industrial effluents. This has caused a severe threat to marine life and high concern about 
the availability of fresh drinkable water for people all over the world. Not only this, the unwanted intake of these 
water containing hormones leads to fertility disorder, rapid femininity, loss in male sperm count, high chances 
of breast, and ovarian cancer. Therefore, in this study, a one-step high-pressure liquid chromatography (HPLC) 
technique was devised for simultaneous detection and quantification of various estrogenic hormones from 
wastewater. Four representative hormones Estrone (E1), β-Estradiol (E2), Estriol (E3), and 17α-
Ethinylestradiol (EE2) were used. To address the solubility of these hormones, a study was conducted in three 
solvents systems viz. ethanol, ethanol: water (20:80), and water, respectively. Similarly, calibration curves 
were made for these three solvent systems with regression coefficients ≥0.99. Interestingly, it was found that 
water can be used as a solvent for the estrogenic hormones at a detection limit as low as 5 µg/L, which makes 
this study quite significant. 

Keywords: Wastewater, effluents, contraceptives, estrogenic hormones, liquid chromatography 

1. INTRODUCTION  

Nowadays, in this modern era, manufacturing is increasing in all sectors of the industry due to high demand, 
pollution is also a huge threat to the people and their environment. Estrogenic hormones such as Estrone (E1), 
Estradiol (E2), Ethinylestradiol (EE2), Estriol (E3) present in water effluents are a danger to the environment 
[1]. There have been reported high potencies and significant occurrence of E2, E3, and E1 in flowing waters 
[2]. Due to their high level of presence, they have been observed and monitored at many wastewater treatment 
locations [3,4]. EE2 is another synthetic hormone mainly used as an oral contraceptive but also used for the 
treatment of menstrual problems and prostate cancer. The remains of this hormone are a huge source in the 
environment because of its partial degradation while treated at sewage plants so its metabolites interact in 
nature and de-conjugate to become active again [5]. They are classified as endocrine-disrupting chemicals 
used as medicine for reproduction control and infertility in females, which harms marine life when released in 
water channels. Studies on marine species have proved fertility disorder, rapid femininity in the fish breed, 
dropped the weight of testicles in Japanese quails [1]. Also, linkage to humans has proved loss in male sperm 
count, high chances of breast and ovarian cancer [6,7]. Therefore, it requires proper removal and disposal [5]. 

In previous works, either one of the hormones was detected and removed whereas, in this paper, the aim is 
to detect and quantify these estrogenic hormones simultaneously in 3 mediums in a one-step method using 
the technique of high-pressure liquid chromatography (HPLC) [5]. 
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2. MATERIALS AND METHODS 

2.1. Materials and reagents 

The estrogenic hormones were estrone (E1), β-estradiol (E2), estriol (E3), and 17α-ethinylestradiol (EE2) 
purchased from Sigma Aldrich, Czech Republic. Furthermore, the HPLC solutions: acetonitrile and ethanol of 
HPLC grade were purchased from VWR, Czech Republic. Deionized water (pH 7.3, 18.3 MΩ/cm) was sourced 
from a laboratory Milli-Q water purification system. Glass microfiber (GMF) filters (Whatman, Czech Republic) 
with pore size 0.45 µm and 25 mm diameter were used prior to HPLC. Selected values for the properties of 
the hormones are shown in Table 1 below. 

Table 1 Certain properties of hormones [8] 

Estrogenic Hormone Molecular 

formula 

Molecular weight (g/mol) Melting point (°C) Solubility in water (mg/l) 

Estrone C18H22O2 270.37 258.0-260.0 12.42 

Β-Estradiol C18H24O2 272.38 178.5 12.96 

17α-Ethinyl-Estradiol C20H24O2 296.40 182.0-183.0 4.83 

Estriol C18H24O3 288.38 282.0 13.25 

2.2. Solution preparation and sampling 

Hormone solution was prepared in three different mediums viz. ethanol, ethanol: water (20:80), and water. For 
the ethanol, 5 mg/L stock solution was prepared after stirring solution for 1 h and it was seen that hormones 
dissolve immediately. For the ethanol: water system, the concentration of 20 mg/L in solvent 10:90, 10 mg/L 
10:90, 20 mg/L 20:80, and 10 mg/l 20:80 were prepared but didn’t dissolve completely and stayed as a 
suspension. However, at a higher volume ratio of ethanol: water 20: 80, solubility was better as can be seen 
in Figure 1 below. 

 

Figure 1 Solubility of all 4 hormones together in a solution at different concentrations 

Hence, using ethanol: water 20:80, 5 mg of each hormone was dissolved in a total of 1000 ml by initially 
dissolving in 200 ml ethanol, followed by 800 ml of water properly stirred at 800 r.p.m for 24 hours to make 
sure complete homogenous mixing and solubility. It was also observed that if hormones are first dissolved in 
water followed by ethanol then, hormones are only partially dissolved. The descending order of solubility using 
HPLC is EE2˃E3˃E2˃E1. In the case of water, solubility was a problem because individual solubility of each 
hormone is available in literature but considering all 4 hormones together in a single solution was challenging 

Ethanol: water (10:90) 
10mg/L 

Ethanol: water (10:90) 
20mg/L 

Ethanol: water (20:80) 
20mg/L 

Ethanol: water (20:80) 
10mg/L 
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especially for distilled and deionized water. Solubility was lower than the values available in the data and it 
was seen that preparing a solution of 1mg/L concentration of each hormone even after stirring for 1 complete 
day was still having some particles at the bottom of the container which could be referred to as E1 because of 
its least solubility [7]. It was also checked by individually dissolving each hormone in 1 L water separately and 
also when the solution was sonicated for 30 mins, there was an increase in peak for E1 proving that its solubility 
improved. Therefore, finally, a concentration of 0.2 mg/L of each hormone was prepared by adding 1 mg of 
each hormone in 5 L of water. Samples were collected in 1.5 ml vials after passing through the GMF filter 
before HPLC and were triplicated to report the mean concentrations with standard deviation for obtaining the 
calibration. 

2.3. High-Pressure Liquid Chromatography (HPLC) analysis 

HPLC analysis of hormones (E3, E2, EE2, E1) calibration standards and samples were carried out on an HPLC 
DionexUltiMate 3000 Series (Thermo Fisher Scientific, Germany). The separation was performed on a 
reversed-phase column Kinetex 2.6 µm C18 100 A (150x4.6mm; Phenomenex USA) equipped with a pre-
column security guard ULTRA, UHPLC C18 (Phenomenex. the USA) at 30 °C. A mixture of acetonitrile and 
water was used as mobile phase (45:55, v/v) at a flow rate of 0.8 ml/min with a total isocratic run of 12 min. 
The sampler chamber was set at 5°C and a volume of 20 µl was injected into the column. Eluates were 
detected using wavelengths of 200 nm. Data were recorded and processed in chromeleon 7.2 software 
(Thermo Fisher Scientific, USA). 

3. RESULTS AND DISCUSSION 

3.1. Characterization of adsorbent 

To know the surface shape of Hormones, imaging from SEM (FEI, Thermo Fisher Scientific, USA) was carried 
out. Figure 2 below shows the appearance and surface morphology of each hormone. The figure was captured 
at 8 kV applied potential and at a magnification of 10000x except for E1 which was 1000x due to the large size 
of particles. 

 

Figure 2 SEM of a) E3, b) E2, c) EE2 and d) E1 hormones, respectively 

3.2. Detection and quantification 

To identify the peak of hormones, firstly each hormone solution was tested to detect and identify the retention 
time (r.t), and then a combined solution of hormones was tested. Also, the limit of detection (LOD) and limit of 
quantification (LOQ) were calculated from 0.01 mg/L standard as given in the formulas below: 

|�� � 		 }2/�� V 3�                                                                                                                                      (1) 

|�� � 		 }2/�� V 10�                                                                                                                                    (2) 
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Where:  

c- concentration (mg/L) 

S/N- signal-to-noise ratio 

Figure 3 represents intensity peaks, calibration equations along with LOD and LOQ of each hormone at their 
particular retention time in the ascending order of time of E3, E2, EE2, and E1, respectively in a given medium. 

(a) Ethanol Equation LOQ/LOD 

E3 

 

y = 5.11x + 0.02 
(R2 = 1) 

LOD: 0.001 mg/L 
LOQ: 0.004 mg/L 

E2 
y = 5.52x + 0.04 

(R2 = 1) 
LOD: 0.002 mg/L 
LOQ: 0.006 mg/L 

EE2 
y = 4.2557x - 0.0004 

(R2 = 1) 
LOD: 0.003 mg/L 
LOQ: 0.009 mg/L 

E1 

y = 5.64x + 0.04 
(R2 = 1) 

 

LOD: 0.002 mg/L 
LOQ: 0.007 mg/L 

(b) Ethanol: water 20: 80 Equation LOQ/LOD 

E3 

 

y = 3.44x + 0.07 
(R2 = 1) 

LOD: 0.002 mg/L 
LOQ: 0.006 mg/L 

E2 
y=2.92x + 0.06 

(R2=0.9999) 
LOD: 0.003 mg/L 
LOQ: 0.011 mg/L 

EE2 
y=2.58x +0.05 
(R2=0.9999) 

LOD: 0.005 mg/L 
LOQ: 0.015 mg/L 

E1 
y = 2.99x + 0.06 

(R2 = 1) 
LOD: 0.004 mg/L 
LOQ: 0.014 mg/L 

(c) Water Equation LOQ/LOD 

E3 

 

y=2.00x +0.04 
(R²= 0.9885) 

LOD: 0.0005 mg/L 
LOQ: 0.002 mg/L 

 

E2 
y=2.06x +0.05 
(R²= 0.9918) 

LOD: 0.001 mg/L 
LOQ: 0.004 mg/L 

EE2 
y=1.60x +0.04 
(R²=0.9939) 

LOD: 0.002 mg/L 
LOQ: 0.005 mg/L 

 

E1 
y= 0.61x +0.02 

(R²=0.9901) 
LOD: 0.005 mg/L 
LOQ: 0.017 mg/L 

Figure 3 Intensity peak, calibration equation, and LOD and LOQ of each hormone when mixed in a specific 
solution medium (a) ethanol, (b) ethanol: water 20: 80, and (c) water 
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4. CONCLUSION 

A method has been developed on HPLC to successfully detect, separately identify and quantify E1, E2, E3, 
and EE2 hormones together in a single sample with a detection limit of about 5 µg/L. It is noteworthy to say 
that this study has examined only neutral solutions with pH around 7.3, which is close to the actual wastewater 
having pH 6-9, and it can later be used for adsorption study, kinetics, and also for photocatalytic degradation 
experiments of these hormones using this method. However, this study has addressed the question of 
detection and quantification only. Therefore, this study is limited to the presence of hormones in the amounts 
of micrograms. In general, future research with this approach can also be applied to waste river waters for 
comparison and to address this issue more deeply and comprehensively. 
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Abstract 

The main goal of this work is to create a highly sensitive optical sensor based on the principle of plasmon 
surface resonance (SPR) for inorganic salts. The experimental concept includes the creation of optical fiber 
probe with anion capturing agent(ACA) through the diazonium chemistry for selective-entrapping of targeted 
compounds and their trace amounts detection. The characterization of the obtained structures and their 
properties were performed using the SERS, AFM and UV-Vis methods. The created hybrid sensor structures 
were used to measure the presence and concentration of inorganic salts, which often occur in polluted 
wastewater. The proposed approach has a number of advantages, such as the possibility of real-time 
detection, high selectivity and sensitivity, and the possibility of miniaturization of the analytical device(s). 

Keywords: Fiber optic, sensor, detection, anions, pollution, capturing agents 

1. INTRODUCTION 

Today, industrial production and agriculture development led to increasing release of inorganic anions in our 
environment. Released anions formed from toxic organic and inorganic waste products represents a serious 
ecological risk. [1,2]. These compounds show potential toxic effects even at relatively low concentrations [3,4]. 
E.g. nitrate anion (NO3-) or phosphate compounds (eg H2PO4-) from agricultural wastewater can lead to 
eutrophication of watercourses [5-7]. Nitrate and nitrite anions (NO2-) can cause methemoglobinemia in 
animals or humans organisms [8,9]. Sulphate (SO42-) and bisulphate (HSO4-) anions are commonly present in 
radioactive waste and induce a number of problems during water storage and recycling [10,11]. Therefore, it 
is necessary to control and regulate the concentration of anions in various areas, such as public water mains, 
river water, various types of drinking water and industrial wastewater. 

Effective on-site monitoring of anions requires methods that allow the determination of their low concentrations 
in the aqueous environment. However, anionic analysis equipment (such as ion chromatography) is very 
expensive, requires the transport of samples to the laboratory, and the analysis itself takes a lot of time. 
Recently, fluorescent anionic chemosensors have been developed for this task [12,13]. Other methods of 
optical detection are also being studied, including the use of chromogenic sensors [14]. However, these 
methods also have several disadvantages: they require preliminary sample preparation, the production of such 
sensors is laborious and relatively expensive. The solution to these problems is to become fiber-optic sensors 
with ligand groups on the surface, selective to anions. Today, fiber optic sensors are an efficient, accurate and 
cheap tool for the determination of various analytes [15-17]. 

In this work, we propose an optical approach to the detection of anions. The proposed approach have a number 
of advantages, such as the possibility of real-time detection, high selectivity and sensitivity, and the possibility 
of miniaturization of the device. In other words, the main goal of this work is to create a highly sensitive optical 
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sensor based on the principle of plasmon surface resonance (SPR), including a anion-selective layer based 
on ACA modification for the detection of trace amounts of anions in water in real time.  Particular attention will 
be paid to anions, which often occur in polluted wastewater: NO3-, H2PO4-, NO2-, SO42-. 

2.  EXPERIMENTAL 

2.1.  Materials 

Gold targets for metal deposition (purity of metals, 4 N) were purchased from Safina. Multimode plastic-clad 
silica optical (PCS) fiber was purchased from CeramOptec (Germany) with core and buffer/cladding diameters 
of 200 and 230/500 µm, respectively. Deionized water, methanol (reagent grade, ≥99,8%), acetone (97%), 
zinc nitrate hexahydrate (≥99.0%), sodium dihydrogen phosphate (≥99.0%), sodium nitrite (≥97.0%), sodium 
sulfate (≥99.0%), were purchased from Sigma-Aldrich and used without further purification. 

2.2.  Sample preparation. 

Preparation of fiber-optical sensor. 

The 2 cm of PCS fiber shell was thermally removed, and naked PCS core was purified using washing with 
deionized water, acetone and methanol. A thin film of Au was deposited on the PCS fiber core by vacuum 
sputtering (thickness approx. 40 nm). The deposition of Au was accomplished from Au target (DC Ar plasma, 
gas purity - 99.995 %, pressure 4 Pa, discharge power 7.5 W, sputtering time 400 sec). The fibers were fixed 
with the replaceable SMA connectors. 

Sensor modification.  

The obtained optical fibers with gold were electrochemistry modified (4 mM freshly prepared water solutions, 
−3.0 V applied potential) for 2 min. After modification, fibers were rinsed with water, methanol, and acetone for 
20 min, and dried at ambient conditions. 

2.3.  Measurement Techniques 

Raman spectra were measured using ProRaman-L spectrometer (Laser power 40 mW) with 785 nm excitation 
wavelengths. Spectra were measured 30 times, each of them with 3 s accumulation time. 

UV-Vis absorbance spectra of the samples were measured using a HR2000 (Ocean Optics) spectrometer in 
400-800 nm wavelengths range using the AvaLight-DHS light source (Avantes). ACA-coated Au fibers were 
immersed in water solutions of NaNO2, Na2SO4, NaH2PO4 and Zn(NO3)2 in different concentrations 10-6, 10-4, 
10-2 and 1M.  

3. RESULTS AND DISCUSSION 

The experimental concept is presented in Figure 1. An optical fiber covered with an thin layer of Au film was 
modified with ACA. (Step A) In the next step, the optical fiber was coupled to a light source and with 
spectrometer. When the sensor is immersed in water, the surface plasmon resonance effect appears on the 
surface, and an absorption peak as well visible. The position of absorption peak depends on the refractive 
index of surrounding medium (Step B). Immersion of a modified sensor in an analyte solution leads to 
pronounced shift of SPR wavelength position, indicating the capture of anions on surface of the sensor. (Step 
C) The following salts: NaNO2, Na2SO4, NaH2PO4 and Zn(NO3)2 were used as analyte solutions.  

The modification of the sensor surface was confirmed by Raman spectroscopy (Figure 2). The results of 
Raman spectroscopy show the appearance of characteristic vibration bands of aromatics and -CH3 after 
modification. 
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Figure 1 Scheme of preparation and use of an optical sensor. A - pre-modification of the sensor in a 
freshly prepared aqueous solution of the ACA, B - immersion of the sensor in the aquatic environment 
and the occurrence of a plasmon absorption band, C - capture of anions and subsequent shift of the 

absorption band. 
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Figure 2 Raman spectra on the surface of: (i) pristine Au, (ii) Au with ACA 

During the experiment, the prepared sensors were immersed in solutions of four different anions with different 
concentrations, which led to a change in the refractive index of the medium surrounding the plasmon-active 
part of the sensors. The complete sets of absorption spectra are shown in Figure 3. As can be seen, entrapping 
of anions effectively affects the position of the absorption maximum of plasmons. 
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Figure 3 Results of the interaction of pristine and modified sensor with analyte solutions  

4. CONCLUSION 

In this work, fiber-optic sensors were developed for monitoring of anions and determining their concentrations. 
Our basic concept uses the functionalization of a plasmon-supported fiber surface modified with an ACA. The 
salt's layer ensures the extraction of anions from model solutions, which causes a shift in the position of the 
absorption band. The created system demonstrates high sensitivity to nitrite (NO2-), nitrate (NO3-), dihydrogen 
phosphate (eg H2PO4-) and sulphate (SO42-) anions. It was found that the lower detectable concentration is 
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only 10−7 M, which makes the proposed sensors comparable to the conventional analytical approach to the 
determination of water pollution. 
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Abstract  

Many theories are currently being accepted as possible explanations for the origins of life on early Earth (e.g. 
Metabolism-first world, Zinc world, Thioester world, RNA world and others). However, discovered enzyme-
mimetic properties of nanoparticles may lead to reconsideration of these theories. Recently, we postulated that 
one of the stages of chemical evolution could have been associated with nanozymatic activity of different 
nanoparticles that could form primitive prebiotic photodynamic redox chemical networks with proto-enzymatic 
activity. Our theory (Nanoparticle-based World) assumes that chemical evolution passed through the 
nanoparticle-assisted stage and could have led to sustainable metabolism. Formamide-based prebiotic 
chemistry assumes that formamide could have accumulated in sufficient amounts to serve as a feedstock and 
reaction medium for the synthesis of the first biogenic molecules. In this work, UV-induced formation (prebiotic 
scenario) of nanoparticles with xanthine oxidase like activity was demonstrated. All reactants (thiol-containing 
compounds, metals ions - zinc and cadmium, ammonia and fomamide) were highly probably present on early 
Earth. 

Keywords: Nanoparticles, formamide, Origin of life, UV radiations, metal ions, thiols 

1. INTRODUCTION 

Many theories like Metabolism-first world [1], Zinc world [2], Thioester world [3], RNA world [4], Lipid world [5] 
and others, are currently being considered the explanation of the origin of life on Earth. Scientists all around 
over the world still discuss the physical and chemical conditions on early Earth, sources of energy, the 
feedstock molecules and transformation of non-living matter (biogenic building blocks) to self-sustaining 
autocatalytic networks (sustainable life). We believe that all the right places for the emergence of life contained 
mainly sulfur (especially thiols), metals ions, ammonia, and formamide environment. Formamide-based 
prebiotic chemistry assumes that formamide could accumulate in high enough amounts to serve as a feedstock 
and reaction medium for the synthesis of the first biogenic molecules like nucleobases, nucleosides, amino 
acids, sugars, amino sugars, carboxylic acids and others [6]. In our previous work, we showed that thermal 
treatment (160 °C, 24 hours) of formamide in presence of various clays (Ni/Fe meteoritic material, Fe2O3) 
caused formation of adenine, guanine, cytosine, thymine, uracil, purine, urea, hypoxanthine, guanidine and 
glycine [7]. In this work, we proved that formamide (50%) is a great solvent (environment) for UV-induced 
formation of ZnCd quantum dots (QDs) from very simple mixture of precursors containing thiols (e.g. 
mercaptosuccinic acid), metals ions (Zn2+ and Cd2+) and ammonia (NH3, in range 0 - 2%). Also it was proved 
that these ZnCd QDs mimic enzyme xanthine oxidase (XO) under visible light conditions. And that is why we 
assume that first proto-metabolism pathway could have been associated with purine proto-metabolism 
catalyzed by nanoparticles (nanozymes). Caetano-Anolles G. et al. strongly suggested that first metabolic 
pathway in prebiotic chemistry was related to the synthesis of nucleotides for the RNA world, which was linked 
to the purine metabolic subnetwork [8]. Sun M. et al. showed that CdTe QDs can specifically recognize and 
cleave the restriction site GATATC in double-stranded DNA, mimicking an enzyme restriction endonuclease 
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[9]. These findings support the assumption that abiotic artificial materials (nanozymes) were apparently 
connected to the RNA world. The functions of ribozymes in modern organisms support the hypothesis that life 
passed through an RNA world before the emergence of proteins or DNA. Moreover, numerous microorganisms 
are capable of nanoparticle synthesis in order to remove undesired metal species [10-14]. This ability of 
microorganisms can also support the hypothesis that chemical evolution of life passed through the abiotic 
artificial material (nanozymes). Nanozymes as alternatives to natural enzymes excel mainly due to their 
stability, chemical diversity, and functionality in non-aqueous solvents [15]. Currently, nanozymes are prepared 
mainly from metal or carbon materials [16]. The enzymatic activity of inorganic materials starts to be considered 
highly important in the context of the new theories about the origin of life [17-19]. In this work, we present and 
discuss one of the possible scenarios of prebiotic preparation of ZnCd QDs nanozymes (mimic XO under 
visible light) with connection to first proto-metabolism based on purines catabolism in formamide environment. 
Figure 1 represents a graphical summary (timeline) of main events related to the enzymes, ribozymes and 
nanozymes in origin of life context. 

 

Figure 1 Represents a graphical summary of main events related to the natural enzymes and nanozymes in 
origin of life context according [9,19,20] 

2. MATERIALS AND METODS 

2.1. Chemicals  

Standards and other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) in ACS purity.  

2.2. Precursors preparation, UV- irradiation and fluorescence analysis 

Stock solutions of 16 mM mercaptosuccinic acid (MSA), 6 mM zinc(II) acetate, 6 mM cadmium(II) acetate, 
15% ammonia (NH3) were prepared in distilled water and stored at 4 °C. Next, 12.5 μL of zinc(II) acetate, 12.5 
μL of cadmium(II) acetate, 12.5 μL of MSA, 12.5 μL of  15%, 7.5%, 3.7%, 1.8% and 0% NH3 were pipetted into 
the five neighboring wells of a UV-transparent 96-wellplate with a flat bottom by CoStar (Corning, USA) and 
subsequently 50 µL of 99.5% formamide was added to each well. A total volume of the samples was 100 µL 
each. Subsequently, the plate was placed into the UV transilluminator (Vilber Lourmat, Marne-la-Vallee Cedex, 
France) with λem = 254 nm and irradiated for 0 and 5 minutes. The sample area of 20 × 20 cm was illuminated 
by 6 emitting tubes with power of 15 W each. Finally, wavelength of 350 nm was used for fluorescence 
excitation and the emission scan was measured within the range from 380 to 800 nm by Tecan Infinite 200 M 
PRO (TECAN, Switzerland). 
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2.3. Enzymatic reactions 

Xanthine oxidase-like activity of ZnCd QDs after visible light irradiation by table 6800K (6W) LED lamp (EMOS, 
Prerov, Czech Republic) was investigated by highly water-soluble tetrazolium salt that produces a formazan 
dye upon reduction with a superoxide anion. The reaction was monitored at 440 nm by UV/Vis 
spectrophotometer Tecan Infinite 200 M PRO (TECAN, Switzerland) using UV-transparent 96 wellplate with a 
flat bottom by CoStar (Corning, USA). The signal intensity was proportionate to the amount of superoxide 
anion. Standard enzyme of xanthine oxidase (positive control) was purchased from Sigma-Aldrich. 

3. RESULTS AND DISCUSSION 

The hydrogen cyanide (HCN) is most abundant three-atoms compound in interstellar environment and together 
with three-atoms water (H2O) formed formamide (CHONH2) [6]. Codella C. et al proved according 
interferometric measurement that formamide (potentially crucial building block of life [21-24]) is efficiently 
formed in the gas phase around Sun-like protostars [25]. The formamide has been also detected in comets, in 
the solid phase on grains around the young stellar object, in the galactic center sources Sagittarius and in the 
interstellar medium [26-30]. This work was focused on one-pot synthesis of the ZnCd QDs in formamide 
environment and subsequently investigation of their proto-metabolic activity (mimicking enzymes - xanthine 
oxidases). Photo-chemical processes leading to formation of the ZnCd QDs are described in our previous work 
[31]. 

3.1. Synthesis of ZnCd QDs in formamide solution and spectroscopic evaluation of ZnCd QDs 
xanthine oxidase activity  

 

Figure 2 A) Precursors (0.75 mM cadmium acetate, 0.75 mM zinc acetate, 2 mM mercaptosuccinic acid and 
ammonia solution in range 0 - 2%) were irradiated for 5 minutes by UV and then a real photo was taken. 

Monitoring of dependence of absorbance at λ = 440 nm on (B) precursors and (C) ZnCd QDs exposure by 
visible light in substrate for determination of XO activity. 

Several plausible scenarios involve prebiotic reactions in warm mineral and metal rich environment (involving 
mainly Fe, Cu but also Zn, Cd, Ag, Co, Ni, Pb, Mo etc. [32,33] and their combination with chemistries of sulfide-
rich hydrothermal vents [34] or lagoons exposed to UV radiation [35]. Here, the UV-induced reaction was 
studied in 50% formamide environment. Formamide-based prebiotic chemistry suggests a plausible reaction 
route for the synthesis of nucleobases and others biogenic molecules [36]. Therefore, we have tested the 
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suitability of formamide environment (50%) for prebiotic formation of ZnCd QDs by evaluation of fluorescence 
properties of ZnCd QDs formed from the mixture of precursors (0.75 mM cadmium acetate, 0.75 mM zinc 
acetate, 2 mM mercaptosuccinic acid and 0, 0.25,0.5,1 and 2 % ammonia solution) after 5 minute UV irradiation 

(λem = 254 nm). The red shift of ZnCd QDs was observed by increasing of the ammonia concentration as can 
be seen in Figure 2 A. It was proved that formamide is a suitable solvent (environment) for UV-induced 
synthesis of ZnCd QDs. Subsequently from previous experiment was chosen ZnCd QDs containing 1% 
ammonia (marked with a red square, Figure 2 A) and mixed together with substrate (tetrazolium salt) for 
monitoring of xanthine oxidase (XO) activity. Also unirradiated precursors of ZnCd QDs were mixed together 
with substrate. XO-like activity of ZnCd QDs was investigated by tetrazolium salt that produces a formazan 
dye upon reduction with a superoxide anion generated by XO or ZnCd QDs. The time dependence of the XO-
like activity under visible light (VL) is demonstrated in Figure 2 B (unirradiated precursors) and Figure 2 C 

(ZnCd QDs). According to the results it is evident, that the VL induces XO activity in case ZnCd QDs. 
Formamide-based prebiotic chemistry together with formation of ZnCd QDs (mimicking enzyme XO) could be 
associated with first self-sustaining autocatalytic networks. 

4. CONCLUSION 

The present work demonstrates that formamide is an excellent solvent (environment) for light (UV)-driven 
synthesis of ZnCd QDs in the whole spectral range (emission from blue to red). Also, it was proved that ZnCd 
QDs mimic enzyme xanthine oxidase under visible light irradiation. We believe that all the cellular subsystems 
could have arisen simultaneously through common formamide-based chemistry and the key reaction steps 
could have been driven by light. Therefore, we assume that first proto-metabolism pathway could be 
associated with purine catabolism provided by nanoparticles (nanozymes) like QDs or other types of 
nanoparticles/nanomaterials. All precursors (metals ions, sulfur-containing compounds and ammonia), 
together with formamide, are abundantly represented in space environment. We suggest named all these 
nanoparticle-mediated reactions in the context origin of life as Nanoparticle-based world [36]. 
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Abstract  

Protein edestin extraction from hemp seed press cakes obtained after a cold press oil extraction process has 
been optimized at laboratory scale and verified in a pilot plant experiment. Subsequent water and brine 
extraction of the disintegrated hemp seed press cake was used to obtain the water-soluble albumin protein 
fraction and the brine-soluble globulin fraction - edestin. Isoelectric precipitation was used to obtain the proteins 
from the extraction solutions. New Carbon Dioxide Assisted Spray Nebulisation Drying (CASND) technology 
has been used to dry and micronize the protein concentrates and isolates. The protein powders were in form 
of hollow spheres with average particle diameter about 600 nm. The particles were characterized by the SEM 
method. The protein microparticulation allows to improve foaming and emulsifying properties and formation of 
long-term stable water dispersions. 

Keywords: Hemp seed, protein concentrates, protein isolates, microparticulation, Carbon Dioxide Assisted 
Spray Nebulisation Drying 

1. INTRODUCTION 

Protein in food is an essential nutrient which comes from animal and plant sources. Besides the nutritional 
value, the functional properties of food proteins affect behavior in food systems and influence the quality 
attributes, structure, texture, mouth-feel, and flavor of the final product. Plant proteins can differ from animal 
proteins in terms of digestibility, amino acid composition, and the presence of antinutritional factors [1]. Most 
evidence suggests that a shift to largely plant-based protein diets would reduce chronic disease risks among 
industrialized and rapidly-industrializing populations. Filter cakes from canola / rapeseed, sunflower and hemp 
seeds obtained after oil pressing and extraction, rice, cell fluids obtained from potatoes, or pea seeds belong 
among the main alternative sources of commercially available plant protein concentrates and isolates for 
human nutrition. Hemp seed contains the salt-soluble globulin edestin (~ 75%) and the water-soluble albumins 
(~ 25%) as the main storage proteins. Edestin is a hexameric legumin protein of hemp seed with globular 
structure of 11S type and molecular weight approximately 300 kDa. Hemp seed proteins have a high level of 
arginine and a sulfur-rich protein fraction, two unique features that impart high nutritional values [2]. Hemp 
proteins have a protein digestibility-corrected amino acid score equal to or greater than certain grains, nuts, 
and some pulses [3]. Hemp seed enzymatic hydrolysates have also proven effective during in vitro and in vivo 
tests as antioxidant and antihypertensive agents. Therefore, hemp seed proteins and hydrolysates have the 
potential to be used as ingredients to formulate functional foods [2,4]. Spray drying is usually used to produce 
powders from the protein rich solutions. Freeze drying is alternative drying technique, which is used less 
frequently because of higher price and limited capacity. Functional properties of proteins in food matrices are 
determined by the physicochemical properties of the proteins, degree of denaturation, type of processing, and 
particle morphology and size, in the case of powdered proteins with limited solubility. The design of protein 
particles with tailored properties has received an increased attention recently. Control of particle size, 
morphology, surface and internal properties is crucial for obtaining protein particles with the necessary 
properties for emerging applications. Singer et al. [5] originally patented the use of whey protein microparticles, 
formed by thermal aggregation at high shear and low pH. A commercial fat replacer SIMPLESSE®, based on 
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this process, was launched by NutraSweet in 1988 in form of spherical particles in the size range of 0.1-2.5 
μm. The initial patent was later extended to other proteins, e.g., bovine serum albumin, egg white albumin and 
soy protein [6]. SIMPLESSE® has been applied in dressings and mayonnaise, frozen desserts, cheese and 
other dairy products since that time [7]. The improved creaminess obtained by use of microparticulated protein 
products was due to particles <5 μm in size, mimicking emulsion droplets [8,9]. The preparation provides 
emulsion and foam stabilization, heat and pH stability, texture, creaminess and smoothness in a wide range 
of full-fat and low-fat applications. Two approaches, namely, isoelectro-mechanical and thermo-mechanical 
processes, are most often used in microparticulation of protein. In these processes, conditions that denature 
(i.e. heat) or induce a complex or precipitate formation (i.e. isoelectric precipitation) are combined with a strong 
mechanical treatment, e.g. high share rates or turbulence and cavitation to produce nanoaggregated protein 
microparticles of desired size and distribution. Several methods, from simple heat treatment in dilute systems 
to the combination of heat and mechanical treatments in concentrated protein solutions, have been used to 
obtain protein particles with varying functional properties [10]. Turbulation, cavitation and shear are also the 
main phenomena encountered in high-pressure homogenizers, such as microfluidizers. The microfluidization 
technology is an unique type of high-pressure homogenization [11,12]. Alternative processes may also be 
implemented, such as extrusion cooking at acid pH [13], or two-step emulsification of whey protein isolate in 
sunflower oil containing polyglycerol polyricinoleate with subsequent heating and oil removal [14]. Supercritical 
fluid assisted atomization processes are other technologies of choice to produce microparticalated proteins 
[15]. Carbon Dioxide Assisted Spray Nebulisation Drying (CASND) technology, shortly Spray Nebulisation 
Drying (SND) is a new emerging technology described recently [16]. The technology combines the spray drying 
technology, when the liquid to be dried is atomized by a rotary atomizer, with carbon dioxide assisted 
nebulization process in an original way. A wide range of application forms - low density particles, composite 
particles, sterically stabilized liposomes, phytosomes, microencapsulated particles or microbial cells, solid 
dispersions, dried single and multiple emulsions, nano- and microfibers and other - can be produced by this 
process. 

2. MATERIALS AND METHODS 

2.1. Material 

Hemp seed press cake (Benico variety) was purchased from KONOPRO company (Czech Republic). All other 
chemicals were purchased from VWR International s.r.o. (Czech Republic). 

2.2. Extraction of hemp proteins from the dried filter cake 

Laboratory extraction experiment 

We have used a modified method according to K. Bailey [17]. Subsequent water and brine extraction of the 
disintegrated hemp seed press cake was used. Isoelectric precipitation was harnessed to obtain the proteins 
from the extraction solutions. The dried press cake of hemp seeds was pulverized with a knife blender Catler 
800 series (Catler, Australia). Water extraction at 45°C in Series 25 Incubator Shaker (New Brunswick Scinces) 
at 300 rpm was used to remove albumin fraction and soluble impurities from the pulverized hemp seed press 
cake. An insoluble sediment was obtained by centrifugation with Rousselet Robatel RA20 Vx centrifuge 
(Rousselet Robatel, Annonay, France), 4000 rpm. The sediment was extracted two times with surplus of 10% 
brine solution at 45°C in the shaker at 300 rpm overnight to obtain the globulin edestin fraction. Isoelectric 
precipitation at pH 4,00 was used to separate edestin from the brine solution. Precipitated edestin was obtained 
in the sediment fraction after centrifugation in HERMLE Z513 K centrifuge at 5000 rpm (RCF 6 500 x g), 
resuspended in distilled water and separated by repeated centrifugation. The washed edestin was 
resuspended in distilled water and micronized and dried simultaneously by Spray Nebulisation Drying (SND) 
process in Atomizer pilot-plant demonstrator. Figure 1 shows the process of the isoelectric precipitation of 
edestin from the brine extraction solution.  
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Figure 1 Isoelectric precipitation of edestin from the brine extraction solution 

Pilot plant extraction experiment 

The extraction process was scaled-up in the The Biotechnological Pilot-Plant of the Institute of Microbiology 
of the Czech Academy of Sciences. Continuous disk-bowl centrifuge BTPX 205 (Alfa Laval) was used to 
separate the fibrous sediment after the extraction process and tubular-bowl centrifuge Sharples was used to 
separate the precipitated edestin.   

2.3. Drying and microparticulation of the plant protein extracts 

The SND combines the spray drying technology, when the liquid to be dried is atomized by a rotary atomizer, 
with carbon dioxide assisted nebulization process in an original way. The rotary atomizer used for the SND 
technology has an unique patented construction allowing to regulate and keep the outlet pressure at an exactly 
defined level. A solution, emulsion or suspension is saturated by carbon dioxide at pressure 6-8 MPa before 
the drying process. The atomization process takes place in two steps. In the first step, primary droplets are 
produced by the centrifugal force at the outlet of the rotary atomizer of special construction. In the second step, 
the primary droplets are divided into secondary droplets by the CO2 expansion from the inside of primary 
droplets. The secondary droplets, usually in the form of micro-bubbles, are rapidly dried by warm air stream at 
temperatures up to 60⁰C and solid particles are formed in a drying chamber. Electrofilter separator AEROFOG 
KE1 (Vzduchotechnik, Czech Republic) has been used to separate the powder from the air stream. 
Simultaneous pressure homogenization and drying of the washed edestin paste resuspended in distilled water 
was carried out using the nebulization unit of the Atomizer pilot plant demonstrator (DBH Technologies, Czech 
Republic) under following conditions: Liquid flow rate, 20 ml.min-1; Carbon dioxide flow rate, 1.8 ml.min-1; 
Pressure, 6 MPa; Inlet air temperature, 60ºC; Outlet air temperature, 48ºC; Air flow rate: 1000 m3.h-1.     

2.4. Characterisation of the protein microparticles by scanning electron microscopy 

Scanning Electron Microscopy (SEM) was used to analyze the particle sizes and morphologies. The samples 
of the fibres were fixed with a double-faced adhesive tape to the holders and evaluated in a Phenom G2 
scanning electron microscope (Phenom-World BV, Eindhoven, Netherlands). 

3. RESULTS and DISCUSSION 

3.1. Extraction of hemp proteins from the dried filter cake 

Laboratory extraction experiment 

Material balance of the experiment  

Input: 900 g of the disintegrated hemp seed press cake. DM 93.68%, Protein content 33.09% (w/w). Total 
pure protein input: 297.8 g. 

Output: 

1) extraction yield: 272,88 g of edestin paste; DM 20.3±1.0%; Protein content: 18.2±5.0%; Protein content 
89.66% in DM. 
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2) extraction yield: 251.90 g of edestin paste; DM 17.2±1.0%; Protein content: 15.0±5.0%; Protein content 
87.21% in DM. 

Total pure edestin protein yield 87.44 g. Total protein edestin recovery: 29.36 %. 

The obtained edestin recovery from the hemp seed press cake has been relatively low, about 30%. There is a 
significant part of edestin, which can’t be extracted under the condition of the technological process. Edestin 
binding to a water-insoluble polysaccharide fiber is a probable explanation of the limited effectiveness of the 
extraction process. There are no published studies presenting yields of brine extraction of edestin from hemp 
seeds to compare with. 

Pilot plant extraction experiment 

Material balance of the experiment 

Input: 10 kg of disintegrated hemp seed press cake. DM 92.1%, Protein content 30,69%. Total pure protein 
input: 3069 g.  

Output:  

Total extraction yield was 1.79 kg of a dense edestin sediment after centrifugation; DM 56.1% (w/w); Protein 
content 90.92% (w/w) of DM. The total pure edestin yield: 0.91 kg from 10 kg of (wet matter) hemp seed press 
cake. 

Total protein edestin recovery: 29,65%. 

Using a high-quality industrial centrifuge allows obtaining a dense edestin sediment (DM 56.1%) with high 
protein content (about 90% of DM). The total yield of the pilot plant extraction experiment was at least 
comparable with the laboratory experiment yields. The technological process is relatively simple and cheap. 
Except NaCl, there is no significant consumption of other chemicals. 

3.2. Drying and microparticulation of the plant protein extracts 

Simultaneous pressure homogenization and drying of the washed edestin paste resuspended in distilled  water 
was successfully demonstrated using the Atomizer pilot plant demonstrator. Our experiments proved high 
filtration efficiency of the electrofilter with the protein isolate particles produced by the SND process 
(Figure 2,C). Edestin dried and micronized sample is shown in Figure 2,D. However, the product yield of the 
SND process could not be calculated. The reason was that the AEROFOG KE1 electrofilter is not suitable for 
quantitative recovery of powdered products, because of the small gaps in between the collecting electrodes 
(Figure 2,C). The electrofilter was constructed as an air purifier to remove aerosol particles from air stream. 
The results inspired a development of a new electrostatic fine powder precipitator which has already been 
constructed with the aim to facilitate the maximal recovery of the products powdered by the SND technology. 
The electrostatic fine powder precipitator is tested at present time with hopeful results.  

 

Figure 2 A: washed edestin paste resuspended in DEMI water B: pilot plant demonstrator Atomizer,  
C: electrofilter ionizing module for powder separation, D: edestin micronized sample 
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3.3. Characterisation of the protein microparticles by scanning electron microscopy 

Comparison of microstructures of the hemp seed protein isolate dried with the ATOMIZER demonstrator and 
the same sample dried with a conventional spray dryer is shown in Figure 3. There is a visible difference 
between both the samples perceptible in the SEM images. Both the samples consist of hollow nanospheres 
or microspheres, but the average size of the particles obtained by the SND process is much lower.  

Previous experiments [16] showed, that the mean value of the aerosol particle size distribution measured in 
the drying chamber is about 600 nm. The interval of the particle size distribution is relatively wide. The aerosol 
inside the drying chamber contains significant amount of nanoparticles smaller than 100 nm, but a small portion 
of microparticles up to several micrometers, too. The microparticulation of the protein concentrates by the SND 
process resulted in statistically significant improvement of the foaming capacity and stability, emulsifying 
activity and emulsion stability [16]. 

 

Figure 3 Comparison of SEM images of edestin micronized by the spray nebulisation drying technology (left) 
and dried by conventional spray drying technology (right), line segment 260 µm 

4. CONCLUSIONS 

Edestin yields were about 10% (w/w) from the input DM of hemp seed press cake, and edestin recovery was 
about 30% (w/w). Edestin strong binding to a polysaccharide fiber is a probable explanation of the limited 
effectiveness of the extraction process. Using a high-quality industrial centrifuge allows obtaining a dense 
edestin sediment (DM 56,1%) with high protein content (about 90% of DM). The total yield of the pilot plant 
extraction experiment was at least comparable with the laboratory experiment yields. The technological 
process is relatively simple and cheap. Except NaCl, there is no significant consumption of other chemicals. 
The SND technology allows to produce protein concentrates or isolates in a form of submicron hollow spheres 
with improved functional properties. We have successfully used edestin in several products, including gluten 
free baguettes and high-protein food products, such as crackers, muffins and protein smoothies. All the 
products are in compliance with the EFSA nutritional claim for high-protein food products. The products were 
positively accepted in sensory analysis. No foreign unpleasant taste was noticed. 
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Abstract 

Chars and carbon membranes were prepared from fresh and smoked cigarette filters, and used as adsorbents 
for clofibric acid removal. Carbonization of cigarette filters took place at 650, 750 and 900 °C, whereas 
membranes were synthesized by filter dissolution in acetone, using NaCl (porogen) and glycerol (plasticizer). 
Acid mediated carbonization (225 and 250 °C) of the membranes was performed. Solution pH was monitored 
throughout the adsorption experiments. The chars are basic powders with apparent surface areas up to  
494 m2 g-1 and a porosity composed by supermicropores (0.7-2 nm wide) and mesopores (2-50 nm wide), 
allowing clofibric acid (critical dimension 0.6 nm) to access all adsorption sites. Carbonization of smoked filters 
promoted higher porosity levels and SEM analysis showed that a more extensive carbonization occurred in 
the outer surface of the chars particles. The presence of TiO2 particles was confirmed in all the chars. Pores 
were homogeneously created at the membranes surface. Acidic carbon membranes (pHPZC ≈ 3.7) were 
obtained with different degrees of porosity, proportional to the pyrolysis temperature. Both forms of clofibric 
acid (protonated and deprotonated) were readily adsorbed onto the carbon materials, with exception of the 
chars prepared at 900 °C, which adsorbed predominantly the deprotonated form. In equilibrium, an inverse 
correlation between solution pH and concentration of the pollutant was observed, and higher uptakes were 
observed for experiments with solution pH values above 5, suggesting that adsorption of the neutral species 
contributed significantly to the overall removal. 

Keywords: Cigarette filters, chars, carbon membranes, adsorption, clofibric acid 

1. INTRODUCTION 

Cigarette butts (CBs) are among the most prevalent sources of waste litter worldwide [1]. Littered CBs have 
been found in ecosystems, such as urban areas, beaches and even in the aquatic system, where their 
presence raises a great level of concern [2]. The main source of contamination in CBs is the cigarette filter 
(CF), consisting in more than 15000 non-biodegradable cellulose acetate fibers subjected to titanium dioxide 
(a delustrant), and packed firmly together with triacetin (a binding agent), to produce a single filter. During 
smoking, a complex mixture of chemical compounds, including toxic heavy metals, polycyclic aromatic 
hydrocarbons, pesticides, N-nitrosamines and nicotine, is trapped in the CFs [2]. When CBs are littered, these 
contaminants may leach into the terrestrial and aquatic environments, posing a serious health hazard to 
humans, animals and even vegetation [2]. CFs have been used, in recent years, as cellulose derivative sources 
for the development of carbon materials but many questions are still to be answered [3-5]. In this study, chars 
and carbon membranes were prepared from CFs, and their texture, chemistry and morphology characterized. 
The materials were applied for clofibric acid adsorption, and the role of solution pH change in the adsorption 
mechanism was investigated under equilibrium conditions. 
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2. MATERIALS AND METHODS 

2.1. Materials preparation 

Fresh (UF) and smoked filters (SF) were carbonized, at 650, 750 and 900 °C for 2 h (N2 flow 15 cm3 s−1, 
heating rate 5 °C min-1), in a tube furnace (model LT 50/300/13). Prior to pyrolysis, the filters were cut into 
cylinders approximately 0.5 cm thick to increase the surface area exposed to thermal treatment (labelled as 
UC and SC - fresh and smoked cut filters, respectively). The chars were named according to filter type and 
carbonization temperature, for example, Ch_UC650.   

Membranes were synthesized by dissolving 2 g of filters in approximately 10 cm3 of acetone (purity ≥ 99 %, 
Sigma-Aldrich) under stirring. Grounded NaCl (weight ratio of NaCl:filters of 1:7) was used as porogen, and 
glycerol (3 cm3, Lach-ner) was added. The mixture was poured onto a petri dish for solvent evaporation, at 
room temperature. After solidification, the membranes were washed with distilled water, at 80 °C. The 
membranes were designated according to type of filters (UF or SF) used, for example Memb_SF. Acid 
mediated carbonization was carried out by soaking the membranes in 50 cm3 of phosphoric acid (UF soaked 
in 0.5 mol dm-3 and for SF 1 mol dm-3 was used) for 2 h, prior to pyrolysis. Carbonization took place at 225 and 
250 °C, for 1 h (N2 flow 15 cm3 s−1, heating rate 5 °C min-1). The designation of the carbon membranes included 
type of filter, temperature of carbonization and acid (p) used, for example, Memb_SF250p. 

2.2. Characterization of samples 

N2 adsorption-desorption, was carried out in a volumetric gas adsorption analyzer (3Flex, Micromeritics) , at  
-196 °C. The samples were degassed prior to pyrolysis, under vacuum (0.07 mbar) for 12 hours at  
130 °C, and high purity (99.999 %) N2 and He gases were used for the measurements. The apparent surface 
area, ABET, was calculated according to recommendations in norm ISO 9277, and the microporosity of the 
samples was analyzed by applying the αS method [6,7]. This method allowed the determination of the total 
micropore volume, Vmicro, and the specific volumes of ultra, Vultra, and supermicropores, Vsuper. 

Scanning Electron Microscopy (SEM) was employed using a field emission gun scanning electron microscope 
(Hitachi SU6600) with an X-ray energy dispersive system (EDS) (accelerating voltage of 1.0 kV). EDS spectra 
were acquired using a Thermo Noran System 7 (Thermo Scientific, USA) with Si(Li) detector (accelerating 
voltage of 15 kV and acquisition time of 300 s). 

The pH at the point of zero charge (pHPZC) was determined using 5 cm3 of NaCl solutions (0.1 mol dm-3), with 
initial pH values around 2, 4, 6, 8 and 10, adjusted with sodium hydroxide and hydrochloric acid. Amounts of 
20 mg of char and 30 mg of membrane were used. The solution pH values obtained after 24 h stirring were 
measured with a pH/ORP meter (Hanna Instruments, model HI 2211) equipped with a WTW electrode (model 
SenTix Mic).  

X-ray powder diffraction (XRD) patterns were recorded using a PANalytical X’Pert PRO MPD diffractometer 
(PANalytical, The Netherlands), equipped with an X’Celerator detector and programmable divergence slit and 
diffracted beam anti-scatter slit. The data was collected using Co-Kα radiation (40 kV, 30 mA, λ = 0.1789 nm), 
and undesirable Kβ radiation was filtered using an iron filter. Measurements were made in a Bragg-Brentano 
geometry (angular range 2θ: 5° - 105°, and step size of 0.033°). High Score Plus software (PANalytical), with 
PDF-4+ database, was used for the identification of the crystalline phases. 

2.3. Liquid phase adsorption 

Clofibric acid (TCI Chemicals, purity >97.0%) adsorption from aqueous solutions was carried out at the 
dissolution pH and room temperature. The materials (5 mg of char, 10 mg of membrane) were immersed in  
5 cm3 of solution. Equilibrium adsorption studies were performed by adding 10 mg of chars and 20 mg of 
membrane to pollutant solutions (initial concentrations ranged from 5 to 200 mg dm3) in glass vials (30 rpm, 
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Multi Bio RS-24 programmable rotator). Individual suspensions were prepared and, after equilibrium contact 
time, the concentration of the filtrated solution (Ce) was determined by UV/Visible spectrophotometry 
(Biochrom WPA Lightwave II), at wavelength of 280 nm, and the corresponding uptake calculated (qe) [8].  

3. RESULTS AND DISCUSSION 

3.1. Chars 

The chars are basic powders and have developed wide porosities, composed exclusively by supermicropores 
and mesopores (Table 1). A more significant pore development was achieved at 650 °C, for both fresh and 
smoked filters. The increase in carbonization temperature had less impact in the porosity of SC-chars, 
suggesting that the chemical compounds entrapped in the smoked filters prevented the excessive consumption 
of the fibers matrix while, at the same time, allowing for porosity development. A possible explanation for this 
is that the pyrolysis of cellulosic fibers leads to the release of water vapor and carbon dioxide, which are 
commonly used as activating agents in the synthesis of porous materials [9]. Then, tars entrapped in the filters 
may react with carbon dioxide, forming carbon monoxide and hydrogen [10]. Low yield values between 11 and 
17 % were obtained; it can be justified by the high thermal degradability of cellulose acetate, which 
decomposition onset has been reported to occur at 230 °C leading to a percentage of residue around 13 % 
[11]. The slightly higher yields obtained for the smoked filters can be easily explained by the incomplete 
cracking of tars during carbonization. 

Table 1 Textural properties, carbonization yields and pHPZC values of the chars. Carbonization yield defined 
as weight in g of char per 1 g of filters, Vtotal corresponds to the nitrogen volume adsorbed at relative 
pressure of 0.95, Vmeso = Vtotal-Vmicro. 

Chars  Yield 
ABET     (m2 

g-1) 
Vtotal (cm3 

g-1) 
Vmeso (cm3 

g-1) 
Vmicro (cm3 

g-1) 
Vultra (cm3 

g-1) 
Vsuper (cm3 

g-1) 
pHPZC 

Ch_UC650 11 530 0.30 0.10 0.20 0.00 0.20 8.9 

Ch_UC750 12 331 0.29 0.18 0.11 0.00 0.11 8.7 

Ch_UC900 13 93 0.07 0.04 0.03 0.00 0.03 8.8 

Ch_SC650 16 494 0.35 0.17 0.18 0.00 0.18 9.3 

Ch_SC750 17 459 0.29 0.12 0.17 0.00 0.17 9.5 

Ch_SC900 17 418 0.31 0.16 0.15 0.00 0.15 9.6 

Samples Ch_UC650 and Ch_SC650, chosen as representative of the chars, present similar morphology, 
composed by irregular and sharp-shaped particles (Figure 1a). Two textures are visible: smooth surfaces, 
predominantly on the outside of the particles, and a fibrous texture in surfaces located predominantly inside 
the particles. The co-existence of these textures suggests different degrees of carbonization: the outer 
surfaces were more efficiently carbonized, presenting a smooth texture, whereas the inner facets maintained 
the fibrous texture of the original filters. Elements C, O, Ti and K were detected in Ch_UC650 (Figure 1b). 
Carbon and oxygen originate from the cellulose acetate fibers, and detection of Ti is attributed to titanium 
dioxide added to the filters during manufacture. The trace amount of K can be explained by contamination from 
tobacco during the preparation of the filters since potassium is added to tobacco as potassium sorbate. The 
chars prepared from smoked filters present somewhat similar EDS spectra and a some other metals were 
detected, attributed to additives typically added to tobacco. X-ray diffraction patterns showed that the chars 
have an amorphous structure, with an extremely wide peak reflection between 2Ɵ ≈ 5° and 30°, and confirmed 
the presence of TiO2 used in the manufacture of the filters (Figure 1c).  
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(a) (b) (c) 

 

  

 

  

Figure 1 SEM micrographs (a), EDS spectra (b), and X-ray diffractograms (c) of Ch_UC650 and Ch_SC650   

3.2. Membranes 

The procedure adopted for the synthesis of Memb_SF created pores homogeneously distributed throughout 
the top surface of the membrane (Figure 2). Two types of pores are visible: large pores formed due to acetone 
evaporation and smaller pores created by NaCl solid (diameters between 25 and 75 μm). Membrane cross-
section confirms the predominance of large evaporation pores close to the top surface of the sample. Using 
phosphoric acid as catalyst allowed for a controlled development of porosity, and membranes Memb_SF225p 
and Memb_SF250p present distinct morphological features. A more extensive carbonization occurred at 
higher temperature leading to larger pores at the top surface of Memb_SF250p. Thus, while Memb_SF225p 
contains pores diameters mostly between 4 and 6 μm, Memb_SF250p presents very wide interconnected 
surface pores, with diameters generally in the range from 60 to 125 μm.  

         

          

Figure 2 SEM micrographs of Memb_SF, Memb_SF225p and Memb_SF250p 
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The un-pyrolysed membranes presented a neutral surface chemistry (pHPZC around 7), which makes sense 
given that the main component of the filters is cellulose acetate. Acid mediated carbonization led to acidic 
samples (pHPZC values around 3.7), due to the introduction of acidic functionalities during carbonization of the 
membranes soaked in phosphoric acid.  

3.3. Clofibric acid adsorption 

The adsorption isotherms of the chars (Figure 3) have a profile characteristic of multi-layer adsorption, with 
more than one saturation plateau. The immersion of the chars caused somewhat similar shifts in solution pH, 
more pronounced at lower Ce values. The joint analysis of the isotherms, final solutions pH data, and 
correlation to clofibric acid speciation allowed for a better understanding of the adsorption mechanism [10]. 
Thus, the isotherms of the chars can be divided into four regions: (1) an initial uptake increase at Ce values 
around 5 mg dm-3, indicative of cooperative adsorption; (2) a first saturation plateau at solution pH values 
above 5, relative to the exclusive adsorption of the deprotonated form of clofibric acid; (3) increase in uptake 
as the solution pH approaches value 5; (4) 2nd saturation plateau achieved at solution pH values below 5 (Ce 
values higher than 120 mg g-1), when both protonated and deprotonated forms of clofibric acid are present in 
solution. The pHPZC of the chars affected the solution pH data obtained, that is, Ch_SC650 with a pHPZC of 9.3 
caused slightly higher deviations in the solutions than Ch_UC650 (pHPZC of 8.9). Nevertheless, these small 
deviations influenced the adsorption mechanism of clofibric acid, as demonstrated by the different profile of 
the isotherms of these materials. However, similar final qe values were reached around 16.5 mg g-1 for both 
materials, which is in agreement with the similar Vmicro present in the chars. 

    

                                     

Figure 3 Equilibrium adsorption isotherms profile and data for clofibric adsorption onto the mentioned 
samples. Solution pH measurements included  

Memb_SF250p, representative of the membranes, caused no solution pH shifts, because its pHPZC is around 
3.7, similar to the dissolution pH of clofibric acid (3.5). Consequently, the adsorption isotherm of this sample is 
characteristic of monolayer adsorption with a progressive increase in uptake, until saturation was reached at 
Ce values higher than 90 mg g-1. 
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4. CONCLUSION 

Carbonization of cigarette filters yielded chars with relatively high degrees of porosity. Tobacco contaminants 
decreased filters sensitivity to carbonization temperature, while allowing for porosity development. The chars 
are basic in nature and, as expected, TiO2 was detected. Membranes were successfully synthesized and 
phosphoric acid mediated carbonization allowed for a controlled development of porosity and yielded acidic 
carbon membranes with wide porosity in the range of the micrometers. The materials immersion in water 
caused, in general, deviations in the solutions pH during the adsorption experiments. Increases in pH had a 
marked impact in the adsorption mechanism of clofibric acid and in the profile of the adsorption isotherms. 
Thus, a monolayer characteristic isotherm was obtained for the acidic membrane (no shifts in solution pH), 
and a more pronounced S-type profile was observed for the most basic char Ch_SC650. Still, the final 
adsorption capacities achieved appear to have been ruled mainly by the microporous volume of the samples. 
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Abstract 

The area of "green" energy carriers utilization is rapidly developing in the world today. Renewable hydrogen 
has promising potential as an ecologically safe energy carrier. However, production, storage, transportation 
and utilization of hydrogen possess certain risks due to the high likelihood of ignition. In this paper, we have 
demonstrated the design and realization of the colorimetric hydrogen sensor in different liquids. A proposed 
colorimetric sensor is based on corel-shell Au@Pd nanoparticles, additionally grafted by metal-organic 
framework IRMOF-20 layer, responsible for hydrogen entrapping.  The combination of localized surface 
plasmon, high affinity of the palladium surface in hydrogen sorption and selectivity of IRMOF-20 towards this 
gas leads to apparent color change of nanoparticles suspension in hydrogen presence. The proposed 
approach is favored by high sensitivity, ease of use, low detection limit, and fast response time.  

Keywords: Colorimetric hydrogen sensor, hydrogen detection, IRMOF-20, core-shell nanoparticles, gold-
palladium nanoparticles, surface plasmon resonance 

INTRODUCTION 

Under the terms of the Paris Agreement, sustainable energy technological development is an important part 
of the fight against climate change. After this decision was taken, the demand for "green" energy sources 
continues to grow [1]. In this regard, renewable hydrogen has promising potential as a green energy carrier 
[2]. However, the production, storage and utilization of hydrogen is associated with certain risks due to the 
increased likelihood of inflammation [3-7]. 

Colorimetric gas sensors may be the best solution to the problems associated with determining the presence 
of hydrogen in air. In particular, colorimetric sensors based on the principle of localized surface plasmon 
resonances of silver or gold nanoparticles have a particularly high potential. These sensors change colour in 
the presence of targeted compounds under room conditions, which is useful in everyday life. Colorimetric 
sensors can also be made compact and without the presence of electronic components [8,9]. 

Metal-organic frameworks (MOFs) can improve sensor selectivity and sensitivity through the introduction of 
additional functionality and surface specificity. MOF is a well-known class of porous materials, the main 
purpose of which is the capture of gas molecules, including hydrogen molecules (IRMOF-20) [10-19]. 

1. EXPERIMENTAL 

1.1. Materials 

Deionized water (EMD MILLIPORE), thieno[3,2-b]thiophene-2,5-dicarboxylic acid (≥99.0%), zinc nitrate 
(99.999%), dimethylformamide (≥99%), N,N-Diethylformamide (≥99%), acetonitrile (HPLC Plus, ≥99.9%). %), 
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methanol (analytical standard), dimethyl sulfoxide (≥99%), chloroform (analytical standard) dichloromethane 
(99.8%), hydrochloric acid, trisodium citrate, gold(III) chloride solution, palladium(II) chloride were ordered from 
Sigma-Aldrich and used without additional purification. 4-carboxybenzenediazonium tosylate (ADT-COOH) 
was prepared according to [20]. Preparation of IRMOF-20-modified surface was carried out according to 
previous work [21]. 

1.2. Sample preparation 

Gold nanoparticles were prepared by the Turkevich method [22]. A seed-mediated growth method was used 
to prepare bimetallic Au@Pd nanoparticles with an Au core and a Pd shell structure [23]. Au@Pd particles 
were spontaneously modified by diazonium salt by dipping for 2 hours in a freshly prepared aqueous solution 
of ADT-COOH (concentration 1 mM). After the modification, the nanoparticles were centrifugated and washed 
by water and methanol. 

Later, the modified Au@Pd were immersed for some time in the mother liquid IRMOF-20. To clean the pores 
of IRMOF-20 from the solvent in which the MOF was prepared, nanoparticles with a layer of a metal-organic 
framework were immersed in dichloromethane for several days. Figure 1 schematically shows the preparation 
route of Au@Pd with IRMOF-20 layer. 

 

Figure 1 Schematic representation of Au@Pd grafting by -COOH and IRMOF-20 

The prepared Au@Pd were dispersed in various solvents of methanol, DMSO, DMF, CH2Cl2, H2O. The 
hydrogen or carbon dioxide were flown through these solutions for 20 minutes. 

1.3. Measurement Techniques 

Raman spectra were measured using a ProRaman-L (laser power 30 mW) spectrometer with an excitation 
wavelength of 785 nm. Ultraviolet-visible spectroscopy (UV-Vis) spectra were measured using Spectrometer 
Lambda 25 (Perkin-Elmer) in 300-1100 nm wavelength range.  

2. RESULTS AND DISCUSSION 

Grafting of nanoparticles surface by -COOH and subsequent IRMOF-20 formation were examined using UV-
Vis (Figure 2A) and SERS (Figure 2B) measurements. UV-Vis spectra (Figure 2A) indicate the presence of 
absorbance band near 520 nm.  After the -COOH immobilization the band is shifted towards to UV region. 
Further shifts occur after the formation of IRMOF layer towards to NIR region.  As it is evident from the SERS 
results (Figure 2B), after the grafting procedure, the Raman bands, typical for ADT-COOH and IRMOF-20, 
become apparent. The obtained results confirm grafting during the both stages of surface modification. 
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Figure 2 (A) The UV-Vis absorption spectra of: core-shell Au@Pd nanoparticles, Au@Pd grafted by ADT-

COOH, and Au@Pd decorated with IRMOF20 film, (B) Raman spectra of pristine gold nanoparticles Au@Pd 
grafted by ADT-COOH, and Au@Pd decorated with IRMOF20 film (right part shows the Raman peak 

affiliation) 

 

Figure 3 UV-Vis spectra and photos of Au@Pd nanoparticles in different solvents before and after blowing 
hydrogen and carbon dioxide through: (A) - DMF, (B) - CH3OH, (C) - DMSO, (D) - H2O, (E) - CH2Cl2   
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The changes of the IRMOF-20 optical properties due to hydrogen and carbon dioxide entrapping were 
investigated by UV-Vis absorbance spectra. Figure 3 shows that when carbon dioxide was blown through 
nanoparticles suspension there were no visible changes in its colour and no displacement of the plasmon 
absorption peak. However, when hydrogen was bubbled through suspension of nanoparticles in DMF and 
methanol. The colours were changed. This change was detectable by eyes: In particular, the Figure 3A shows 
the nanoparticles suspension in DMF and colour changing from gray to transparent. In turn, in methanol 
suspension the hydrogen presence induces the colour shift from blue to transparent. 

CONCLUSION 

In this article, we propose a new method for preparation of colorimetric sensors based on bimetallic Au@Pd 
core-shell nanoparticles with an additional layer of organometallic frameworks for fast and selective detection 
of hydrogen in organic and inorganic solvents (DMF, CH3OH, DMSO, CH2Cl2, and water). 

The formation of an IRMOF-20 layer on Au@Pd nanoparticles provides possibility of efficient hydrogen 
detection, through monitoring of the shift of plasmon resonance wavelength position, and, consequently, 
changes of the suspension colour. The unique properties of IRMOF-20 ensure the sensitivity and selectivity of 
the developed sensor to hydrogen even in the presence of other gases. 
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Abstract 

Flexible ultra-thin glass is used as a substrate or packaging material in microelectronics engineering, where 
the level of cleanliness determines the quality of the final product. Surface properties of glass are governed by 
a surface nano-layer. Besides cleaning from coarse impurities, the demand is also for nano-decontamination, 
where standard cleaning proves insufficient. In microelectronics and printed flexible electronics, the bonding 
of thin structures deposited using printed conductive inks on glass substrates is of essential importance. The 
non-thermal, atmospheric-pressure plasma generated by diffuse coplanar surface barrier discharge (DCSBD) 
was studied as an effective pre-treatment method for cleaning and activation of glass surfaces, implementable 
into large-scale in-line manufacturing. Two industrial adaptations of DCSBD system were applied on two types 
of ultra-thin flexible glass to compare the effects of plasma treatment of glass in both relaxed, and bent state. 
DCSBD "Air-pillow" with a planar discharge unit is designed for contactless treatment of smooth flat large-
area surfaces. A roll reactor with a concavely curved DCSBD unit is intended to exemplify its integration into 
roll-to-roll manufacturing. The effect of plasma treatment and its stability was analyzed with water contact angle 
measurement and X-ray photoelectron spectroscopy. Significant wettability improvement was achieved with 
both applied DCSBD geometries, with better effect uniformity and durability after using the DCSBD in the 
planar configuration.  

Keywords: Atmospheric plasma treatment, ultra-thin flexible glass, wetting, large-area, roll-to-roll 

1. INTRODUCTION 

Naturally, the surface of glass is covered by a water nano-layer adsorbed from air humidity. This layer contains 
organic contaminants that hinder the quality of various deposition methods. Atmospheric pressure plasma pre-
treatment of glass prior to thin film deposition is studied as a unique cleaning and activation technique, which 
is an environmentally friendly dry alternative to the commonly used wet chemical pre-treatment [1]. Diffuse 
coplanar surface barrier discharge (DCSBD) operating in ambient air is a plasma source with application 
potential for surface treatment of various materials. An important advantage of the DCSBD is its high power 
density of plasma, which ensures fast, effective, and uniformly distributed activation of working gas. This 
predisposes the DCSBD for involvement in large-area in-line processing [2]. Development of a curved DCSBD 
geometry improved its applicability on flexible materials and extended its potential as an addition to roll-to-roll 
systems. Flexible ultra-thin glass is a future material introducing the advantageous properties of glass into the 
process of miniaturisation. It has found various forward-looking applications in manufacturing of printed flexible 
electronics like sensors, displays or photovoltaics [3]. In microelectronics and printed flexible electronics, the 
bonding of thin structures deposited using printed conductive inks on glass substrates is extremely important, 
and it can be improved by cleaning and chemical activation of the glass surface before deposition. Plasma 
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exposure of glass surface could induce rearrangement of its chemical composition, which could increase its 
surface free energy and subsequently improve wetting for a limited time [4]. 

2. EXPERIMENT 

A part of experiments to compare the contactless and contact leading of plasma source was also realized on 
common float glass. Soda-lime glass (SLG) samples with a thickness of 2.1 and 2.8 mm and a size of 
20 × 80 mm were manufactured in Polartherm-Flachglas GmbH. Ultra-thin flexible glass (UFG) AF32 and 
D263T with a thickness of 0.03 and 0.3 mm and a size of 101.6 × 101.6 mm were purchased from Schott AG. 
Tin is not involved in UFG processing, hence experiments on SLG were also carried out on the air side, which 
was blown over to eliminate the presence of dust. Atmospheric pressure plasma was generated in air with 
various DCSBD devices provided by ROPLASS, s. r. o. Sinusoidal high voltage ~10 kV is supplied to comb 
electrodes embedded in Al2O3 ceramic for actuation of microdischarges that create a 0.3 mm thin plasma 
layer [2]. Variations of the used DCSBD implementations and their parameters are summarized in Table 1. 
Experiments on standard DCSBD are being realized with samples placed in holders that are guided in contact 
with the ceramic. DCSBD "Air-pillow" was designed for treatment of flat smooth large-area surfaces applying 
pneumatic levitation to perform contactless guidance [5]. "Roll" DCSBD reactor works with a concavely curved 
discharge unit and is intended for treatment of flexible materials that can be bent to the radius of 15 cm of the 
reactor roll [6]. Tin side detection based on UV light excitation was performed with Commercial Tin Side 
Detector TS1320 by CRL. The static WCA was measured with See System by Advex Instruments, s. r. o., 
applying 1 μl drops of DI water. The XPS analysis was realized with ESCALAB 250 Xi analytic platform by 
Thermo Fisher Scientific, using Al Kα source and Rowland circle monochromator. Spectra calibration, 
processing and fitting routines were accomplished in Avantage software.  

Table 1 Setup of applied devices using DCSBD for atmospheric pressure plasma treatment 

Description Geometry 
Dimensions 

(mm) 
Frequency 

(kHz) 
Power 

(W) 
Power density 

(W/cm3) 

Standard DCSBD planar 80  x 195 15 400 85.5 

DCSBD "Air-pillow" planar 80  x 80 15 160 83.3 

DCSBD "Air-pillow" planar 80  x 195 15 400 85.5 

DCSBD "Air-pillow" planar 80  x 195 30 600 128.2 

"Roll" DCSBD curved 80  x 195 15 400 85.5 

3. RESULTS AND DISCUSSION 

Preliminary experiments were aimed at the demonstration of the importance of precise leading of DCSBD unit 
over the treated surface for achieving large-scale aerial uniformity of the desired effect. The comparative 
ageing study of contact and contactless treatment was carried out on float SLG samples, due to the fact that 
the fragile UFG is not suitable for contact leading. Figure 1 shows the results of WCA measured after plasma 
exposures with a duration of 1, 3, 5, 7 and 10 s in the chosen sequence during a week.  

The reference WCA value (26 ± 1)° was measured on the air side of previously uncleaned samples with visible 
pollution from dust, grease and cutting oil. In both cases, significant wettability improvement of SLG surface 
was achieved even after the shortest applied exposure time 1 s; however, the lowest WCA drop was reached 
after the longest exposure with 10 s duration. In general, immediately after treatment, the values obtained in 
the experiments with DCSBD "Air-pillow" follow a tendency to decline about 3° lower than the values from the 
samples modified with standard DCSBD. Furthermore, the lowest WCA of (8.0 ± 0.6)° achieved with standard 
DCSBD 10 s treatment was a higher value than the highest WCA of (6.4 ± 0.3)° reached with DCSBD "Air-
pillow" 1 s treatment. The smallest WCA value shown in the present ageing study on SLG is (4.4 ± 0.9)°, 
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reported after DCSBD "Air-pillow" 10 s treatment. The higher uncertainty of such a low value of WCA is due to 
the limits of the measuring method.  

 

Figure 1 The ageing study of WCA on SLG treated with a) standard DCSBD and b) DCSBD "Air-pillow" 

Ageing study of WCA demonstrated a gradually recovering tendency, which resulted in quite similar values for 
each DCSBD device for longer treatment times 5, 7 and 10 s. WCAs recovered completely to the level of 
reference value on most of the samples treated with standard DCSBD after 3 days of storage and with DCSBD 
"Air-pillow" after 7 days. The recovery was more pronounced on the first day of storage when for 5 s treatment 
with DCSBD "Air-pillow", the WCA has grown only to (10.2 ± 0.6)° during the first 8 hours. Demonstrable 
stability of hydrophilic effect with a duration of one work shift could be advantageous from the industrial point 
of view. The measured values and ageing trend are in a quite good accordance with the study on SLG of 
Homola et al. [7]; however, the results presented here vary in uncertainties that are significantly lower, 
particularly with the use of longer exposure times 5, 7 and 10 s. Besides better stability, DCSBD "Air-pillow" 
plasma treatment also showed better reproducibility, which is evident from the similarity of WCAs after longer 
exposures. Non-uniformity and non-reproducibility of treatment effects could be caused by insufficient removal 
of organic contamination with very short exposure time to DCSBD plasma [5]. Another possible source of 
uncertainty is unprecise guidance of treated surface, where 0.3 mm is the advisable distance of the surface 
from the ceramic of discharge system that is commonly used for DCSBD [2] in order to fully benefit from the 
diffuse component of its plasma generated in air at atmospheric pressure. 

In order to reveal the fundamentals of wetting improvement and its ageing behaviour, the XPS analysis was 
accomplished on SLG samples that were exposed 1 and 3 s to DCSBD plasma generated on a standard 
device. The survey spectra registered the presence of oxygen, carbon and silicon (O1s, C1s and Si2p) in an 
analyzable depth profile (~3 nm), their atomic concentrations are presented in correlation with the results of 
high-resolution spectra and WCA measurement in Figure 2. Atomic concentrations of O, C and Si recorded 
on a previously uncleaned untreated sample were 40, 39 and 16 %, respectively. Oxygen is present in bulk 
material which is mostly formed of silicon dioxide. Naturally, it is also included in the water film and organic 
contaminants originating from air humidity. Another possible source of oxygen on the plasma-treated SLG 
surface is chemically active functional groups incorporated into it. Applied plasma treatments induced a growth 
of oxygen concentration that was more significant for longer exposure time 3 s when it increased by 16 %. 
Ageing of 24 hours resulted in a slight decrease in oxygen content which was simultaneously followed by a 
more pronounced weakening of hydrophilic effect. The presence of carbon is related to the organic 
contamination of the surface and also to the occurrence of carbonyl and carboxyl functional groups. After the 
applied plasma treatments, carbon content markedly decreased, while a more significant relative decline of 
27 % was achieved by longer plasma exposure time 3 s. After 24 hours of storage, carbon concentration had 
a tendency to grow again, which was more pronounced for the treatment of 3 s. Silicon concentration 
represents the bulk material, and its change is related to the thickness of the nano-layer covering the SLG. In 
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comparison with changes of concentrations of O and C, the concentration of Si increased only slightly, when 
the change of 4 % was reported for longer plasma exposure time 3 s. This fact supports the expectation that 
both mechanisms on nano-scale are involved: cleaning effect by removal of pollution and activation by 
incorporation of oxygen-based groups.  

 

Figure 2 XPS analysis of elemental composition and carbon bonds partition compared with WCA reduction 
on SLG treated with standard DCSBD 

High-resolution spectra aimed to differentiate between the processes during the rearrangement of surface 
nano-layer. The previously dominating relative peak area of C─C and C─H bonds, representing adsorbents of 
air contamination, was strongly reduced from 75 % to 39 % by 1 s, and to 32 % by 3 s plasma treatment. 
Breaking of C─C and C─H bonds is related to an oxidation process resulting in the bonding of highly reactive 
oxygen to the surface, which was confirmed by a significant increase of relative peak areas of C─O, C═O and 
O─C═O bonds. The latter is a definite indicator of the formation of carboxyl functional groups that are involved 
in the corresponding hydrophilic improvement. The highest shown increase of the presence of bonds C-O to 
26.9 % and C=O to 23 % was detected 1 s after DCSBD plasma treatment. After 3 s exposure, the relative 
peak area of C=O was 14 %, while O=C-O, increased to 16.1 %. The essence of this phenomenon consists in 
a growing quantity of active oxygen, which is generated during plasma interaction proportionally with time. 
After 24 hours of storage on ambient air, the concentration of C─C and C─H bonds increased markedly to 
47 % for 1 s and to 57 % for 3 s treated sample. The noticed reoccurrence of C─C and C─H bonds is related 
to recovering of the activated surface with air-pollutants attracted to it, with a rate that is proportional to its 
oxidation. Adsorption of air humidity during storage is coincident with the decrease of relative peak areas of 
oxygen-containing bonds and hindering of wettability. Ageing of 24 hours after 1 s treatment induced a slight 
growth of relative peak area of O─C═O bonds, which is in contrast to the more pronounced drop recorded on 
the samples treated for 3 s. This sign of more evident dissolving of ─COOH groups together with significant 
growth of C─C and C─H bonds supports the interpretation that the impact of adsorbed air humidity is more 
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pronounced on the sample with a highly oxidized surface. This phenomenon limits the applicability of plasma 
treatment, and as its prolonging does not provide any additional wettability improvement or better stability of 
the chemical composition of the SLG surface, it is advisable to use the optimal, efficient exposure time. Oxygen 
and carbon rearrangement induced by cleaning and chemical activation is expressed in O/C ratio that was 
1.03 on an untreated sample. Maximum rise of O/C to 4.77 was reached with exposure of 3 s, while DCSBD 
plasma treatment of 1 s duration showed O/C increase to 3.20. Change of O/C ratio after 24 hours storage 
was more significant for longer treatment when it dropped more than 3 times compared to 1 s exposure. O, C 
and Si proportional distribution reported in the study of Homola et al. realized with DCSBD on SLG previously 
pre-cleaned with 2-propanol showed generally higher values of resulting O/C ratios: initial 3.34 increased to 
4.23, and 15 immediately after 1, and 3 s exposure, respectively [7]. The distinction between pre-cleaning 
methods and proportions of carbon content supports the explanation of its origin in the organic contaminants 
present on the surface before plasma treatment. 

Finally, the optimal DCSBD treatment time 5 s has been estimated for use in experiments on UFG. Results of 
WCA measurement on two types of flexible glass with two various geometries of DCSBD devices implementing 
contactless guidance are shown in Figure 3. Other investigated parameters having an influence on efficiency, 
uniformity and stability of surface modification were DCSBD input power and thickness of flexible glass, which 
were 400 and 600 W and 30 and 300 microns, respectively. Due to various reference WCA values on different 
types of flexible glass, also a relative graph of WCA reduction is included.  

 

Figure 3 The ageing study of WCA of ultra-thin flexible glass treated 5 s with DCSBD "Air-pillow" and "roll" 

The most satisfying WCA values from the view of efficiency and stability were reached with the use of DCSBD 
"Air-pillow", when resulting angles immediately after treatment were (3.9 ± 0.6)° and (4.0 ± 0.5)° on AF32 thick 
30 µm and D263T thick 300 µm. Applying higher input power of discharge (600 W) resulted in WCA of 
(4.4 ± 0.4)°, which is a value with better accuracy compared to 400 W. Lower uncertainty caused by the 
increase of power supplied for generation of DCSBD plasma is related to multiplication of its microdischarges, 
which results in more uniform treatment. Values of WCA measured on 30 µm thick flexible glass treated on 
"roll" DCSBD were (8.9 ± 1.2)° on AF32 and (13 ± 2)° on D263T, which are doubled and tripled compared to 
the measured values and uncertainties on the samples treated with DCSBD "Air-pillow". The flexibility of the 
ultra-thin glass allows for its bending towards the ceramic of DCSBD unit caused by attraction due to 
electrostatic charge coupled on the glass surface. This might be the cause of weaker uniformity of effect after 
DCSBD plasma treatment. Another factor affecting the uniformity of the effect is the need for a precise position 
of the treated surface in the active plasma volume, which is only 0.3 mm thin in the case of DCSBD. 
Contactless leading implemented in DCSBD "Air-pillow" was more suitable for treatment of samples in the 
form of wafers from the view of precision, which was also proven by the shown results. Ageing trends shown 
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in the preliminary study on SLG were also confirmed on flexible glass. An additional investigation of increased 
input power demonstrated lower stability in the observed time range. A satisfying outcome in comparison to 
the ageing study on SLG is the fact that the measured WCAs did not recover to the level of reference value in 
the observed time range, neither to 60 % of this value.  

4. CONCLUSION 

Plasma treatments of soda-lime glass and ultra-thin flexible glass with DCSBD plasma showed fast significant 
hydrophilic improvement following two mechanisms: cleaning from air-pollutants and simultaneous chemical 
activation by oxygen-based functional groups. Contactless guidance of planar DCSBD proved more beneficial 
in order to ensure the best efficiency, stability and uniformity of the treatment. The most significant WCA 
reduction with DCSBD "Air-pillow" on UFG reached 95 % of the initial value. Nevertheless, the development 
in handling and packaging of UFG is aiming for an improvement of alignment important for roll-to-roll 
processing, which should ensure much better precision than in the presented experiments performed on wafer-
like samples. Applying curved DCSBD unit in a roll-to-roll system on UFG in the form of a band in a roll could 
potentially prevent conveying errors and thus improve the achieved effect, supposing the results could be 
analogous to the present results of the experiments with planar DCSBD. 
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Abstract  

Principles, design and pilot use of a new probe for zero-valent iron nanoparticles (nZVI) concentration 
measurement in a micro-borehole are described in the paper. Effect of nZVI on coil inductance is known and 
used for such measurement before; the presented improvements relate to smaller dimensions, configuration, 
and electric circuit data accuracy, so that the probe can detect nZVI in small volume of suspension in a narrow 
fracture. Multichannel apparatus was made for a grid of boreholes. Test experiments were made with nZVI 
particles breakthrough in an artificial fracture in a granite block. The concentration is measured both by the 
new probe inside the block and by chemical analyses of samples at the outlet. The spontaneous particle 
immobilization did not allow saturation with constant concentration necessary for calibration, but within the 
constraints of input and output concentration and a fully submerged probe test, the quantitative sensitivity of 
the probe corresponds to theoretical expectations. Probe temperature dependence was also resolved.  

Keywords: Nanoparticles, zero-valent iron, electromagnetic, groundwater pollution, measurement 

1. INTRODUCTION 

Process of nanoparticle transport in rock is important in many applications. In particular the use of nano zero-
valent iron (nZVI) is common for in-situ remediation and is a subject of continuing research [1,2]. Although 
generic physical mechanisms of transport are known, there is still strong interest to improve the understanding 
by formulation of mathematical models and their fitting to experiments [3-4], including nZVI case [5]. Obtaining 
spatially and temporally dense data could be very helpful to verify details of the processes.  

Compared to solute tracers, it is more complicated to continuously measure the nanoparticles concentration 
and its spatial distribution. Magnetic properties of nZVI allow such option. One of the earliest uses of magnetic 
susceptibility sensors to measure the nZVI concentration in soil columns was [6] with own construction and [7] 
with commercially produced sensor Bartington MS2. The method was then improved by either more 
sophisticated magnetic field evaluation around the sensor coils [8], sensor movement [9] or by more accurate 
sensing of the coil inductance through extended discrete counting of resonance frequency and sensor 
movement and calibration automation [10]. The measuring coil in the cited cases was either placed outside 
the cylindric column, or buried in the cohesionless soil [11].  

The advantage of susceptibility measurement is almost linear dependence on the zero-valent iron 
concentration, which is contrary to other options for spatial distribution capturing like e.g. image processing 
from a transparent column photos (the attempt [12] did not lead to concentration values).  

Study of nZVI in rock fractures is important as they can be dominant for the transport contrary to pores and 
these conditions bring new challenges for experimental configuration, nZVI sensing, and evaluation. Only few 
studies have been made compared to soil materials. Experiment in [13,14] injected nZVI into a chalk core with 
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a single fracture in longitudinal direction, detecting the concentration commonly at the output by discrete 
sampling and analyses. 

The use of magnetic susceptibility sensor is compromised by the access to the measured suspension volume, 
sensor/coil size, and sensitivity to an eventually small amount of iron. For laboratory single-fracture experiment, 
it means the probe packer diameter similar to common electric conductivity sensors (i.e. below 20 mm) and 
detection of less than 1 mm layer of nZVI water suspension. As such, it could be used as a next step of granite 
block experiments with solute tracers and hydraulic behaviour [15].  

2. MEASURING PROBE 

2.1. Physical principle 

Inductance L of a coil is controlled by the magnetic susceptibility  (or permeability) of the environment inside 
and around the coil. Iron is a ferromagnetic material, having the susceptibility by orders of magnitude larger 
than common rock/soil components, so controlling a coil inductance in its neighborhood. Measuring of 
susceptibility can be practically done by two ways: (1) mutual induction between two coaxial coils in a constant-
frequency alternating current and sensing the voltage on the secondary coil by an A/D converter (this is the 
approach of [6] and its followers and suffer from the voltage and frequency stability and A/D conversion noise), 
(2) establishing a LC circuit with a fixed capacitor and measuring its resonant frequency f, which can be done 
directly in a digital form without additional conversion inaccuracy (approach of [10] and of this work). 

While the L() dependence is linear (for homogeneous “infinite” environment), f(L) and consequently f() are 
nonlinear but can be linearized for a reasonable range of nZVI concentrations - the iron in the suspension fills 
relatively small volume and the relative variations of frequency can be below 10-3. As the magnetic field is non-
uniform, the contribution of  from different places in/around coil is different. It can be partly concentrated to a 
defined volume using a ferrite core in the coil.  

In case of fracture, the geometry of the space filled with iron suspension is irregular (unknown fracture aperture 
and coil relative position to the coarse surface) so the probe sensitivity on concentration would be place-
specific. Similar situation has been shown and solved during calibration of electric conductivity sensors in a 
fracture, with unknown volume and geometric distribution of the electrolyte at the sensor electrodes [16]. 

2.2. Technical construction 

The measuring system is composed of individual probes connected by cables to a multichannel control 
electronic panel (Figure 2 right), which is then connected to a PC by the serial port. The probe is a plexiglass 
tube adapted as a packer to 18 mm diameter micro-borehole. The scheme in Figure 1 shows the dimensions 
and the assembly from two parts glued together after installing the coil and a small printed circuit board. The 
plastic material is necessary to avoid influence to the measurement. 

The coil has 250 turns of one lacquered wire of maximum cross-section, which fits into one chamber of the 
two-chamber skeleton. The coil on the skeleton is vacuum encapsulated in a ferrite half-core P14x8, H12, Al 
1500 (Figure 2 lower left). Each terminal passes through one hole in the core, the length of the terminals is 50 
mm. 

Based on experience [10], the entire LC circuit (Figure 2 upper left) is integrated directly into the probe. The 
shaped signal is measured using a single-chip microcomputer whose clock frequency is controlled by a crystal 
oscillator. Time measurement resolution between signal leading edges is 10-6 s. 

The measuring control panel was equipped with a crystal oscillator thermostat, whose stability has key 
importance for the measurement accuracy. One thermometer with high resolution and stability is included, 
which can be attached inside or on a face of the block (with insulation from the air by e.g. foam). It provides a 
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"central" temperature compensation of the magnetic susceptibility measurement. It is designed for a very 
narrow temperature range (24-26 °C) with a high resolution of 0.001 °C. 

The probes and cabling were designed so that measurements could be performed on all probes simultaneously 
without interfering with each other, as convenient for the borehole grid. Mutual interference is prevented, 
among other things, by slightly different operating frequencies of the individual probes.  

 

Figure 1 Drawing of the probe housing of two attached parts: The left part contains the ferrite cup (14 mm 
diameter) and the coil inside and rubber rings around. The right part is for electronics emplacement and 

cabling. Dimensions in mm. 

  

Figure 2 Printed circuit board of the analogue processing inside the probe, measuring coils in ferrite cups 
(one of them inside the plexiglass housing), and the completed multichannel apparatus 

2.3. Calibration tests 

Preliminary verifications included the temperature dependence for application of a correction and the 
dependence on nZVI concentration for a fully submerged probe (calibration). The temperature dependence 
was tested in a beaker with water freely placed in a room, i.e. with uncontrolled temperature change during 
gradual equilibration. The beaker is moderately stirred to enhance equilibration of the water and the probe. 
The evolution of temperature and frequency is plotted in Figure 3 (left), together with evolution of frequency 
processed by a linear correction. 

The desired relation of nZVI concentration and resonant frequency change was verified as follows: A beaker 
with 100 ml of demineralized water was immersed in about 5 liters of water in a PUR foam container. After the 
temperature and the probe signal had stabilized, 0.1 mL of a source suspension (100 g/L) was injected into 
the beaker 10 times, making the steps of 0.1 g/L in the measured concentration. The storage vessel was 
shaken before each injection. The injection time interval was chosen so that the signal always stabilized after 
injection. The beaker was permanently stirred moderately. The result is in Figure 3 (right). 

I can be seen, that the effect of temperature in about 1 °C range is of similar magnitude as the intended 
measuring range for 1 g/L concentration. Therefore, either a very good temperature stabilization is needed for 
the experiment (variation in hundredths of Kelvin) or a compensation must be made, for which the system is 
equipped.  

18mm 
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Figure 3 Verification of sensor operation and properties: Left is the temperature dependence of the probe 

output in pure water with linear compensation. Right is the dependence of probe output on the nZVI 
concentration in the beaker demonstrating the linearity between concentration and frequency. 

3. PILOT EXPERIMENT 

3.1. Materials: iron nanoparticles and granite block 

Nanoparticles manufactured by Nanoiron (Rajhrad, Czech R.) and sold under the trade name Nanofer 25S 
[17] were used for pilot experiments. This product contains 20 % (w/w) elemental iron nanoparticles and an 
organic modifier to prevent particle aggregation. 

Before the actual application, the product was diluted with tempered water to a final concentration of 10 g/L 
and carboxy methyl cellulose (CMC) as a final modifier added so that its concentration was 5 g/L in the 
suspension. The diluted suspension was dispersed using an IKA T 18 digital ULTRA-TURRAX disperser with 
a S 18 N - 19 G dispersing attachment for about 5 minutes at 20,000 rpm. 

The granite block 40 cm  25 cm  20 cm (L-W-H) was artificially split and reassembled. The generated 
approximately horizontal fracture was sealed around the perimeter (epoxy and tape). Two boreholes were 
drilled through the upper part (centered with respect to the width and 10 cm from sides in the longitudinal 
direction) and inlet and outlet tubes installed on the smaller vertical sides into the fracture. This granite block 
was also used prior to the study [15], so that the hydraulic and conservative tracer properties were known. The 
average aperture is approx. 0.4 mm, i.e. 40 mL total void volume. 

3.2. Test procedure 

The whole laboratory was tempered several days in advance, including the experimental block and water 
storage tank. The dispersed suspension (necessarily heated) was equilibrated for one hour before the 
application. Before the nZVI injection, the whole volume of the fracture was flooded and washed with water. 
Because the signal of the probes is partly dependent on the pressure of the liquid at the front of the probe, 
stabilization and zeroing (autozero) was performed at a constant flow of wash water of the same value as the 
flow of test suspension was subsequently selected during the experiment. 

During the application, the nZVI suspension was subsequently kept in buoyancy using an IKA EUROSTAR 20 
digital shaft stirrer set with an R 1312 Turbine stirrer at 350 rpm. The dosing was performed using a precision 
laboratory peristaltic pump Ismatec IPC8 (Figure 4 left). The flow rate for the experiment was 10 mL/min. 
Three-way valve was used to switch between sources of pure water and nZVI suspension. 

Samples were periodically taken at the outlet of the block throughout the experiment in 1 or 2 minute intervals. 
In these samples, the total iron content was determined (includes both the remaining suspension and Fe ions 
formed by reaction with water during migration). This determines the Fe balance during the experiment. 
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Figure 4 Experimental granite block with the measuring probe and thermal insulation. Measurement result: 
evolution of probe signal (10 cm from injection) and output total Fe samples (40 cm from injection). For 

reference, the input pressure is shown, with effect of either water or nZVI suspension injection. 

3.3. Results discussion 

An example of results for one of the transport tests with one probe in the borehole closer to the injection is 
shown in Figure 4 (right). Qualitatively, the presence of nZVI in the fracture was well detected with the probe. 
We did not succeed to reach fully stable probe signal with continuous injection, which can be explained by 
irregular effect of sedimentation or other tracer retention. Therefore we could not determine the calibration 
factor for defined concentration below the probe. A constraint is given from output iron concentration, whose 
peak is 1.2 g/L, eight times less than the injection. So the concentration at the probe is somewhere in between. 
Considering the sensitivity of 400 mHz per 1 g/L for submerged probe (a guess of 1 mL affected volume), the 
sensitivity at the fracture could be 20 mHz per 1 g/L (the affected volume of about 0.5 mL), which would mean 
the peak measured concentration of 5 g/L. The calculated mass balance between input and output is approx. 
15 %, i.e. shows a strong iron immobilization. 

4. CONCLUSION 

Based on the previous work with magnetic susceptibility measurement for nano zero-valent iron concentration 
determination, we designed a probe suitable for local measurement in a microborehole arrangement. The 
manufactured prototype was successfully tested on the granite fracture nZVI migration experiment, although 
the calibration with determined concentration at the probe was not possible. Even with known limitations and 
technical problems, this new measuring method can contribute to understanding of transport processes. At the 
moment, full interpretation of the test results was not subject of this paper and will continue in the following 
work with large block of meter scale with a grid of 9 probes. 
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Abstract 

Drugs are important xenobiotics in the environment. Their use increases with the growth of the human 
population, but also in agricultural primary production. Paracetamol (PAR) is a widely used analgesic and 
antipyretic and its production is still growing. Commonly available drug production technologies are being 
developed very intensively with nanotechnological modifications for their gradual and targeted release. 
Nanoparticles (ST/PAR) from starch were prepared: PAR (0, 1, 2, 3, 5 and 10 mg/L) was mixed with citric acid 
ester in a 1:8 v/v ratio for 30 min at 25 ⁰C. By the centrifugation (16.000 g, 30 min) ST/PAR were obtained in 
the pellet. The effect of PAR was studied on Daphnia magna Straus (Cladocera, Crustacea). Adult females 
(70-400 mg) were used for self-evaluation. The EC50 was 3.749 mg/L after 48 h of PAR treatment. Total 
protein values determined by Lowry method were between 0.5-2.2 mg/mL and by Bradford method between 
190-676 mg/L. Antioxidant activity values determined by CUPRAC method were between 4-15 µg/mL GAE 
and by ABTS method ranged between 40-103 µg/mL GAE. PAR values were between 9-40 µM. Subsequently, 
the biological activity of the prepared nanoparticles was tested. 

Keywords: Ecotoxicology; chemical and biochemical analysis; nanomedicine 

1. INTRODUCTION 

Drugs are important xenobiotics in the environment. Their use increases with the growth of the human 
population, but also in primary agricultural production. Paracetamol (PAR) is a non-steroidal anti-inflammatory 
drug widely used [1]. PAR enters the aquatic environment with wastewater and thus affects aquatic organisms 
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[2,3]. There is little information on the effect of PAR on detoxification processes. PAR induces oxidative stress, 
can manifest in endocrine disruption [3,4] and affect the expression of selected genes [1]. 

The increase in their environmental concentrations in individual components of the environment is obvious, 
and with the use of modern analytical techniques, residues are detected in soil, surface water, sediments, 
groundwater, and marine ecosystems [5]. It is highly probable that increasing concentrations of PAR in the 
aquatic environment and its transformation by the food chain may affect a number of biochemical and 
physiological processes determining the growth and development of aquatic biocenosis [6]. The importance 
of PAR monitoring stems from the results of monitoring studies that have shown its high concentrations in 
wastewater [7,8]. Wastewater treated plants cannot effectively eliminate most medicines, so they are a 
particularly significant environmental risk for aquatic ecosystems [9]. Little relevant information is available, in 
particular on the sublethal effects of PAR on aquatic organisms, in addition, the effects of nanoparticle-bound 
drugs (NPs) are completely unknown. Cladocera Daphnia magna Straus (Cladocera, Crustacea) is not only 
an important model species in ecotoxicology, but also a planktonic crustacean, which is a key consumer of 
algae and cyanobacteria, as well as food for many fish [10]. It thus serves as a link between primary 
phytoplankton production and higher trophic levels in the aquatic ecosystem. Commonly available drug 
manufacturing technologies are being developed very intensively by nanotechnological modifications for their 
gradual and targeted release [11,12]. Nanotechnological modification of PAR could find application in the 
treatment of cancer [13]. The aim of this project is to extend existing knowledge about the toxicity of PAR and 
its nanoform (NPs-PAR) to aquatic organisms. The determined values of acute and chronic toxicity of the 
monitored substances will allow the estimation of the risk to the aquatic environment. 

2. MATERIAL AND METHODS 

Biological experiments 

The solution and elaboration of the topic presupposes the mastery of selected standard ecotoxicological tests 
on aquatic crustaceans - Cladocera Daphnia magna. Tests according to ČSN EN ISO 6341 (75 7751) was 
used to evaluate ecotoxicity. Immobilization test for Daphnia magna Straus (Cladocera, Crustacea) - Acute 
toxicity test and ČSN ISO 10706 (75 7752 - Determination of chronic toxicity of substances for Daphnia magna 
Straus (Cladocera, Crustacea). The acute test on Clacodera D. magna pearls consists in monitoring their 
immobilization in a selected range of test substance concentrations at exposure for 24 and 48 hours.  

Chemical analysis 

Amount of 150 μL LOWRY solution I (7 mM Na-K tartrate, 0.81 M sodium carbonate, 0.5 M NaOH) was pipetted 
into cuvettes and then in 9th period (81 s) 9 μL of barley extract was added. Afterwards, LOWRY solution II 
(70 mM Na-K tartrate, 40 mM CuSO4 and 0.1 M NaOH) was added in 42nd period (378 s) in volume of 20 μL 
and finally 172 μL of LOWRY solution III (1:15 Folin-Ciocalteu reagent: H2O) in 90th period (810 s) was added. 
Reaction was evaluated as a response in miliabsorbance units between period 93 to 96 (837 seconds to 864 
seconds from pipetting of LOWRY I solution). Wavelength: 660 nm. Quality of reagents were controlled via 
regulation diagram for 188 mg/L bovine serum albumin standard with good reproducibility of reaction (8400 ± 
258 mAU, RSD 3.07 %, 8 days).  

PARACETAMOL methodology. Measurement in stems - Approximately 1 g of sample for each concentrations 
was crushed with sea sand and 2 mL of PBS, pH = 7 was added. Crushed stems and buffer were quantitatively 
transferred to 2 mL eppendorf microtubes and centrifuged for 30 minutes for 16.900 g. Supernatant was 
pipetted into clear microtubes and concentration of paracetamol was measured. Amount of 320 μL of 
Paracetamol solution I (17.9 mM sodium nitroprusside and 13.4 mM K3Fe(CN)6) was pipetted into cuvettes 
and then) 40 μL of barley extract was added. Afterwards, 40 μL of Paracetamol solution II (2 M NaOH) was 
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added in 43nd period (559 seconds). Reaction was evaluated as a response in absorbance units in period 146 
(1898 s from pipetting of Paracetamol solution 1). Wavelength: 700 nm. 270 μL CUPRAC solution 1 (10 mM 
CuSO4; 7.5 mM neocuproine in 99% ethanol and 1 M ammonium acetate in 1:1:1 ratio) was pipetted into 
cuvettes and then 9th period (81 s) 30 μL of sample was added. Reaction was evaluated as a response in 
miliabsorbance units between period 75 to 79 (675 s to 711 s from pipetting of PBM solution 1). Wavelength: 
450 nm. Quality of reagents were controlled via regulation diagram for two concentrations of gallic acid; 25 
μg/mL and 12.5 μg/mL. Based on 7 separate days of measurements, responses for concentration 25 μg/mL 
are in range of 58804 ± 1964 mAU, RSD 3.34 % and for concentrations 12.5 μg/mL are in range of 34461 ± 
2360 mAU, RSD 6.85 %, which shows good reproducibility of reaction. 200 μl ABTS solution 1 (0.7 mM ABTS 
and 495 μM potassium persulfate) was pipetted into cuvettes and then in 9th period (81 s) 45 μL of sample 
was added. Reaction was evaluated as a response in miliabsorbance units between period 75 to 79 (675 
seconds to 711 s from pipetting of PBM solution 1). Wavelength: 660 nm. Quality of reagents were controlled 
via regulation diagram for two concentrations of gallic acid; 11.5 μg/mL and 5.75 μg/mL. Based on 4 separate 
days of measurements, responses for concentration 11.5 μg/mL are in range of 11149 ± 2790 mAU, RSD 
25.03 % and for concentrations 5.75 μg/mL are in range of 29636 ± 4209 mAU, RSD 14.20 %. Precision is 
lowered, because ABTS is based on decolourization of the reaction mixture, which is always connected with 
lower precision. 190 μl of Bradford solution I (0.1 g/L Coomassie Brilliant Blue; 8.5 % H3PO4; 3.4 % ethanol) 
was pipetted into cuvettes and then 10 μL of sample was added. Reaction was evaluated as a response in 
absorbance units in period 45 (598 s from pipetting of Bradford solution 1). Wavelength: 700 nm. 150 μL GST 
solution 1 (2 mM CDNB in 20 % methanol) was pipetted into cuvettes and then in 9th period (81 s) 45 μL of 
sample was added. Afterwards, GST solution II (12.5 mM GSH) was added in 42nd period (378 s) in volume 
of 20 μL. Reaction was evaluated as a response in miliabsorbance units in 80th (end of the reaction) and 42nd 
period (when GST solution II was added) and activity of GST was calculated via formula. PAR (0, 1, 2, 3, 5,10 
mg/L) were used for acute toxicity testing. At the end of the test, D.magna was washed in distilled water and 
frozen at -20°C. Homogenized in 1 ml of water. PAR concentrations were determined photometrically at 700 
nm. Total SH groups (Ellman's method at 405 nm), GSH, GSSG (at 450 nm), GST (at 480 nm) and 
metallothionein electrochemically by the Brdička method. Total protein levels were determined by pyrogallol, 
biuret and Bradford methods. In our experimental model, the acute toxicity of PAR was performed in three 
independent experiments (n = 3). 

3. RESULTS AND DISUSSION 

A photometric method based on a colour reaction was designed and tested for rapid analysis of PAR content 
in samples [14-17]. The method showed very good reproducibility and stability of the reaction, RSD ranged up 
to 5% (Figure 1). Subsequently, the method was applied to the determination of PAR in water and in cell 
homogenates of D.magna. 

To date, very little attention has been paid to the evaluation of PAR toxicity to D. magna. Some selected 
summary information can be found in the work of Grung et al. [18]. Kim et al. found that after 21 days of NOEC 
exposure (5.72 mg/mL) no effects on reproduction were observed [10]. In a study by Daniel et al., no effect on 
reproduction was demonstrated in D. magna [19]. Even in the detailed assessment of wastewater no significant 
effects on biological assessment were found [20]. In a study, Ding et al observed chronic effects on 
reproduction at a concentration of 50 mg/mL [1]. In the case of acute exposure, an effect on the up-regulation 
of the HRP96, CYP360A8, CYP314, MRP4 and P-gp genes was observed. However, after 96 h, the expression 
was already reduced [1]. A detailed study of the effect of PAR was performed by Castro et al. In addition, he 
recommends assessing the reproduction of the offspring of the F-1 generation. There was an effect on 
maternal reproduction after PAR (F-1) exposure, although these effects were not very pronounced [21]. In our 
acute toxicity tests, we observed an EC50 of about 3.749 mg PAR/L (Figure 2). 
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Figure 1 Typical dependence of absorbance on the concentration of gallic acid (GA) - A, and paracetamol 
(PAR) - B, determined by the Folin-Ciocalteau Micromethod. Typical VIS spectra of GA (5 mg/mL) and PAR 
(5 mM PAR). Stability of the reaction in time 0-2.000 s. Dependence of absorbance on the concentration 0-

10 mg/mL GA and in the insert 0-0.3 µg/ml. Dependence of absorbance on the concentration of 0- 2.000 µM 
PAR in the insert 0-3.000 µM. 

 

Figure 2 The EC50 for PAR in D. magna were determined at 24 and 48 h 21.48 (24.34 to 40.70) and 3.749 
(3.283 to 4.282) mg/L, respectively 
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Table1 Chemical analysis of culture water after application of PAR. Each measurement was performed 5  
     times 

Preparation of SPION starch nanoparticles 

Starch (100 mg) was dissolved in 20 ml of distilled and deionized water at 80 °C under magnetic stirring. A 5 
mL portion of solution containing 0.1 M Fe2+ and 0.2 M Fe3+ was poured into a prepared starch solution under 
vigorous stirring. The starch and iron ion mixture (25 mL) was then added dropwise into 250 mL of 0.1 M NaOH 
under vigorous mechanical stirring (2000 rpm/min) at 60 °C for 2 h. Around 50 wt % of water was evaporated, 
and the remaining solution was cooled to room temperature and allowed to stand 12 h. The gels formed were 
washed with deionized water until the pH became less than 8.5. Excess salt and ions were removed by using 
dialysis at 37 °C for 2-3 days against 5 L of distilled water. To cleave glycosidic bond and reduce the polymeric 
chain to an average molecular weight, the influence of oxidizing agent, used for cleavage of the polymeric 
starch chains, was investigated. H2O2 (5 mL of 0.46 M) was mixed with 20 mL (10 mg/mL) of starch-coated 
SPION. Starch citrate (0.8 mg/mL) was mixed with paracetamol. The concentration of paracetamol in the 
reaction mixture was 3205 mM. The reaction volume was 1.6 mL. The 2 mL tube was left on the rotator for 2 
hours. Subsequently, it was centrifuged (5 min, 14.000 g) and the paracetamol concentration was measured. 
Subsequently, 1.6 mL of water were added, and the mixture was allowed to stir (40 rpm), after which the 
concentration of the supernatant was measured again. Samples were taken according to 0, 30, 60, 90, 120 
and 150 min. The binding of 99% paracetamol to starch citrate was demonstrated, paracetamol was not 
released from the binding during the experiment [11,12]. 

4. CONCLUSION 

The acute toxicity of PAR to D. magna was monitored and subsequently starch nanoparticles were prepared. 
These nanoparticles were modified with PAR. We found the binding of PAR to the surface of the prepared 
nanoparticles and PAR was gradually released from the nanoparticles. 
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Abstract 

African Swine Fever Virus (ASFV) is a DNA virus of the Asfivirus genus of the Asfarviridae family that is found 
in blood, body fluids, and internal organs. ASFV was described more than 40 years ago. This virus spreads 
pandemically and the mortality rate of the virus-related disease ranges from 90 to 100 %. The aim of this study 
was to propose the detection of specific nucleic acid of ASFV using electrochemical hybridization biosensor. 
Determination of DNA was conducted by AdTSV DPV a CV (potential 0 V, end potential -1.8 V, step potential 
5 mV, modulation amplitude 25 mV, 0.2 M acetate buffer pH 5.0). The volume of analysed sample was 10 µL. 
CV signals CA (log -0.0373x, r 0.99, Ep -1.30 V) and P peak (log -0.0801x, r 0.99, Ep -1.52 V) were observed. 
To increase the sensitivity, a modification of ODN with CdTe was proposed. The CdTe signal was observed 
around the potential of -0.56 V and for modified ODNs the signal was -0.58 V. SPION were prepared to capture 
DNA. The interaction of DNA (PCR fragment, 280 bp) with SPION was very fast within 30 s. The technique 
will be further used for a microfluidic system. 

Keywords: Emergency biosensor, nucleic acid, oligonucleotide, quantum dots, super paramagnetic 
nanoparticle 

1. INTRODUCTION 

Viruses (Ebola virus, flu virus etc.) cause a variety of dangerous diseases which can be life-threatening for 
animals and humans. Highly infectious coronavirus pandemic is an obvious evidence of this fact [1]. For 
purpose of development of suitable curative and diagnostic approaches, new experimental model systems are 
searched. African swine fever (ASF) is very serious disease which affects wild and domestic pigs (Suidae) 
[2,3]. ASF firstly appeared in Sub-Saharan area of Africa [4] and afterwards spread via the Transcaucasian 
area to Russia, China and states of European Union [5-8]. ASF has not been confirmed in Pacific area yet. 
Not only local people are concerned that this disease will soon penetrate to this area because of people 
travelling and beef import from countries with ASF occurrence. Epidemiologic situation of transfer of ASF virus 
(ASFV) shows that, in 2019, there were 1894 infection outbreaks among domestic pigs in European states. 
The most serious situation was in Romania (1728 outbreaks). Small breeding were affected the most. In 2020, 
big breeding in Romania and Bulgaria were also endangered. The situation is completely out of control in 
several states in terms of wild pigs (Poland and Balkan states are most affected). Besides Europe, the epidemic 
gains strength in Southwest Asia (China, Bali, Indonesia, Laos, The Philippines, Vietnam and Cambodia) [9]. 
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As it is seen from previous knowledge, the instruments for reliable and fast detection of ASFV are necessary. 
For the fast diagnostics directly in a place of infection outbreak, the portable detectors based on biomolecules 
(enzyme, protein, peptide, antibody, nucleic acid etc.) can be very helpful. Biosensors can use a plethora of 
methods based on selective and specific bonds with searched analyse (in our case - a virus or a part of virus). 
The huge advantage of suggested devices is their relatively small operating and acquisition price [10,11]. 
Biosensors can be differently organised based on the type of biorecognition element and transducer 
(piezoelectric, thermal, optical, electrical, and electrochemical). Electrochemical detection of nucleic acid is 
based on redox abilities of their nucleic bases [10]. In 1986 Irena Postbielgová with Emil Paleček suggested a 
technique of adsorptive transfer (AdTSV), when nucleic acid, in a form of small drop (3-10 μl) is transferred 
and accumulated on electrode surface [12-14]. The cornerstone of design of biosensor for rapid analysis of 
ASFV was suggested. The described AdTSV DPV was used for studying of oligonucleotides KING R and KING 
F, which are complementary to viral DNA and their interaction with CdTe quantum dots as well [15]. The aim 
of this project is to receive information about detection of nucleic acid bound on surface of magnetic 
nanoparticles with use of electrochemistry (Figure 1).  

 

Figure 1 Simplified scheme of biosensor for detection of nucleic acids. Analysed sample reacts with the 
surface of biosensor (biorecognition element). On the biosensor´s surface a specific probe is bound (for 
example short chain of oligonucleotide). Reaction surface is necessary to modify to avoid non-specific 
bond of nucleic acid. After hybridisation of nucleic acid, signal (physical or chemical) is transferred via 

transducer to detector. Measured signal is then mathematically processed. 

2. MATERIAL AND METHODS 

Chemicals. All chemicals used in this study such as Cd(CH3COO)2 · 2H2O, Na2TeO3, mercaptosuccinic acid 

(MSA), Trizma base, trisodium citrate, hydrogen tetrachloroaurate(III) (HAuCl4), DMSO, 3,3′,5,5′-
tetramethylbenzidine (TMB), hydrogen peroxide (H2O2), acetic acid (HAc), sodium acetate (NaOAc), tris(2-
carboxyethyl)phosphine hydrochloride (TCEP), ethylenediaminetetraacetic acid (EDTA), disodium hydrogen 
phosphate (Na2HPO4), potassium dihydrogen phosphate (KH2PO4), sodium chloride (NaCl), potassium 
chloride (KCl), tris(hydroxymethyl)aminomethane (Tris), hydrogen chloride (HCl), KING F: 5’-
CTGCTCATGGTATCAATCTTATCGA-3’, KING R: 5’-GATACCACAAGATCAGCCGT-3’ and HCl were 
purchased from Sigma-Aldrich (St. Louis, MO, USA), in ACS purity. Propanol and NaBH4 were purchased from 
Merck (Darmstadt, Germany). All plastic materials used (tubes, tips) in this study were purchased from 
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Eppendorf (Hamburg, Germany). Deionised water was prepared by using the reverse osmosis equipment 
Aqual 25 (Brno, Czech Republic), and was further purified by using an ELGA apparatus equipped with a UV 
lamp (Lane End, United Kingdom). The resistance was 18 MΩ and the pH was measured using the pH meter 
(WTW).  

Instruments. For absorption spectra, the wavelength was in the range from 200 to 800 nm. For fluorescence 
spectra, there were an excitation wavelength of 250 nm and an emission wavelength in the range from 350 to 
800 nm (Varioskan, Thermo Fisher Scientific, USA). The optical properties of nanoparticles were studied by 
spectral analysis. The absorbance spectra of nanoparticles were recorded within the range of 400 to 800 nm 
using a UV-3100PC UV-VIS spectrophotometer (VWR, Germany). Electrochemical measurements were 
performed with AUTOLAB Analyser connected to VA-Stand 663, using a standard cell with three electrodes. 
The working electrode was a hanging mercury drop electrode (HMDE) with a drop area of 0.4 mm2. The 
reference electrode was an Ag/AgCl/3M KCl electrode and the auxiliary electrode was a graphite electrode.  
The supporting electrolyte containing 0.2 M acetate buffer (pH 5.0) was used. AdTSV DPV was conducted via 
two independent methods for measuring a.) Oligonucleotides/DNA and b.) Cadmium. AdTSV DPV parameters 
were set as follows: method a.) an initial potential of 0 V, an end potential -1,7 V, a modulation time 0.05 s, a 
time interval 1 s, a step -5 mV/s, a modulation amplitude of 25 mV, Eads = 0 V.; method b.) an initial potential 
of -1,7 V, an end potential 0,05 V, a modulation time 0.05 s, a time interval 0.5 s, a step 50 mV/s, a modulation 
amplitude of 25 mV, Eads = -1.2 V. Scan rate in CV was changed from 0.05 V/s to 0.6 V/s, an initial potential 
of 0 V, an end potential -1.85 V. The size distribution (i.e., the hydrodynamic diameter, DH) was determined 
by dynamic light scattering (DLS) using the Zetasizer Nano ZS ZEN3600 (Malvern Instruments, Malvern, UK) 
with the detection angle of 173° in optically homogeneous square polystyrene cells. The samples were diluted 
hundredfold with deionized water. All measurements were performed at 25 °C. Each value was obtained as 
an average of 5 runs with at least 10 measurements. Version 7.10 of the Zetasizer Software was applied for 
data evaluation. The particle charge (ζ-potential) was measured by the microelectrophoretic method using a 
Malvern Zetasizer Nano ZS ZEN3600 (Malvern Instruments, Malvern, UK). All the measurements were 
performed at 25 °C in polycarbonate cuvettes. Each value was obtained as an average of 5 subsequent runs 
of the instrument with at least 20 measurements. 

Synthesis of SPION/Au/NPs. 1.3 g of Fe(NO3)3·9H2O was dissolved in 80 mL of water (18 MΩ). A quantity of 
1.4 mL 25% NH3 was diluted in 8.6 mL water and 0.2 g NaBH4 was dissolved in this mixture and, subsequently, 
the mixture was stirred (300 rpm, 10 min at 22 °C). The solution colour turned to dark brown. The mixture was 
heated to 100 °C for 2 h and stirred (300 rpm, stirring overnight at room temperature). The magnetic particles 
were separated from the solution via magnet and washed several times in water. The solution of HAuCl4 
(20 mL, 1 mM) was added to the magnetic particles and stirred (300 rpm 3 h at 22 °C). Subsequently, the 
solution of C6H5Na3O7·2H2O (0.5 mL, 0.265 g/10 mL) was added to the mixture and stirred overnight. Finally, 
the gold SPIONs were separated via magnet and dried (40 °C). 

Statistical analysis of data. Experimental work was performed in at least three independent experiments. Each 
sample in the experiments was analysed at least five times. The obtained data presented in this paper are the 
average values. No experimental points were excluded from the proposed experimental study. All the obtained 
data were stored in the Qinslab database. If possible, data were processed and evaluated mathematically and 
statistically in the Qinslab database. The results were expressed as mean ± standard deviation (SD).  

3. RESULTS AND DISCUSSION 

In our suggested biosensor for detection of ASFV, the hybridisation between nucleic acids with oligonucleotide 
probe labelled with electroactive mark (metals, metal oxides, enzymes, quantum dots, nanoparticles) is used 
[16-19]. Quantum dots (QDs) have very good properties for electrochemical detection. Their surface can be 
modified with different molecules and thus it is possible to use them as biosensors. Furthermore, it is possible 
to prepare different types of QDs, which can provide several measurable signals. Each signal can be used for 
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recognition of specific sequence of nucleic acids (details are published in paper Banáš et. al.) [15]. Whole 
detection system can be enclosed into 3D-print prepared simple electronic microchip. Sample is injected into 
microchip. In reservoir inside the chip, DNA of ASFV virus is hybridised with QDs-labelled oligonucleotide 
probe. Electrochemical signal, which is responsible for the confirmation or the rejection of the presence of 
searched DNA, is perceived by connected electrode [20].  

Oligonucleotide probes KING R and KING F complementary to PCR fragment (280 bp) were analysed. The 
calibration curves from 0.4 to 1.7 μg/mL for KING F and from 0.1 to 0.6 μg/mL for KING R and from 1 to 
10 μg/mL for PCR fragment were measured. When the intensities of signals for oligonucleotides and PCR 
fragment are compared, the best sensitivity was calculated for PCR fragment (50 nA/amol molecules/min) then 
KING R (25 nA/amol molecules/min) and finally KING F (14 nA/amol molecules/min). When only ODNs were 
accumulated on Hg electrode, the signals of cytosine and adenine (CA signal) in potential about -1.3 V [3] (Hg 
against Ag/AgCl/3 M KCl) were 33 ± 8 nA for King F and 22 ± 3 nA for KING R (3 minutes; 1.0 μg/mL King F 
and 0.3 μg/mL King R; 10 measurements). For interaction ODNs and CdTe, CA signals were detected as 
follows: KING F/QDs 15 ± 8 nA, KING R/QDs 16 ± 5 nA and cadmium ions signals were detected as follows: 
KING F/QDs 61 ± 15 nA and KING R/QDs 89 ± 18 nA. Successful verification of interaction was proved by 
measurement of signal of cadmium ion and lower signals of oligonucleotides in interaction complex, because 
of lowered sensitivity of nucleotides when bound with CdTe QDs.  

To evaluate, how ASFV PCR fragment is accumulated on electrode surface, dependences of signal of CA 
peak and P peak on time of accumulation (30; 60; 120; 240; 480 a 720 s) were measured. Scan rate was 0.25 
V/s. Dependence for CA peak was linear (23.6525 + 0,1687 x; r = 0.99509), dependence for P peak was 
slightly hyperbolic (-229.2775 + 7.1954 x - 0.0048 x2; r = 0.99433) and therefore 2nd degree polynomic curve 
was calculated for characterisation of behaviour of peak. Dependence of peak height on time of accumulation 
of DNA on Au-SPION nanoparticles was measured. Accumulation was conducted in standard conditions in 
phosphate buffer (c = 0.1 M, pH = 7). Times of accumulation were 15, 30, 60, 90 and 120 s. Strongest signal 
was 504 nA in 30 s. With increasing time of accumulation, the signal was slightly reduced (around 400 nA), 
when time was only 15 seconds, only 10 nA signal was measured.   

 

Figure 2 Comparison of CA, P a Cd signals after binding of nucleic acid on SPION (30 min interaction) and 
CdTe. After interaction, 3 wash steps were conducted with PBS. Measurement was conducted in acetate 

buffer, 0,2 M, pH 5, tA 120 s. AdTSV DPV: scan rate 5 mV/s, starting potential 0 V, terminating potential -1.8 
V, n = 2. Data are statistically showed as box plots for current response and potential of signal. 
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SPION nanoparticles are used, because of the two properties for their surface (separation and detection). The 
ability of SPION nanoparticles to catch PCR/DNA, especially ASFV PCR fragment (DPV AdTSV 25 mV/s, drop 
10 µL, 120 s) was tested (Figure 2). RSD of detection of DNA was 16.25 % (n = 44), concentration dependence 
(0 - 6 µg/mL) was linear (y = 8.63x). PCR/DNA (100 µg/mL) was mixed with SPION nanoparticles (1 mg/mL). 
Interaction was conducted 30 minutes, 300 rpm, 25 ℃, phosphate buffer pH 7. Non-specific bound PCR/DNA 
was washed (3 times, 500 μl of phosphate buffer, pH 7, 300 rpm, 25° C). Specific bound PCR/DNA was 
thermally released from SPION (50 µL, phosphate pH 7, 350 rpm, 99 ℃, 15 min). Average CA signals (-1.30 
V) of caught PCR/DNA were 7.2 ± 5.8 CI nA (n = 5) with the DNA recovery about 10 %. Sensitivity and 
selectivity of determination was quite good, but our aim was to improve sensitivity more. Therefore, P peak as 
a catalytic signal was studied. Using P peak instead of CA peak make the sensitivity 15 times higher than 
using CA peak. Furthermore, variability of analysis was lowered to 16%. Besides above-mentioned analysis, 
different types of modification in the term of reaction volume were tested for the maximization of 
electrochemical response. Steps of hybridisation on SPION nanoparticles were conducted with effectiveness 
about 5 %. Different shapes and sizes of 3D chips were suggested, and their properties were tested.  

4. CONCLUSION 

Many experimental manuscripts were published about electrochemical behaviour of nucleic acids [19]. 
However, about interactions of oligonucleotides with quantum dots, there is a lack of available data [21]. This 
work was based on basic electrochemical behaviour of ODN and ODN/QDs. Different behaviour of 
oligonucleotides King F and King R was found out on HDME. Furthermore, we prove differences in signals of 
ODN (Ip, Ep) when interact with QDs. From these results, it can be concluded that these changes in structure 
can significantly influence electrochemical behaviour and must be accounted, when experimental data are 
interpreted. Besides this fact, this knowledge can be useful for suggestion of new types of biosensors [22,23]. 
Isolation of DNA from biological material is necessary for its detection. Early diagnosis of highly infectious 
pathogens is key to taking anti-epidemic measures. Modified SPION nanoparticles are suitable surface for 
detection and separation.  
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Abstract 

Immunohistochemistry (IHC) is a powerful technique enabling visualization/detection of cellular components 
(e.g. overexpressed proteins) in tissue samples and thus ensuring timely recognition of a wide range of 
diseases. Nowadays, antibodies labelled by different kinds of sensing probes are routinely used for selective 
recognition of IHC markers. However, antibodies as bio-macromolecules have a number of drawbacks 
including physical and (bio) chemical instability or large production cost. Therefore, the design and synthesis 
of artificial antibodies that are able to bind a target molecule with similar affinity and specificity have become a 
long-term goal in a range of scientific branches. In this work, molecularly imprinted polymer nanoparticles 
(MIPs), as antibody mimics, were used as IHC agents. Specifically, polydopamine MIP nanoparticles doped 
with metal ions and selective for metallothionein as potential IHC marker were developed and combined with 
laser ablation ICP-MS. This novel approach can significantly enhance the abilities of IHC analysis and solve 
issues connected with the low stability of antibodies. 

Keywords: Molecularly imprinted polymers, immunohistochemistry, metallothionein 

1. INTRODUCTION 

Immunohistochemistry (IHC) is a laboratory method, indispensable in clinical diagnostics for identification and 
classification of various diseases. Very important role IHC plays also in research where is utilized to the 
investigation of many biological processes e.g. visualization of proteins expressed on the cell surface, 
characterization of protein interactions, observe the distribution and localization of specific cell structures etc. 
[1]. 

Among the most common methods for tissue samples visualization belongs fluorescence microscopy based 
on visualization of the fluorescent probes or light microscopy based on visualization of chromogenic substrate 
created by enzymatic probes [2]. However, these methods have limited sensitivity and do not allow visualizing 
high number of analytes in the same tissue section. Recently, visualization through LA-ICP-MS (Laser Ablation 
Inductively Coupled Plasma Mass Spectrometry) based on conjugation with elemental tags have become a 
promising alternative [3,4]. 

In contrast to the above mention methods, LA-ICP-MS can be used for the multiplex analysis. By this method, 
it is possible to determine several tissue antigens simultaneously using recognition elements containing 
various metal ions or rare elements [5]. Moreover, LA-ICP-MS enables measurement of trace naive elements 
in tissues which also play a significant role in cancer diagnostics. Because it was demonstrated that the levels 
of some trace elements are significantly elevated in cancer tissue [6]. 

Ordinarily, analyte within the tissue is specifically recognized by a primary antibody labelled with an appropriate 
probe (fluorescent, enzyme, metal). However, antibodies have several disadvantages e.g. they have limited 



 October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

331 

physical and (bio)chemical stability, sometimes it is difficult to obtain antibodies against chosen targets, and 
their production in large quantities is demanding and expensive. Therefore, design and synthesis of chemical 
alternatives of antibodies are extensively studied. One possible way is the use of molecularly imprinted 
polymers (MIPs) [7]. MIPs are synthetic materials with a defined spatial arrangement of the free functional 
groups of the polymer chains which enable them to specifically recognize target molecule. The process of MIP 
synthesis is quite simple. Initially, template (imprinted molecule) and functional monomers form a complex 
through either covalent or noncovalent interactions. Subsequently, the copolymerization process with cross-
linking monomers is initiated which leads to the creation of polymer. Removal of the template molecules from 
the three-dimensional polymer network enable to the creation of imprinted binding sites complementary to the 
template in terms of size, shape, and positioning of functional groups. 

In this work, polydopamine MIP nanoparticles, doped with copper ions, selective for metallothionein (MT) were 
prepared. MT is usually expressed in human cells at low concentration levels however its expression is 
increased during oxidative stress to protect the cells against cytotoxicity, radiation and/or DNA damage. In 
various human tumors (e.g. breast, colon, kidney, liver, lung, etc.) an increased expression of MT was 
determined and therefore nowadays many studies are focused on the application of MT as potential IHC 
marker. Synthetized MIP particles were subsequently combined with LA-ICP-MS as a visualization method for 
IHC. This completely novel approach enables solve issues connected with the poor stability and high 
production-cost of antibodies and significantly enhance the abilities of IHC analysis. For better imagination, 
the idea of the suggested approach is shown in Figure 1. 

 
Figure 1 The tissue section is incubated with prepared MIP particles. Follows penetration of MIP particles 

into the cell where they selectively recognize and bind MT. Unbound MIP particles are washed out and 
subsequent LA-ICP-MS enables to detect copper ions in MIP particles which leads to highlighted area of 

tissue with increased metallothionein concentration 

2. MATERIALS AND METHODS 

2.1. Materials 

Dopamine hydrochloride, Trizma base (TRIS), sodium dodecyl sulfate (SDS), sodium tetraborate decahydrate, 
copper(II)sulfate pentahydrate (CuSO4∙5H2O) and acetic acid (HAc) were purchased from Sigma-Aldrich (St. 
Louis, MO, USA). Ammonia solution 25% and ethanol absolute were obtained from Merck (Darmstadt, 
Germany). Metallothionein-2 from rabbit liver (MT-2) was purchased from Enzo Life Sciences (Farmingdale, 
NY, USA). Deionized water was obtained from a Millipore (Milli-Q) purification system at a resistivity of 
18.2 MΩ∙cm. All chemicals and solvents were of analytical or HPLC grade and used without further purification. 

2.2. Preparation of MIPs and non-imprinted polymers (NIPs) 

MIP particles are synthetized in parallel with NIP particles which are chemically identical but are synthesized 
without the presence of the template molecule and therefore, they lack affinity to MT. These particles are used 
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for the monitoring of non-selective interactions. In both cases, dopamine was used as a functional monomer 
because of its ability to undergo fast self-polymerization in the presence of oxygen and alkaline environment. 

The MIPs were synthesized through the oxidation and self-polymerization of dopamine molecules in a solution 
consisting of water, ethanol and ammonia at room temperature in the presence of template molecules (MT-2) 
and Cu(II) ions. 1, 2 or 4 mg of Cu(II) ions were dissolved in solution consisting of 900 µl of deionized water, 
400 µl of absolute ethanol and 30 µl of ammonia aqueous solution (25%) and stirring at 30 °C for 45 min. A 
100 µl of an aqueous solution of dopamine hydrochloride (5 mg/ml) and MT-2 (1 mg/ml) was quickly injected 
into this solution. It was observed that the solution color turned to pale yellow immediately and then gradually 
changed to black after 1 h. After 24 h, the created MIPs were separated by centrifugation (13,500 rpm, 25 °C, 
30 min) and washed with 3% HAc twice and once with 10 mM TRIS pH 7.4. NIPs were prepared by the same 
protocol but without the presence of template (MT-2). 

2.3. Isolation of MT-2 from by MIPs 

50 μl MIP or NIP particles suspended in 10 mM TRIS pH 7.4 were mixed with 50 μl MT-2 (0.04, 0.08, 0.16 or 
0.33 mg/ml) and incubated with constant stirring (30 °C, 500 rpm) for (10, 20, 30, 40 or 50 min). Then the 
mixture was centrifuged (13,500 rpm, 25 °C, 5 min) and the supernatant was measured by MEKC (micellar 
electrokinetic chromatography) with UV-vis detection or MIP/NIP particles were washed with MilliQ water and 
sonicated by (5, 10, 15, 20 min) which led to release of bound analyte followed by analysis by MECK with UV-
vis detection. 

Quantification of MT-2 was performed by capillary electrophoresis (CE) instrument 7100 (Agilent Technologies, 
Germany) with absorbance detection at a wavelength of 200 nm. Fused silica capillary with an internal 
diameter of 75 µm, with a total length of 64.5 cm and an effective length of 56 cm was used. The sample was 
introduced hydrodynamically at 50 mbar for 5 s and a separation voltage of 30 kV was applied. A background 
electrolyte (BGE) was composed of 40 mM sodium borate buffer, 60 mM SDS at pH 9.8. Before the analysis, 
the capillary was washed for 60 seconds using BGE. 

3. RESULTS AND DISCUSSION 

3.1. Characterization of obtained MIP/NIP particles 

MIP particles were synthesized by the oxidation and self‐polymerization of dopamine in a mixture containing 
water, ethanol, and ammonia, which led to the creation of spherical nanoparticles. Their size could be easily 
controlled by tuning the molar ratio of ammonia and dopamine. The size of MIP and NIP particles was 
determined by dynamic light scattering using a Zetasizer Nano from Malvern Instruments Ltd (Malvern, UK). 
Average hydrodynamic size in 10 mM TRIS buffer pH 7.4 was: 175 nm for MIP and 170 nm for NIP. The 
homogeneity of prepared particles is demonstrated by relatively low polydispersity: in case of MIP 0.22 and 
0.21 in case of NIP. 

3.2. Optimization of Cu ions concentration 

The LA-ICP-MS is technique capable of quantitative determination of elements. In this work, the copper 
contained in MIP/NIP particles was determined. However, firstly, it was necessary to carry out the experiment 
that reveals the amount of copper ions which can be added to the polymeric mixture without the loss of 
efficiency of resulting MIPs. Three different concentrations of CuSO4 ∙ 5 H2O were added into the polymeric 
mixture, specifically 1, 2 and 4 mg/ml. Subsequently, the ability of obtained particles to selectively recognize 
MT-2 was studied. It was found out that MIP particles prepared with a concentration of 2 mg/ml of Cu(II) ions 
have the best efficiency and simultaneously is this concentration sufficient for LA-ICP-MS determination. 
Measured data are shown in Figure 2 A. 
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3.3. Optimization of binding time 

Further, adsorption kinetics of MIP/NIP particles was investigated in the time range from 10 to 50 min in 10 min 
intervals. The curve of adsorption kinetics is shown in Figure 2 B. From obtained data, it is seen that initially 
the binding capability is high due to a large number of empty binding sites available to the target protein. 
Saturation of all binding sites of MIP was achieved after 20 min of incubation and therefore this incubation time 
was selected as optimal. 

 
Figure 2 A. Optimization of copper ions concentration; B. The curve of absorption kinetic;  

*Error bars represent a deviation of three repeated measurements 

3.4. Optimization of sonication time 

In the above mention experiments, the MT-2 concentration was determined indirectly by measuring of unbound 
MT-2 in the supernatant. However, for measuring the calibration curve, it was necessary to release the bound 
MT-2 from MIP binding sites. The release of MT-2 was carried out by sonication of prepared MIPs. It this 
experiment, the optimal sonication time was investigated. As shown in Figure 3 A, 10 minutes of sonication 
enabled to release the majority of bound protein but did not cause their destruction therefore 10 minute 
sonication was chosen as optimal.  

3.5. Calibration curve 

To evaluate the binding properties of MIP/NIP particles, an experiment based on incubation of MIP/NIP 
particles in different initial concentrations of MT-2 (0.33, 0.165, 0.083, 0.041 mg/ml) was carried out. Obtained 
data are shown in Figure 3 B. All experiments focused on the optimization of MIP particles preparation were 
performed by using CE with UV-vis detection because this method provides more detailed information about 
the interaction of the analyte with MIP/NIP particles. Optimized MIP particles can be subsequently applied in 
IHC and detected by LA-ICP-MS which ensures a lower detection limit in comparison with CE and provides 
closer information about the study tissue section. 

 
Figure 3 A. Optimization of sonication time necessary for the release of bind analyte; B. The calibration 

curve. *Error bars represent a deviation of three repeated measurements 
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4. CONCLUSION 

In this work, MIP particles were prepared for the first time to be used as an artificial recognition element for 
IHC. The technique of non-covalent molecular imprinting was used in the preparation process. Dopamine was 
used as a functional monomer. The experiments focused on the binding time and adsorption efficiency of 
created MIP particles was carried out by using CE with UV-vis detection because this method provides more 
detail information about the interaction between MIP particles and MT (e.g. nonspecific sorption). Thus, 
optimized MIP particles can be applied in IHC with detection by LA-ICP-MS.  
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Abstract 

In this work we have prepared and characterized several types of nanofibers to create unique nanofiber 
substrates as a medical device for long-term non-healing wound treating using cellular products. Our 
nanofibers are based on biodegradable polymers such as polycaprolactone (PCL), poly(lactide-co-
caprolactone) (PLCL), poly(vinyl)alcohol (PVA), polyethyleneimine (PEI) and hyaluronic acid. Prepared 
nanofiber carriers were specifically adjusted for the autologous MSCs (mesenchymal stromal cells) 
applications on the chronic wound. In addition, the nanofiber sheets were constructed as a biodegradable 
material to guarantee proper timing of its resorption in a chronic wound during the healing process. 
Furthermore, the effect of growth factors on MSC proliferation was tested. The release of bFGF from adsorbed 
lipid particles was tested. The results show increased proliferation of MSCs. Despite fast increasing advanced 
technologies in healthcare, chronic wound treating tends to be still very difficult and challenging. Our developed 
nanofiber-based dressings are very promising for poorly healing wound therapy using MSCs. The main goal 
is to make chronic wound healing more effective and decrease a time of healing process. 

1. INTRODUCTION 

In the recent years, there has been a growing interest in nanofiber materials for biomedical use including 
wound healing [1]. Nanofibers due to their properties (huge surface area, persistent diameter, high aspect 
ratio, and tailorability) provide multiple advantages for wound healing applications. Nanofibrous structures are 
most often prepared by electrospinning process [2,3]. During this process polymer nanofibers are prepared by 
electrospinning from a polymeric solution and trapped on base material (e.g. nonwoven textile). The resulting 
nanofibrous membranes show high porosity, uniform pore distribution, high pore interconnection and the 
overall structure mimics extracellular matrix [4]. Electrospinning was shown to enable processing wide range 
of polymers including synthetic biodegradable (i.e. polylactic acids, polyglycolic acid, polycaprolactone, 
polyvinyl alcohol, polyethylene oxide), natural biodegradable polymers (i.e. gelatine, collagen, hyaluronic acid, 
alginate, chitosan) and also synthetic polymers (i.e. polyamide, polyacrylonitrile, polyvinyl difluoride) [5].  

As a part of this research several mentioned polymers were used for the preparation of the nanofiber scaffolds. 
Polycaprolactone (PCL) is biodegradable polyester widely used on biomedical industry. The nanofibers 
prepared from polycaprolactone show biodegradation depending on molecular weight [6]. PCL nanofibers 
were shown to support adhesion and proliferation of keratinocytes, melanocytes, and fibroblasts [7]. Recently, 
we have reported nanofibers from PCL in form of wound dressing [8]. The system showed optimal healing by 
utilization as integrative wound dressing with low exchange rates. Adhesive properties of fibers upon exchange 
showed slower regeneration by removing of newly formed tissue upon removal. The PCL nanofibers were also 
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shown to stimulate the healing upon functionalization with blood derivatives [9,10]. Polycaprolacton-co-lactic 
acids (PLCL) are biodegradable polyester which shows higher elasticity then PCL [11], but this material is 
much less explored for electrospinning compered to PCL. Nevertheless, PLCL was shown to produce scaffolds 
in combination with natural polymers (i.e. collagen and heparin) [12]. Another fiber-forming polymer is 
poly(vinyl)alcohol (PVA), which is a biodegradable polymer with hydrophilic properties. PVA was shown to 
produce nanofiber scaffolds for wound dressings with potential for non-adhesive dressings [8]. 
Polyethyleneimine (PEI), and its derivatives, are polycationic polymers also widely used for electrospinning 
biocompatible scaffolds fabrication [e.g. 13]. Khanam et al. has developed and standardized the PEI-based 
scaffold, which promotes the direct formation of new tissue. 

Moreover, described biopolymers are utilized for increase of cell adhesion and biocompatibility of natural fibers. 
The nanofiber-based wound dressings were shown to be further functionalized by blending with hyaluronic 
acid [14]. Hyaluronic acid, that has unique capacity in retaining water, is neutral skin component involved in its 
moisturizing process [15]. Hussein et al. [16] has reported nanofiber based wound dressings formed by blend 
electrospinning of PVA and hyaluronic acid with L-arginine. The system showed increased wound healing 
potential in vitro. 

2. METHODS 

2.1. Electrospinning of polycaprolactone (PCL) 

Polycaprolactone (MW 45,000; Sigma Aldrich) was dissolved in chloroform: ethanol (9:1). The concentration 
of PCL was set 28% (w/v) and solution was stirred overnight at 50 °C. The formed solution was electrospun 
on InoSPIN MINI (InoCure) device using G10 needle electrode at 100 ml/h dosing rate. The voltage was set 
at +45kV, -35 kV and distance of 200 mm. The resulting nanofibers were collected on rotating drum collector 
(500 rpm). Each batch of fibers was spun from 30 ml of solution with deposition area of 1100 cm2. 

2.2. Electrospinning of polycaprolacton-co-lactic acids (PLCL) 

PLCL (Corbion) was dissolved in DMF. The concentration of PLCL was set 15% (w/v) and solution was stirred 
overnight at 50 °C. The formed solution was electrospun on InoSPIN MINI (InoCure) device using G20 needle 
electrode at 30 ml/h dosing rate. The voltage was set at +42kV, -30 kV and distance of 200 mm. The resulting 
nanofibers were collected on rotating drum collector (500 rpm). Each batch of fibers was spun from 30 ml of 
solution with deposition area of 1100 cm2. 

2.3. Electrospinning of poly(vinyl)alcohol (PVA) 

10% (w/v) PVA (40-88; Merck) was dissolved in distilled water with addition of 40,000 ppm glyoxal and 30,000 
ppm H3PO4. The solution was prepared overnight using stirring and heating (80 °C). The formed solution was 
electrospun on InoSPIN MINI (InoCure) device using linear slit needleless electrode at 100 ml/h dosing rate. 
The voltage was set at +45kV, -30 kV and distance of 200 mm. The resulting nanofibers were collected on 
rotating drum collector (500 rpm). Each batch of fibers was spun from 30 ml of solution with deposition area of 
1100 cm2. The formed scaffolds were crosslinked at 90 °C for 5 min. 

2.4. Electrospinning of polyethyleneimine (PEI) 

PCL-PEI scaffolds were prepared by blend electrospinning. Polycaprolactone (MW 45,000; Sigma Aldrich) 
was dissolved in chloroform: ethanol (9:1). The concentration of PCL was set 28% (w/v) and solution was 
stirred overnight at 50 °C. PEI (Alpha Aesar) was added to the solution in ratio 9:1 (w/v). The formed solution 
was electrospun on InoSPIN MINI (InoCure) device using G10 needle electrode at 100 ml/h dosing rate. The 
voltage was set at +45kV, -35 kV and distance of 200 mm. The resulting nanofibers were collected on rotating 
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drum collector (500 rpm). Each batch of fibers was spun from 30 ml of solution with deposition area of 1100 
cm2. 

2.5.  Electrospinning of PVA-HA 

8% (w/v) PVA (40-88; Merck) was dissolved in distilled water with addition of 40,000 ppm glyoxal and 30,000 
ppm H3PO4. The solution was prepared overnight using stirring and heating (80 °C). After dissolution 1% (w/v) 
of hyaluronic acid (Hyalgan) was added to the solution and left for additional 5 hours to stir at room 
temperature. The formed solution was electrospun on InoSPIN MINI (InoCure) device using linear slit 
needleless electrode at 100 ml/h dosing rate. The voltage was set at +45kV, -30 kV and distance of 200 mm. 
The resulting nanofibers were collected on rotating drum collector (500 rpm). Each batch of fibers was spun 
from 30 ml of solution with deposition area of 1100 cm2. The formed scaffolds were crosslinked at 90 °C for 5 
min. 

2.6. Characterization by SEM 

Samples were cut to discs (5 mm diameter) and coated with layer of platinum (sput-coater Quorum). The 
samples were analysed using Tescan Vega electron microscope. 

2.7.  MSC cell culture 

Blood marrow was aspirated from the iliac wing of a minipig into a 5 mL-syringe containing 1 mL PBS and 25 
IU heparin under general anesthesia. The mononuclear cells were isolated using gradient separation with the 
plasma substitute Gelofusine®. Briefly, blood marrow was mixed with 1.25 mL Gelofusine®. After 30 min, the 
upper and medium layers containing plasma, mononuclear cells, and erythrocytes were aspirated, and 
centrifuged at 270 × g for 15 min. Subsequently, the medium layer with mononuclear cells was aspirated and 
seeded in tissue culture flasks. Adherent cells were cultured in Minimum Essential Medium (MEM) (with L-
glutamine, PAA) containing 10% fetal bovine serum (Mycoplex, PAA), 100 IU/mL penicillin, and 100 µg/mL 
streptomycin. The cells were passaged using the trypsin-EDTA method before confluence was reached. The 
cells from the third passage were used for the cell culture study. 

2.8.  Platelet functionalization 

The PCL-based nanofiber scaffolds, selected as most satisfactory carriers, were tested in combination with 
thrombocytes to support the MSCs activity and/or viability. Platelets were adsorbed on the surface of the 
support using the vacuum functionalization device (Grade Medical). The MSCs were seeded in density 40,000 
cells/cm2 on the surface of platelet functionalized PCL nanofibers and PCL nanofibers without platelets. The 
samples were analysed on day 7 using propidium iodide (Sigma Aldrich) and DiOC6 (Sigma Aldrich) according 
to Knotek et al [17]. Samples were visualized using confocal microscope (Leica). 

2.9.  Doping of nanofiber carriers with growth factors 

The release of basic fibroblast growth factor (bFGF) from lipid particles based on 1-tetradecanol (Sigma 
Aldrich) drug delivery system was tested subsequently. The solid lipid particles (SLP) based drug delivery 
system were produced by the functionalization device (Grade Medical) using nano- or micro-emulsification 
process under the controlled condition (dose, temperature, rotation speed, pressure). 

3. RESULTS AND DISCUSSION 

Electrospinning process showed proper formation of nanofibers using multijet technology. The nanofibers from 
PCL showed highest production rate with formation up to 10 jets per emitter. In case of PLCL, the 
electrospinning process was slower and resulted in lower production capacity. PVA and PVA-HA were spun 
from needleless electrode enabling formation of > 50 jets. Due to lower production capacity caused by 
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increased surface tension and lower polymer concentration the process was slower and despite increased 
numbers of jets, the overall productivity was lower than in case of PCL. 

The process for all samples resulted in formulation of well solidified scaffolds enabling mechanical handling. 
The samples from PLCL showed shrinkage of scaffolds due to relaxing of mechanical tension in stretched 
PCLC polymeric chains. PCL showed highest mechanical stability. 

The analysis using electron microscopy showed proper fibrous morphology (Figures 1, A-D). PCL showed 
morphology with bimodal distribution of nanofibers (221 ± 48 nm - nanofibrous fraction, 536 ± 52 nm 
submicrofiber fraction). The morphology also showed minor population of microfibers. In case of PLCL the 
morphology of nanofibers was 750 ± 120 nm and showed partially beaded structure. In case of PVA the fibers 
showed size 250 ± 32 nm with low fiber deviation and homogenous structure. In case of PVA-HA combination 
was observed fibers with a diameter 270 ± 45 nm. PCL-PEI electrospinning resulted in formation of fibers with 
bimodal distribution of nanofibers (240 ± 65 nm - nanofibrous fraction, 420 ± 84 nm submicrofiber fractions). 

The overall structure of the fibers corresponds to macroscopic properties of nanofibrous layer. The low 
presence of defects improves mechanical properties of fibers. 

 

Figure 1 SEM images of electrospun nanofiber scaffolds based on PCL (A), PLCL (B), PVA (C)  
and PVA-HA (D) 

The initial results of in vitro testing of PCL with adhered thrombocytes have shown increased cell proliferation 
on platelet carriers compared to PCL nanofibers (see Figure 2). The results indicate bioactivity retention of 
thrombocytes after vacuum deposition. 
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Figure 2 Confocal microscope images of MSC proliferation on non-doped PCL carrier (left) and carrier with 
platelet-rich plasma (PRP) (right) 

Furthermore, we gave showed that vacuum deposition enables adsorption of solid lipid particles on the surface 
of nanofibers. The scaffold morphology shows microparticles attached on the surface of fibrous structure 
(Figure 3). The preliminary cell culture study indicates MSC survival on the scaffold with adsorbed SLPs 
(Figure 4). 

  

Figure 3 SEM image of SLP adsorbed on PCL 
nanofibers 

Figure 4 Confocal image of MSC on PCL 
nanofibers with SLP containing bFGF on day 7  

of culture 

4. CONCLUSION 

The electrospinning technology was showed to enable processing of PCL, PLCL, PVA, PEI and PVA-HA for 
wound dressing applications. The fibers showed beadles structure with different properties of nanofibers which 
were subsequently tested using MSCs. The samples with both platelets and SLPs showed cell adhesion 
properties and enabled cellular growth after 7 days in culture. The results suggest that vacuum deposition is a 
suitable method for functionalization of nanofiber scaffolds. However the potential of the formed scaffolds will 
be further evaluated in long-term cell culture and in vivo conditions, results obtained indicate these nanofibrous 
scaffolds as suitable carrier for MSCs themselves as well as carriers of drug delivery system for controlled 
release of supportive substances, such as soluble pro-regenerative factors, used during the MSCs therapy. 
Such a nanofiber-based dressings are then very promising for poorly healing wound therapy using MSCs with 
the main goal to make chronic wound healing more effective and decrease a time of healing process. 
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Abstract  

Various nanostructures, including liposomes, dendrimers, polymers, carbon or silicon materials, and metal 
nanoparticles seems to be evaluated as carriers in different gene delivery systems. Muscle cells are target of 
modern gene medicine, due to of the much pathology (arrhythmias, channels pathological mutation, abnormal 
apoptosis) with limited curability by traditional drugs. The zeta potential of the muscle cells were identified by 
non-traditional method of DLS. This was starting point to setting of parameters for experimental liposome, the 
liposome surface charge have been tested and modified by cationic plasmid and final complex was evaluated 
as delivery system of DNA into the muscle cardiac cells.  

Keywords: Nanoliposom, nanoparticle, transfection, zeta potential, cell engineering, regenerative medicine 

1. INTRODUCTION  

The zeta potential of the cells and the zeta potentials of the modern „Trojan horse particles“ (liposomes, 
exosomes, nanoparticles) are two key parameters, which must be tested to ideal compatibility, if there is the 
aim of the maximal effectivity of „Trojan soldiers“ homing into the living cells. The DLS technique was previously 
applied primarily in order to study microorganisms, cancer cells or blood cells [1,2]. We used a Zetasizer Nano 
ZS analyser to analyse the zeta potential of cardiomyocytes and also for characterisation of 
nanoparticles/nanoliposomes conjugated with GFP vector, which can be used s delivery system into the 
muscle and another type of mammalian cells. The analysis was correlated also with tests based on 
electrophoresis methods. Transfection of the cells and gen/protein delivery is the modern direction of the 
experimental medicine, however precise description of this phenomenon and developing of new „nano-entities“ 
need precise analysis of the surface charge and precise analysis of the interaction between cells and selected 
“Trojan particles“.  

2. METHODS  

2.1. Preparation of two types of cardiac cells 

Neonatal rat cardiomyocytes were isolated from Wistar 2-5 days old Neonatal rats. Hearts were removed and 
dissociated in a balanced salt solution containing 20 mM HEPES, 120 mM NaCl, 1 mM NaH2PO4, 5.5 mM 
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glucose, 5.4 mM KCl, and 0.8 mM MgSO4 (pH 7.3-7.4). Cardiomyocytes from the tissue homogenates were 
isolated by trypsin digestion, selection of cardiomyocytes were done using adhesive affinity to collagen bottom 
described in our previous experiments [3]. The cardiomyocytes cultures were suspended in DMEM and 
transferred (1000 cells/ 100 µL) to 96 well culture chamber plates, which was rewarmed to 37°C.  The first part 
of the cell culture was resuspendend and immediately taken from the bottom of plastic chamber and used for 
Zetasizer measurement of surface charge (chapter 2.2). The second part of the cells was incubated in DMEM 
medium and used for transfection tests (chapter 2.4) on microscopic unit. 

Adult rat cardiomyocytes were obtained from young adult Wistar rats (250 ± 50 g). The cardiomyocytes were 
isolated using the method of enzymatic dissociation via [4] (the heart was perfused with Ca2+ free Tyrode’s 
solution containing collagenase, the final dissociated cardiomyocytes were collected in Ca2+ free Tyrode’s 
solution and gently mixed with standard Tyrode’s solution (0.09 mmol/l CaCl2) and diluted 1:1 byDMEM 
medium in 96 well chamber in following 30 minutes. The first part of the cell culture were resuspendend from 
the bottom of plastic chamber after 10 minutes and used for Zetasizer measurement of surface charge (chapter 
2.2). The second part of the cells was used for transfection tests (chapter 2.4). All experiments underwent 
under improvement of ethics committee. 

2.2. The cell surface charge identification by Zetasizer 

The zeta potential of the cells was recorded in a suspension (0.3 × 10 6 cells/ml) using the electrophoretic light 
scattering technique on a Zetasizer Nano ZS analyser (Malvern Instruments, Great Britain). The 
measurements were performed in a U-shaped cell with gold-plated electrodes at 25°C or 37°C. 

2.3. The nanoparticle and lipid vesicle selection and their surface charge identification  

Nano-liposomes (NL) were prepared by hydration of phospholipid film method composed of N-[1-(2, 3-
Dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl-sulphate (DOTAP) and 1,2-Dioleoyl-sn-Glycero-3-
Phosphoethanolamine (DOPE) [1]. The suspension was extruded through polycarbonate filters (pore size of 
100 nm). Resultant liposomes were mixed with plasmid pcDNA4/TO-bio-myc-NES-EGFP to form lipid-DNA 
complexes, three variants of concentration were used (details in Results, Figure 2). 

Maghemite nanoparticles (FeNP) were synthesized by borohydride reduction (53 mmol in liquid ammonia) of 
ferric chloride FeCl3·6H2O (37 mmol), both purchased from Sigma-Aldrich Co. (St Louis, MO, USA), at room 
temperature. After the reduction reaction (indicated by change of colour to black), the temperature of the 
mixture was increased to 100°C and held constant for 2 hours. After cooling the mixture to room temperature, 
the magnetic fraction was separated using an external magnet and washed several times with water. Details 
in [5]. 

The surface of the liposomes or nanoparticles was modified by addition of plasmid pcDNA4/TO-bio-myc-NES-
EGFP to form final DNA-particle of DNA-liposome complexes. Conjugation was tested with three different 
concentration of plasmid (10 μg/μL, 20 μg/μL, 40 μg/μL) in conjugation solution (timing and temperature 
described in Results) and after the conjugation step the electrophoresis was used for quantitative detection of 
amount of free (non bound) plasmid and relative effectivity of plasmid binding (details in Results). 

3. RESULTS 

3.1. The cell surface charge identification by Zetasizer 

The zeta potential of cardiomyocytes in DMEM medium was measured under 25°C or 37°C respectively; all 
variants are reprinted in the following Table 1.   
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Table 1 Cell samples measurement by Zetasizer 

Sample variant Temperature 25°C Temperature 37°C 

Neonatal cardiomyocytes −9.60 mV −9.1 mV 

Adult cardiomyocytes −10.77 mV −14.24 mV 

3.2. The nano-complexes surface charge identification by Zetasizer and selection of the optimal 

concentration of solution for conjugation  

The positive surface charge was detected by Zetasizer and also by electrophoresis method on prepared NL 
and FeNP (on pure entities, non-conjugated with any plasmid). The addition of the different amount of the DNA 
plasmid to the conjugation solution underwent in 0.5 ml plastic microtube in thermostatic shaker (37°C, 120 
rpm), the mixture of different concentration of plasmid versus constant concentration of nano-entities caused 
different adhesivity of plasmid NL or FeNP, all variants of concentration (10, 20, 40 ng/μL of plasmid and 5 
μg/μL of FeNP respectively 0.5 μg/μL of NL) displayed that the final state of conjugation is almost stable formed 
in all variants of solution during the first 10 minutes. This fact gives possibility to apply plasmid and remodify 
the originally nano-entities to complexes covered by significant amount of plasmids in very short time. The 
most important information from electrophoresis data is quantification of relative and absolute amount of 
effectively binding plasmid versus resting non-bound plasmid, the data are represented on Figure 1 
(conjugation with liposomes) and Figure 2 (conjugation with nanoparticles). 

 

Figure 1 Effectivity of plasmid-FeNP complex creation in mixture tube. Mixed samples (from left to right 
variant 10, 20 or 40 ng/μL of plasmid in conjugation solution) were transpippeted to gel and fractions were 
measured after 30 min of migration on gel electrophoresis (110V, arrow means direction of field to anode). 

UV scan and Kodak software visualized bound / free fraction of DNA plasmid. 

 

Figure 2 Effectivity of plasmid-NL complex creation in mixture tube. Mixed samples (from left to right variant 
10, 20 or 40 ng/μL of plasmid in conjugation solution) were transpippeted to gel and fractions were measured 

after 30 min of migration on gel electrophoresis (110V, arrow means direction of field to anode). UV scan 
and Kodak software visualized bound / free fraction of DNA plasmid. 
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The surface charge detected in DMEM medium by Zetasizer was -5.3 mV for plasmid-FeNP complex (variant 

20ng/μL) and -1.1 mV for plasmid-NL complex (the variant 20 ng/μL)  

3.3. The test of the final transfection effectivity on the live cells  

Both types of optimized “Trojan horses” (complex based on liposomes or nanoparticles) were tested on cell 
cultures (addition of previously prepared plasmid-particle complex to DMEM at 37°C and 5% CO2 atmosphere 
of the lab incubator, absolute plasmid-particle concentration in solution was adjusted to 0,8 ng/μL in all finally 
comprised variant). The final GFP positive cells (48 hours after transfection) are describe in Table 2, the 
representative microscopically scans of cells are on Figure 3. 

Table 2 Transfection variants and effectivity on live cells 

Transfection variant Plasmid-NL complex Plasmid-FeNP 

Neonatal cardiomyocytes 5.5 ± 3.1 % 11.7 ± 5.5 % 

Adult cardiomyocytes 21.5 ± 8.5 % 12.2 ± 9.5 % 

 

Figure 3 Illustration of microscopically evaluation of neonatal cardiomyocytes transfection and visibility 
of GFP (variant plasmid-NL). Fluorescence mode exc.490/ em. 520nm (left), the same field of view 

visualized by phase contrast mode (right). 

The very actual preliminary data also illustrated the possibility of higher effectivity of invasion NL or FeNP 
complexes to the cardiac cells, if the altering electromagnetic field is applied on the cell samples (data not 
shown), optimizing of the electromagnetic field and its biocompatibility with muscle cells and covering tissue 
was stared in our parallel project [1]. 

4. CONCLUSION 

Our investigation has two basic outputs. The complex zeta potential analysis of cells and entities for gene 
delivery (cardiomyocytes and nanoparticles or nanolyposomes) has been identified using zetapotential mode 
of standard DLS machine. The amount of the bound DNA on final „Trojan nanosystems“ and charge profile of 
these nano-systems was adjusted and the optimised variant was used for pilot transfection experiments on 
cardiac cells.  Transfection effectivity was 5-20%, however the methods have potential to be upgraded by 
additive electromagnetic field which accelerate invasion of charged complex into the cells. 
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Abstract  

Metal nanoparticles find wide application potential in the biological research due to their unique optical, 
magnetic, electrical properties. Utilization of the nanoparticles prepared by chemical synthesis for biological 
research is limited by its solubility in water and toxicity. One potential solution to overcome this limitation is 
encapsulation of metal nanoparticles into protein or lipidic shell.  

Apoferritin is highly symmetric 12 nm protein cage composed of 24 apoferritin monomers which forms hollow 
structure with 8 nm cavity. Protein shell specifically interacts with the receptor on the cell membrane which 
facilitates uptake of the apoferritin from the extra-cellular environment into the cell. Due to the high stability of 
the protein cage and inherent capacity to encompass metal nanoparticles, apoferritin is widely focused as a 
potentionally optimal and general system for delivery of the metal nanoparticles into the organism.  

In addition, apoferritin can be also used as a nanoreactor for the nanoparticle production. We have generated 
a set of different nanoparticles encapsulated in apoferritin cage which we have intended to use as a label for 
structural and cellular biology research by cryo-electron microscopy. Here, we show that despite the 8 nm 
cavity, single 6-8 nm nanoparticle is not formed inside apoferritin cage. Instead, larger number of 2 nm or 
smaller nanoparticles is present inside apoferritin reducing overall number of atoms which can be incorporated 
into the molecule and thus the attainable contrast during electron microscopy imaging. Despite its wide 
utilization in life-science research, we conclude, that apoferritin derived nanoparticle system is not an optimal 
labeling probe for cryo-electron microscopy. 

Keywords: Apoferritin, metal nanoparticles, cryo-electron microscopy  

1. INTRODUCTION 

Chemical synthesis of metal nanoparticles (NPs) is nowadays progressive field of science. Metal nanoparticles 
can be produced in miligram-to-gram scale by various methods e. g. reduction of metal salts solution in 
presence of a surfactant [1-4], thermal decomposition of metal precursors [5-7], or ball milling [8,9]. They have 
found wide range of applications in electronics [10,11], optics [12], catalysis [13] etc. Furthermore, metal NPs 
are ideal candidates as contrast agent for life-science electron microscopy research due to the significantly 
higher electron density in comparison to biological samples. NPs bound to antibody or affinity tag are widely 
used in imuno-electron microscopy studies for localization of molecules of interest [14,15]. However, a robust 
system which would allow targeting molecules of interest inside living cell is nowadays not available because 
NPs are, in general, not taken by a cell and are, in most cases, toxic for cells. Even gold NPs which are 
declared as bio-compatible and non-toxic are not taken up by cells which limit their application as markers for 
research on viable biological specimen. Integration of the NP into the cell own shell is one potential approach 
to overcome this issue. Apoferritin was proposed as an ideal candidate for production of hybrid NPs due to its 
unique structural and functional properties [16]. 
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Apoferritin is a 12 nm hollow protein complex with 8 nm in diameter cavity. It forms a tetrahedral cage 
composed of 24 subunits connected through 14 pores. The structure has six twofold symmetry axes, four 
threefold symmetry axes, and three fourfold symmetry axes. Apoferritin monomers can withstand exposure to 
temperatures above 70 °C and wide pH range 2.0-10.0. The native protein is composed of two kinds of 
subunits, heavy and light (H and L). Apoferritin shell exhibits reversible self-assembling ability. The assembly 
can be destabilized or even disassociated into monomers under specific conditions which can subsequently 
be reassembled back to the apoferritin structure. It naturally binds iron, serves as iron storage, and functions 
in distribution of iron to areas where it is required. The inner cavity is able to absorb around 4500 atoms of 
Fe(III) to form ferritin [17]. 

Previous studies showed possibility to synthesize metal nanoparticles inside of apoferritin cavity. Various 
works declared monodispersive metal nanoparticles embedded in apoferritin shell [17-19]. Metal nanoparticles 
in apoferritin cavity can be prepared by two approaches: (A) the apoferritin shell is disassociated into 
monomers. This monomer solution is combined with metal source solution followed by apoferritin shell 
reconstruction, dialysis or gel filtration to remove excess metal ions outside of apoferritin cavities. Metal ions 
trapped into cavity are reduced to form metal nanoparticles; (B) Metal ions enter into the apoferritin cavity 
through channels, where they are trapped, and the excess of ions outside the apoferritin cage is subsequently 
removed followed by ion reduction inside the cavities. Herein, we have tested both approaches in order to 
generate hybrid NP where the apoferritin cage is completely filled with single large nanoparticle made of a 
defined metal. We have synthesized various types of metal nanoparticles and studied the role of pH and urea 
concentration on NP size and localization. We have found out that single large NP is not formed inside the 
apoferritin cage and instead large number of smaller NPs are present which is probably due to the presence 
of multiple sites for NP nucleation [20] 

2. EXPERIMENTAL 

2.1. Characterization and sample preparation 

Transmission electron microscopy (TEM) was performed on Tecnai F20 (FEI, Eindhoven) operating at 200 kV 
equipped with 4kx4k CCD camera. 4 µl of the sample was applied on a 3 mm TEM copper grid containing 12 
nm continual carbon film. The sample was incubated for 1 min on the grid and subsequently wicked away with 
a filter paper. Sample preparation for negative staining electron microscopy comprised 1 min incubation of 4 
µl sample drop on the TEM copper grid supplemented with 12 nm home-made continual carbon film followed 
by two round of rinsing the grid in 16 µl of 2 % solution of uranyl acetate, and removal of the residual amount 
of the mixture by filter paper. Finally, the sample was allowed to dry under ambient conditions.  

2.2. Preparation of the apoferritin sample 

Apoferritin was expressed from LF2422 plasmid which contains human H ferritin chain cloned into pGEX2T 
with a TEV site instead of a thrombin site (gift from Christos Savva). The plasmid was transformed into 
chemically competent E.coli BL21(DE3)pLYSS. Cells were plated on plates containing Ampicilin and incubated 
at 37 °C overnight. Few colonies were used as starter culture followed inoculation bigger volume of LB Amp 
medium. Cells were growing at 37 °C until A600nm = 0.1 then IPTG (0.5mM) was added to start apoferritin 
production overnight at 20 °C. Cells were harvested by centrifugation (4 °C, 5000 g, 20 min) and the cell pellets 
were resuspended in lysis buffer (1x PBS, Roche Complete Tablet, 0.5% Triton X-100, 0.5 mM TCEP, pH = 
7.4), lysed by sonication and the residual cellular debris were removed by centrifugation. Supernatant was 
incubated at 4 °C for 30 min with GST resin. The mixture was centrifuged and the pellet was washed four times 
with the wash buffer (1x PBS, 0.5% Triton X-100, 0.5 mM TCEP) followed by three washes with cleavage 
buffer (50 mM Tris pH = 7.5, 100 mM NaCl, 0.5 mM TCEP). The GST-tag was removed by incubation with 
1:100 w/w TEV protease overnight. Subsequently, the sample was purified by size exclusion chromatography 
(Superdex S200). The fractions of central peak were analyzed by SDS PAGE and cryo-electron microscopy. 
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2.3. Metal nanoparticles in apoferritin cavity synthesis and characterization 

Apoferritin was separately mixed with various metal precursors (HAuCl4·xH2O, CuSO4·5H2O, K2PdCl4 or 
NiCl2·6H2O) in molar ratio 1 : 20000 at pH 8.5 in buffer (0.1 mol·dm-3, TRIS and 0.15 mol·dm-3). Reaction 
mixtures were incubated at laboratory temperature for 24 h with agitation, and then dialyzed against same 
buffer pH 7.5 for additional 24 hours. Solution of NaBH4 (5 equivalent to metal salt) was added to the reaction 
mixtures which resulted in immediate change of color to ruby, reddish-brown, dark brown, and black for Au, 
Cu, Pd, and Ni, respectively. The reaction scheme is summarized in the Figure 1.  

 

Figure 1 Scheme of apoferritin incubation with metal precursors with subsequent procedures 

In case of HAuCl4, the reaction was monitored by TEM during the incubation period which preceded sample 
reduction. The results of the negative staining EM (TEM-NS) are shown in Figure 2. Apoferritin cavities are 
primarily without observable metal nanoparticles prior reduction (Figure 2-A). Only few apoferritin particles 
reveal small seeding gold NPs (Au-NPs, 3-85 Å). In addition, irregular gold particles (50-90 Å diameters) are 
presents despite the absence of the reducing agent. This phenomenon is probably caused by reduction of 
HAuCl4 by residual light during sample manipulation although the mixture was kept in dark during the whole 
reaction.   

Addition of reducing agent (NaBH4) caused color change of the reaction mixture from original pale yellow to 
ruby which indicated Au-NPs formation in accordance with TEM observation (Figure 2-B). Au-NPs are 
primarily located on the outside of the apoferritin cavity and are not removed during dialysis. Nanoparticles are 
irregular in shape with wide size distribution (20-320 Å). As the inner part of the apoferritin is primarily void of 
NPs, we speculate that the Au atom seeding the NP formation localizes close to the apoferritin pores and 
blocks the entry of other Au atoms into the cavity in these cases.  

In parallel, we have tested whether the accumulation of gold ions inside the cavity increases with the incubation 
time. We have prolonged the interaction time three times but we have not observed any effect with respect to 
number or size of the NPs present in apoferritin cavity (Figure 2-C). On the other hand, we have observed 
increased aggregation of apoferritin in this case.  

 

Figure 2 TEM-NS analysis of apoferritin incubation with HAuCl4 for 24 h after dialysis and before reduction 
(A), after reduction (B) and 72 h incubation (C)  
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The reactions of apoferritin with copper, palladium and nickel precursors are summarized in Figure 3.  

 

Figure 3 Summary of TEM analysis of apoferritin reacted with copper, nickel and palladium precursors from 
top to down. Columns A and B display negative and positive stained samples, respectively. Column C 

displays samples which were incubated 72 h. 

The reaction with copper (Cu-NP, Figure 3) reveals negligible amount of copper ions trapped by apoferritin 
cavities. Reaction mixture changed color from blue to reddish brown after adding of reducing agent. Negative 
stained sample characterized by TEM did not exhibit any visible metal signals located in apoferritin cavities. 
Positive staining EM data of the same sample showed small amount of metal nanoparticles which are 
intricately distinguishable from background. Long time incubation has not led to encapsulation of copper ions 
inside of apoferritin as shown in Figure 3-C. 

Reaction mixture of apoferritin and nickel chloride changed color from blue-green to black after NaBH4 addition. 
Nickel nanoparticles (Ni-NPs) are present in larger quantities inside apoferritin cavity in comparison to Cu-
NPs. We have observed very few Ni-NPs located inside of the apoferritin cavity, while the major part was 
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detected outside of the apoferritin shell in concert with the observation we have made earlier for Au-NPs. 
Presence of Ni-NPs was further confirmed by positive staining EM (Figure 3-B) where nanoparticles with 
diameters ranging 13 to 53 Å were observed. Prolonger incubation time has neither increased the portion of 
the nanoparticles present inside the apoferritin cavity, nor the diameter of the observed nanoparticles.  

The results of the palladium nanoparticle (Pd-NP) preparation were similar to Ni-NPs. Reaction mixture 
changed color from original orange to dark brown or black after addition of NaBH4. TEM analysis showed the 
highest tendency for interaction between metal ions and apoferritin among the metals we have used. Similarly 
to previous cases, Pd-NPs were observed both on the outside and inside the apoferritin cavity. Longer 
incubation time probably led to denaturation of apoferritin (Figure 3-C). In addition to the apoferritin cage 
molecules, various small protein species and higher amount of palladium nanoparticles were present. Small 
protein particles probably aroused from apoferritin disassociation. These mono- or higher units interacted with 
palladium ions and formed various palladium-protein composites. 

We have also performed apoferritin reaction with HAuCl4 in molar ratio 1 : 20000 at various pH values to 
understand its role in trapping of Au3+ ions in apoferritin cavity. Figure 4 summarizes reactions carried out at 
pH = 4.19 (A), 5.97 (B), 7.88 (C), 9.39 (D) 10.28 (E), and incubation reaction at pH = 10.28 carried out for 72 
hours (F). Reaction mixtures were reduced by NaBH4 (in molar ratio to HAuCl4 5 : 1) which was added after 
24 h of incubation. Dialyses were not performed. Reduction was accompanied by typical color change from 
original light yellow to final ruby. Reaction mixture carried out at pH 10.28 (Figure 4-F) spontaneously changed 
color from original light yellow to final ruby before NaBH4 addition. 

 

Figure 4 Summary of TEM analysis of apoferritin reacted with HAuCl4 at various pH. A = 4.19, B = 5.97, 
C = 7.88, D = 9.39 and E = 10.28. Figure F displays reaction under pH = 10.28 with incubation time 72 h 

The role of pH in nanoparticle formation was further monitored by TEM-NS (Figure 4). The reaction carried 
out at the lowest pH led to destabilization of apoferritin and formation of Au nanoparticles with broad size 
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distribution. Nanoparticles were not located inside apoferritin cavities similarly as in the case of the reaction 
carried out at pH 6 (Figure 4-B). However, the apoferritin degradation was observed to a lesser extent at pH 
6 (Figure 4-B) with respect to reaction carried out at pH 4 (Figure 4-A). Almost none of the intact apoferritin 
molecules were occupied by Au nanoparticles which were primarily concentrated on the apoferritin degradation 
products. Size distribution of gold nanoparticles was noticeably narrower at pH 6 than at pH 4. The most 
promising results were obtained when the reaction was carried out at pH 8 (Figures 4-C,D). Au-NPs embedded 
in apoferritin shell form agglomerates in this case, but the apoferritin molecules remain intact. Reaction 
performed at pH 9 led to similar results but apoferritin cavity is occupied by nanoparticles to lesser extent. In 
addition, small nanoparticle seeds were also observable outside of the apoferritin shell in this case. Increasing 
pH above 9 prevents uptake of the Au3+ ions into apoferritin cavities even for prolonged incubation time 
(Figures 4-E,F) [21]. On the contrary, large irregular Au-NPs were formed on the outside of the apoferritin 
cage in this case (Figure 4-F). 

3. CONCLUSION 

We have carried out a systematic study of the nanoparticle formation inside apoferritin cage using four different 
metal precursors (gold, copper, nickel and palladium). TEM analysis showed palladium nanoparticles which 
were formed in apoferritin cavities in the highest yield from all studied metals. The role of pH was described 
by TEM analysis when apoferritin was incubated with gold ions under different pH (in range of 4-10). Apoferritin 
was desaturated, disassociated and re-assembled into irregular species under the low pH. Increasing of the 
pH led to accumulation of Au3+ ions in the apoferritin cavities. The reactions carried out at pH 7-9 provided the 
largest content of metal ions inside the apoferritin cavity. None of the tested approaches resulted in 
homogeneously sized nanoparticles incorporated into the apofferitin cavity at high-yield and purity. Therefore, 
we conclude that this system for preparation of apoferritin-based nanoparticles is not suitable for production 
of biocompatible markers for electron microscopy. 
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Abstract 

The aim of this study was to prepare an antibacterial nanofibrous membrane using electrospinning technique. 
The nanofibrous membranes were spun from polymer solution of poly(vinylidne fluoride)-co-
hexafluoropropylene (PVDF-co-HFP) dissolved in N,N´-dimethylformamide. Monoacylglycerol of lauric acid 
(MAG C12) was used as an antimicrobial agent at the concentrations ranging from 1 to 3 wt%. The impact of 
MAG C12 incorporation on the rheological, structural and antibacterial properties was investigated. The 
rheological tests of polymer solutions, as steady shear and oscillatory shear, proved that addition of MAG C12 
changed marginally rheological quantities such as viscosity, elastic (storage) and viscous (loss) moduli. 
Measurement of mean nanofibres diameter indicated a slight decrease with increasing MAG C12 
concentration. Antimicrobial activity of PVDF-co-HFP nanofibre membranes with incorporated MAG C12 
against Gram-positive bacteria Staphylococcus aureus and Gram-negative Escherichia coli was studied. An 
antibacterial activity was revealed for the samples containing MAG C12 at all concentrations against Gram-
positive bacteria Staphylococcus aureus by the disk diffusion method.  

Keywords: Nanofibres, electrospinning, antibacterial membrane, rheology, polymer solution 

1. INTRODUCTION 

Usage of membrane technology is very common in many industrial fields as electro-technology [1,2], water 
treatment [3-5] or fluids separation [6]. At present, the fabrication of nanofibrous membranes by an 
electrospinning method is the common approach. Nanofibres are created in an electric field between polymer 
drop and a collector under optimized conditions. Fluorinated polymers as poly (vinylidene fluoride) (PVDF) or 
polytetrafluorethylene (PTFE) [7] are suitable for membrane fabrication, among other things also due to their 
high resistance to chemical and mechanical impact of environment. In recent years, the copolymer of PVDF 
with hexafluoropropylene (HFP) proved its potential due to better mechanical properties, lower crystallinity, 
better solubility and higher hydrophobicity compared with pure PVDF [3,4]. The modification of characteristics 
of electrospun nanofibers, e.g. hydrophobicity, is achieved by blending the polymer with such ingredients like 
monoacylglycerols to control wettability and obtain antimicrobial activity. Monoacylglycerols (MAGs) are 
organic compounds consisted of glycerol linked to fatty acid via an ester bond. The antibacterial (bacteriostatic 
and bactericidal) properties of saturated fatty acids and their derivatives, such as lauric acid monoacylglycerol 
with 12 carbon atoms, have been investigated by many researches [8-11]. Although the mechanism of 
inhibition is not completely known, Yoon et al. [12] present that the antimicrobial activity is given by three cells 
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processes based on cell lysis, disruption of electron transport in oxidative phosphorylation process and 
inhibition of membrane enzymes.  

The aim of this contribution was to prepare the electrospun antibacterial membranes based on PVDF-co-HFP 
dissolved in N,N´-dimethylformamide. Different concentrations of MAG C12 and solvent were used and 
rheological characteristics were investigated with an emphasis paid to correlation with nanofibres quality. 

2. EXPERIMENTAL 

PVDF-co-HFP Kynar® 2801 was purchased from Arkema (Arkema Inc. France). N, N´- dimethylformamide 
p.a. (DMF) used as a solvent was purchased form P-LAB (Czech Republic). Both chemicals were used without 
further purification. 1-monocaprin (MAG C12) was prepared by direct addition of decanoic acid into glycidol by 
the epoxide ring opening in a double skin reactor at the temperature of 90 °C [13]. The product was then 
recrystallized from ethanol to the purity of 99 %.  

2.1. Sample preparation 

Four samples differing in concentration of MAG C12 were prepared. Each sample contained 23 wt.% of PVDF-
co-HFP, the remaining 77 wt.% were shared by DMF and MAG C12 with the ratios 77-0, 76-1, 75-2, and 74-3 
wt.%. All samples were mixed at 25 °C using a magnetic stirrer Heidolph MR Hei-Tec (Heidolph, Germany) for 
24 hours. 

2.2. Rheological characterization of samples 

The steady shear and oscillatory tests were applied for the sample characterization. The measurements were 
carried out using a rotational rheometer Physica MCR 501 (Anton Paar, Austria) equipped with concentric 
cylinders geometry (the inner and outer diameters were 26.6 and 28.9 mm, respectively) at temperature 25 °C. 
Strain sweep measurement was carried out in the range 0.1 - 100 % and frequency sweep measurement was 
carried out in the range 0.1 - 100 Hz at 1 % strain. The phase angle δ was determined by means of the 
definitoric relation, tan δ = G”/G’, where G” is the loss (viscous) modulus and G’ is the storage (elastic) modulus. 
Consequently, the viscosity was measured in the range 0.1 - 300 s-1 and shear rate value 0.12 s-1 (in linear 
viscoelastic (LVE) region) was chosen as the reference point. 

2.3. Electrospinning process 

Nanofibrous mats were electrospun using a laboratory device (details are introduced in [14]) with the tip-to-
collector distance 10 cm under voltage 18 kV (a high voltage power supply Spellman SL70PN150, USA). The 
volume of the processed polymer sample attained approximately 0.2 mL. The experiments were carried out 
under ambient conditions (temperature 23 ± 1 °C, relative humidity 34 ± 1 %).  

2.4. Scanning electron microscopy 

The scanning electron microscopy measurement was used for characterization of electrospun fibres. The 
analysed samples were sputtered by a conductive coating (gold) layer using a sputter Quorum Q150R 
(Quorum Technologies Ltd., UK) and fibres quality was evaluated by a scanning electron microscope Vega 3 
Tescan (Tescan, Czech Republic). The mean fibres diameter was determined using Adobe Creative Suite 
software by means of which 300 fibres were analysed from 3 different samples.  

2.5. Wettability 

The wettability of the nanofibrous membranes was analysed by gauging contact angles according to the sessile 
drop method using the Surface Energy Evaluation System by the Advex Instruments (Czech Republic) at 
laboratory temperature. The mean values were calculated as an average from five independent 
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measurements. Demineralized water was employed as the reference liquid; the volume of each deposited 
droplet attained 3 µL. 

2.6. Antibacterial tests - agar disk diffusion method 

In order to observe the antibacterial activity, the agar disk diffusion method was carried out: circular samples 
(9 mm in diameter) of nanofibres from neat PVDF-co-HFP or PVDF-co-HFP enriched with MAG C12 (1, 2, 3 
wt.%) were placed on agar plates previously inoculated with 1 mL of 0.5 McF turbid bacterial suspension 
(Escherichia coli CCM 3954, Staphylococcus aureus CCM 3953) in sterile saline solution. Moreover, sterile 
paper disks (9 mm in diameter) were loaded by 10 µl MAG C12 (5 wt.% in ethanol) and tested in the same way 
as nanofibres. The plates were incubated at 37 °C for 24 hours and the whole experiment was repeated three 
times. The inhibition zones as well as growth under the samples were evaluated. 

3. RESULTS AND DISCUSSION 

Proper electrospinnability of polymeric materials is closely related to their viscoelasticity. The following 
rheological measurements were carried out for four polymeric materials differing in MAG C12 content (0, 1, 2, 
and 3 wt.%). First, oscillatory strain and frequency sweep measurements describing a degree of elasticity of 
the studied materials are depicted in Figure 1. Based on these measurements, the phase angle δ relating a 
mutual ratio of viscous and elastic moduli was determined, see Figure 2 (left). The values of shear viscosity 
obtained for the value of shear rate 0.12 s-1 in the linear LVE region are presented in Figure 2 (right) jointly 
with the mean fibres diameters. Figure 3 provides visual evaluation of all four nanofibrous mats. Unlike e.g. 
dodecyltrimethyl ammonium bromide used as antibacterial agent in [15], monoacylglycerol MAG C12 does not 
change the structure of the fibres.   

Apparently, monoacylglycerol MAG C12 had a negligible impact to the storage and loss moduli and mean 
nanofibre diameter contrasting to its influence on hydrophobicity (hydrophilicity) of nanofibrous membranes. 
Their wettability was evaluated by the sessile drop method as presented in Table 1. The mean contact angles 
document hydrophilic behaviour for the MAG C12-modified nanofibrous membranes while the pure PVDF-co-
HFP membrane exhibits hydrophobic behaviour. 

   

Figure 1 Oscillatory strain (left) and frequency (right) sweep measurements characterizing viscoelastic 
nature of polymer solutions 
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Figure 2 Phase angle (left), shear viscosity of polymer solutions (right) and mean fibre diameter of 
electrospun nanofibres (right) 

            0 wt.% MAG C12              1 wt.% MAG C12            2 wt.% MAG C12             3 wt.% MAG C12 

 

Figure 3 The quality of nanofibrous mats without/with added MAG C12 

Table 1 Contact angle for PVDF-co-HFP nanofibrous membranes in dependence  
             on MAG C12 content 

MAG C12 concentration (wt.%) 0 1 2 3 

Contact angle (deg) 128 19 25 26 

The antibacterial activity of MAG C12, neat PVDF-co-HFP and PVDF-co-HFP/MAG C12 nanofibrous 
membranes against Escherichia coli and Staphylococcus aureus was performed by the agar disk diffusion 
method. MAGs were previously reported to be effective against various Gram-positive and Gram-negative 
bacteria [12]. In this work, it was found that MAG C12 (5 wt.%) against E. coli is effective and against S. aureus 

has antibacterial activity, see Table 2. Neat PVDF-co-HFP nanofibrous membranes exhibited no growth 
inhibition using the disk diffusion method, on the other hand MAG-modified membranes proved antibacterial 
activity against Staphylococcus aureus, see Figure 4. Antibacterial activity of MAG C12 incorporated into 
nanofibrous membranes was higher with increasing concentration, however the effect of 2 wt.% and 3 wt.% 
PVDF-co-HFP/MAG C12 nanofibrous membranes seemed to be comparable. PVDF-co-HFP/MAG C12 
nanofibrous membranes did not prove to be inhibitory against Escherichia coli. Nevertheless, it is possible to 
expect antifouling activity against all bacteria as it was proved for the similar system of PVB/MAG C10 
nanofibrous membranes [16]. 
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Smaller inhibition zones observed in the case of PVDF-co-HFP/MAG C12 nanofibrous membranes in 
comparison with MAG C12 can be explained either by lower concentration of applied MAG C12 or/and by 
lower amount of MAG C12 diffused from membranes. Monocaprin (MAG C10) have been reported to exhibit 
very similar antibacterial activity as monolaurin (MAG C12). It was recently published that MAG C10 from 
PVB/MAG C10 nanofibrous membranes was not diffused almost at all [16]. On the other hand, this work proves 
a release of MAG C12 from PVDF-co-HFP/MAG C12 nanofibrous membranes. 

    

Figure 4 The inhibition zones of S. aureus (SA) nanofibrous membranes without/with added MAG C12  
(from left to right: 0 wt.%, 1 wt.%, 2 wt.%, 3 wt.%) 

Table 2 The inhibition zones of nanofibrous membranes PVDF-co-HFP/MAG C12  
             (disk diameter 9 mm) 

 SA (mm) EC (mm) 

MAG C12 (5 wt.%) 27 11 

PVDF-co-HFP / 0 wt.% MAG C12 9 9 

PVDF-co-HFP / 1 wt.% MAG C12  13 9 

PVDF-co-HFP / 2 wt.% MAG C12 19 9 

PVDF-co-HFP / 3 wt.% MAG C12 18 9 

4. CONCLUSION 

The application of MAG C12 as an antimicrobial agent exhibited non-negligible advantages. As documented 
above, no changes in rheological characterization of primary solutions were evoked by adding this agent in 
units of percentage. The courses of loss and storage moduli, and shear viscosity were practically unchanged 
as well as the mean nanofibre diameters. The addition of MAG C12 had other positive aspects. First, a purely 
hydrophobic behaviour of neat PVDF-co-HFP membranes was abruptly converted to hydrophilic character with 
adding as low as 1% of MAG C12, which is suitable for filtration applications. Moreover, the antimicrobial 
efficiency of PVDF-co-HFP/MAG C12 membranes against Staphylococcus aureus was proved. 
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Abstract  

Nowadays, the rapid identification of bacterial antibiotic resistance is one of the major biomedical challenges. 
Classical methods of detection (culture and sensitivity testing, microbial whole-genome sequencing) fail in the 
context of time requirements. In this work, we propose the express method for the detection of gene encoding 
enzyme responsible for bacterial antibiotic resistance. Proposed analytical approach is based on a combination 
of unique advantages provided by surface enhanced Raman spectroscopy (SERS) and artificially created 
convolutional neural network (CNN). SERS is known for the extremely high sensitivity and fast analysis, while 
CNN seems to be a promising alternative to find even ambiguous spectral properties produced by the Raman 
signal. 

Keywords: SERS, DNA, neural networks, CNN, antibiotic resistance 

1. INTRODUCTION 

The culture-based approach for diagnosis of antibiotic-resistive bacteria development is currently used. 
However, culturing of the bacteria takes more than 24 hours and together with further species identification 
and evaluation can prolong time of analysis up to several days [1], which is crucial in need of urgent treatment. 
On the other hand, such methods as multiplex PCR, [2] electrochemical detection [3], and mass spectrometry 
[4] can achieve high accuracy for recognition of specific DNA, responsible for antibiotic resistence. 
Nevertheless, these techniques require expensive instruments, sophisticated sample preparation, and trained 
staff for obtained data analysis [5]. 

Recently, Surface-enhanced Raman scattering (SERS) analysis became a promising analytical tool in the field 
of sensing of DNA oligomers, with especial focus on the presence of antibiotic-resistant genes [6;7;8]. The 
main advantages of this method are related to the possibility to provide rich spectral information obtained 
through direct analysis of biomedical samples [9]. However, poor reproducibility and possible interferences of 
SERS bands due to the complex structure of biological samples restrict the direct SERS application. As an 
overcoming solution the machine-learning spectral data analysis was recently proposed [10,11]. It is well 
known, that typical post-processing statistical tools, such as PCA, linear discriminant analysis or 2D correlation 
fail in the need to find non-linear spectral correlations [12], when machine learning algorithms are characterized 
by a capability to found complex relationships in data analysis, making the overall analytical procedure highly 
reliable. 

In our previous work [10,11], combination of SERS and artificial neural networks for relevant DNA oligomers 
recognition and its promising applications were demonstrated for the first time, and now we have focused on 
the optimization of the biosensor to increase the reproducibility, accuracy and usefulness of the 
measurements. 
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2. EXPERIMENTAL 

2.1. Reagents 

Acetic acid (reagent grade, ≥99 %), diethyl ether, deionized water, 4-aminobenzoic acid (≥99.0 %), p-
Toluenesulfonic acid monohydrate (ACS reagent, ≥98.5 %), high-purity water (EMD MILLIPORE) were 
purchased from Sigma-Aldrich and used without further purification. The oligonucleotides (ONDs) were 
obtained from Thermofisher. The OND sequences used in this study are presented in Table S1. DVD+R disks 
(Verbatim) were purchased from local shop (Alza). 

2.2. Preparation of samples 

For preparation of plasmon-active substrate the polymer grating was used. The Au thin film was deposited 
onto a patterned polymer surface by vacuum sputtering (discharge power of 7.5 W, sputtering time 350 s, 
resulted in thickness 25 nm). 

The obtained gratings were spontaneously modified by soaking in 1 mM freshly prepared aqueous solution of 
4-carboxybenzenediazonium tosylate (ADT-COOH) and rinsed with water and ethanol twice. 

0.5 nmol of Au-C (NH2-terminated) was grafted to surface through EDC/sulfo-NHS activation. For DNA  
hybridization experiments the 10 mM Tris buffer was used. All samples were kept in a refrigerator at 5 ˚C 

2.3. Characterization techniques 

For characterization of the sample surface and nanomechanical properties the peak force AFM technique was 
used. AFM scratch tests were carried out on control sample on glass substrate by profiling across a scratch at 
an angle of 90° relative to the surface. SERS spectra were measured On ProRaman-L spectrometer with 785 
nm excitation wavelengths. The spectra were recorded at a resolution of 2 cm−1 in the 3000-200 cm−1 
wavenumber range. UV-Vis spectra were measured using Spectrometer Lambda 25 (Perkin-Elmer) in 300-

1100 nm wavelength range. 

2.4. CNN data processing 

All SERS spectra were evaluated using home-made CNN design with implementation of TensorFlow 2 
framework [13]. The collected data set consisted of individual spectra marked with corresponding categories. 
Spectra preprocessing involved their normalization and noise removing. The training was continued until 
manually observed convergence, which took 50 epochs in total, training and validation losses were converged 
to 0.1299 and 0.1291 respectively. 

3. RESULT AND DISCUSSION 

Recent advances in achieving low limits of detection and possibility to get massive spectral data in a short 
period of time make surface-enhanced Raman scattering a useful tool for the detection of DNA oligomers [10]. 
However, spectral differences are easily masked by background noise in complex biomolecules; thereby peak 
interference reduces universality of the method. On the other hand, artificially created convolutional neural 
network (CNN) is characterized by the ability to split the interfered peaks and reveal the most important regions 
of the spectrum [14] for the more accessible data interpretation. 

To get rid of the long sample preparation, polymer grating as a cost-effective and commercially available 
alternative for the biosensor platform was used. After sputtering of the plasmonic metal (Au), periodical 
structure of the grating provided the SERS effectivity.  The thickness of gold was optimized to get the highest 
enhancement factor (Figure 1). Optimization have demonstrated that the value of EF reach 2.3*106 in the case 
of 25 nm thick gold layer (350 s of sputtering). 



 October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

363 

 
Figure 1 Calculation of EF of gold grating: SERS spectra of R6G on Au grating with various thicknesses 

Activation of the low-reactive surface of the substrate was achieved by diazonium modification for 4-
carboxyphenyl groups grafting, which are then able to covalently bond with the amino-terminated OND (C-
OND) (Figure 2). 

 
Figure 2 Scheme of preparation of gold grating with grafted capture oligonucleotide (Au-C) 

 
Figure 3 Characterization of Au and Au-C: (a) UV-Vis spectroscopy, (b) Calculation of enhancement factor 

of Au using R6G (insert is simulation of EM field distribution); (c) SERS spectra; (c) survey XPS spectra 
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SERS spectra of Au-C confirm the successfulness of C-OND grafting via the appearance of new characteristic 
bands typical for the oligonucleotide structure. (Figure 3C). The attachment of 4-carboxyphenyl groups  
leads to the appearance of carboxyl group related peaks (1596 cm-1) and aromatic ring (786, 852, 1086, 1214 
cm-1). After the coupling with amino-terminated OND-C, there are new peaks in the region 780-1600 cm-1, 
which are typical for the oligonucleotide structure (bands at 778 cm−1, 1310 cm−1, 1359 cm−1, and 1422 cm−1).  

Also, the simulation of plasmon intensity across the grating was performed by finite-difference-time-domain 
method (FDTD). Numerical simulation of the electric field (EF) distribution on gold grating was performed for 
excitation with 785 nm light (Figure 3 A). Cross sections of one period of the structure yielded the distribution 
of the localized EF, suggesting that the energy is indeed concentrated in the slopes of the grating (Figure 3B). 

According to SEM and AFM images, morphology of the resulting substrate consisted of parallel wave-like 
patterns, with a height of about 168±3 nm and a period of about 710±7 nm (as measured from a cross-section 
profile, Figure 4). After the diazonium modification and covalent grafting of amino-terminated C-OND the 
pristine grating structure was conserved.  

 
Figure 4 profiles of Au and Au-C, inserts are magnified scans (0.4×0.4 µm2) 

To get spectral information about the presence of NDM-encoding gene (T-OND), samples already grafted with 
the first OND (Au-C) were immersed in a buffer solution to capture the second one. Massive SERS spectra 
collected prepared samples from were used as a NN input for the deep learning to identify the presence of 
NDM-encoding gene. 

The validation data were utilized for convolutional NN training to automated multiclass classification of the 
corresponding ONDs using a trained neural network for differentiation between various DNA. The deep 
convolutional neural network implemented within Keras was used for classification [15]. The network was 
trained on 75% of randomly selected data and verified on 25% of data. After verifying the convergence, the 
accuracy reached 99.92% with a level of confidence exceeding 95%.  

Also it should be noted that the total time from the beginning of the measurement to obtaining the results is 1-
1.5 hours with a preset program of the neural network that is a huge advantage compared to gold-standard 
cultural-based methods taking more than 24 hours. 

4. CONCLUSION 

Here we demonstrated the proof-of-concept performance of sensor by the analysis of ONDs related to specific 
genes responsible for antibiotic resistance. We utilized grafted SERS substrates for DNA capturing. Prepared 
sensor was involved in the hybridization with T-OND and other mutated ONDs. Further collected SERS spectra 
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measured by Raman spectrometer were utilized as a learning dataset for CNN. Several types of ONDs were 
detected with accuracy higher than 99,9% with a level of confidence exceeding 95%. 

As developed sensor is operated by the ONDs in the similar way as PCR methods does, it is applicable not 
only for bacterial resistivity but also for tumors, diseases, food and toxicants. This entitles our method to be a 
universal easy-to-performed platform for the detection of DNA oligomers. 
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Abstract 

The mechanical and biomechanical properties of the cell's extracellular matrix is a factor in their later 
development.  In this regard, elastic biocompatible materials as a surface for cultivating cells are in recent 
years, becoming an exciting field of study. Hydrogels are a hydrophilic 3D network of synthetic polymers or 
biopolymers. They can have tunable mechanical properties, controllable degradability, or they can be designed 
for long-time release of treatments. Here, hydrogels from Hyaluronic acid (HA), Bovine serum albumin (BSA) 
and gelatin was prepared, via carbodiimide chemistry. Morphology and mechanical properties of these 
hydrogels was characterized via Atomic Force Microscopy (AFM). Young's modulus of HA/BSA and 
HA/BSA/gel were 124.7 ± 15.9 and 20.3 ± 0.5 kPa, respectively. Mouse embryonic fibroblasts were then 
cultivated on hydrogels and on the glass surface as a reference. Mechanical and morphological properties of 
fibroblasts were examined by AFM and via phalloidin-TRITC staying. Relationship between the structure of 
cells and the type of surface was seen. Cells grown on glass were more flattened with an evenly linear actin 
structure. On hydrogels, fibroblasts were more star-shaped with non-linear actin structures and many filopodia. 
Furthermore, height of cells was higher was lower compared to cells on both types of hydrogels (0.36 µm vs. 
0.56 µm vs. 1.03 µm). Young's modulus of cells on fibroblast was highest, which relates to the whole range of 
structural changes linked with surface stiffness. In conclusion, this type of hydrogel might be utilized in the 
future as a better surface material for cell cultivation.  

Keywords: AFM, Hydrogel, Actin structure, hyaluronic acid 

1. INTRODUCTION 

Cells can recognize various cues by extracellular matrix (ECM), starting from various chemical signals and 
proteins interactions to ECM's mechanical properties. Each cell type favors a different set of these cues to 
work correctly. A classical approach consists in vitro cell culturing on plastic or glass surfaces. Although it is 
universally accepted as a standard cultivating surface, it does not mimic ECM in any way. Moreover, it has 
been reported that cells cultivating on flat surfaces can demonstrate the abnormal distribution of integrins or 
forced cell polarity [1]. It has also been shown that different mechanical properties of the growth surface affect 
morphology and differentiation, organelle organization, cell migration, or resistance to chemotherapy [1-4]. In 
recent years, there is an increasing need for a biocompatible scaffold for cell cultures with tunable mechanical 
properties and bioactivity. Hydrogels, 3D networks of synthetic or biopolymers with high water retention has 
proven useful in that regard [1, 5-7]. To mimic ECM mechanical properties and high-water retention, it is ideal 
to synthesize hydrogels from biopolymers. As a major component of the extracellular matrix in various tissues, 
Hyaluronic acid (HA) comes to mind [8]. HA is anionic biopolymer, consisting of its structure N-
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acetylglucosamine and D-glucoronic acid repeating units. In the cell, HA forms long chains, partially stabilized 
by weaker bonds between them. To modulate mechanical properties such as stiffness and elasticity, HA must 
be further stabilized by cross-linking. Chemical modification of hyaluronic acid by carbodiimides (EDAC) has 
been often used to stabilized HA [5,9]. EDAC modify side-groups of HA and mediate ester bond formation 
between hydroxyl and carboxyl groups of HA. Other types of biopolymers or molecules can be mixed with HA 
and EDAC to get different mechanical properties, such as collagen [5] or gelatin [7]. Bovine serum albumin 
(BSA) by its similarity with human variant, is an interesting candidate as material for a hydrogel, with the 
capability to bind, retain and release a variety of molecules in a defined manner [10,11].  

In this study, the hydrogel matrix from HA and BSA was prepared and characterized. For improved mechanical 
stability, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDAC), together with N-hydroxysuccimid (NHS) 
was used as a cross-linking agent. Resulting hydrogels were characterized by Atomic Force Microscopy for 
topography and mechanical properties in various conditions (temperature, medium). Resulting hydrogels 
showed desirable mechanical properties; however, Young's Modulus (YM) was further modulated by the 
addition of gelatin into hydrogel mixture. To demonstrate different morphology of cells on softer substrates, 
mouse embryonic fibroblasts (MEF) were then cultured on hydrogels. Finally, the actin structures of cells by 
Phalloidin-TRITC staining was analyzed.   

2. METHODS 

2.1. Materials 

BSA, EDAC, NHS, Gelatin and Phalloidin-TRITC were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Trimethylamine (TEA) and (3-Aminopropyl)triethoxysilane (APTES) used for silanization were purchased from 
Honeywell research chemicals (Charlotte, NC, USA). Hyaluronic acid (MW=550 kDa) was kindly provided by 
Jan Víteček. HEPES was purchased from ROTH (Carl, Germany). Mitotically inactivated mouse embryonic 
fibroblasts (mEF) for cultivation were kindly provided to us by Vladimir Rotrekl research group, LF Masaryk 
University.  

2.2. Silanization of glass cover slips 

To immobilize hydrogels for AFM measurement, alkoxysilane molecules were introduced on glass slips 
surface. Firstly, glass slip was attached on the bottom of the petri dish (TPP, Trasadingen, Switzerland) and 
cleaned with chromic acid, deionized water, and ethanol. After that, dry and clean petri dish with a glass slip 
attached was put to a vacuum desiccator together with 50 µl of TEA and 50 µl of APTES. Vacuum was applied 
for 10 minutes, and then samples were left in desiccator for 2 hours.  

2.3. Fabrication and cross-linking of HA/BSA hydrogels 

Hydrogel mixture was prepared from HA and BSA, with a weight ratio of 2:8, respectively. For 100 µl of mixture, 
50 µl of HA (32 mg/ml) and 50 µl of BSA (128 mg/ml) was added. Alternatively, 10 µl of gelatin (50 mg/ml) was 
added at BSA's expense. After thorough mixing, 6 mg of EDAC and 1 mg NHS was put into a mixture. Resulted 
slurry was poured on a silanized glass coverslip. After two hours of polymerization at room temperature, 2 ml 
of HEPES (50 mM) was added and hydrogels were left to swell overnight in 5 °C.  

2.4. Characterization of topography and mechanical properties by AFM 

For topography measurements, "Imaging in contact" mode on Atomic Force Microscope (JPK NanoWizard 3, 
Bruker, Billerica, MA, USA) was used with HYDRA-2N-100N cantilever (AppNano, Mountain View, CA, USA). 
Imaged area was 10x10 µm with setpoint: 100 pN, iGain: 50, PGain: 0.006, Z range: 15 µm, and Scan rate: 
1 Hz. For the measurement of mechanical properties, ‘’Force Mapping’’ mode with setpoint 
0.5 nN, relative setpoint: 1 nN, IGain: 70 Hz, PGain: 0.002 and extended time: 0.5 s, was used. Lastly we 
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"Quantitative imaging" mode for topography images was used. The temperature of samples was maintained 
at 37 °C by Petri Dish Heater (Bruker, Billerica, MA, USA). 

Force maps acquired were processed in JPK Data Processing 5 software using the Sneddon-Hertz model. All 
other processing of AFM images was done in Gwydion software [12].  

2.5. Cultivation of cells on hydrogels and phalloidin staining 

Frozen mitotically inactivated mouse embryonic cells were thawed in a water bath (37 °C) and then transferred 
into 15 ml tube. After that 12 ml of cold mEF medium (86 % KnockOut Dulbecco modified eagle medium, 10 
% fetal bovine serum, 1 % L-glutamine, 1 % penicillin/streptomycin, 1 % nonessential amino acids, 0,1 mM 2-
mercaptoethanol) was poured into a tube, which was then centrifuge 200g/5 min. Medium above the cell pellet 
was removed and warm mEF medium (37°C) was added. The resulting cell suspension was divided between 
hydrogels samples. 

Cells were stained after two days of cultivation. Firstly, mEF medium was removed, cells were washed with 
PBS buffer and then fixated with 3.7% paraformaldehyde in PBS for 5 minutes at room temperature. Samples 
were washed with PBS 3x times and incubated with 0.1% Triton-X in PBS for 10 minutes and washed with 
PBS again. After that 200 µl of phalloidin-TRITC was added for 60 minutes, washed in PBS, and 200 µl of  
0.1 % DAPI were added. Finally, samples were washed 2x in PBS, dried and stored for further measurement. 

The confocal microscope (LSM 700, Zeiss, Oberkochen, Germany) was used for imaging phalloidin and DAPI 
staining. Images were further processed in ImageJ software [13]. 

3. RESULTS AND DISCUSSION 

3.1. Optimization and characterization of hydrogels by AFM In the process of optimization HA/BSA hydrogel 
system, two sources of HA - Hyaluronic acid sodium salt and high molecular crosslinked Hyalobarrier 
gel, was tried. Latter mentioned source could not be sufficiently polymerized. Ester bond formation 
during EDC/NHS reaction occurs on hydroxyl and carboxyl groups of HA and BSA.  

 

Figure 1 - Results from optimization of hydrogel preparation process. A - Difference between dry and 
rehydrated hydrogel, where we can see elevated YM of latter mentioned. B, C - Results of YM and 

Roughness of HA/BSA and HA/BSA/Gelatine hydrogels in room temperature (RT) and 37 °C. 

3.2. Hyalobarrier gel comes from production already partially polymerized and It probably either lacks active 
groups, or they are not available for the reaction. For further experiments, HA sodium salt was used. 

Mechanical properties of hydrogels without gelatin were tried first. During Force mapping, the cantilever 
frequently lost contact with the surface, and stiffness values were in units of MPa (Figure1A - Dry). High 
stiffness might have been caused by collapsing of hydrogel structure under AFM cantilever, which was 
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previously shown [14,15]. Findings in previous study with alginate hydrogels suggested, that drying out 
and rehydrating of hydrogels can stabilize the structure. [16]. Therefore, same approach was utilized, 
which a partial success. While the cantilever was no longer losing contact with hydrogel, the stiffness 
was even more elevated. In Figure 1A we can see YM for both dry and rehydrated hydrogels. It was 
concluded that hydrogel, after drying out, could not be rehydrated well enough, which on the one hand, 
might have caused better strength, but on the other hand, higher stiffness. Therefore, preparation 
process was optimized by letting hydrogels polymerized at room temperature with addition of HEPES 
buffer after two hours. Figure 1B shows YM of HA/BSA and HA/BSA/Gelatin hydrogels in room 
temperature and in 37 °C. In previous studies, it has been stated that rotation around linkages in 
structure of HA are easier, with increasing temperature [17], causing better flexibility and, therefore, 
lower stiffness. Yet, this effect was not seen in our experiments. The addition of gelatin into a hydrogel 
mixture had an effect on YM (124.7 vs. 20.32, P < 0,0001). Roughness values did not differ significantly 
(Figure 1C). Figure 2 shows representative topography and YM AFM maps of HA/BSA and 
HA/BSA/Gelatin hydrogels. For cell cultivation, both HA/BSA and HA/BSA/gelatin hydrogels were 
chosen. 

 

Figure 2 - Representative AFM maps of Young's Modulus and topography of HA/BSA hydrogel in RT (1A, 
1B), respectively and HA/BSA/gelatine hydrogel in RT (1B,1D). 

3.3. Cultivation of cells and actin structures 

The primary aim of this experiment was to determine if and how cells will grow on hydrogels. Thus, Mouse 
embryonic fibroblast on HA/BSA, HA/BSA/gelatin hydrogels, and on glass for reference, were cultivated. The 
structure of cells was evaluated via actin staining. Topography and mechanical properties were measured by 
AFM. In Figure 4, pictures from confocal microscopy, actin structures via phalloidin-TRITC staining, and 
topography via AFM for the sample with reference surface, can be seen. Fibroblasts were most evenly grown 
on the glass. Actin structures and filopodia were mostly linear. On the other hand, cells on hydrogels were 
more irregular, often star-shaped, with more prominent filopodia and lamellipodia (arrows in 4E, H). Atomic 
Force microscopy was used to obtain topography images and mechanical properties of cells. Figure 3A shows 
that cell stiffness was highest on glass surface and dropped on hydrogels surfaces. This results suggests that 
there is influence of cultivating surface on cell stiffness, firstly in the sense that the object with the same 
stiffness would appear softer on softer surfaces and vice versa, but secondly, due to changes in cellular 
structure, due stiffness of the surface. These changes in cellular structure are visible from topography images 
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and actin structures, where cells are growing in a different manner, which is changing mechanical properties. 
Fibroblasts on glass were flatter (Figure 4C), and height was increasing with decreasing stiffness of surface. 
This trend is visible in Figure 3B.  

 

Figure 3 - A - Young’s Modulus of cells was highest in glass sample and lowest in both hydrogels (89.3 ± 
60.7 vs. 14.0 ± 5.9 vs 4.3 ± 3.7). B - Relationship between contact point of AFM cantilever in µm and 

Young’s Modulus of surface. In other words, cells are more likely to flattened on stiff surfaces then on soft 
surfaces. 

 

Figure 4 - Representative images of cells in confocal microscopy, actin structures and AFM topography.  
A-C - cells on glass; D-F - cells on HA/BSA hydrogel; G-I - cells on HA/BSA/gel hydrogel. (arrows represents 

filopodia and lamellipodia) 
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4. CONCLUSION 

In this study, hydrogels from hyaluronan, bovine serum albumin, and gelatin was prepared, using carbodiimide 
chemistry for cross-linking. Hydrogels were characterized by Atomic Force Microscopy, and stiffness values 
were calculated via the Hertz-Sneddon model from force curves. Values of Young’s modulus were 124.7 ± 
15.9 and 20.3 ± 0.5 kPa, for hydrogels with and without gelatin, respectively. Mouse embryonic fibroblasts 
were cultivated on both types of prepared scaffolds and on glass surface as a reference. The structure of cells 
was examined via confocal microscopy, Atomic Force Microscopy and actin structure was shown via staying 
with phalloidin conjugated with tetramethylrhodamine. Results showed great differences in cellular structure 
and morphology depending on surface type. Gupta et al. showed a connection between the stiffness of the 
surface and structure of actin filaments in a cell [18]. Cells on rigid surfaces tend to grow bigger are with linear 
actin structures and vice versa. Our findings correspond with the results of this study. In conclusion, we showed 
that this type of hydrogel can be used as a cultivation surface. Moreover, cells on these hydrogels are growing 
in a more physiologically manner than ones on standard surfaces such as glass.  
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Abstract  

Interactions between tricyclic antidepressants and zinc oxide nanoparticles have been studied. Amitriptyline 
and nortriptyline, which were immobilized from buffer medium at 37 °C, were selected as models. The key 
factor influencing the adsorption of these substances on zinc oxide is pH. During the adsorption, an acid-base 
equilibrium was established between the buffer, zinc oxide and the antidepressant. These pH changes were 
also reflected in the surface charge of the adsorbent and the values of the zeta potential, which was also 
monitored. Both substances have a similar structure, yet they differ in their acid-base properties and also in 
their ability to form micelles. These different properties caused different values of the amount adsorbed on the 
surface of the zinc oxide. Adsorption isotherms show a sigmoidal course. The highest adsorbed amount of 
amitriptyline on ZnO is 6.38 mmol g-1, in the case of nortriptyline it is 3.68 mmol g-1. The adsorption is directed 
in accordance with the pseudo-second-order kinetic equation. The values from the kinetic equations, as well 
as the changes in the zeta potential, indicate different mechanisms of immobilization of amitriptyline and 
nortriptyline on the surface of zinc oxide nanoparticles. In the case of both substances, due to the interaction 
with zinc oxide, they were significantly removed from the liquid medium; in the case of amitriptyline, the residual 
concentration was less than 10% at an initial concentration of 5 mmol L-1.   

Keywords: Antidepressants, ZnO nanoparticles, adsorption, zeta potential 

1. INTRODUCTION 

With the growing production and use of pharmaceuticals, their release into the environment increases. In 
Western civilizations, the use of medicines is steadily growing. This increase applies to all classes of drugs, 
including significant antibiotics, analgesics, antidepressants and many others. In the United States of America, 
or in some Scandinavian countries, up to 100 people in every 1,000 people use antidepressants. Tricyclic 
antidepressants are partially trapped by activated sludge in wastewater treatment plants. However, some of 
these substances enter the watercourses; they are not readily hydrolysed and are also not biodegraded [1]. In 
addition to the environmental burden mentioned above, there is another risk associated with the use of 
antidepressants. The risk of poisoning can be very critical especially in the case of children [2]. Possibilities to 
remove antidepressants from the body in case of overdose are being studied. An example may be a study 
using a mixture of liposomes, proteins and serum [3]. The aim is therefore to remove pharmaceutical 
substances from the environment in which they are harmful. One possibility that is widely examined is 
adsorption. Adsorption can be used to remove toxic substances from water sources, but also from human 
digestive tract. 

In the case of adsorption reviews, scientists are mainly concerned with adsorption materials, adsorption 
conditions and the mechanism of adsorption. A variety of adsorbents are investigated for pharmaceuticals 
adsorption, such as: carbonaceous materials, clay minerals, polymers, silica based materials, and other 
various adsorbents. In addition to synthetic adsorbents, so-called cheap adsorbents are studied for economic 
reasons [4,5]. These review articles summarize the adsorption capacity of sorbents for individual drugs. The 



 October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

374 

authors also discuss in detail the factors that influence the adsorption process, the kinetics and 
thermodynamics of adsorption. Another review article deals with the flow adsorption of pharmaceuticals 
contaminants on various materials [6]. 

One group of adsorbents are metal oxides, in which photocatalytic properties are studied in addition to 
adsorption activity. A mixture of titanium oxide and silicon oxide was used to remove paracetamol and 
ibuprofen from the liquid medium [7]. Heterojunction zinc tin oxide (ZnO/SnO2) was used for photodegradation 
of amytriptyline. The material was prepared as nanoparticles [8]. Core-shell nanoparticles of the type 
Fe3O4@ZrO2@N- cetylpyridinium were used for solid phase extraction of antidepressant drugs amitriptyline 
and nortriptyline from plasma [9]. The nanoparticles of magnetic surface molecular imprinted polymer 
mesoparticles (Fe3O4@SiO2-MIP) were studied as a selective adsorbent for amitriptyline in biological samples 
[10]. Six antidepressants were adsorbed on silver nanoparticles and the mechanism of adsorption was 
compared with the interaction between antidepressants and receptors [11]. 

The aim of this work is to characterize the adsorption of amitriptyline and nortriptyline on zinc oxide 
nanoparticles. The kinetics of adsorption, adsorption capacity of materials, change of surface charge and 
mainly influence of pH were studied. The possible mechanism of the adsorption of amitriptyline and 
nortriptyline has been suggested. 

2. EXPERIMENTAL PART 

2.1. Materials and methods 

The amitryptiline (AMIT) and the nortriptyline (NORT) used were in an HCl forms which are freely soluble in 
water, a pKa value of AMIT is 9.4 and 9.7 for NORT, respectively. They were purchased from Sigma Aldrich, 
USA. Nanoparticle oxide ZnO was used as the commercial product purchased from Sigma Aldrich, USA. The 
size of particles was under 100nm. Phosphate buffered saline tablets (Sigma Aldrich, USA) were used for 
solution preparation of pH 7.4. All other used chemicals were of the highest purity grade available from 
commercial sources. The zeta potential of all suspensions was measured using the Zetasizer Nano ZS 
(Malvern Instruments Ltd., GB). Before zeta potential was measured all samples were sonicated for 5 minutes 

2.2. Adsorption experiments 

The basic design, which was the same for all adsorption experiments, was as follows: solution volume 5 ml, 
pH 7.4, adsorbent weight 5 mg, shaken in a bath at 37 ° C. The contact time was 24 hours, except for the 
measurement of adsorption kinetics. After the contact time, the solutions were centrifuged and filtered through 
a syringe filter. The resulting antidepressants concentration was determined by UV-VIS spectrophotometry. 
Amitriptyline and nortriptyline as well as exhibit a maximum absorbance at 239 nm. All experiments were 
performed at least three times. 

In the case of kinetic experiments, it was performed as follows. The initial antidepressants concentration was 
10 mmol/L. Samples were taken and analysed at specified time intervals. A total of 7 samples were prepared 
in flasks, one for each time sampling. Thus, samples were not taken sequentially from a single flask, thus 
reducing the volume in the flask and changing the ratio between the liquid and solid phases. The pseudo-first-
order and pseudo-second-order kinetic models are most commonly used to describe the rate of adsorption 
[12,13].  

The maximum of adsorption capacity for our adsorption materials was evaluated from adsorption isotherms. 
Isotherms show how the adsorbed amount depends on the equilibrium concentration. The initial concentration 
of AMIT and NORT ranged from 0.1 mmol L-1 to 10 mmol L-1. After the contact time (24 hours), the samples 
were analysed as described above. The amount of antidepressant adsorbed (a) was determined from the 
change in the solution concentration before and after equilibrium, according to: 
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 D � 	}�!}��.:�                                                      (1) 

where: 

a - the adsorbed amount (mmol g-1) 

c0 - the initial concentration of AMIT (NORT) solution (mmol L-1) 

c0 - the concentration of AMIT (NORT) solution at the adsorption equilibrium (mmol L-1) 

V - the volume of solution (ml) 

m - the mass of ZnO (mg) 

3. RESULTS AND DISSCUSIONS 

The key factor that will affect the interactions between zinc oxide nanoparticles and the antidepressant will be 
pH. PBS buffer was chosen from previous studies and according to literature sources. It is a commonly used 
buffer simulating a physiological environment with a pH value around 7.4. The traditional composition of PBS 
buffer is: NaCl, KCl, NaH2PO4 and KH2PO4. The material chosen for the immobilization of amitriptyline and 
nortriptyline is zinc oxide. Its solubility in water is relatively low, yet studies are known to document the effect 
of zinc oxide on pH [14]. This effect is further supported by possible reactions between ZnO dissociation 
products and compounds contained in the buffer, especially with phosphates. The following reactions can take 
place in the system: 

ZnO + H2O  Zn2+ + 2 OH-              (2) 

The formation of hydroxide anions alone will lead to an increase in pH. However, in the presence of a buffer, 
this effect should be suppressed. Zinc cations then react with phosphates to form various forms of complex 
particles. 

ZnO + H2PO4-  ZnHPO4 + OH-               (3) 

Zn2+ + H2PO4-  Zn(H2PO4)2               (4) 

In addition to raising the pH, phosphates will also precipitate, forming flakes that are larger in size than the 
original zinc oxide. These agglomerates will also include antidepressant molecules, which are also present in 
solution. The instability of zinc oxide in an aqueous environment is also described by other authors [15]. To 
understand the interactions between the solid phase and the antidepressant molecules, the charge of these 
substances at a given pH is important. The pH dependence of zinc oxide is shown in Figure 1. 

 

Figure 1 The influence of pH on zeta potential of ZnO 
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On the curve of the dependence of the zeta potential on pH, the point at which the value of the zeta potential 
is zero is particularly important. This is the so-called isoelectric point. The pH value at which the zeta potential 
of the zinc oxide particles is zero is around pH 9. In the case of zinc oxide, the isoelectric point value depends 
on the form in which it is present, the amount of impurities, etc. In general, two pH values are given for zinc 
oxide, in which the charge is zero. One pH is around pH 4-5, the other around pH 9-10 [16-18]. Due to the fact 
that the immobilization took place at a pH higher than seven, this weakly basic environment is especially 
important. 

When nano-sized zinc oxide was added to the buffer, the pH shifted to about pH 10 in accordance with the 
above equations (2-4). According to Figure 1, at this pH, the zeta value of the zinc oxide potential is about -
15 mV. Thus, the surface of the particles is negatively charged and should preferably attract positively charged 
particles. The antidepressants used, i.e. amitriptyline and nortriptyline, are tricyclic compounds which have a 
nitrogen atom in their aliphatic part of the molecule. The only difference in their molecules is on this nitrogen. 
In the case of amitryptyline, two methyl groups are attached, in the case of nortryptyline, there is one methyl 
group and one hydrogen. The pKA values found in the literature are for amitriptyline 9.4 and for nortryptyline 
9.7 [19]. According to this criterion, amitriptyline is a slightly stronger acid. However, both of these substances 
will be in solution in different forms according to the actual pH. In Figure 2, these forms are shown for 
nortryptyline. 

 

Figure 2 Forms of neutral molecule and ions of nortryptyline  

Although both antidepressants can be considered as weak acids, their pH dropped after their addition to the 
solution, depending on their concentration. In summary, it can be recalled that the initial pH of the PBS buffer 
was 7.4, increased to 10 after the addition of zinc oxide and then decreased again in the presence of 
antidepressants. Next Figure 3 shows the dependence of the adsorbed amount of antidepressant on the 
equilibrium concentration. 

 

Figure 3 Adsorption isotherms of nortryptyline and amitryptyline on ZnO 
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The adsorption isotherms of amitriptyline and nortriptyline have a sigmoidal character, which is evident 
especially in the adsorption of nortryptyline. At an initial nortriptyline concentration of up to 2 mmol L-1, the 
amount adsorbed increases. The pH was measured continuously and for these low concentrations of 
nortriptyline the pH was about 10. At this pH, the zeta potential of zinc oxide is negative and, conversely, 
nortriptyline occurs in solution in the form of a cation. From an initial concentration of 3 mmol L-1, the pH 
decreases due to deprotonation of the nortriptyline molecule. The pH takes values around 9, which is the value 
of the isoelectric point of the zinc oxide used. The nortriptyline molecule has a neutral character; there is a 
relative decrease in the amount adsorbed. As the antidepressant concentration is further increased, the pH of 
the solution continues to decrease. The zeta potential of zinc oxide becomes positive, the nortriptyline molecule 
is negatively charged and adsorption increases again. The maximum adsorbed amount of nortriptyline is about 
6.4 mmol g-1, in the case of nortriptyline this value is about 3.9 mmol g-1. These are relatively high values, 
which are probably caused not only by adsorption, but also by the precipitation of zinc oxide with the buffer 
components and the subsequent immobilization of antidepressants inside the formed precipitates. The almost 
double adsorption capacity for amitriptyline compared to nortriptyline can be explained by micelle formation. 
Both substances form micelles in a high ionic strength environment. The critical micellar concentration is lower 
in the case of nortriptyline, in other words the substance also occurs in solution in the form of micelles, the 
ability of which is less trapped on the surface of zinc oxide. 

A comparison of linearized shapes of kinetic models shows that the adsorption of antidepressants on zinc 
oxide nanoparticles corresponds better to the second-order pseudo-kinetic equation. The estimated values of 
the adsorption amount correspond to the conclusions from the adsorption isotherms. The rate of equilibrium 
was approximately the same for both substances. Different kinetic parameters were found only in extreme 
cases of concentrations. By this is meant the concentration of substances which has led to a change in the pH 
of the solution, to the reaching of an isoelectric point and thus to a decrease in the amount adsorbed. 

4. CONCLUSION 

The oxide nanoparticles have a high affinity for tricyclic antidepressants. Adsorption on the surface of zinc 
oxide nanoparticles together with precipitation led to the removal of amitriptyline and nortriptyline from the PBS 
buffer medium. The most important factor that affects the adsorption process is pH. The removal of 
antidepressants from solution is not only controlled by simple adsorption, but is a complex of chemical-physical 
processes. However, the adsorption capacities found suggest the possible use of zinc oxide nanoparticles for 
the removal of tricyclic anti-depressants from liquid media. These properties could be used in wastewater 
treatment, but also in the removal of these substances from the body during unwanted poisoning. 
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Abstract 

This study is focused on diffusion of dyes in biopolymer-based hydrogels. These hydrogels are based on 
interaction between biopolymer-like electrolytes with oppositely charged surfactants. When polyelectrolytes 
interact with oppositely charged surfactants, micelle-like nano-containers can be formed. These nano-
containers are able of binding hydrophobic compounds. In this study, combination of modified dextran 
(diethylaminoethyl dextran) with positive charge and oppositely charged sodium dodecyl sulfate as surfactant 
was used for preparation of hydrogels. Next type of hydrogel was based on hyaluronan and positive charged 
surfactant Septonex (carbethoxypendecinium bromide). As a diffusion probes in hydrogels dyes Nile red and 
ATTO 488 were used. The diffusion of these dyes from aqueous solutions of NaCl or surfactants into hydrogels 
was monitored in time. Transport of dyes into structure of hydrogels was characterized by diffusion coefficients 
and structural parameters of hydrogels. 

Keywords: Diffusion, hydrogel, polyelectrolyte, dye, surfactant 

1. INTRODUCTION 

Hydrogels are widely used in many disciplines for their unique characteristics. Hydrogels are very similar to 
biological tissues therefore they are often used for drug delivery systems in medicine [1,2,3]. They are 
biocompatible and biodegradable. Their advantages are reduced side effects, prolonged drug action and low 
frequency with which drugs need to be administered [4,5]. Because hydrogels contain a large amount of water 
one of the main problems is that they are not capable of solubilizing hydrophobic compounds. Incompatibility 
between hydrogels and hydrophobic solutes can be solved by the incorporation of some hydrophobic domains 
into the hydrogel structure. Hydrophilic network and aqueous internal phase of the hydrogel still provide its 
biocompatibility while hydrophobic domains enable solubilisation of hydrophobic compounds in the structure 
of the hydrogel. These hydrogels with the hydrophobic domains can be prepared by the interaction between 
biopolymer-like electrolytes with oppositely charged surfactants [6,7,8]. In this study, cationized dextran and 
sodium form of hyaluronan were used as polyelectrolytes. Sodium dodecyl sulfate (SDS) and Septonex were 
used as oppositely charged surfactants. Dextran and hyaluronan are both naturally occurring carbohydrate-
based biopolymers. Hyaluronan is a linear polysaccharide formed by alternating units of β-1,3 and β-1,4-linked 
N-acetylglucosamine and glucuronic acid [9]. Dextran is bacterial-derived non-linear polysaccharide made up 
from α-1,6-linked D-glucopyranose residues. Appearance and frequency of α-1,2; α-1,3 and α-1,4-linked side 
chains depends on the production process or the production organism [10]. These biopolymers are non-toxic, 
biocompatible, high water soluble, biodegradable and offer high content of functional groups usable in cross-
linking [11]. 

In this study, the incorporation of two different dyes into hydrogels based on dextran with SDS and hyaluronan 
with Septonex was studied. Nile red was chosen as a model of hydrophobic diffusion probe and Atto 488 was 
chosen as a model of hydrophilic diffusion probe. The aim of this work is to describe absorption capacity and 
capability of hydrogel to absorb dyes by the diffusion from their solutions into prepared hydrogel. The dyes 
were used for the incorporation into domains prepared in the hydrogels. Diffusion coefficients and structural 
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parameters of these hydrogels were studied to assess the potential for use in the development of drug-carrier 
systems. 

2. MATERIALS AND METHODS 

In this study, hyaluronan and cationized dextran was used as polyelectrolytes. Diethylaminoethyl-dextran 
hydrochloride (Sigma-Aldrich, Czech Republic; DEAED) was used in molecular weight 500 kDa. Sodium 
dodecyl sulfate (SDS, ≥ 98,5 %) was purchased from Sigma Aldrich (Czech Republic) and used as surfactant 
for dextran. Sodium form of hyaluronan was purchased from Contipro (Czech Republic). Hyaluronan was used 
in two different molecular weights as 340 kDa (LMW) and 1540 kDa (HMW). Carbethoxypendecinium bromide 
(Septonex, Czech Pharmacopoeia quality) was obtained from GBNchem Company (Czech Republic) and used 
as surfactant for hyaluronan.  

All stock solutions were prepared in 0.15M NaCl solution using purified water (Purelab ELGA system). Salt 
solution was used because preliminary experiments showed that a non-zero ionic strength on the aqueous 
medium is important for obtaining gel-like materials [12,13]. Samples of hydrogels was prepared by mixing 
polyelectrolyte and surfactant stock solutions in a 1:1 volume ratio. The concentrations of initial stock solutions 
of polyelectrolytes and surfactants are given in Table 1. 

Table 1 Concentrations of initial stock solutions used to prepare hydrogels 

Hydrogel Polyelectrolyte Concentration of 
polyelectrolyte 

(% w/v) 

Surfactant Concentration of 
surfactant (mM) 

D-I Cationized dextran 4 SDS 400 

D-II Cationized dextran 4 SDS 100 

H-I HMW hyaluronan 2 Septonex 200 

H-II HMW hyaluronan 2 Septonex 100 

L-I LMW hyaluronan 2 Septonex 200 

L-II LMW hyaluronan 2 Septonex 100 

Atto 488 and Nile red were both purchased from Sigma Aldrich. Nile red was dissolved in Septonex (200mM 
for H-I, L-I and 100mM for H-II, L-II) and in SDS (400mM for D-I and 100mM for D-II). Atto 488 was dissolved 
in Septonex (200mM for H-I, L-I and 100mM for H-II, L-II) or physiological saline (0.15M NaCl). The dyes were 
used in ten different initial concentrations which are given in Table 2. Hydrogels were equilibrated for 24 hours 
after preparation and separated from the liquid residue. After that hydrogels were covered by 5 cm3 of SDS, 
Septonex or NaCl solution with dissolved dye. The concentration decrease of dyes in solution was monitored 
by means of UV/VIS spectrometry (Hitachi U-3900). The data were used for the determination of dye 
absorption in hydrogels distribution coefficient and their diffusivity.  

Table 2 Initial concentrations of dyes in the solutions of SDS, Septonex and NaCl used for diffusion  
             experiments 

Solution a b c d e f g h i j 

Dye (μM) 0.1 0.3 0.5 0.7 0.8 0.9 1.0 3.0 5.0 7.0 

3. RESULTS AND DISCUSSION 

In this work, several different approaches for the investigation of transport of model dyes into hydrogels were 
applied. Dyes were prepared in various solutions. Nile red was prepared as its solution in 100mM and 400mM 
SDS for measurements in dextran-based hydrogels and in 100mM and 200mM Septonex for hyaluronan-
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based hydrogels. Atto 488 was prepared as its water solution in 0.15M NaCl for both types of hydrogels and 
in 100mM and 200mM Septonex for hyaluronan-based hydrogels. Used concentrations of both surfactants 
SDS and Septonex were much higher than its critical micellar concentration (CMC). Critical micellar 
concentration of SDS is around ~8mM [14,15,16] and CMC of Septonex is ~0.8mM [15,17,18]. Therefore, dyes 
should be completely distributed in the micelles of both surfactants due to concentrations of their solutions 
high above CMC. On the contrary, Atto 488 was dissolved in 0.15 water solution of NaCl and therefore we 
assumed that it diffused in hydrogels in the form of simple (partially dissolved) molecules. The differences 
between hydrogels based on chemically identical raw materials were probably connected with the use of 
different concentrations of surfactants on cross-linking, which means different ratios between functional groups 
in biopolymers and surfactant ions. The theoretical ratio of charges between biopolymer (hyaluronan, 
cationized dextran) and surfactant (Septonex, SDS) are ~1 for D-II; ~2 for H-II and L-II; and ~4 for D-I, H-I, L-
I. We assumed that a part of surfactant can be exhausted for the formation of hydrogel networks. In the case 
of D-II, H-II and L-II, the large amount of surfactant is consumed for cross-linking of hydrogel and the content 
of surfactant in pores is low. In contrast for hydrogels D-I, H-I and L-I, this part is relatively small, therefore the 
pore structure in hydrogel contains solution with surfactant micelles. If we take account of these differences in 
the dextran-based hydrogels, we can assume the faster diffusion into hydrogel D-II with low theoretical ratio 
of charges. However, the results of the diffusion coefficients for hyaluronan-based hydrogels are opposite. 
Diffusion into hyaluronan-based hydrogels with higher theoretical ratio of charges (H-I, L-I) is faster. The 
probable theory for hyaluronan-based hydrogels is that higher excess of Septonex surfactant non-consumed 
for cross-linking actively participates in the diffusion and binds dye into its micelles. The examples of the 
diffusive flux in the dependence on initial dye concentration for dextran-based hydrogels are shown in 
Figure 1. The rate of diffusion was strongly influenced by initial concentration of dye solution used as the 
source of diffusion particles. We can see that the diffusive flux is much higher in D-II hydrogels with lower 
theoretical ratio of charges (~1). A summary of all diffusion coefficients obtained is then shown in Table 3. 

 

Figure 1 Examples of the diffusive flux in the dependence on initial dye concentration for hydrogels D-I (left) 
and D-II (right) with Atto 488 

The diffusion into hydrogels are more difficult as a result of their intrinstic structure constituted by the hydrogel 
network and pore structure. Due to various curvatures of pores, the diffusion is strongly influenced not only by 
the porosity (volume of pores) but also by tortuosity given by their shapes. Hydrogel D-II contains much less 
free SDS than D-I and its structure should be less cross-linked, therefore the diffusion into the hydrogel D-II is 
less difficult and the properties of hydrogel has the strong influence. The situation about less or more cross-
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linked hydrogel is the same with hyaluronan-based hydrogels. Hydrogels H-I and L-I contains much more 
Septonex than H-II and L-II and its structure should be more cross-linked. However the diffusion rate is 
opposite to dextran-based hydrogels. Which means that the diffusion coefficients are higher in more cross-
linked hyaluronan-based hydrogels (H-I, L-I). As already mentioned, this difference is probably due to higher 
excess of Septonex surfactant non-consumed for cross-linking which actively binds and pulls in dyes from 
solution into its micelles. Next difference between two studied hydrogels which could affect diffusion 
coefficients is in the structure of the used biopolymers. Dextran is non-linear bioppolymer with many side 
chains which depends on production organism and productional process whereas hyaluronan is linear 
biopolymer. Branching of the dextran chains could affect porosity, volume, size and curvature of the pores and 
also their tortuozity.  

The examples of kinetic data are shown in Figure 2. We can see that the amount of dye diffused into more 
cross-linked hyaluronan-based hydrogel H-I is higher than in less cross-linked H-II. On the other hand, the 
amount of dye diffused into less cross-linked dextran-based hydrogel D-II is higher than in more cross-linked 
D-I. The dye content in hydrogels increased strongly mainly in first days. 

 
Figure 2 The amount of dyes diffused into hydrogels in the dependence on time: Hyaluronan-based 

hydrogels with Atto 488 (left) and dextran-based hydrogels with Nile red (right) 

Table 3 Effective diffusion coefficients of dyes in hydrogels 

 Diffusion coefficients (m2/s) 

Hydrogel Atto 488 in NaCl 
solution 

Atto 488 in 
Septonex 

Nile red in 
Septonex 

Nile red in SDS 

D-I 1.55 x 10-10 nd nd 4.22 x 10-10 

D-II 3.92 x 10-10 nd nd 4.63 x 10-10 

H-I 1.21 x 10-9 5.93 x 10-10 7.86 x 10-10 nd 

H-II 4.14 x 10-10 5.69 x 10-10 7.40 x 10-10 nd 

L-I 7.17 x 10-10 4.78 x 10-10 5.53 x 10-10 nd 

L-II 5.26 x 10-10 4.42 x 10-10 4.28 x 10-10 nd 

The values of effective diffusion coefficients listed in Table 3. were obtained on the basis of mathematical 
model developed by Klučáková et al. [19]. This model was developed for the diffusion couple with phase 
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interface. In this work, the couple is comprised by the hydrogel (acceptor part) and the solution of dye above 
hydrogel (donor part). Both parts are placed in cylindrical vessel. Results published by Zhang et al. showed 
that the diffusion coefficient of Atto 488 in water is 4.0 x 10-10 m2/s [16,20]. The diffusion coefficient of Nile red 
in water is 3.3 x 10-10 m2/s [20]. We can see that diffusion coefficients of Atto 488 and Nile red in water are 
lower (except D-I and D-II hydrogels with Atto 488 in NaCl solution) in comparison with our obtained results of 
diffusion coefficients in hydrogels. If we compare our measured diffusion coefficients of dyes in hydrogels with 
their diffusion coefficients in aqueous solution, then the coefficients in hydrogels have higher values and the 
diffusion of dyes in hydrogels is faster than in aqueous medium. Thus, higher diffusion coefficients of the dyes 
in the hydrogels may support the theory that free micelles of surfactants non-consumed for cross-linking 
located in the pores of hydrogel could accelerate diffusion. 

4. CONCLUSION 

In this work, the diffusion of two different dyes into hydrogels based on a combination of polyelectrolyte and 
opposite charged surfactant was studied. Hydrogels was based on the combination of cationized dextran with 
sodium dodecyl sulfate as surfactant and sodium form of hyaluronan with Septonex as surfactant. It was found 
that the diffusion of dyes into hydrogels is influenced by several factors. One of the factors is amount of 
surfactant non-consumed for cross-linking located in the pores of hydrogel. Another of the possible factors is 
difference in branching between linear hyaluronan and non-linear dextran. Diffusion coefficients of Nile red 
and Atto 488 in the dextran based hydrogel D-II (due to smaller amount of SDS non-consumed for the cross-
linking) was much faster than in hydrogel D-I. Diffusion coefficients of Nile red and Atto 488 in hyaluronan 
based hydrogels H-I and L-I (which contains higher amount of Septonex non-consumed for the cross-linking) 
was faster than in hydrogels H-II and L-II. 
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Abstract 

In this work, we report a facile method for a detection of mettalothionein (MT) - potential biomarker of tumor 
diseases. Combination of laser ablation inductively coupled plasma coupled to mass spectrometric detection 
(LA-ICP-MS) with sample pretreatment by magnetic particles modified by molecularly imprinted polymers 
(Mag-MIP) enables selective and sensitive protein detection and quantification. After Mag-MIP MT extraction, 
elements specific for the protein (S, Zn and Cd) were detected in healthy pig skin and pig melanoma tissue 
using MeLiM (Melanoma-bearing-Libechov-Minipig) model. It was found that levels of detected elements were 
significantly elevated in melanoma tissue compared to healthy skin. Currently, the investigation of MT 
dimerization in cancer progression is carried out taking advantage from easily controllable in vitro MT 
dimerization which is used for simple preparation of selective MIP extraction phase. Unlike other recognition 
elements, which are not always available for target analyte (e.g. antibodies), MIPs can be easily prepared as 
required. Moreover, magnetic particles as a MIP substrate enable elegant extraction approach and LA-ICP-
MS provides extremely sensitive detection. Therefore, Mag-MIP-LA-ICP-MS is a unique cross-border 
combination of molecular and elemental analysis.  

Keywords: Metallothionein, Molecularly imprinted polymers, Magnetic particles, LA-ICP-MS 

1. INTRODUCTION 

Metallothioneins (MTs) are a class of low molecular-weight (6 to 7 kDa) and cysteine-rich proteins. MTs are 
intracellular and ubiquitous in eukaryotes, and have specific structural characteristics giving them potent metal-
binding and redox capabilities [1], due their high affinity to metals, MTs participate in the regulation of cellular 
metabolism of metals like zinc and copper, in detoxification of toxic metals like copper, cadmium and mercury, 
and in protection of cells against reactive oxygen species and alkylating agents [2]. MTs participate in the 
carcinogenic process, which include the generation of reactive oxygen species, oxidative DNA damage, 
genomic instability and others [3].  

Malignant melanoma is one of the most dangerous and deadly forms of cancer, being responsible for 1.2 % 
of all cancer deaths in the European Union. Malignant melanomas often go unnoticed, it is characterized by 
early metastasis and poor prognosis, and its incidence is increasing each year [4,5]. For immediate therapy 
and increase of survivors of melanoma, evaluation of histopathological and clinical parameters is important 
and mainly, the identification of potential biomarkers plays a critical role [6].  

Molecularly imprinted polymers (MIPs) are synthetic materials with artificially generated recognition sites able 
to selectively interact with target molecules. Currently, MIPs are attracting widespread attention due to their 
properties such as flexibility, variability, high chemical and mechanical stability, relatively low cost and 
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simplicity in preparation [7,8]. The use of nanomaterials - magnetic nanoparticles - in combination with MIPs 
provides large surface-to-volume ratio and well defined shape; moreover possibility of rapid separation of 
magnetic particles by the aid of an external magnet is favorable [9]. 

In this work, a method combining laser ablation inductively coupled plasma mass spectrometric detection (LA-
ICP-MS) with sample pretreatment by magnetic particles modified by molecularly imprinted polymers (Mag-
MIP) was developed. The suggested approach enables selective and sensitive protein detection and 
quantification, especially detection of MT. After Mag-MIP MT extraction, elements specific for the protein (S, 
Zn and Cd) were detected as this information is essential for further development of effective and timely 
diagnostic tools for melanoma. 

2.  MATERIALS AND METHODS 

2.1.  Materials and reagents 

Dopamine hydrochloride, Trizma® base and acetic acid were purchased from Sigma-Aldrich (MO, USA) in 
ACS purity. MT from rabbit liver was obtained from Enzo Life Science (NY, USA). Dynabeads™ MyOne™ 
Silane magnetic particles and sodium tetraborate decahydrate were purchased from Thermo Fisher Scientific 
(MA, USA).  

2.2.  Preparation of magnetic MIPs 

Briefly, 50 µl of magnetic nanoparticles (MPs) (40 mg·mL−1) were washed by 200 µL of 20 mM TRIS (pH 8.5) 
for three times. MT (1 mg·mL−1) was dissolved in 20 mM TRIS (pH 8.5) and 400 µL of solution was added to 
the washed MPs for preparation of Mag-MIPs. To prepare non-imprinted polymers (NIPs) used as a control, 
only 400 µL of 20 mM TRIS (pH 8.5) was added to the washed MPs. The mixtures were stirred for 1 hour and 
then 100 µL of dopamine (17.5 mg·mL−1) dissolved in 20 mM TRIS (pH 8.5) was added and the reaction was 
continued overnight at room temperature. The product was collected using external magnetic field, supernatant 
was removed and discarded. The template was washed out three times by 200 µL of 10 % acetic acid and 
once by 200 µL of MilliQ. 

2.3.  Sample preparation 

After washing of Mag-MIPs and Mag-NIPs by 20 mM TRIS (pH 8.5), 200 µL of sample was added and mixture 
was left shaking for 2 hours. After supernatant removal, Mag-MIPs and Mag-NIPs were washed three times 
with 200 µL of 20 mM TRIS (pH 8.5) and samples were analyzed by LA-ICP-MS. 

2.4.  LA-ICP-MS analysis 

LA-ICP-MS experiments were performed using a setup consisting of the laser ablation system UP213 
(NewWave Research, USA) emitting laser radiation with a wavelength of 213 nm. The ablated material was 
washed away using He (1.0 L·min−1) from the ablation chamber (Supercell). Ar flow (0.6 L·min−1) was admixed 
into a flow of helium with the sample aerosol behind the ablation cell. Hence, the total gas flow was 1.6 L·min−1. 
This mixture was fed into a quadrupole ICP-(Q)MS spectrometer Agilent 7500CE (Agilent Technologies, 
Japan) equipped with a collision-reaction cell for suppressing possible polyatomic interferences. The CRC was 
utilized in collision mode with a He (99.000%) flow rate of 2mL·min−1. 

3.  RESULTS AND DISCUSSION 

The MIP-based separation procedure using MPs and following LA-ICP-MS analysis is schematically shown in 
Figure 1. 
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Figure 1 Schematic experimental workflow of Mag-MIP-LA-ICP-MS. 

3.1. Metal detection in MT by LA-ICP-MS 

Current analytical methods for MT detection include capillary electrophoresis, immunoassays, liquid 
chromatography, matrix-assisted laser desorption/ionization time-of-flight mass spectrometry and 
electrochemistry [10]. LA-ICP-MS is suitable for quantitative analysis of very low concentrations therefore; it 
was employed for quantitation of levels of metal ions present in MT.  

In Figure 2, determined Zn levels are shown. The nonspecific sorption on polymeric layer without presence of 
cavities (NIP) was reasonably low and this background signal can be subtracted for quantification purposes. 

 
Figure 2 LA-ICP-MS analysis of 66Zn levels after extraction of MT by Mag-MIP 

3.2. Recognition of melanomas 

For evaluation of melanoma, analysis of clinical parameters is important as well as identification of potential 
biomarkers. MT is highly probably one of such markers.  
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In this study, the melanomas and healthy skin of melanoma-bearing minipigs (MeLiMs) were tested using the 
magnetic MIPs specific for MT and it was found that levels of detected elements were significantly elevated in 
melanoma tissue compared to healthy skin (Figure 3).  

 
Figure 3 Levels of 66Zn detected in MT isolated by Mag-MIP from healthy skin and melanoma of MeLiMs 

4. CONCLUSION 

In this work, power and variability of molecular imprinting technology in combination with high surface area of 
nanomaterials and magnetic properties of iron oxide creates an extremely effective tool for bioanalytical 
applications. Mag-MIP-LA-ICP-MS is a unique cross-border combination of molecular and elemental analysis. 
Mainly, the 66Zn level was elevated in the majority of melanomas in comparison with healthy skin. This new 
approach enables the get information which is essential for further development of effective and timely 
diagnostic tools for melanoma detection. 
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Abstract 

Förster resonance energy transfer (FRET) is an energy transfer process between a pair of light-sensitive 
molecules, where the donor fluorophore (initially in its electronic excited state) transfers energy to an acceptor 
chromophore. In this study, FRET was used to investigate the dimerization of metallothionein isoform MT-1A. 
The FRET system was developed based on a fluorescent quantum dots (QDs) and cyanine dye 3.5 (Cy3.5) 
as a versatile tool to probe small distance changes between acceptor and donor fluorophores in nanometer 
range. Herein, the water-soluble 450-nm emitting QDs as the donor and 590-nm Cy3.5 as the acceptor were 
covalently conjugated with MT-1 according to the protocol. Previous studies suggest that MTs may form 
oligomers under certain conditions. Therefore, further studies of this phenomenon, which has been studied 
here using capillary electrophoresis (CE) coupled with fluorescence detection. 

Keywords: Förster resonance energy transfer (FRET), quantum dots (QDs), Oligomerization, Capillary  
                   electrophoresis, Metallothionein 

1. INTRODUCTION 

Optical biosensors often take advantage of fluorescence 
resonance energy transfer (FRET) which has been used 
in carefully designed sensing systems for proteins, 
peptides, nucleic acids and small molecules. FRET is a 
photophysical mechanism particularly useful to probe 
the dynamics of the formation of recognition complexes. 
This phenomenon involves dipole−dipole interactions 
between a donor−acceptor pair (Figure 1). The process 
is sensitive to the distance between the FRET partners, 
and thus provides a versatile spectroscopic tool to 
monitor events occurring between moieties at intimate 
contact [1,2]. QDs and organic fluorophores such as 
cyanine dyes are widely exploited as FRET probes for 
numerous chemical and biological applications such as protein folding investigation or for sensing and imaging 
of macromolecular interactions. Quantum dots (QDs) with the exceptional fluorescent properties are excellent 
FRET donors. In other words, wavelengths optimal for excitation of QDs are far apart from the excitation 
maxima of acceptors, thereby avoiding their direct excitation [3-5]. Metallothioneins (MTs) are a family of small 
(6-7 kDa) proteins with cysteine-rich (30%) structure and high affinity for metal ions [6,7]. Due to this reason 
MTs are involved in the metabolism of heavy metals and they serve as an intracellular reservoir of essential 
trace elements. Moreover, due to the high amount of disulphide bonds, MTs can create dimers or higher 

Figure 1 The theoretical scheme of the FRET 
system 
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oligomers, which can be formed either in oxidative (e.g. presence of NO or hydrogen peroxide) or non-oxidative 
conditions (addition of excess of Cd2+). Investigation of their structural arrangement can help understand the 
development of oxidative stress and the mechanism of transport of toxic metals. Moreover, the oligomer 
formation (as well as their structures) may play an important role in a number of neurological disorders such 
as Alzheimer disease and amyotrophic lateral sclerosis [7].  

In the present work, the interactions between metallothioneins covalently conjugated with QDs and Cy 3.5 
were investigated using CE coupled with fluorescence detector and fluorescence spectroscopy as well.  

2. MATERIALS AND METHODS 

2.1. Materials and reagents 

MT isoform (MT-1) from rabbit liver was obtained from Enzo Life Science, USA. Sodium borate, zinc acetate, 
cadmium acetate, sodium phosphate, mercaptosuccinic acid (MSA), isopropanol, N-Ethyl-N′-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC), N-Hydroxysulfosuccinimide sodium salt (Sulfo-NHS) 
and commercial Cyanine 3.5 dye (Cy3.5) labelling kit were purchased from Sigma-Aldrich in ACS quality. The 
stock solution of MT (1 mg/mL) was prepared in ultrapure water and stored in the dark at -20 °C. Ultrapure 
water purified by Milli-Q system was used for preparation of all solutions.  

2.2. Preparation of QDs 

Suspension of ZnCd QDs was prepared by mixing stock solutions of the 6 mM zinc acetate, 6 mM cadmium 
acetate, 20 mM sodium phosphate buffer (PB) pH 7 and 16 mM mercaptosuccinic acid (MSA). The resulting 
mixture with the typical molar ratio of 1:4:4:6 (Cd2+:MSA:PB:Zn2+) was exposed to UV irradiation for 5 minutes. 
The ZnCd QDs were precipitated by isopropanol and then isolated by centrifugation. Finally, ZnCd QDs were 
suspended in sodium phosphate buffer (PB, pH 7.2) and sonicated for 2 minutes before use.  

2.3. QDs and cyanine dye bioconjugation 

At first, conjugation of ZnCd QDs with 0.1 mM MT-1 was carried out by a method using coupling agents EDC 
and Sulfo-NHS according to the protocol published elsewhere [8]. Conjugation of Cy3.5 with MT-1 was carried 
out according to the manufacturer’s protocol. 

2.4. MT dimerization  

Dimers (or higher oligomers) of MTs were obtained by storing MT-1 (0.1 mM) in 20 mM PB (pH 9.2) in presence 
of 0.5 mM Cd2+ at 8 °C under aerobic conditions for 1 week.  

2.5. Capillary electrophoresis 

Monitoring of FRET signal between MTs conjugates was performed using a Beckman Coulter CE instrument 
(P/ACE MDQ, USA) equipped with a light emitting diode (375 nm) as an excitation source and a long pass 
emission filter (550 nm). Separations were performed in an uncoated fused-silica capillary (Polymicro 
Technologies, USA) with an internal diameter of 75 µm and external diameter of 375 µm. The total length of 
the capillary was 48 cm and the effective length to the detection window was 37.5 cm. The capillary was 
flushed with 0.1 M NaOH for 5 min and with background electrolyte (sodium borate buffer, pH 9) for 15 min 
prior to the first use. Before each run, the capillary was rinsed for 120 s with background electrolyte (BGE). 
Sample was injected hydrodynamically by pressure of 1 psi for 4 s. Separation voltage was 20 kV.  

2.6. Fluorescence analysis 

Samples of MTs conjugates were pipetted (100 µL) in to the well plate and emission spectra were recorded 
(λEx = 375 nm and λEm = 405 - 800 nm). Fluorescence signal was acquired by multifunctional microplate reader 
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Tecan Infinite 200 M PRO (TECAN, Switzerland). The samples (100 μL) were placed in UV-transparent 96 
well plate with flat bottom by CoStar (Corning, USA). Then excitation or emission spectra were recorded using 
2-nm steps and gain 100. 

3. RESULTS AND DISCUSSION  

Fluorescence-based detection techniques are highly selective and very sensitive with high potential for 
multiplexing. Moreover, FRET enables the measurements of distances at the molecular level. Thus, this 
technique was selected for detection of protein-protein interactions. The selection of molecules with optimal 
optical properties for the FRET pair is crucial. Therefore, firstly, the selection of the FRET probes (donor and 
acceptor fluorophores) was optimized. Resonance energy transfer is highly dependent on several factors and 
one of the most important of them is the spectral overlap of the donor emission spectrum and the 
acceptor absorption spectrum. The combination of cyanine dye (Cy3.5) and quantum dots (QDs) was tested 
and as can be seen in Figure 2, the optimal combination providing the satisfying spectral overlap was selected. 
Metallothionein isoform MT-1 was used as a model biomolecule for protein interaction.   

 

Figure 2 Spectral overlap between donor (QDs) and acceptor (Cy3.5) which is crucial for the FRET 

The capillary electrophoresis method was used to demonstrate the FRET signal which was observed after 
interactions of MTs. The aliquots of MT-1 protein were fluorescently labelled (each with one member of the 
FRET pair - Cy3.5 and QDs). In case of MTs interactions (dimerization or oligomerization), the FRET occurred 
due to the proximity of fluorophores. On the other hand, if there are no interactions between MT-1, the distance 
of the fluorophores is larger than required and therefore, the FRET signal is not observed. QDs nanoparticles 
developed in our laboratory were tested as a suitable donor fluorophore for the FRET pair. The emission 
wavelength could be easily tuned by duration of irradiation.  

Conjugates of Cy3.5MT-1, QDsMT-1 and Cy3.5MT-1QDsMT-1 were studied by capillary electrophoresis and 
their electropherograms are shown in Figure 3. It can be seen clearly that Cy3.5MT-1 provides a weak signal 
(green trace), which is due to the excitation source 375 nm (Cy3.5 optimal excitation wavelength is 570 nm). 
The conjugate of QDsMT-1 provides a weak signal as well (red trace), even though the instrumental setting 
(emission filter 550 longpass) should disable the detection of the QDs fluorescence (emission maximum of 
QDs is 450 nm). Probably, these weak signals were caused by broad emission spectra of QDs and Cy3.5 and 
were considered as background signal. After interaction between the conjugates Cy3.5MT-1 and QDsMT-1 
took place, a FRET signal occurred between Cy3.5 and QD and therefore, a FRET signal was obtained (beige 
trace).  
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Figure 3 Electropherogram of QDsMT-1, Cy3.5MT-1 conjugates and their conjugate 

In addition, regarding to previous research, metallothioneins can create oligomers under specific conditions 
(temperature, addition of Cd2+ etc.). A solution of MT-1 was stored under aerobic conditions at 8 °C for 1 week 
with addition of Cd2+. By this we confirmed that the MTs oligomerization was increased after Cd2+ addition and 
metal bridges between MTs were formed. Because of metal bridges cause a tighter connection between 
metallothioneins, stronger FRET signal was observed. This fact was verified by fluorescence spectroscopy 
(Figure 4A) and CE (Figure 4B).  

 

Figure 4 (A) Emission spectra of Cy3.5MT-1QDsMT-1 without and with the addition of Cd(II) and (B) 
electropherograms of these conjugates 

4. CONCLUSION 

In conclusion, we optimized a method to study protein interactions based on QDs and Cy3.5 FRET pair. 
Metallothionein isoform MT-1 was used as a model protein. The FRET signal was studied not only by 
fluorescence spectrometry, but also by CE with fluorescence detection. The main benefit of CE over 
fluorescence spectrometry is the fact, that in CE only complexes exhibiting stronger interaction are visualized. 
In during fluorescence spectroscopic analysis, FRET occurring between fluorophores in close proximity even 
without any chemical interaction can be detected. 

In case of MT oligomerization it should be highlighted that the role of MTs oligomerization in organism is 
unclear and it is important to note that insufficient literature records are available. However, oligomerization of 
MTs might play an important role in signal pathways. Therefore, further investigation is needed.  



 October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

394 

ACKNOWLEDGEMENTS 

The research was financially supported by Internal Grant Agency MENDELU IGA grant, no. 
IP_025/2019. 

REFERENCES 

[1] FREEMAN, R., GIRSH, J. and WILLNER I. Nucleic Acid/Quantum Dots (QDs) Hybrid Systems for Optical and 
Photoelectrochemical Sensing. ACS Applied Materials & Interfaces. 2013, vol. 5, no. 8, pp. 2815-2834. 

[2] MEDINTZ, I.L., et al. Self-assembled nanoscale biosensors based on quantum dot FRET donors. Nature 

Materials. 2003, vol. 2, no. 9, pp. 630-638. 

[3] ZHANG, Y. and WANG T.-H. Quantum Dot Enabled Molecular Sensing and Diagnostics. Theranostics. 2012, vol. 
2, no. 7, pp. 631-654. 

[4] BUCKHOUT-WHITE, S., et al. Assembling programmable FRET-based photonic networks using designer DNA 
scaffolds. Nature communications. 2014, vol. 5, p. 5615. 

[5] LI, Y.-Q., et al. High-sensitivity quantum dot-based fluorescence resonance energy transfer bioanalysis by 
capillary electrophoresis. Biosensors and Bioelectronics. 2010, vol.25, no. 6, pp. 1283-1289. 

[6] SANZ-NEBOT, V., ANDÓN, B. and BARBOSA, J. Characterization of metallothionein isoforms from rabbit liver by 
liquid chromatography coupled to electrospray mass spectrometry. Journal of Chromatography B. 2003, vol.796, 
no. 2, pp. 379-393. 

[7] ZANGGER, K., et al. Oxidative dimerization in metallothionein is a result of intermolecular disulphide bonds 
between cysteines in the alpha-domain. Biochemical Journal. 2001, vol. 359, pp. 353-360. 

[8] PEREIRA, M. and LAI, E. Capillary Electrophoresis for the Characterization of Quantum Dots After Non-Selective 
or Selective Bioconjugation with Antibodies for Immunoassay. Journal of nanobiotechnology. 2008, vol. 6, p. 10. 

 

  



 October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

395 

ELEGANT, RAPID AND SIMPLE PROCEDURE FOR LABELING OF ANTIBODIES WITH 

FLUORESCENT ZnCd/S QUANTUM DOTS FOR LASER ABLATION ICP-MS DETECTION 

1,2Navid ASSI, 1,2Kristyna PAVELICOVA, 1,2Marketa VACULOVICOVA, 3Tomas VACULOVIC 

1Department of Chemistry and Biochemistry, Mendel University in Brno, Brno, Czech Republic, EU, 

navid.assi@vutbr.cz, marketa.ryvolova@seznam.cz, k.pavelicova@seznam.cz  

2Central European Institute of Technology, Brno University of Technology, Brno, Czech Republic, EU, 

navid.assi@vutbr.cz, marketa.ryvolova@seznam.cz  

3Department of Chemistry, Masaryk University in Brno, Brno, Czech Republic, EU, 

tomas.vaculovic@ceitec.muni.cz 

https://doi.org/10.37904/nanocon.2020.3752 

Abstract  

Antibody labeling with a signal-providing tag (e.g. an enzyme, chromophore, fluorophore, metal chelate, 
radioisotope, etc.) is a key procedure in bioanalytical techniques such an enzyme-linked immunosorbent 
assay, western blot, or immunohistochemical analysis. The process may be laborious, impair the activity, and 
time-consuming. Concisely, in this work, an elegant method of rapid and effective antibody labeling by quantum 
dots was developed taking advantage of partial reduction of antibody structure and UV-induced quantum dot 
formation. Zinc and cadmium with the thiol group of the antibody as capping agents stabilizing the fluorescent 
nanoparticle while the biorecognition capabilities were maintained. The ZnCd/S quantum dots creation has to  

prosper detected with capillary electrophoresis (CE) and laser ablation ICP- MS (LA- ICP- MS).    

Keywords: Antibody, antigen, quantum dots, cleavage disulfide bonds, fluorescent 

1. INTRODUCTION 

Antibody labeling techniques are extremely an important tool for protein detection and it can be done by direct 
or indirect labeling. The disadvantage of the process may impair antibody activity with excessive labeling, 
steric hindrance, and alter activity for high molecular weight such as enzymes, discontinuity conjugation for 
multiple fluorophores and enzymes, laborious and time-consuming [1,2]. 

Quantum dots (QDs)  are described as the most popular fluorescent inorganic nanoparticles (FINPs) which 
have properties such as good biocompatibility, stable photoluminescence, and narrow emission band. These 
materials attract attention in recent years and play a key role in a different field such as ion detection, bio-
labeling or bioimaging [3,4]. Antibodies are widely used as targeting moieties with QDs for specific cell labeling. 
They interact with the host cell and remain adhered to the surface or internalized by endocytosis [5]. The 
labeled antibody with quantum dots has been detected with laser ablation ICP-MS (LA-ICP-MS) for trace 
element determination [6] and capillary electrophoresis to verified the formation of QDs-antibody [7]. 

In this research work, for the first time, ZnCd/S quantum dots prepared by UV-induced synthesis with partially 
reduced antibody as a capping agent were used for immunoanalysis with elemental analysis. UV irradiation 
duraion and metal ratio were optimized to achieve a high fluorescent intensity. To explore ZnCd/S formation, 
LA-ICP-MS, and CE were used as superior instruments for quantum dots characterization.  



 October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

396 

2. MATERIALS AND METHODS 

2.1. Materials  

Anti-mouse IgG H&L (ab6708) was purchased from Abcam (Cambridge, UK). All chemicals and solutions used 
in this study provisioned daily without further purification were purchased from Sigma-Aldrich (St. Louis, MO, 
USA) in ACS purity. Millipore water was used throughout the experiment. 

2.2. Simultaneous QDs Synthesis and Antibody Conjugation Process 

Quantum dots-antibody (QDs-Ab) probe was prepared according to the simple modus operandi. In order to 
reduction of 1 mg/mL of the anti-mouse IgG, tris(2-carboxyethyl) phosphine (TCEP) was  used in the 
concentration of 25 mM at 37 °C for 90 min with sodium phosphate buffer (Na2HPO4/NaH2PO4) pH=7 in a total 
volume of 10 µL. Precursors containing zinc acetate (4×10-5 mM) and cadmium acetate (6×10-6 mM) were 
mixed with reduced anti-mouse IgG in 100 µL sodium phosphate buffer pH=7. The prepared solution was 
pipetted into the UV-transparent 96-well plate (Corning, USA) and placed into the UV transilluminator (Vilber 
Lourmat, Marne-la-Vallee Cedex, France) with wavelength of 254 nm. Resulting solution was analyzed by 
fluorescence spectrometry. Fluorescent intensity was measured in the range of 230 to 700 nm with Synergy 
H1 (BioTek, USA). Scheme 1 is illustrating the overall procedure. 

 
Scheme 1 Anti-mouse IgG reduction and creation of ZnCd/S quantum dots with antibody conjugation 

2.3. Capillary electrophoresis (CE) 

Prepared QDs-Ab was analyzed by CE instrument 7100 (Agilent Technologies, Germany) with absorbance 
detection at a wavelength of 254 nm. Fused silica capillary with an internal diameter of 75 µm, with a total 
length of 64.5 cm, and an effective length of 56 cm was used. The samples were injected hydrodynamically 
by 50 mbar applied for 6 s and the separation voltage was 20 kV. The background electrolyte (BGE) was 
composed with 20 mM sodium borate buffer pH 9 for 120 s. Between the injections, the capillary column was 
washed for 60 s using BGE. 

2.4. LA- ICP- MS Quantitative Mapping 

Qds-Ab formation was evaluated as describer earlier [8] by LA-ICP-MS setup consisting, LA system UP213 
(NewWave Research, USA), emitting laser radiation with a wavelength of 213 nm, the pulse width of 4.2 ns, 
ablation flow of a He (1.0 l/min) into ICP-MS Agilent 7500CE (Agilent Technologies, Japan). 
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3. RESULT AND DISCUSSION 

3.1. Effect of UV irradiation time and Zn/Cd molar ratio 

It is comprehended that increasing the UV irradiation time and Zn/Cd molar ratio would increase the yield of 
prepared QDs-Ab. Therefore, these parameters were evaluated. UV irradiation time had an important effect 
on the preparation ZnCd/S quantum dots [9] which is illustrated in Figure 1 (A), the maximum fluorescent 
intensity was achieved at 442 nm under 382 nm excitation. The composition of ZnCd/S quantum dots for 
obtaining higher fluorescent intensity was mainly dependent on the initial concentration of Zn, Cd, and the 
intrinsic reactivity of Zn and Cd toward S [10]. The QDs-Ab solution was prepared with the different molar 
ratios of Zn/Cd (4, 16, 32, and 64) and the maximum emission was obtained in molar ratio 32 as shown in 
Figure 1 (B). 

         

Figure 1 Effect of UV-induces irradiation time (A) and Zn/Cd molar ratio on fluorescent intensity (B) 

3.2. CE and LA-ICP-MS analysis 

To reveal that QDs-Ab was formed, CE is a valuable instrument [11]. Figure 2 (A) shows the 
electropherograms of anti-mouse IgG before and after reduction and anti-mouse IgG labeled by in situ 
synthesized QDs (QDs-Ab). In general, a peak in migration time 4.17 min belongs to electroosmotic flow (EOF). 
Firstly, the anti-mouse IgG was analyzed (blue trace) and a sharp peak appeared in the migration time of 6.65 
min. Next, anti-mouse IgG 
after reduction exhibited 
slightly distorted peak (red 
trace) with migration time of 
6.79 min. Eventually, the 
peak (green trace) with 
migration time, 6.96 min 
demonstrates that anti-
mouse IgG was labeled 
ZnCd/S. The increased 
migration time suggests not 
only increasing size but also 
increasing negative charge 
of the QDs-Ab. 

Figure 2 Electropherograms of anti-mouse IgG before and after reduction and anti-mouse IgG labeled with 
ZnCd/S (A) and Cd analysis of QDs-Ab by LA-ICP-MS (B) 
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LA-ICP-MS has been used for the determination of metals in purified QDs-Ab samples. As is illustrated in 
Figure 2 (B), five dots of QDs-Ab were detected in polyvinylidene difluoride (PVDF) membrane, with 
comparable intensity of Cd.      

4. CONCLUSION 

Labeling anti-mouse IgG with in situ prepared ZnCd/S quantum dots by utilizing antibody thiol groups as a 
stabilizer was accomplished for the first time. Simplicity, convenience and time-effectivness are the main 
benefits  of this procedure for antibody labeling. Fluorescent intensity is the main sign of preparation quantum 
dots optimized based on UV irradiation time and precursor metals ratio. Antibodies labeled with quantum dots 
were analyzed by LA-ICP-MS and CE and will be used in the near future for immuno-based analysis (e.g. dot 
blot or ELISA). 
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Abstract 

Today, there is considerable interest in the development of microfluidic chips that can be integrated into various 
analytical devices and further used for chemical or biological research. The microfluidic approach can reduce 
the size of all types of analytical laboratory equipment’s and improve their technological performances. In 
addition, in combination with Surface Enhanced Raman Scattering (SERS), microfluidic devices can detect 
unprecedentedly low concentrations of targeted analytes. SERS provides a significant amplification of the 
nonlinear optical response of a molecule adsorbed on a suitable plasmon-active (most often silver or gold) 
surface (for example nanograting, nanoparticles, etc.). On the other hand, microfluidics allows a substantial 
reduction in the volume of sample required for analysis. In this work, an approach based on a combination of 
SERS and microfluidics was implemented and enables the detection of low concentrations of the target analyte 
- hormones. Proposed preparation of microfluidic chip comprises several subsequent steps: (i) preparation of 
microfluidic platform using 3D printing; (ii) laser assisted creation of patterned surface, further covered by a 
thin Au layer, ensuring the excitation of surface plasmon polariton in the microfluidic canal, (iii) subsequent 
grafting of -NH2 groups, and their activation for hormones entrapping. The rapid, reproducible, and 
ultrasensitive detection of hormones - Bisphenol, Estradiol, Estriol (< 10-6 M) was achieved. 

Keywords: Lab-on-a-chip, SERS, 3D printing, microfluidics system, hormones 

1. INTRODUCTION 

Sensors that determine the concentration of hormones, especially estrogens, are of particular interest for 
medical and environmental research [1]. Even a small, uncontrolled use of hormones by a person can cause 
adverse health effects, since certain types of hormones have been shown to cause cancer, heart disease and 
stroke [2]. Thus, there is a need for the determination of hormones to control their concentration in water and 
other biological fluids [3,4]. 

Today, there are several approaches to detecting hormones such as liquid chromatography and mass 
spectrometry [5,6]. However, they are quite complex, expensive, and time-consuming to analyse and results 
interpretation. Also, in recent years, sensors operating on the principle of surface plasmon resonance have 
become popular [7], but they have low selectivity and detection limit, which restricts their practical utilization. 
Therefore, the development of a plasmon-based (bio)sensor that will make it possible to carry out analysis 
quickly and reliably even with a small sample volume remains unsolved task. 

The microfluidic approach makes it possible to reduce the size of all types of analytical laboratory equipment 
and improve their technological properties [8,9]. In addition, when combined with surface enhanced Raman 
scattering (SERS), microfluidic devices can detect unprecedented low concentrations of target analytes even 
with a small sample volume [10-13]. SERS provides a significant enhancement of the nonlinear optical 
response of a molecule adsorbed on a suitable metal (most often silver or gold) surface, while microfluidics 
can significantly reduce the sample requirements for analysis. In this work, we propose an approach based on 
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a combination of SERS and microfluidics, which made it possible to identify low concentrations of the target 
analytes - hormones. 

2. EXPERIMENTAL 

2.1. Materials  

The 3D printable polymer, Clear resin, was purchased from Formlabs, USA. The solution of photoresist, Su-8, 
was obtained from Microchem, Germany, Isopropyl alcohol (≥98.5%), deionized water, tert-Butyl nitrite (90%), 
methanol (reagent grade, ≥ 99,8 %), p-Toluenesulfonic acid monohydrate (ACS reagent, ≥98.5%), Bisphenol 
A (≥99%), β-Estradiol (≥98%) and Estriol (≥97%) were purchased from Sigma-Aldrich and used without further 
purification. The Au target (purity 4 N) was purchased from Safina. 4-aminobenzenediazonium tosylate (ADT-
NH2) was prepared according to published procedure [14]. 

2.2. Samples preparation 

Microfluidic chip preparation 

The microfluidic chip was made using 3D printing. The model for printing was designed in the program 
COMSOL Multiphysics. After fabrication, the microfluidic micromixer was washed with isopropyl, dried at 40° 
C for 24 h and additionally irradiated by UV-source for 30 min.  

Su-8 film (10 μm) were spin-coated on the surfaced of microfluidic chip (1000 rpm, 10 min), dried at 60 °C for 
24 h, irradiated by UV-source for 30 min, and annealed at 90 °C for 2 h. Pattering of Su-8 surface was 
performed using linearly polarized excimer laser beam from COMPexPro 50F KrF (emission wavelength 248 
nm, laser fluence 10 mJ × cm-2, 3500 total number of pulses, beam incident angle 40°).  

The Au thin films were deposited onto the patterned surface by vacuum sputtering (thickness 30 nm). 

Diazonium modification and diazotization 

Au grating was electrochemically modified in 3 mM fresh water solutions of ADT-NH2 without addition of any 
electrolytes, under the potential −5 V for 6 min. After modification, chips were rinsed under sonication 
sequentially with deionized water, ethanol, and acetone for 15 min, and dried in desiccator for 3 h. 

The sample was immersed in a 15 ml methanol solution of p-Toluenesulfonic acid monohydrate and 0.3 ml of 
tert-Butyl nitrite was added. After activation chips were rinsed under sonication with MeOH for 15 min and 
dried in desiccator for 3 h. 

2.3. Measurement Techniques 

Raman Spectroscopy Investigations-Concentration Dependence 

For microfluidic SERS measurements, the chips were pumped with water solutions of Bisphenol, Estradiol and 
Estriol. Raman spectra were collected on portable ProRaman-L spectrometer (Laser power 35 mW) with 785 
nm excitation wavelengths. Spectra were measured in the 2000-400 cm-1 wavenumber range with 60 s 
accumulation time and averaged 3 times. 

3. RESULTS AND DISCUSSION 

The preparation of the proposed SERS microfluidic chips consists of several stages, as schematically shown 
in Figure 1. First, a 3D microchannel was made using 3D printing technology and covered with a thin layer of 
Su-8. In the second stage, the periodic structure was created on the Su-8 by irradiation with excimer laser and 
covered with a thin layer of gold. Further the chip surface was grafted with -NH2 groups and activated to obtain 
a N=N+ reactive sites, that allows hormones capturing. 
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Figure 1 Schematic representation of the preparation of hybrid microfluidic sensor 

 
Figure 2 (A) SERS spectra measured on bulk hormones and hormones, entrapped on chip (10-6 M) in 

microfluidic regime. (B) dependency of characteristic Estriol peak intensity on it initial concentration in water; 
(C) dependency of characteristic Estradiol peak intensity on it initial concentration in water; (D) dependency 

of characteristic Bisphenol peak intensity on it initial concentration in water. 
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In the next step, we used two natural steroidal estrogens (estradiol and estriol) and one non-steroidal estrogen 
(bisphenol A) as model analytes for the study. We compare the SERS spectra, measured on SERS active 
substrate after hormones capturing in microfluidic regime with Raman spectra of targeted analyte in bulk. In 
all cases, the perfect coincidence of peak position and relative intensities (after spectra subtraction) was 
observed, indicating the success of proposed experimental route. In turn, Figures 2B-D show the calibration 
curves, prepared with more intensive, characteristic hormones SERS band. From calibration curves it is 
evident, that all used hormones were successfully entrapped detected up to 10-8 M concentration. Comparison 
of obtained measurements uncertainty with typical errors from Figures 2B-D allows us to claim that by the 
proposed method it is possible to determine investigated hormones concentration with high precision. 

4. CONCLUSION 

In this work, we present the novel design of microfluidic-based chip for SERS detection of Bisphenol A, β-
Estradiol and Estriol. The microfluidic chip was designed in Comsol and fabricated using 3D printing.  The 
proposed detection approach is simple, fast, sensitive, and versatile, with great potential in hormone detection 
applications to monitor the safety of water and environment. 
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Abstract  

Atomic force microscopy (AFM) combined with stem cell derived human cardiomyocytes (CM) enables 
dynamic follow-up of cardiac contractions (e.g. beating rate, contraction and relaxation times), simultaneously 
with other CM biomechanical properties. Today, majority of drugs entering clinical usage needs to be tested 
for adverse arrhythmic effects; nevertheless, the effects on cardiomyocyte contraction are not routinely 
employed, only when related to cardiac pathologies. AFM-based biosensor allows in-vitro disease modeling, 
but also enables to monitor the effect of CM-contraction affecting drugs. Until today only few selected drugs 
modulating contractility and spontaneous pacing were described in animal models. This work for the first time 
demonstrates that basic biomechanical parameters, such as average value of contraction force and the beat 
rate, represent valuable pharmacological indicators of different phenotypic effects on cells without genetic 
burden. The presented method is robust and has low computational requirements, while keeping optimal 
spatial sensitivity (force detection limit 200 pN, corresponding to 20 nm displacement). The cardiac stimulating 
activities of drugs utilized in pneumology as aminophylline, ipratropium, and salbutamol were tested. 
Stimulating drugs, e.g. methylxanthines and caffeine, presented aberrant cardiomyocyte response, confirming 
arrhythmogenic potential, and force related fluctuations. Quantification of spontaneous contraction 
irregularities and related contractility changes allow precise scaling of potential negative effects adding new 
safety level to clinically relevant drug testing. AFM combined with human CMs serve as robust real-time 
screening platform for effects of pulmonary drugs. Here we describe changes in CM contractility, which is hard 
to describe by other screening methods and was never tested with described medication.  

Keywords: Cardiomyocyte, contraction, arrhythmia, in vitro modeling, drug adverse events, pulmonary 

drugs 

1. INTRODUCTION 

There is large group of patients with chronic obstructive pulmonary disease (COPD) and bronchial asthma 
(AB), receiving long-term/lifelong and combined bronchodilator (BD) treatment. Majority of commonly used 
drugs in this combination has certain influence on heart contractility and rhythm. The most prevalent drugs 
include methylxanthines, beta-2-sympathomimetics (β2-SM), parasympatholytics, and inhaled or 
oral/intravenous corticosteroids [1,2].  
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Salbutamol, a β2-SM, provides relief of shortness of breath and other symptoms for relatively short period of 
about six hours. Nevertheless, a number of cases of abuse was, reported due to its supposed anabolic effects 
and muscle performance enhancement [3-8]. Nowadays, there is a number of case studies and experimental 
body of evidence that during long-term BD treatment by β2-SM, parasympatholytics and methylxanthines, 
some patients [or the substance abusers) develop cardiomyopathy (CMP), chronic heart failure (CHF), cardiac 
arrhythmia (CA) and even sudden cardiac death (as the first cardiac manifestation of CMP) [9-17]. 

Cellular and even cardiomyocyte (CM) interactions with BD drugs were studied and are well-known from 
animal models and primary CMs mixtures (homogenized animal hearts) [18,19]. Despite wide array of 
phenotypic assays available [20] human CMs have not yet been studied and it remains to be disclosed, how 
BD substances affect their physiological functions, especially contractility and rhythmicity.  

Unique application of atomic force microscopy (AFM) as nanomechanical transducer combined with stem cell 
derived human CMs enables dynamic monitoring of cardiac contractions [21-23]. CMs beating rate, contraction 
and relaxation times and absolute force values can be recorded simultaneously with other relevant 
biomechanical properties [24]. Human CMs gain role in drug development, improving attrition rates [25], 
especially cardiotoxicity assays [26-29]. Adult human CMs, are not readily accessible from obvious reasons, 
still CMs can be differentiated from either human embryonic or induced pluripotent stem cells (hES and iPS, 
respectively) [30]. In this pilot work, we present an electromechanical in vitro system of 3D cardiac models and 
AFM together for drug testing in the format of an (organ) heart-on-a-chip. For this reason, we have used 
clinically relevant concentrations of selected drugs aminophylline (methylxanthine), salbutamol (β2-SM) and 
ipratropium (parasympatholytic).  

2. METHODS 

The hES line CCTL14 derived and characterized at Masaryk University, Brno [31] was used. Cardiac 
differentiation was performed as previously described [30,32,33] with minor modifications, resulting in 3D 
spheroids of regular size and shape, called embryonic bodies (EB). AFM setup (JPK NanoWizard 3, JPK, 
Berlin, Germany), together with an inverted light microscope (IX-81S1F-3, Olympus, Tokyo, Japan), was 
employed to record mechanocardiograms of spontaneously contracting EBs as previously described [21-23]. 
The tested drugs were diluted to clinically relevant concentrations [19,34] and the resulting response curves 
were recoded after initial equilibration in Tyrode's solution, followed by sequenced exchanges of media with 
increasing drug concentrations.  

Each measurement consisted of 10 min stabilization and 10 min measurement. The mechanical properties of 
beating EBs were expressed as force of contraction in nN (R-S) as previously described  [30]; however, the 
values were relativized for final comparison. Rhythmical properties were described as contractions/beats per 
minute (BPM). Statistical evaluation was carried out in GraphPad Prism 8.4.3 software (GraphPad Software, 
Inc., La Jolla, CA, USA). All data were tested for outliers by ROUT (Q = 1 %) method, and available normality 
tests were performed. Contraction and force of EBs with different concentration of aminophylline was cross-
compared by Brown-Forsythe ANOVA test, with Dunnett's T3 multiple comparison test. Due to single 
measured entity, statistics were not applied to salbutamol and ipratropium. 

3. RESULTS  

Pilot sets were measured for 12 clusters of CMs derived from hES cell line CCTL14. Total of 10 clusters were 
measured in four subsequent concentrations of aminophylline, nevertheless 3 of those exhibited aberrant 
behavior, previously described as stop-and go effect [23]. These were excluded from the pilot evaluation. Only 
pilot sets were measured for Salbutamol and Ipratropium (so far).  

Force (RS) and BPMs were not significantly differing, probably due to small sample size; nevertheless, the 
observed trend has shown increased force and frequency for high concentrations (10 mM) of Aminophylline. 
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Moreover, the initially compact set of contractions became highly variable. On the contrary, small 
Aminophylline concentrations (10 μM) led to insignificant decrease of contractility and force. Details are 
depicted in Figure 1. 

 

Figure 1 relativized force of contraction in nN (R-S) contractions/beats per minute (BPM) 

Salbutamol in pilot trial did not exhibit change in contraction rate, nevertheless small concentration of 
Salbutamol resulted in 1.5 fold increase in contractility, which negatively correlated with increasing 
concentration of the substance up to 100 μM.  

Ipratropium showed sustained negative trend through all concentrations, in both contraction rate and force. 

4. DISCUSSION  

This pilot set of data has for the first time shown consistent trend in CMs behavior influenced by pulmonary 
drugs. The Aminophylline end-point function is a phosphodiesterase inhibitor; thus an increase of intracellular 
calcium levels should be present, contributing to positive inotropy [35]. Nevertheless, those changes can be 
also ascribed to direct catecholamine effect [36]. This limited set of data would support opinion, that 
Aminophylline does not significantly contribute to myocardial contractility [37]; however, it may have some role 
in increasing contraction rate and the effect on the regularity of contraction has to be further studied.  

Salbutamol on the other hand has shown negative trend for inotropic response, which is in contrast with 
positive inotropic effect in animals (guinea pig and dog), despite describing lower-than-Isoprenaline effect [38]. 
Difference may be attributed to lower concentrations used in animal experiments (less than 10 μM), which may 
correspond to the first (ascending) part of contractility curve. Here may be shown the same, but descending 
part of curve, after reaching maximal inotropic effect of the substance. Chronotropic effect of Salbutamol was 
ascribed to atrioventricular (AV) nodal increased conduction [39,40], rather than sinoatrial node (SA). Increase 
of the beating frequency in the whole organ can also relate to lower refractory period in the large piece of 
tissue, enabling easier arrhythmia occurrence and spreading [40]. Nevertheless, its direct effect on SA node 
is very small compared to AV node and this seems to be also irrelevant to the 3D CM model of small scale, 
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where the spontaneous contractions are independent of conductive system. Increase in rhythm of contraction 
cannot be traced in the pilot Salbutamol dataset. 

Positive chronotropic effect of ipratropium is attributed to decrease of parasympathetic vagal stimulation, 
typical for anticholinergic drugs [41,42]. One work described a small decrease of contraction frequency due to 
other muscarinic agonist (Tiotropium), Although no significant change was traced directly to ipratropium [43] 
Contrary to this, we have observed sustained decreased chronotropic and inotropic effects of the substance; 
further investigation has to expand the number of samples and provide more data beyond the pilot experiment.  

5. CONCLUSION 

This pilot set confirmed that AFM-based nanomechanical system combined with cardiomyocytes can serve as 
a robust screening platform for direct drug effects, especially myocardial contractility, which is hard to describe 
by other screening methods. Pulmonary drugs with stimulating properties such as aminophylline, presented  
aberrant cardiomyocyte response in this context. This is a clear sign of arrhythmogenic potential of distinct 
compounds. Moreover, force related fluctuations were present in pilot data in vitro. Spontaneous contraction 
irregularities quantification and related contractility changes allow precise scaling of potential negative effects, 
adding new safety level to subsequent clinically relevant drug testing. 
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Abstract 

Because of unique optical properties and easy complexation with biopolymers, gold nanoparticles (GNPs) are 
actively used as markers in various analytical systems, in particular, as components of conjugates with 
antibodies in rapid immunochromatographic test systems (ICTSs). However, the choice of the most effective 
conjugates is often empirical. We compared the possibilities of direct sorption immobilization of antibodies on 
the surface of GNPs and indirect immobilization through the binding of native-specific antibodies to immobilized 
antispecies antibodies. The work was performed using the example of ICTS for the detection of microcystin-
LR (MC-LR), an extremely dangerous phycotoxin produced by microalgae that contaminates drinking water, 
fish, and seafood. The formats of ICTS with direct and indirect labeling of specific antibodies were compared. 
It has been shown that indirect labeling provides a lower limit of detection (LOD) for MC-LR than the direct one 
(the LODs for visual assessment of the results were 0.2 ng/mL and 1 ng/mL, respectively). The duration of the 
assay was 20 min. The advantages of ICTSs were shown by comparison with a homogeneous MC-LR 
immunoassay based on fluorescence polarization detection. It was found that the limit of detection of MC-LR 
for the last assay is 7.5 ng/mL despite the equilibrium of immune interactions. The data obtained confirm the 
advantages of using indirect immobilization of antibodies on the surface of GNPs, which preserves the 
functional properties of bound molecules. 

Keywords: Gold nanoparticles, lateral flow immunoassay microcystin, food safety 

1. INTRODUCTION 

Nanoparticles are actively used in a wide range of bioanalytical systems [1]. Their advantages as markers and 
carriers are due to the large total surface area of suspensions, the possibilities of various methods of 
conjugation with molecules of different natures, varying sizes and shapes, and the implementation of various 
highly sensitive detection methods. Among the nanoparticles, gold nanoparticles (GNPs) are especially 
popular because of their unique optical properties determined by the effect of surface plasmon resonance, 
simple adsorption and covalent immobilization of various biopolymers, and high stability of the obtained 
conjugates. In particular, because of this, gold nanoparticles have become the most widely used marker in 
immunochromatographic test systems (ICTSs)-effective means for out-of-laboratory diagnostics and control 
[2]. However, despite the large number of developments focused on GNPs and their conjugates, their choice 
for analytical use is usually made on the basis of empirical recommendations. Thus, in the production of 
reagents for ICTSs, adsorption immobilization dominates, although in recent years data have been obtained 
that demonstrate a significant-up to 87%-inactivation of adsorbed antibodies [3]. 

To overcome these problems, eliminate the loss of specific reagents, and achieve high sensitivity of ICTSs, 
we consider indirect immobilization of antibodies [4]. Namely, the conjugate of specific antibodies with GNPs 
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is replaced by a combination of native-specific antibodies and a universal reagent-a conjugate of antispecies 
antibodies with GNPs. In some cases, such a replacement allows for reduction of the consumption of specific 
antibodies and the detection limit of ICTSs by two orders of magnitude; however, this gain varies considerably 
when passing from one system to another [5,6]. Various explanations have been proposed for the mechanisms 
that provide the benefits of indirect immobilization [7-9]. In this situation, further characterization of new ICTSs 
with indirect immobilization of antibodies is required, including a comparison of reagents based on GNPs 
obtained by direct and indirect immobilization. 

In the presented work, such a comparative analysis of two methods of immobilization and ICTSs implemented 
with their use, as well as an alternative rapid immunoassay format based on the registration of fluorescence 
polarization, was carried out using the example of the microcystin-LR (MC-LR) immunoassay. MC-LR is a 
heptacyclic peptide toxin synthesized by cyanobacteria. Anthropogenic impacts on the marine ecosystems 
have led to a significant increase in eutrophication and the risk of contamination of water resources [10]. The 
subsequent movement of toxins along the food chains leads to risk of consuming contaminated fish and 
seafood. The negative consequences of consuming contaminated water and foods include toxic effects 
(hepato- and nephrotoxicity), endocrine and skin diseases [10,11]. Therefore, there are regulatory 
requirements for permissible levels of MC-LR. Thus, for drinking water, the World Health Organization states 
that the total MC-LRs levels should be < 1 μg/L. Monitoring of water and food for compliance with these 
requirements necessitates the need for rapid and sensitive analytical methods. For these purposes, various 
immunoanalytical methods, including ICTSs [12,13], are being actively developed. 

The aim of this study was to compare the capabilities of different rapid immunoanalytical systems for detecting 
MC-LR, including systems with different conjugates of nanoparticles. 

2. MATERIALS AND METHODS 

2.1. Preparation and characterization of GNPs 

GNPs with an average diameter of 30 nm were obtained via citrate reduction of chloroauric acid as described 
in [14]. Their size was estimated by transmission electron microscopy on a JEM-100C microscope (JEOL, 
Tokyo, Japan). The obtained images were processed using the Image Tool program. 

2.2. Antibodies immobilization on the GNPs 

Monoclonal antibodies against МС-LR from Eximio Biotec (Hangzhou, Zhejiang, China) and antimouse 
polyclonal antibodies from Arista Biologicals (Allentown, PA, USA) were used in the study. First, the antibodies 
were dialyzed against Tris buffer (0.01 M, pH 8.5). Then the antibodies were added to the GNP solution 
adjusted to the same pH. The reactants’ ratios were 8.5 μg of monoclonal antibodies per 1 mL of the GNP 
solution, or 6 μg of polyclonal antibodies per 1 mL of the GNP solution. The mixture was incubated at room 
temperature for 45 min and stabilized by bovine serum albumin (BSA) with its final 0.25% concentration for an 
additional 15-min incubation. The conjugates were separated by centrifugation (4°C, 13,400 g, 15 min) and 
stored at 4°C. 

2.3. Preparation of immunochromatographic tests 

Reagents were immobilized on nitrocellulose membrane CNPC-15 (Advanced Microdevices, Ambala Cantt, 
India) using an Iso-Flow dispenser (Imagene Technology, Hanover, NH, USA). The load of the MC-LR-BSA 
conjugate (the analytical zone) and anti-mouse polyclonal antibodies (the control zone) was 0.75 mg/mL. The 
GNP-antibody conjugate was applied onto a glass fiber membrane at D520 = 0.5 (direct ICTS) and 2.0 (indirect 
ICTS). The volumes of the loading solutions were 32 µL per 1 cm of the test strip. The assembled membranes 
were cut into strips and stored in sealed bags at low humidity and room temperature. 
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2.4. Immunochromatographic assay 

For direct format: solutions of MC-LR or tested samples were added to wells, test strips were immersed, and 
15-min incubation was performed. For indirect format: solutions of MC-LR or tested samples were mixed with 
the anti-MC-LR antibodies (200 ng/mL) at equal volumes and incubated 3 min, test strips were immersed, and 
17-min incubation was performed. Images of the test strips were registered using a flatbed scanner, and the 
GNPs-caused coloration was accessed using the TotalLab software and compared with the calibration curve. 

2.5. Modification of MC-LR by fluorescein derivative 

N,N′-Dicyclohexylcarbodiimide (DCC) and N-hydroxysuccinimide (NHS) were dissolved in N,N-
dimethylformamide (0.5 mL) and added to MC-LR under nitrogen. The molar ratio of reagents MC-
LR/NHS/DCC=1:16:16. The mixture was stirred for 3 h and ethylenediamine fluorescein thiocarbamyl (EDF) 
was added (MC-LR/EDF=1:1) for the following 1-h incubation. The reaction mixture was separated by thin-
layer chromatography (TLC) in a mixture of CHCl3 and CH3OH (v:v=4:1). The band with Rf 0.1 was extracted 
with CH3OH and purified again by the TLC. The final preparation was stored as methanol solution at 4˚C. 

2.6. Polarization fluorescent immunoassay (PFIA) 

The reactions were carried out in borate buffer, pH 8.0. For the assays, MC-LR solutions (tested samples), 
MC-LR conjugate with EDF, and antibodies were mixed at equal volumes, incubated for 2-3 min at room 
temperature, and fluorescence polarization and intensity were measured. 

3. RESULTS AND DISCUSSION 

3.1. Preparation and characterization of immunoreagents for ICTSs 

The GNPs were synthesized via the most commonly used gold salt reduction by citrate. The obtained 
preparations were characterized by transmission electron microscopy. The GNPs images and data of their 
processing demonstrate the absence of aggregates and similar shape of the particles, close to spherical 
(Figure 1). The average diameter of the GNPs preparation was 31.7 nm. The GNPs demonstrated low 
variability of size; the RSD value for the diameter was 5.6 nm. Stability of the preparations under storage 
demonstrates the possibility of using them for conjugation with antibodies. 

   

Figure 1 Fragment of GNP microphotograph (including zoom for individual particles) and histogram of 
particle diameter distribution 
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GNPs conjugates with specific and antispecies antibodies were obtained. To find the necessary concentrations 
of the antibodies, their adsorption isotherms were obtained. Namely, the dependence of D580 from the 
antibodies concentration was registered after the reactants were mixed and 10% NaCl solution was added. An 
example of the obtained dependence for the anti-MC-LR antibodies is given in Figure 2. The point of plateau 
reaching was interpreted as saturation for binding sites for the adsorption immobilization providing stability of 
the GNPs colloidal solution. At the plateau point, only half of the GNPs surface is covered, but further increase 
of the loading does not lead to growth of binding capacity for the antibodies after immobilization, as was 
demonstrated by our previous studies. Based on the data from these experiments, we have chosen the 
concentration of anti-MC-LR antibodies equal to 8.5 μg/mL and the concentration of antispecies antibodies 
equal to 6 μg/mL as optimal for further preparative syntheses. 

 
Figure 2 Choice of the concentration of specific antibodies used for conjugation with GNPs (D520 = 1.0). 

The selected antibody concentration (8.5 μg/mL) is marked by arrow 

3.2. The development and characterization of direct format of ICTS for МС-LR detection 

In this ICTS, the МС-LR molecules potentially contained in the tested sample and the МС-LR-protein conjugate 
applied on the analytical zone competed for binding with the GNPs-labeled specific antibody applied on a 
fiberglass membrane. When choosing the reagents concentrations, we considered two demands: intense 
coloration of binding zones and low limit of detection. Thus, the chosen concentrations were the following: 0.75 
mg/mL for МС-LR-BSA conjugate and D520 = 0.5 for the antibody-GNP conjugate. 

The resulting ICTS demonstrated a visual limit of detection equal to 10 ng/mL and instrumental limit of detection 
equal to 5 ng/mL. Duration of the assay was 15 min. It should be noted that the time of liquid movement along 
the test strip was much shorter (about 7-8 min), but for better reproducibility, additional time was necessary to 
reach higher coloration of the bound GNPs. 

3.3. The development and characterization of indirect format of ICTS for МС-LR detection 

The approach of indirect labeling in the ICTSs is based on the competition of the МС-LR molecules in the 
sample and the applied МС-LR-protein conjugate for binding with native-specific antibodies. The formed 
complexes are then labeled by the GNP-antispecies antibodies conjugate. In this way, all specific antibodies 
are involved in the competition, and their quantity may be reduced without loss of the detected signal. 
Moreover, each antigen molecule in the tested sample decreases the detected optical signal (exclusion of 
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nonproductive binding with several antibody molecules immobilized at the same GNP 
without decrease of the registered coloration). The assay format was optimized based 
on the same rules as in the previous case. Thus, Figure 3 demonstrates variations of 
the concentrations of specific antibodies in the range of 1.8-0.1 μg/mL, with the 
corresponding decreases of coloration intensity. The chosen optimal parameters for the 
test strip preparation were the following: immobilization of antispecies antibodies at a 
concentration of 0.5 mg/mL, МС-LR-BSA conjugate applying at a concentration of 0.75 
mg/mL, and the use of GNPs conjugated with the antispecies antibodies in a 
concentration that accords with D520 = 2.0. 

The assay under the chosen conditions demonstrated the visual detection limit of 1 
ng/mL, whereas the instrumental detection limit was 0.2 ng/mL. Thus, a five- to tenfold 
improvement of the analytical parameters was reached. The assay time was equal to 
20 min (including 3 min of starting incubation i). 

 

Figure 3 ICTSs (indirect format) after the assay. Test strips 1-5 correspond to concentrations of specific 
antibodies: 1.8 μg/mL; 0.9 μg/mL; 0.4 μg/mL; 0.2 μg/mL; and 0.1 μg/mL, respectively 

3.4. PFIA of МС-LR 

The PFIA is a homogeneous analytical technique (without separation and washing) that is based on the 
competitive binding of controlled and fluorophore-labeled analyte molecules with specific antibodies and the 
measurement of fluorescence polarization value that depends on the analyte content in the sample. 

Optimization of the competitive FPIA conditions included the choice of antibody concentration and the content 
of the reaction media. It was demonstrated that the antibody dilution of 1:600 provided a stable analytical signal 
and maximum assay sensitivity. Increased dilution of antibodies resulted in a significant decrease in signal 
stability. Two tested sets of prepared reactants demonstrated limits of detection equal to 20 and 7.5 ng/mL. 
Linearity ranges for these completions were 58-470 ng/mL and 15-125 ng/mL, respectively. Thus, even the 
best completion of reactants for PFIA demonstrated worse sensitivity compared to ICTSs (instrumental 
detection), despite the equilibrium conditions of immune interactions. This difference confirms preference 
GNPs as efficient optical labels for immunoanalytical techniques. 

4. CONCLUSION 

Results of the implemented comparative study (summarized in Table 1) confirm advantages of ICTSs as 
efficient tools for rapid sensitive testing. However, common immunochromatographic protocol is associated 
with the inactivation of some part of specific antibodies after their immobilization. The use of the indirect format 
of ICTSs precludes this problem and provides oriented immobilization of the specific antibodies and the 
possibility of reducing their quantity used per assay. Therefore, the further application of this approach to other 
ICTSs seems reasonable. 

Table 1 Comparison of analytical parameters for the developed immunoassays of MC-LR. 

Analysis 
Instrumental limit of 

detection, ng/mL 
Visual limit of detection, 

ng/mL 
Analysis time, min 

Direct format of ICTSs 5.0 10.0 15 

Indirect format of ICTSs 0.2 1.0 20 

PFIA 7.5 - 20 
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Abstract 

Atomic force microscopy (AFM) is a highly sensitive non-invasive surface method able to provide insight into 
cells' mechanical parameters. Membrane and sub-membrane development, as well as internal cellular 
properties, can be monitored. The stiffness of cells is a fundamental phenomenon that reflects changes in cell 
physiology. More importantly, changes in cell mechanical properties are also often found to be closely 
associated with various disease conditions. Cell mechanics are mainly dependent on cytoskeletal architecture. 
The development of cryopreserved cells' mechanical properties (stiffness) after thawing was studied using 
AFM. Cell stiffness was mapped and thus monitored in time and space under nearly physiological conditions 
(i.e., in culture medium and at elevated temperature). In AFM force spectroscopy mode, cells are indented at 
many sites, and their complete elastic responses are recorded, enabling them to reconstruct a stiffness map. 
We measured the frozen cell surface stiffness immediately after thawing; they, when the dynamics of 
development of the cell stiffness were monitored in time up to 24 hours. Moreover, the AFM spectroscopy was 
combined with fluorescence-based staining of the cytoskeleton, thus enabling to directly correlate cytoskeleton 
development with stiffness mapping. 

Keywords: Atomic Force Microscopy, Mechanical Mapping, Cell stiffness, Cryopreservation 

1. INTRODUCTION 

Characterization of cell mechanical properties [1] help to understand many biological process, including cell 
cytoskeleton development [2] and remodeling [3], cell membrane structure, overall cell development and cell 
death [4]. Cell stiffness is regarded to the development of cytoskeleton assembly, myosin activity, nucleus 
state and processes [5, 6]. Actin filaments structure is a basic indicator of cell development and adhesion 
properties. Many critical cellular properties, such tumor formation and development, are mirrored in the 
changes of mechanical properties [7]. Similarly, the cytoskeleton mechanical properties can be used for 
sensing of cell apoptosis, moreover, actin filaments organization was shown as relevant to breast cell 
phenotype [8].  

There is a limited number of methods available for the investigation of the cell stiffness under physiological 
conditions, such as Brillouin microscopy [9], holographic microscopy [4], micropipette aspiration [10] or 
microwave propagation [11]. Atomic Force Microscopy (AFM) presents a method, which can be easily applied 
to the mechanical characterization of living cells adhered on solid surface under so called nearly physiological 
conditions. Moreover, high resolution mapping with the AFM probe is easily offered, maps of Young’s modulus 
are reconstructed, when the force-distance curve measured within the network of the points are fitted with the 
appropriate mathematical model [6]. 
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In this work, we studied stiffness of cryopreserved frozen/thawed cells and process of these cell mechanical 
properties/cytoskeleton regeneration after freezing/thawing. Ability of the AFM based nano-indentation 
technology for time lapsed monitoring of the cell mechanical properties, thus served as tool for 
mechano-related cellular processes. Overall description of the whole experimental concept can be inspected 
in the Figure 1. 

 

Figure 1 Overall schematic of the experiments. The mouse fibroblast cells are frozen in a liquid nitrogen 
after the standard incubation. Then the cells are thawed and the process of the cell development 

immediately after this is followed by the AFM nanoindentation method. High and low force 

2. EXPERIMENTAL PART 

2.1. Freezing and thawing of the cells 

Fibroblasts from mouse embryos (mouse strain CF-1, MEFs) were cultured to 3rd passage (P3). Cell 
suspension was frozen, 106 cells / 2 ml cryo tube (TPP, Trasadingen, Switzerland). Drop by drop addition of 
800 µl of cold freezing medium into the same amount of cell suspension in MEF medium initiated the freezing 
process. MEF medium was composed of the following components: Knockout Dulbecco’s modified Eagle’s 
medium (KO-DMEM; Gibco), 10% heat-inactivated fetal bovine serum (FBS; Invitrogen), 1% non-essential 
amino acids (PAA), 1% L-glutamine (Gibco), 1% penicillin-streptomycin (PAA), and 0.1 mM β-mercaptoethanol 
(Sigma). Freezing medium was composed of KO-DMEM : FBS : DMSO in the following ratio: 3 : 1 : 1 (v/v/v). 

The cell thawing process was started, when the cryo tube with the frozen cells (MEFs P3) was taken out from 
liquid nitrogen. The tube was transported to the place of thawing on ice. Solid cell suspension was quickly 
thawed in the hot water until the moment, when a few last crystals could be visible in the tube. The whole 
content of the tube was then transferred to the standard Falcon tube, cold MEF medium (12 ml) was drop 
wised by Pasteur pipette. After a short and gentle centrifugation of the tube (200 g, 4oC, 5 minutes), the MEF 
medium excess was removed from the above of the cell pellet. Cells were then re-suspended in 1000 µl of 
preheated MEF medium (37oC). Thus, prepared suspension of fibroblast cells was seeded into the 3 plastic 
34 mm plastic Petri dishes 93040 (TPP). Adhesion process was started in the standard CO2 incubator for 
about 20 minutes, then the dish was transferred to the JPK Petri Dish Heater (JPK, Berlin, Germany), where 
the nanoindentation process was started. 

2.2. Mechanical mapping of cells 

Silicon nitride cantilever Hydra 2R-100N (AppNano, Mountain View, CA, USA) with pyramidal silicon tip was 
used to characterize the cell mechanical properties. Cantilever stiffness and sensitivity was calibrated before 
each experiment, when the measurement setup was preheated to 37oC for at least half an hour (Petri Dish 
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Frozen 
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AFM Living 

fibroblast
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Heater, PDH, JPK). The laser reflection to the photodiode was optimized by the standard procedure described 
in the instrument manual. The AFM setup sensitivity was calculated as a slope of the force-distance curve 
(FDC) - length (Z-height) 450 nm, curve was recorded at speed of 0.9 µm/s. The sensitivity of the setup was 
typically in the range from 15.07 to 15.37 nm/V, stiffness of the cantilever was calculated by analysis of the 
thermal noise, and was found to be between 0.0173 and 0.0192 N/m. 

JPK NanoWizard3 bioAFM microscope (JPK) was employed to characterize the cell mechanical properties in 
a real time following the thawing. AFM head for scanning by probe was placed on the inverted optical 
microscope Olympus IX-81. The optical microscope was used to find appropriate area containing a single 
fibroblast cell, which already started to adhere on a plastic bottom of the dish. 

Mechanical properties of the cells were investigated by nano-indentation process, mode Force Mapping (JPK). 
Following experimental parameters were used: maximal loading force (Set Point) 1.0 nN (relative to baseline 
value), curve recording speed 30 µm/s, Z- length 15.0 µm. Force-distance curves were recorded with data 
sample rate of 2000 Hz. Network of 64x64 points, so called Force Maps, were captured when area 55x55 to 
75x75 µm was investigated. 

Reproducibility of the nanomechanical measurement was performed by 5 times repeated force mapping 
process on identical place (scanning over the identical cell) with use of parameters mentioned above.  

Place to place reproducibility was studied, when the identical force mapping experiments was subsequently 
performed on two different places found randomly on the Petri dish surface covered with fibroblasts. Effect of 
set point value on measured stiffness of the cells was studied, too.  

Long term monitoring of cell mechanical properties during its development started 20 minutes after the cell 
thawing. When first cells started to adhere, culturing medium in the dish was completely exchanged and force 
mapping process was started. Nanomechanical measurement was performed for 12 hours of continuous 
experiment, when the Force Maps were recorded repeatably on the identical cell. The experimental parameters 
described above were employed, MEF medium preheated in the CO2 incubator was periodically exchanged 
every 60 minutes. 

Networks of force distance curves (Force Maps) were processed by fitting the FDCs with Hertzian Sneddon 
equation (Eq. 1) thus providing value of Young’s modulus. Data processing module of the JPK software was 
employed here, resulted Young’s modulus maps were post-processed by Gwyddion software ver. 2.44X.  

F(δ) = (2E tanα) / (π (1-υ2)) δ             (1) 

Where F is the measured force, E - Young’s modulus, ν - Poisson ration (0.5 for incompressible materials), δ 
is tip sample separation (obtained by correction of the cantilever height to its bending) and α is half angle to 
face of pyramidal tip (reflects the tip geometry). 

Data post processing was initiated by threshold defined masking of the cell surrounding area presented by 
plastic material of high stiffness. The process of masking was finished by manual correction of mask by mask 
editor in Gwyddion software. Resulted Young’s modulus maps contained only data points related to the area 
covered by cell. Average value of the cell stiffness was afterwards calculated by Statistical quantities module 
of the Gwyddion software. 

3. RESULTS AND DISCUSSION 

Mechanical properties of cell in the time period after the thawing were monitored. Storing cells in liquid nitrogen 
is a common method of storing them. The process of their thawing is relatively little studied, and the properties 
of the cells may be different from their normal behavior, which may We observed the mechanical properties of 



 October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

419 

the cells in the time period after their thawing. The overall description of the freezing-thawing process combined 
with nanomechanical study is schematically described in the Figure 1. 

The value of the maximum loading force (so called set-point) plays a critical role in the indentation process, 
higher value of the set-point leads to deeper indentation. Cell compartments located inside can be inspected 
by this way, on the other hand, sub-membrane structures can be selectively studied, when low forces are 
applied. Effect of the applied set-point value on measured values of the Young’s modulus is shown in Figure 2. 
Measured cell stiffness increase with increased force value, however, only the lowest set-point leads to 
increased Young’s modulus values, as only the membrane and close sub-membrane structure were 
investigated in this case. 

 

Figure 2 Effect of the loading force (set-point, SP) on the measured stiffness of the cell (YM, Young’s 
modulus). Black columns show average values, red columns values modified values according to the 

substrate effect. 

  
Figure 3 Time-lapsed progress of the average stiffness in the time, monitored in the time period immediately 

after the thawing process. Indentation set-point 1.0 nN and 0.4 nN was used for left and right graph, 
respectively. Area of 10x10 and 100x100 µm2 was monitored - graphs on the left- and right-hand side, 

respectively. Wild type (NON-IR) and mitotically inhibited (IR) by gamma irradiation were characterized in 
both cases. 

Time lapsed monitoring of the Young’s modulus of the freshly thawed cells is shown on the graphs (Figure 3). 
Deep indentation process with the set-point value of 1 nN monitors the intracellular process. Cell stiffness 
decreases during the time period of 2 hours after the thawing, then the cell elasticity stabilize on stable level, 
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which is about 25% higher in case of mitotically inhibited cells (gamma-irradiated), when this is compared with 
wild type non-treated cells. 

Low force indentation (set-point value 400 pN) describes the cell development after the thawing procedure. 
Such a force leads to monitoring of membrane and sub-membrane structures. The indentation depth is only 
about 6% of the total cell height (approx. 550 nm), comparing to the indentation depth of 2.5 µm (approx. 30% 
of the total cell height), when the higher set-point is used. Totally different view of the cell status can be seen 
when the low indentation method is used. Sub-membrane structures of the WT cells are rapidly stiffening for 
the whole time period of the monitoring, as the cells can normally develop. On the other hand, the mitotically 
inhibited fibroblast cells cannot process the regular cell cycle, thus keeping the stiffness of the sub-membrane 
structures on a constant level. 

4. CONCLUSION 

Mechanic and elastic properties of a cell are closely related to its function. Some aspects of cell’s internal 
working and interactions with its surroundings are based upon mechanical as well as biochemical principles. 
In this work, we showed the ability of the AFM-based nano-indentation method to study the overall cell 
mechanical properties in a real time. The biological example of the cell regeneration after the thawing was 
chosen to illustrate the method ability to monitor cell membrane, sub-membrane and internal content changes. 
Low and high force indentation was applied to study sub-membrane and intracellular cellular structures. 
Moreover, time-lapsed monitoring of the cellular stiffness has led to an interesting view of the cell development 
during the post thawing period. Presented work offers an interesting methodological approach for various 
biological experiments dealing with changes of the cell stiffness. 
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Abstract 

Several silver nanoparticles (AgNPs) with biological effect were prepared by green synthesis. AgNPs were 
prepared from Vitis vinifera seeds (Merlos variety) used as wine production waste. Green synthesis brings 
intensive surface modifications of nanoparticles. The seeds were lyophilized and then homogeneously ground. 
Purified extracts (0.5, 2.5, 5 and 10 g / 100 mL water) were added to AgNO3 solution(1 M) in a 1:1(v/v) ratio 
and stirred for 24 h. The formed nanoparticles were precipitated with methanol (1:1) (v/v) and lyophilized. 
Secondary metabolites were analyzed by various methods. The preparation yield of AgNPs ranged between 
3 - 25 %. The total protein values determined by the Lowry method ranged between 1.8-3.6 mg/mL. Antioxidant 
activity values determined by the CUPRAC method ranged between 76 - 157 µg/mL GAE. Total   phenols 
values determined by Folin-Ciocalteu ranged between 88 - 160 µg/mL GAE, by 4-aminoantipyrine method 
(TAAP) ranged between 728 - 1,299 µg/mL GAE, by Price Butler method (PBM) ranged between 57 - 108 µg 
/ mL GAE. AgNPs prepared from Vitis vinifera seeds (AgNPs-VV) showed also antibacterial activity. Minimal 
inhibition concentration (MIC) of AgNPs-VV in  S.aureus was 31 µg/mL and MIC in E. coli was 55 µg/mL.  

Keywords: Green synthesis, phenolic compounds, analytical methods, antibacterial effects; traditional 
medicine, ethnobotany 

1. INTRODUCTION 

Chemotherapeutics based on natural sources are very intensively searched and studied [1,2]. Secondary plant 
metabolites involve a number of groups of substances [3]. At the beginning of the 21st century there is still a 
major concern of infections arising from improper use of antibiotics, disinfectants in hospitals and still not well-
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understood mechanisms [4]. Preventing these infections is not easy [4]. According to statistics, more people 
die from bacterial infections than from injuries and cancer [5,6]. The observed rapid rise in bacterial resistance 
requires the search for new strategies [6]. One of the possible solutions seems to be the use of 
nanotechnologies [7]. Some types of nanoparticles, including silver nanoparticles (AgNPs), show antimicrobial, 
antiviral and antifungal effects [8]. In addition, green synthesis of AgNPs uses enzymes and plant extracts [8]. 
It has lower costs, is environmentally friendly and does not require the use of high pressure and temperature 
[8]. In addition, important groups are represented by phenolic structures, which have antitumor, antiviral and 
antibacterial properties [9]. Stilbenes are very important in this area [10]. Stilbenes are part of foods and 
beverages such as blueberries, peanuts, grapes and red wine [11]. Vine is one of the most important sources 
of phenolic compounds (including stilbenes). These phenols are present in the skins and seeds [12] and they 
are shown in Figure 1. Resveratrol is the most studied stilbene, which has positive health effects [10]. The 
wine industry produces a number of wastes (wood, cane, and root) in the production of wine. Modification of 
the nanoparticle surface with these secondary metabolites can bring a number of completely new properties 
that can be used in biological applications [13].  

 

Figure 1 Oligostilbens are a major component of stilbenes extracted from these wastes. An important group 
of stilbenes in wine are: resveratrol, ampelopsin A, trans-epsilon-viniferin, delta-viniferin, hopeaphenol, 

isohopeaphenol, and r-viniferin [14,15]. 

The aim of this work was to design new types of AgNPs from the waste product of Vitis vinifera seeds and to 
test their antibacterial activity.  

2. MATERIAL AND METHODS 

AgNPs from Vitis vinifera AgNPs-VV. Short description of nanoparticle preparation: Immediately after 
collection, the plants were washed in distilled water and divided into smaller parts. Seeds of grape Merlot 
(Lednice, Czechia) were obtained during processing of the grapes into wine. The seeds were washed and 
lyophilized (48 h, -80 °C, 1 mbar), then homogenized by grinding, using a laboratory grinder (Retsch, GM 200, 
Germany) (3 min, 10,000 rpm). The material thus prepared was used to prepare the plant extract. Plant extracts 
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were prepared from various amounts of plant material (0.5; 2.5; 5.0; 10.0 g / 100 mL ultrapure water). The 
extracts were stirred at 25 °C, on a magnetic stirrer (600 rpm, 60 min). They were then centrifuged (20 min, 
14,000 g). Each plant extract was filtered and allowed to cool to room temperature. After filtration, the plant 
extracts were mixed with 0.1 M AgNO3 in a 1:1(v/v) ratio and allowed to stir with a magnetic stirrer (IKA RH 
basic, Malaysia) at room temperature (23 °C) for 18 hours. The purified nanoparticles were centrifuged 
(14,000 g, 30 min) and the pellet was lyophilized (24 h, -77 °C, 0.6 mbar). The yield of the reaction was 
determined.  

Photometric characterization of the extract. VIS absorption spectra were measured in the 400‒750 nm range. 
During the formation of nanoparticles, the colour of the resulting solution gradually changed (increasing the 
absorbance in the area of 450 nm due to the formation of nanoparticles). (Biochemical analysis of AgNPs 
surface was performed on BS-300 automatic analyzer (Mindray, China). DPPH (2,2-diphenyl-1-picrylhydrazyl), 
ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) and FRAP (ferric reducing ability of plasma) 
methods were used for sample analysis [16,17]. The extracts were characterized by spectrophotometric 
methods for the content of phenolic substances (Folin Ciocalteau, 4-aminoantipyrine method - TAAP, Price 
Butler method - PMB) and proteins (Lowry method, pyrogallol red).  

Antibacterial activity of AgNPs-VV. Escherichia coli a Staphylococcus aureus were obtained from the 
Collection of Microorganisms of Masaryk University Brno (cultivation of stock culture LB medium, 37 °C, 24 h). 
Infinite F50 (Tecan, Switzerland) was used for measurements. The antibacterial activity of the AgNPs-VV 
prepared by green synthesis was determined by the microdilution method, with some modifications. Different 
volumes of the stock solution AgNPs-VV and broth media were added to 96-well microtiter plates to obtain 
tested concentrations with a final volume of 250 µL. Then a 1-10 µL of the microbial inoculums were inoculated 
in microtiter plate wells to obtain a final concentration of 104 cells/mL. The plates were incubated for 24 h at 
30 ºC and after incubation, viable cell numbers were enumerated, and the CFU/mL were determined. The 
growth curves were determined for 24 h at 30 °C in a sterile microtiter plate (0.3 ml, shaking 5 s, 150 rpm). 
Measurements were performed on an Infinite 50 (Tecan, Switzerland) at 620 nm. Absorbances were recorded 
every 15 min. 

Mathematical and statistical analysis. Experimental work was performed in at least three independent 
experiments. Each sample in the experiments was analysed at least five times. The obtained data presented 
in this paper are the average values. No experimental points were excluded from the proposed experimental 
study. All the obtained data were stored in the Qinslab database. If possible, data were processed and 
evaluated mathematically and statistically in the Qinslab database. The results were expressed as mean ± 
standard deviation (SD). Positive and negative controls were included in all assays. Probit analysis used to 
determine the minimum inhibitory concentration (MIC). 

3. RESULTS AND DISUSSION: 

3.1. Preparation of new AgNPs-VV from Vitis vinifera seed (Merlos variety)  

In our previous experimental work, approaches for the synthesis and characterization of AgNPs were optimized 
[18]. The effect of obtaining dry and dispersed nanoparticles on the time of sonication was studied in detail on 
AgNPs prepared with extracts of tea, wormwood and sage (the effect was studied as an increase in the A450 
absorbance signal). Elevated temperature drying (60 °C, 24 h) and lyophilization (-80 °C, 0.1 mbar, 48 h) were 
used to dry the nanoparticles. After the drying process, the nanoparticles were prepared at a concentration of 
10 mg / mL. They were then dispersed in a conventional ultrasonic bath (4 W for a maximum of 300 minutes). 
For AgNPs prepared using extracts of Vietnamese tea, wormwood, sage after drying and dispersion, the 
absorbance ranged 0.1 - 1.4; 0.05 - 1.0; 0.05 - 0.6 (y = -0.0934 + 0.0124 x + 0.00001 x2, R2 = 0.988; y = -
0.0114 + 0.0030 x, R2 = 0.976; y = 0.0143 + 0.0009 x + 0,00001 x2, R2 = 0,953), respectively and after 
lyophilization, the absorbance ranged 0.6 -1.60; 0.1 - 1.2; 0.2 - 1.0 (y = 0.4600 + 0.0077 x + 0.00001x2, R2 = 
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0.991; y = 0.1683 + 0.0032 x, R2 = 0.976; y = 0.1475 + 0.0058 x + 0.00001x2 , R2 = 0.993), respectively. The 
results clearly showed that the lyophilization process improves the dispersibility of the nanoparticles and the 
process further depends on the type of extract used. We applied these conditions for the preparation of new 
AgNPs-VV. Extracted from lyophilized seeds in amounts (0.5; 2.5; 5.0; 10.0 g / 100 mL) were prepared. The 
prepared extracts were characterized by visual coloration. The yield increased (from 3 to 25 %) linearly 
depending on the amount used (y = 2.339x + 1.771, r = 0.999). According to the optimized procedure, AgNPs-
VV were prepared, in which we focused on the introduction of new methods for the evaluation of flavonoids 
present in grapevine seeds.  

3.2. Automated analysis of phenolic compounds in V. vinifera extracts  

New methods have been introduced for the characterization of plant extracts and silver nanoparticles in terms 
of quantification of phenolic substances, proteins, antioxidant activity and flavonones. CUPRAC method, which 
is based on the principle of reduction of Cu2+ -neocuproine complex to Cu+ -neocuproine due to antioxidants 
present in the sample (Figure 2). The measurement of the resulting complex was at 450 nm. In addition, it 
was possible to fully automate the method. As a control for the stability of the method, a control chart was 
created for the gallic acid concentration of 25 μg / mL and 12.5 μg / mL, where the average value of the control 
chart for 7 days (58804 ± 1964 mAU and 34461 ± 2360 mAU). 

 

Figure 2 Evaluation of antioxidant activity using the CUPRAC method. The activity is expressed as the 
equivalent of gallic acid (A). Typical dependence of absorbance on rosmarinic acid concentration (B). 

The FLAVANONES method, which is based on the reaction of flavanones of plant extracts with 2,4-DNPH and 
after subsequent alkalization, results in a quantitative black-blue coloration of the solution. The measurement 
of the resulting complex was at 505 nm and the method could be fully automated. As a control for the stability 
of the method, a control chart was created for the concentration of hesperetin 6 μg / mL, where the average 
value of the control chart for 7 days (4012 ± 323 mAU). The Price Butler method (PBM), which is based on the 
reaction of a mixture of ferric chloride and potassium ferrocyanide with phenolic substances in a slightly acidic 
medium. The measurement of the color complex was at 740 nm and the method could be fully automated. As 
a control for the stability of the method, a control diagram for the concentration of gallic acid 13 μg / mL was 
created, where the average value of the control diagram for 7 days (58068 ± 3573 mAU). TAAP method, which 
is based on the reaction of a mixture of potassium ferricyanide and 4-aminoantipyrine in an alkaline medium. 
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The measurement of the resulting complex was at 450 nm and the method could be fully automated. As a 
control for the stability of the method, a control diagram for the gallic acid concentration of 53 μg / mL was 
created, where the average value of the control diagram for 7 days (3947 ± 368 mAU). The methods used 
showed very good reproducibility and stability during the analysis of the obtained samples. Individual analyzes 
were performed in the used plant extracts. We found that the content of total phenols determined by the Folin-
Ciocalteu method ranged from 0.2 to 1.4 mg / mL GAE, by TAAP method ranged between 0.1-1.2 mg/mL 
GAE, by Price Butler method (PMB) ranged between 0.1 - 0.8 mg/mL GAE. We paid special attention to the 
analysis of flavanones. Their content ranged from 0.07 to 0.47 mg / mL hesperetin, 0.06 to 1.17 mg / mL 
silimarin and by CUPRAC method from 0.13 to 0.95 mg / mL GAE. The amount of total protein ranged from 1 
to 6 mg / mL of extract. Analyzes were also performed in AgNPs-VV. Total phenols values determined by 
Folin-Ciocalteu ranged between 88 - 160 µg/mL GAE, by TAAP method ranged between 728 - 1,299 µg/mL 
GAE, by PBM method ranged between 57 - 108 µg / mL GAE. The total protein values determined by the 
Lowry method ranged between 1.8-3.6 mg/mL. 

3.3. AgNPs-VV antibacterial activity 

Developing bactericidal surfaces using simple chemical methods can be a very promising way to many 
applications. Antibacterial activity was determined on model organisms (S. aureus, E. coli). Growth curves 
were measured for individual bacterial strains (24 h). We found that AgNPs-VV showed 35-50% inhibitory 
activity of the control (S.aureus or E.coli without AgNPs-VV). AgNPs-VV showed higher antibacterial activity 
against S. aureus and lower antibacterial activity against E. coli.  Based on the calculation of the IC50, the MIC 
of AgNPs-VV in S.aureus was determined to be 31 µg/mL and MIC of AgNPs-VV in E.coli was 55 µg/mL.  

4. CONCLUSION 

There is still very little information on the behavior of nanoparticles in the environment. In addition to chemical 
synthesis, green synthesis is an alternative that can improve the degradability of nanoparticles from the 
environment. AgNPs-VV were prepared from several extracts from V. vinifera seeds. Total phenols were 
determined by different methods in both seed extracts and AgNPs-VV. It was shown, that AgNPs-VV contained 
phenols and had antioxidant activity. AgNPs-VV also showed antibacterial activity against both S.aureus and 
E.coli. Our results show that the application of green chemistry processes improves the synthesis of AgNPs 
and probably improves their potential use in biological applications.  
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Abstract 

With growing pressure for wide application of silver nanoparticles, the methods of their production have 
become increasingly important. Moreover, repurposing waste has been a globally acknowledged trend in the 
context of circular economy approaches in recent decades. Combining the two, this study presents a facile 
method of silver nanoparticle production with the help of Cannabis sativa extract originating from a waste 
product originating from industrial hemp processing. The presence of produced nanoparticles was confirmed 
using UV-VIS spectrophotometry and TEM. After that, the antimicrobial activity against planktonic cells of an 
opportunistic pathogenic bacterium, Pseudomonas aeruginosa, was tested using a microcultivation device, 
Bioscreen C. Our results show Cannabis sativa extract is capable of mediating silver nanoparticle synthesis 
and stabilization and the produced nanoparticles are able of effectively inhibiting the planktonic cells of all P. 

aeruginosa strains tested. These results suggest there is an economically and environmentally friendly method 
of silver nanoparticle synthesis for antimicrobial applications. 

Keywords: Silver nanoparticles, antimicrobial activity, plant extract 

1. INTRODUCTION 

Nanotechnology is a prosperous industry with new potential applications surfacing every year. With 
nanoparticles being incorporated in mass produced commodities (e.g. clothes [1]) the methods of their 
production have become a very important topic. As physico-chemical methods of nanoparticle production come 
with indisputable advantages (e. g. uniform morphology), they definitely also bring about some major setbacks: 
Physical methods of production often consume great amounts of energy therefore making these approaches 
expensive, while chemical methods usually require the use of toxic solvents which can sometimes contaminate 
the product making these nanoparticles unusable in some areas of application [2]. 

In recent decades, many studies were performed exploring alternative ways of nanoparticle production, some 
of which take advantage of living organisms or their parts as a mediator for the reduction and stabilization [3]. 
A successful synthesis of metal nanoparticle was already described not only using microorganisms such as 
Shewanela algae, Rhodopseudomonas capsulata or Pseudomonas stutzeri [4] but also using extracts from 
plants, some of which are Pelargonium graveolens, Coriandrum sativum and Eucalyptus hybrida [5].  

However, when the materials used for metal ion reduction and nanoparticle stabilization are being chosen, the 
ecological relevance and sustainability of the approach should be considered. Adhering to the emerging trend 
of circular economy, considered a priority in a European Commission document “A new Circular Economy 
Action Plan For a cleaner and more competitive Europe” [6], in various domains of human activity, waste 
valorization is a key mechanism which needs to be assessed as a desirable approach in as many areas as 
possible [7]. This is why, in this study, agricultural waste from industrial hemp processing was used for the 
mediation of nanoparticle production. 
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2. MATERIALS AND METHODS 

2.1. Materials for nanoparticle synthesis 

Industrial hemp (Cannabis sativa) waste, silver nitrate (Sigma aldrich), ethanol solution (96%), distilled water. 

2.2. Hemp extract production 

Industrial hemp waste was homogenized using a blender. 150 mg of homogenized hemp were mixed with 600 
ml of 40% ethanol solution. This mixture was macerated in the dark for 24h. After that, the extract was filtered 
through an average laboratory filter (0.8 μm) and subsequently through a filter with 0.2 μm porosity. The 
finished extract was stored in dark and cold. 

2.3. Nanoparticle synthesis and detection 

A mixture of 10 % hemp extract and 10 mM of silver nitrate was created and was left to react in dark for 24h. 
After that, UV-VIS spectrophotometry was performed to detect the characteristic peaks in a spectral plot (250-
700 nm). After that a sample of produced nanoparticles was photographed using TEM. 

2.4. Microbial strains and growth media 

Pseudomonas aeruginosa (DBM 3081, DBM 3777, ATCC 10145) glycerol cryopreserves of the 
microorganisms were stored at -70° C. Before the experiment, all P. aeruginosa strains were precultivated in 
Luria-Bertani (LB) liquid medium at 37° C and 150 rpm for 24h to achieve the exponential phase of growth. 

2.5. Inhibition of planktonic cells of P. aeruginosa 

The inhibition of planktonic cells of P. aeruginosa strains was determined using a microcultivation device 
(Bioscreen C, Finland). The cells were cultivated for 24h in a microtiter plate in the presence of different % v/v 
of silver nanoparticles (0, 0.31, 0.63, 1.25, 1.88, 2.5, 3.13, and 4.69 % v/v); each experiment was done in 10 
parallels. After that, the growth inhibition was evaluated by plotting the growth intensity for each experiment. 

3. RESULTS AND DISCUSSION 

3.1. Nanoparticle synthesis and characterization 

During the 24h after mixing the silver nitrate solution and 
hemp extract, the mixture undergone a change of colour; it 
gradually went from slightly tinted to dark brown. After 
nanoparticle production was finished, their presence was 
confirmed using a UV-VIS spectral analysis. This method 
showed a peak between 400 and 450 nm which is 
characteristic of silver nanoparticles according to literature 
[8]. Subsequently, TEM was performed (Figure 1) and it 
revealed the nanoparticles produced are characterized by 
high polydispersity, varying morphology and sizes between 
5 to 80 nm. In a study by Ahmed et al. (2015) silver 
nanoparticles were produced using Azadirachta indica leaf 
extract; the nanoparticles also exhibited high polydispersity 
and the diameters ranged between 8 and 100 nm [9]. In 
another study, silver nanoparticle production was mediated 
by Chenopodium murale leaf extract and the nanoparticle 
size varied between 30 and 50 nm [10]. 

Figure 1 TEM photograph of nanoparticles 
formed using Cannabis sativa extract 
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3.2. Planktonic cell inhibition 

When observing the antibacterial activity of produced nanoparticles against planktonic cells of P. aeruginosa 

(DBM 3081) and P. aeruginosa (DBM 3777), more than 90 % inhibition was achieved in the presence of 0.31 % 
v/v (Figure 2 and Figure 3). 

 

Figure 2 Growth inhibition of P. aeruginosa (DBM 3081) planktonic cells mediated by silver nanoparticles; K 
- control experiment (0 % v/v of nanoparticles) 

 

Figure 3 Growth inhibition of P. aeruginosa (DBM 3777) planktonic cells mediated by silver nanoparticles;  
K - control experiment (0 % v/v of nanoparticles) 

 

Figure 4 Growth inhibition of P. aeruginosa (ATCC 10145) planktonic cells mediated by silver nanoparticles; 
K - control experiment (0 % v/v of nanoparticles) 
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In the case of P. aeruginosa (ATCC 10145), 90 % inhibition of planktonic cell growth was achieved when 
0.63 % v/v of produced nanoparticles was used (Figure 4). 

Our results showed the nanoparticles produced were very effective at the inhibition of planktonic cells of a 
gram-negative bacterium P. aeruginosa. This corresponds with the scientific understanding of the interaction 
of a microbial cell and silver nanoparticles. All silver nanoparticles interfere with the microbial cell 
predominantly by the mechanism of in situ silver ion release. However, with nanoparticles of a diameter smaller 
than 10 nm, the disruption of intracellular processes is mediated by the nanoparticle itself [11]. 

Antimicrobial activity of silver nanoparticles produced by “green” syntheses was already described in literature. 
A study was conducted where silver nanoparticles were produced using a culture supernatant of Nocardiopsis 

sp. MBRC-1 and their antimicrobial activity against clinically relevant strains of pathogenic microorganisms 
such as Bacillus subtilis and Candida albicans was demonstrated [12]. In another study, silver nanoparticles 
were produced using Salvia spinosa extract with their antimicrobial activity being proved against Bacillus 

subtilis and Escherichia coli [13]. 

4. CONCLUSION 

In this study, it was found that agricultural waste originating from Cannabis sativa plants can be used for the 
production of an extract capable of mediating “green” synthesis of silver nanoparticles. Moreover, these 
nanoparticles were able to inhibit the planktonic cell growth of an opportunistic human pathogen, P. 

aeruginosa. This approach to silver nanoparticle production could be used in the context of various applications 
(e. g. antimicrobial coating of surfaces) in order to adhere to the principles of circular economy. 
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Abstract  

The growing interest in biodegradable products paves the way for the safest sustainable earth. Starch is an 
extensively studied, cost-effective, easily accessible, and highly trusted resource to produce biodegradable 
products in the present and future. However, the exploitation of these starch in several fields requires 
substantial changes in its chemical functionalities and related properties. Here, we investigated the conditions 
(pH, temperature, the concentration of starch, concentration of chloroacetate, time, the ratio between 
starch/sodium hydroxide, etc.) that affect the preparation of carboxymethyl starch (CMS). The chemical 
structure and degree of substitution of native starch and CMS were confirmed by Fourier transform infrared ( 
FTIR), X-ray powder diffraction (XRD), Thermogravimetric analysis (TGA), potentiometric titration, Scanning 
electron microscope (SEM), and Nuclear magnetic resonance spectroscopy (NMR ). CMS's rheological 
properties show that CMS's intrinsic viscosity increased with increased degrees of substitutions (DS) from 
CMS (0.05 to 0.45). The CMS with different DS (0.05 to 0.45) was used for the first time to stabilize selenium 
nanoparticles (Se-NPs), showing spherical shape with a high homogenous size of Se-NPs (approx. 50 nm). 
The NPs shape and size stability were investigated and confirmed by different techniques like Dynamic light 
scanning (DLS), SEM, and Transmission electron microscope (TEM).   

Keywords: Selenium nanoparticles, carboxymethyl starch, starch 

1. INTRODUCTION 

Sodium carboxymethyl starch was first prepared in 1924. Since then, many derivatives have been prepared 
using the starch's different sources such that potato, amaranth, rice, mungbean, etc. These starches have 
variations in their amylose content, which is the primary cause of the different substitution degrees. Chemical 
modification of starch in this way could be useful for the textile, pharmaceutical industries, food industries, 
absorbents, and adhesives, etc. Nowadays, researchers try to make the material from the CMS for the cell 
carrier using inorganic material insertion. The carboxymethyl starch (CMS) is prepared by starch's reaction 
with the sodium monochloroacetate (SMCA) or monochloroacetate (MCA) in the presence of NaOH. Generally, 
this reaction occurs using a heterogeneous medium such as (ethanol/water, isopropyl alcohol/ water, benzene/ 
water), etc. This is because the response between starch and SMCA follows the Williamson ether synthesis 
and is based on the SN2 mechanism. The polar aprotic solvent is required to do etherification efficiently. The 
substitution factor is solvent, the concentration of the NaOH, SMCA, temperature, and time [2,3]. 

The solvent medium is mostly partially water because Carboxymethyl starch's solubility in water starts from 
0.1 DS. Many researchers have claimed that using isopropanol as the organic solvent with water is the most 
prominent solvent for the higher degree of substitution (DS) in CMS. They have used many combinations of 
the organic solvent and water such as methanol/water, ethanol/water, isopropyl alcohol/water for the reaction. 
They have claimed that isopropyl alcohol/water mixture is one of the best heterogeneous solvents for the 
carboxymethyl starch with an intact granule size. It is easy to remove unreactive and impurities from CMS [1]. 
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The temperature is also the primary cause of changing the starch's properties because gelatinization occurs 
in starch at higher temperatures. Still, the conditions may vary according to the percentage of the amylose 
content in the source. Potato starch is an abundant source with 28% amylose content, and its gelatinized at 
~65°-80°C  in the water. Choosing a suitable solvent also plays a crucial role in the reaction because it needs 
to dissolve the reactants.  

The solvent's concentration affects the solubility of the NaOH during the reaction because it is completely 
soluble in water but does not soluble in isopropyl alcohol at room temperature. The alkylation of the starch 
needs to be dissolved in the solvent. Otherwise, the separation of the two layers becomes broader in the 
reaction mixture. Moreover, penetration of the NaOH in the starch is impossible, leading only to surface 
annealing. Therefore 10% of isopropyl alcohol is recommended for the highest DS. Concerning the amylose 
content present in the starch, the NaOH concentration has also demonstrated the primary factor for increasing 
the DS because the complete substitution of the SMCA is based on the catalyst (NaOH). As many researchers 
reported, changing the ratio of the SMCA: NaOH shows a significant effect on the DS. There is more chance 
to do side reaction rather than the primary reaction during the CMS's preparation. The side reaction may 
compete with the immediate response and leads to a decrease of DS.  

Researchers have used the synthesis of Se-NPs by ascorbic acid at room temperature in the past few years, 
as it is a convenient and eco-friendly method [6,8] and for the stabilization of the nanoparticles used  
polysaccharides such as cellulose and its derivatives [7]. This study's main aim was to stabilize the Se-NPs 
by using synthesized CMS as polysaccharides act as stabilizers, facilitated by inter-and intra-hydrogen 
bonding and resulting in a template that binds the nanoparticles and avoids them to aggregate [4,5]. Moreover. 
In the synthesis of selenium nanoparticles (Se-NPs), the capping agent has a crucial role in influencing the 
nanoparticle characteristics. Starches are abundant natural biopolymers, inexpensive, and renewable. 
Starches are composed of polymers that contain amylose and amylopectin. Amylose and amylopectin have 
the functional molecules before and after modification, acting as a selenium nanoparticles template [4]. 

2. EXPERIMENTAL SECTION  

2.1.  Material and Reagent  

All chemicals were purchased from the Sigma Aldrich, Penta chemicals and used as received. Potato starch 
is purchased from the Czech Republic. The Bruker FT-IR was used for the Fourier transformation infrared in 
attenuated total internal reflectance 400 cm-1 to 4000 cm-1 at room temperature. Thermogravimetry analysis 
was carried out on the Trios instrument using N2 as carrier gas with a temperature ramp is 10 degrees /min 
from room temperature to 700 degrees.  

2.2.  Carboxymethylation of the Potato Starch 

1g of starch (6 mmol) was added to the 250 ml dried round bottom flask and mixed with 45 ml isopropyl alcohol 
and 5 ml distilled water (9:1). Followed by the dropwise addition of the 10% NaOH (2.5 M) solution (w/v) for 
60 min by noticing the pH ( 8-12) with stirring at (500 rpm - 900 rpm) at room temperature, continuing the 
stirring for 6h. After 6h, the addition of an aqueous solution of SMCA (6 mmol to18 mmol) (w/v) for 120 min at 
50 degrees Celcius. Once the addition of the SMCA was done, then the reaction was continued for 1 hour at 
the above temperature. Followed by the Neutralization with 6M HCl (5.5to 6 pH), and the filtration was done 
by cold 90% ethanol /85% ethanol for several times filtration to remove the chlorides. The degree of substitution 
was calculated by the back titration followed by the complexometric titration. The morphology of the CMS and 
their shape after a modification has been confirmed by SEM analysis, and the XRD analysis was used to 
confirm the loss of crystallinity after carboxymethyl group substitution on the potato starch. 
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2.3.  Preparation of the Selenium Nanoparticles 

The addition (5-12ml) of 12.5mM ascorbic acid into the 25ml round bottom flask containing (1-2ml ) 25mM 
sodium selenite solution, which was stirred at room temperature for an hour, until the color changed colorless 
to orange radish. The appearance of color was due to the reduction of selenium ions into the atoms and for 
the stability of the nanoparticles, added 0.2% of CMS. It was stirred for 5 hours until the solution got 
homogenized. Figure 1 is to illustrate the presence of Se-NPs. The SEM images confirmed the size and shape 
of the Se-NPs. 

 

Figure 1 Visibility comparison of CMS with high, low DS, and with Se-NP 

2.4.  Back titration 

CMS samples should be acidic and taken 0.02 g of sample for each measurement and dissolved in 6 ml of 0.1 
M NaOH and titrated the solution with 0.1 M HCl. The average of the readings has been included for the 
calculation of the DS.  

������� � 	>� & >����}� ��������� V 100 

�� � 162 V �������	100 & ��������������� 

Where: 

>�  - blank volume,  

>� . - sample volume 

��- Mass of the sample in milligram 

2.5.  Complexometric titration 

In this titration, 0.02 g of each sample of CMS were taken in the vials and dissolved in the minimum amount 
of water, and after the dissolution, precipitation occurs by the addition of the excess of CuSO4.5H2O solution 
and titrated against the EDTA (Ethylene diamine tetraacetate) 

��������� � 	>� & >�� V 2 V .1000  

�� � 7��V����������! �V���������                                 

2- Mole ratio of the CH2COONa/ Initial moles of the EDTA, C is the EDTA concentration (0.01 M), and W 
signifies the weight of the sample in gram. 



 October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

436 

3. RESULTS 

3.1.  Overview of the result 

Percentage yield, reaction efficiency, and substitution were analyzed by the experiment performed under the 
constant temperature and with the definite pH. The reaction's efficiency decreased as we exceed the ratio of 
SMCA over the 1:1 molar ratio because of the concentration of sodium glycolate and the unreactive SMCA 
increases. The molar ratios:  1:0.5, 1:1, 1:1.5, 1:2, 1:3 and their percentage yields are 57.55%, 49.8%, 42.01%, 
37.3%, and 30% respectively and their DS is 0.10, 0.13, 0.47, 0.50 and 0.62 by back titration. These all ratios 
are soluble in water at room temperature except the 1:0.5 molar ratio. 

3.2. Analysis of the carboxymethyl starch  

FT-IR analysis of CMS is illustrated in Figure 2. The 
sharp band comes around 1600 cm-1, and the 1400 cm-1 
shows a carboxylic group where an unsymmetric 
stretching peak comes at 1600cm-1, and the symmetric 
stretching peak is visible at about 1400 cm-1. (COO-) 
Moreover, the unmodified portion was shown under the 
range of the 1200 cm-1 to 500 cm-1. Figure 3 is presenting 
the effect of pH on the DS. When the pH increases up to 
some level, DS also increases. Figure 4 illustrates the 
effect of the concentration of (starch: SMCA) on the 
%yield of the CMS, and Figure 5 defines the impact of 
SMCA on the carboxymethyl percentage on the starch. 

 
 

  

Figure 3 Bar graph is demonstrating the effect of pH 
on the degree of substitution 

Figure 4 Bar graph is demonstrating the effect of the 
starch: SMCA ratio on the %yield of CMS 
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Figure 5 Pie-chart is demonstrating the effect of the amount of SMCA on the carboxymethyl  
substitution   

3.3. X-Ray Diffraction Analysis 

X-ray powder diffractometer rigaku smart lab 3kw was used with automatic X-ray powder diffractometer with 
Ɵ/Ɵ goniometer. The brag-Brentano and parallel beam modes are complemented by the use of additional 
asseries. Diffractometer measurement has been taken at 40 kilovolts, current 30 milliamperes. In Figure 6, all 
samples' showed no sharp peak, which illustrates the loss of crystallinity after the chemical modification, which 
indicates that substituted carboxymethyl groups deform the crystallinity during the chemical modification. The 
small sharp peak that appeared in one of the ratios should be of impurity. The degree of crystallinity decreases 
as the substitution degree increases. Figure 7 depicts crystalline peaks at 28.6 and 42.9 degrees, which 
confirm the presence of Se-NPs embedded with CMS; in this figure, the XRD pattern shows some 
characteristics peaks of Se-NPs that confirm the presence of Se(0). The reason for having low-intensity peaks 
and less due to the CMS's high viscosity might hide the minimal peaks. 

  

Figure 6 XRD spectra demonstrating the loss  
of crystallinity of the CMS ratios with respect  

to the native starch 

Figure 7 XRD spectra demonstrating  
the characteristic peaks of Se-NPs embedded  

in CMS 
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3.4. Investigating the Surface Morphology (SEM) 

Figure 8 illustrates the surface morphology of native starch, CMS, and Se-NPs capped with CMS.which was 
studied using a scanning electron Microscope. Figure (a) shows the shape of the potato starch granules, 
spherical, and almost all regular in shape. Figure (b) shows the change in the shape of the potato starch 
granule after modification by carboxymethylation, size has increased, and shape has distorted. Figure (c) and 
(d) show the spherical shape of the Se-NPs present on CMS's surface. We have used, The Thermo Fisher  
(VARIOS) 460 L Field -emission scanning electron microscope (FESEM), which offers sub-nanometer 
resolution over a wide energy range (0.7 nm @ 1keV, 0.6 nm @ 2-30 keV) with excellent materials contrast. 
The microscope was equipped with a wide array of imaging and analytical detectors for structural and 
compositional analysis. 

a)  b)  

c)  d)  

Figure 8 SEM image is demonstrating the shape of Potato starch granules; (a). SEM image is demonstrating 
the shape of Carboxy;(b). SEM images demonstrate the presence of Se-NPs synthesized by ascorbic acid 

and capped with CMS;(c) and (d). 

4. DISCUSSION  

In the past, nanoparticles were stabilized by different stabilizers; some are synthetic, and some are 
biocompatible [7,8]. In this study, we have used the CMS as a capping agent for the Se-NPs, which has a 
higher capability to stabilize the Se-NPs at room temperature due to the carboxymethyl group, which 
introduces the chargeable group. Additionally, the charge group's presence makes it best to bind with Se-NPs 
and hold them firmly for a long without destroying the Se-NPs original size and shape. The SEM technique 
confirmed the size and shape. 
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5. CONCLUSION 

Various degree of carboxymethyl moiety substitution was successfully carried out using the less harmful 
solvent, which acted as a heterogeneous medium for the reaction. Our study confirmed that the amount of 
SMCA played an essential role in CMS's efficiency and yield. We have confirmed the substitution of the OH 
group by CH2COONa in the potato starch by titration, FTIR, and XRD. The best pH for each substitution of 
CMS has been found and would be used in our subsequent studies. The low substituted CMS and higher DS 
were used as a capping agent for the Se-NPs and analyzed the stability of Se-NPs and confirmation of the 
size and shape by SEM and XRD. 
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Abstract 

Interaction between polyelectrolyte and oppositely charged surfactant leads to a formation of a hydrogel with 
micellar nanodomains. The main focus of this work was to monitor and study how pH and its changes affect 
mainly mechanical properties of phase-separated hydrogels with micellar nanodomains. This work focuses on 
interaction of hyaluronan and Septonex (carbethoxypendecinium bromide). The studied pH range was 4-9. 
Rheology was the main technique to study the mechanical properties of the hydrogels. The rheology results 
were obtained for all prepared hydrogels at the pH range and as well for hydrogels that had changed pH after 
their preparation. The pH values were always changed to the limit values of the selected range, i.e. four and 
nine. The results show that the mechanical properties and partly the internal structure of hydrogels vary 
according to the pH of their dispersion medium. By changing the pH to limit values, it was possible to strengthen 
or soften the bonds within the hydrogel. 

Keywords: Hydrogel, pH, rheology, hyaluronan, Septonex 

1. INTRODUCTION 

Interaction polyelectrolyte-surfactant is widely researched topic especially for its application potential. The 
phase separation method makes it possible to prepare physical hydrogels by the interaction of these 
substances. Hydrogels are known for their ability to absorb a huge amount of water into its structure and thus 
increase its volume. This fact is used especially in medical applications [1] and for example hydrogels are ideal 
candidates for use as a drug carrier. This carrier should guarantee a prolonged circulation of the drug and due 
to its specific structure release the drug slowly and gradually. Its structure also guarantees the passage of 
oxygen and others nutrients [2]. 

When working with hydrogels focused on medical applications that could come into contact with the human 
body, then the conditions that change in this way must be taken into account. One of these conditions is the 
pH value, which is a significant factor for all physical interactions. Whether it is the isoelectric point of amino 
acids, peptides or proteins at which they have total zero charge. It is also the maintenance of a constant pH 
that is one of the basic tasks of the internal environment [3]. 

The application of the hydrogel determines what pH value the hydrogel will be exposed to. The pH values of 
the human body varies considerably. When applied to the skin, the hydrogel may be exposed to pH in the 
range of 4 - 7.4 [4]. Upon ingestion, the hydrogel is immediately exposed to the pH of saliva (6.2 - 7.6) [5], then 
proceeds up to the stomach where it is exposed to a significantly more acidic pH (1.7 - 6.7) [6] and then the 
undigested residue would theoretically be exposed to pH 4 - 7 [7]. In case of vaginal application, it would get 
in contact with pH 3.5 - 4.3 [8]. 

The aim of this work was to monitor and describe changes in phase-separated hydrogels caused by a change 
of the pH value. The range of studied pH values correlates with the pH values that the hydrogel could encounter 
in the human body. As starting materials for formation of hydrogels by polyelectrolyte-surfactant interactions, 
a negatively charged polyelectrolyte was selected hyaluronan and the positively charged surfactant Septonex. 
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Characterization of the mechanical properties of the prepared hydrogels was performed using rheological 
methods. All the characteristics were compared between individual gels prepared at different pH values and 
as well for hydrogels that had changed pH after preparation. The pH values were always changed to the limit 
values of the selected range, i.e. four and nine. 

2. MATERIALS AND METHODS 

Hydrogels were prepared by mixing the powder substances and then adding the dispersion environment. As 
a negatively charged polyelectrolyte was used the sodium form of hyaluronan (HyA). In this study the 
hyaluronan was used at high molecular weight (1540 kDa). As a positively charged surfactant was used 
carbethopendecinium bromide (Septonex). Both of these substances were mixed together in the clear vial and 
dissolved in desired buffer. The contents of the vial were for thorough mixing placed on the Vortex shaker and 
mixed for a brief moment. Thus prepared hydrogel was left to stand for at least 24 hours. The ionic strength of 
all prepared hydrogels was adjusted to the same value with sodium chloride. Final concentrations of 
substances were 1 wt% for HyA and 100 mM for Septonex. Hydrogels were prepared at different pH values 
(4, 5, 6, 7, 8 and 9). The pH values were adjusted with buffers. Specifically these buffers were citrate-phosphate 
buffer and borax-hydrochloric acid buffer. 

Rheology was the main technique to study the mechanical properties of these hydrogels. The rheology results 
were obtained for all prepared hydrogels at the pH range and as well for hydrogels that had changed pH after 
their preparation (i.e. 4 and 9). These gels were measured on the AR-G2 rheometer from TA Instruments. The 
measurement was performed using plate-plate geometry (a diameter of 8 mm, gap size 500 µm). After dosing 
the sample onto the instrument plate, few drops of silicone oil were added to the sample to prevent it from 
drying for the duration of the measurement. Before each measurement, a relaxation step was introduced, 
which allowed the sample to relax for five minutes at the set temperature of 25 °C. For the purposes of this 
work, strain sweep and frequency sweep tests were performed. 

3. RESULTS AND DISCUSSION 

3.1. Strain sweep tests 

The first test that was performed was strain sweep test. This test makes possible to detect linear viscoelastic 
region (LVR). This area tells us where the moduli are independent on the amplitude of deformation. The 
dependence of the viscous and elastic moduli was determined at a constant frequency value and varying 
amplitude deformations. With this test we detected the LVR in the range of 0.01-32%. During the whole test 
the elastic modulus (G’) prevailed, which indicates that it is a gel. This course and predominance of the elastic 
modulus were identical for all measured samples. From this range the value of the appropriate amplitude of 
deformation was chosen. The chosen value was 1% and this value falls into LVR of all samples. This value 
was used when setting up the instrument for the oscillation tests for all the samples. 

From the value of the end of LVR it is possible to draw conclusions about the mechanical properties of the 
prepared hydrogels, more specifically the bond strength. These results are summarized in Table 1. The bigger 
the value of the end of LVR, the stronger bonds should be and longer resist the compression of the sensor. 
From the table below it is clear that the strongest gel was a sample prepared at pH 9. On the contrary, the 
softest was the gel prepared at pH 4, which, however, had very close results as other samples. The end of 
LVR for the other samples occurred at very similar values of amplitude of deformation, from which it can be 
deduced that these hydrogels are very similar and only the samples prepared at pH 9 differs significantly. 
Other values that we can find in the Table 1 are the average values of the elastic (G’) and viscous (G’’) moduli 
in the LVR. The values of these moduli describe the amount of formed gel. Samples with higher moduli values 
produce more gel and vice versa. Samples with lower values of moduli absorb a larger amount of dispersion 
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medium. According to the Table 1, the most of a gel should form in the sample prepared at pH 9 and gel 
prepared at pH7 should absorb the most dispersive medium. 

Table 1 Data acquired from the strain sweep tests for all the gels prepared at different pH (end of LVR, G', G'') 

pH End of LVR (%) G’ (Pa) G’’ (Pa) 

4 9.99 2370 ± 39 925 ± 45 

5 14.69 2951 ± 48 1205 ± 30 

6 10.03 1871 ± 18 792 ± 16 

7 10.01 1145 ± 15 503 ± 7 

8 14.69 3333 ± 29 1379 ± 17 

9 31.84 4886 ± 57 701 ± 22 

In Table 2 we can find the end of LVR values for the samples with changed pH values. The values of the end 
of LVR were the highest in the samples that had changed pH to 9. All samples had almost the same LVR end, 
which means they all should have equally strong bonds. However these bonds should be weaker than the 
sample prepared at pH 9. Samples with the pH value changed to 4 had almost an identical LVR end value as 
a sample prepared at pH 4. The strange sample is the sample originally prepared at pH 7. According to the 
measured values it should have softer bonds than the original sample prepared at pH 4, because its LVR end 
value is the smallest. It can be explained that the sample, from which this hydrogel was derived before the pH 
change, had weaker bonds than other samples, which were based on hydrogels with stronger bonds. 
Comparison of the above mentioned can be seen in Figure 1. 

 

Figure 1 Dependence of viscoelastic moduli on amplitude of deformation for samples prepared at different 
pH value (left) and samples with changed pH environment (right) 

Table 2 Data acquired from the strain sweep tests for all the gels witch exchanged pH (end of LVR, G', G'') 

pH End of LVR (%) G’ (Pa) G’’ (Pa) 

4 → 9 14.71 3525 ± 44 511 ± 21 

5 → 9 14.69 4369 ± 20 700 ± 12 

6 → 9 14.67 3948 ± 45 570 ± 12 

7 → 4 6.84 3559 ± 33 1110 ± 15 

8 → 4 10.02 4203 ± 72 1297 ± 31 

9 → 4 10.05 5320 ± 80 1778 ± 35 
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3.2. Frequency sweep tests 

This test is another oscillatory test which measures the dependency of elastic and viscous moduli on the 
frequency of oscillations. These measurements take place at a constant value of the amplitude deformation 
and varying frequency of sensor oscillations. In the Figure 2, which is describing the course of dependence of 
viscoelastic moduli on the increasing frequency of oscillation for samples prepared at different values of pH 
and as well samples prepared with changed pH environment, can be observed gel behaviour. At the beginning 
of the measurement, the component of the viscous modulus prevailed and increasing the frequency of 
oscillation led to the point of intersection of the curves, so called cross-over point. Where the values of viscous 
(G’’) and elastic (G’) moduli are equal. In the beginning, the measurement deforms weak bonds and increasing 
frequency of oscillation deforms the strong bonds as well. This is indicated in the Figure 2 by the steep rise of 
elastic modulus. Since the amplitude of deformation from the LVR was chosen for this measurement, it is 
elastic deformation and after stopping the oscillation, the sample would return to its original state. 

 

Figure 2 Dependence of viscoelastic moduli on frequency of oscillation for samples prepared at different pH 
values (left) and samples with changed pH environment (right) 

Using the Rheology Advantage Data Analysis software, it was possible to record the frequency of oscillation 
and values of viscoelastic moduli at the cross-over point for all measured samples. These values are 
summarized in Table 3. 

Table 3 Data acquired from frequency sweep test for all gels at different pH at cross-over point (frequency,  
             viscoelastic moduli) 

pH Frequency (rad·s−1) Viscoelastic moduli (Pa) 

4 0.296 808 

5 0.395 709 

6 0.545 581 

7 0.843 336 

8 0.394 664 

9 No cross-over point 

It can be seen from the Table 3 that the modulus value, which corresponds with cross-over point that it was 
highest for the sample prepared at pH 4. The oscillation frequency value for this sample is on the contrary the 
smallest. This means that the elastic modulus (G’) starts to prevail in the sample sooner than at the other 
samples. What can be further observed from the table is that the value of the modulus is gradually decreasing 
with increasing pH up to the sample prepared at pH 7. In this sample the lowest value of the module and 
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highest value of the oscillation frequency were measured. That indicates that this sample should have the 
greatest distances between the individual nodes, which stabilize the structure. This is supported by the visual 
characterisation of this sample itself and the thermogravimetric tests, from which it was found that this sample 
is able to accept the largest amount of water. On the contrary it was with the sample prepared at pH 9. In this 
case the moduli G’ and G’’ did not intersect in the measured range of the sample (Figure 2). Thus, in this 
sample predominates the elastic modulus. Unlike hydrogel prepared at pH 7, this hydrogel should have much 
smaller distances between individual nodes, which should indicate its impaired permeability. That was again 
supported by thermogravimetric measurements, from which it turned out that the sample was able to absorb 
the smallest amount of water. 

In Table 4, the cross-over point values for the samples with exchanged pH values were recorded. Samples 
prepared at pH 4, 5 and 6 had their pH adjusted to 9. Samples prepared at pH 7, 8 and 9 had their pH changed 
to 4. Immediately it can be noted that the samples, which were changed to pH 9, did not have the cross-over 
point. This means that samples prepared at pH 4, 5 and 6, which had the cross-over point in their initial 
measured range, had their structure changed simply by changing the pH value of their environment. The fact 
that there is no cross-over point means that these samples are very similar to samples already prepared at 
pH 9. Conversely, at samples prepared at pH 7, 8 and 9, which had the pH of their environment changed to 4, 
we could observe increase of the viscoelastic moduli in the cross-over point above the values of original 
samples. The frequency of oscillation were lower than at the sample prepared at pH 4. This indicates that 
changing the pH will not convert the sample to a perfect copy of the sample prepared at pH 4, but that the 
structure retains some of the original bonds. 

Table 4 Data acquired from the frequency sweep test for all the gels with exchanged pH at cross-over point  
             (frequency, viscoelastic moduli) 

pH Frequency (rad·s-1) Viscoelastic moduli (Pa) 

4 → 9 No cross-over point 

5 → 9 No cross-over point 

6 → 9 No cross-over point 

7 → 4 0.179 1444 

8 → 4 0.174 1045 

9 → 4 0.199 1199 

4. CONCLUSION 

Twelve hydrogel samples were prepared to study the mechanical properties of hydrogels prepared by phase-
separation. Six samples were prepared at the pH range 4-9 and the next six samples were prepared at the 
same pH values but they had their pH values of their environment changed before the measurement. In this 
work was presented detailed comparison of mechanical properties by rheological tests. First of all, the gels 
were studied by strain sweep tests which demonstrated that the softest hydrogel was prepared at pH 4 with 
very close values to gel at pH 5 and 6. The hardest gel was prepared at pH 9. From the results we could draw 
conclusion about the amount of prepared gel. According to the results the gel formed at pH 9 consisted of the 
largest amount of gel and conversely the smallest amount of absorbed water. In contrast the gel prepared at 
pH 7 consisted of the largest amount of absorbed water. Results for the altered pH values showed that the 
samples which changed to pH 9 all had the same strong bonds, but these bonds were weaker than the bonds 
of the sample originally prepared at pH 9. In contrast, the samples which had the pH changed to 4 all had 
equally strong bonds as sample prepared at pH 4.  
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Complementary results were obtained from frequency sweep tests. After comparing all the values of the cross-
over points we found that the sample prepared at pH 7 had the greatest distances between individual nodes 
which stabilize the structure. This predestines it for the best and easiest water absorption. On the contrary for 
the hydrogel prepared at pH 9, the elastic and viscous moduli did not intersect. In this hydrogel the elastic 
modulus predominated and the distance between individual nodes is much smaller than for other gels. That’s 
why this hydrogel has very low water permeability. In this direction, the hydrogel prepared at pH 9 appears to 
be an ideal candidate as s drug carrier with sustained release. For the altered results we recorded that all of 
cross-over point values were shifted by just the pH change. However these values were not identical to the 
values obtained for original hydrogels. This proves that a change in the pH after preparation can change the 
mechanical properties of hydrogels but at the same time, we do not create exact copies of original hydrogels. 
These result can be transferred to custom preparation of hydrogel depending on the application. 
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Abstract  

Materials with immobilized or entrapped nanoparticles are of considerable interest. Sulphur as one of the 
abundant elements on earth is cheap and environmentally friendly. In this work, we have studied the surface 
properties of polystyrene foil and changes of its surface properties after (i) activation by ultraviolet radiation 
and (ii) subsequent grafting with sulphur particles (SPs). We have also investigated the effect of surface pre-
grafting with cysteamine on subsequent SPs grafting. SPs have been prepared by an acid catalyzed 
precipitation of sodium thiosulphate in the presence of sodium dodecyl sulphate as capping agent. The 
changes in surface properties of modified foils were characterized by contact angle measurement, 
electrokinetic analysis and X-ray photoelectron spectroscopy (XPS). The contact angle decreased after UV 
activation due to the formation of oxygen polar groups. The presence of sulphur and sodium on the polystyrene 
surface, revealed by XPS, showed that SPs were bound to this surface. The surface morphology of samples 
and grafted SPs size were examined by scanning electron microscopy. The significant changes in SPs 
agglomeration after grafting on surface were observed. 

Keywords: Polystyrene, sulphur particles, surface modification, UV treatment, surface properties 

1. INTRODUCTION 

The modification of polymer surfaces by the covalent attachment of molecules, nanoparticles or microspheres 
has been an active topic of investigation in the field of surface sciences and has provided an opportunity to 
fabricate novel heterostructures with desired properties [1-3].  

Sulphur is a widely used element in different applications such as fertilizers, pharmaceuticals, antimicrobial 
agents, insecticides and fumigants. Sulphur nano- and micro- particles have been examined for modification 
of metal and carbon nanotubes, synthesis of composites for lithium batteries, anti-cancer agent, antibacterial 
agent and as adsorbent for the extraction of metal ions [4,5]. 

The aim of our research was to bring an insight and understanding into the mechanism of UV activation of 
polymer surface and its subsequent functionalization with molecules and particles.  

In this study, the sulphur particles (SPs) have been synthesized by quick precipitation method in the presence 
of sodium dodecyl sulphate (SDS) that was used as a stabilizer to control the SPs size. We have investigated 
size, size distribution and zeta potential of prepared particles by dynamic light scattering (DLS). We have also 
focused on the modification of polystyrene foil by UV radiation and subsequent grafting with stabilized sulphur 
particles (SDS-SPs). The surface properties (polarity, surface chemistry and structure) of polystyrene before 
and after modification were studied by various techniques (goniometry, electrokinetic analysis and X-ray 
photoelectron spectroscopy). Scanning electron microscopy was employed for imaging the microstructure and 
morphology of surface.  
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2. EXPERIMENTAL 

2.1. Chemicals and materials 

The chemicals used for this study were taken from the following companies: sodium thiosulfate pentahydrate 
(Na2S2O3·5H2O, Lach:Ner, CZ), oxalic acid (H2C2O4·2H2O, Lach:Ner, CZ), sodium dodecyl sulphate (SDS, 
Sigma-Aldrich, USA), cysteamine (cys, HS(CH)2)2NH2, 98%, Sigma Aldrich, USA). 

Polystyrene foil (PS, thickness 50 μm, biaxially oriented, GoodFellow Ltd., UK) was used for the experiments. 

2.2. Particle synthesis 

SPs were synthesized according to the method described in the work [3], with slight modifications. A mixture 
of sodium thiosulfate and SDS was prepared by combining 45 ml of 0.05 M Na2S2O3 with 1 ml of 0.05 M SDS. 
The mixture was stirred mechanically at 350 rpm at room temperature (25°C). Then an appropriate amount of 
0.3 Macid solution was added to the mixture under continuous stirring. A white precipitate was observed after 
a while; the reaction was stopped after 40 min. The particles suspension was centrifuged and washed with 
distilled water. The obtained precipitate was dispersed in distilled water for subsequent modification of PS 
samples. 

2.3. Surface modification of polystyrene 

PS foil was activated by UV radiation for 15, 30, 45 or 60 minutes using UV lamp with wavelength 254 nm. 
Immediately after activation the samples were inserted into 1% aqueous solution of cysteamine. After 24 hours 
the samples were rinsed with distilled water and inserted to the SPs solution for 24 hours. After this time, 
samples were rinsed with distilled water and allowed to air dry.  

2.4. Samples characterization 

The zeta potential and the particle size of prepared SPs were determined by dynamic light scattering using 
LitesizerTM 500 (Anton Paar, AUT). Values were determined at room temperature, with a semiconductor laser, 
40 mW, 658 nm, at constant pH with repeatability of 10 %. The particles were analyzed immediately after being 
prepared. 

Surface properties of the PS samples (pristine, activated, or grafted) were studied using the following methods: 

Tensile strength test was used to evaluate mechanical properties of PS samples before and after UV activation 
using testing machine LabTest 6.050 (Labortech, CZ). Samples were cut in the longitudinal and transverse 
direction. The tensile strength was calculated from the maximum stretching force at break divided by the 
original cross-sectional area of the sample (width × thickness).  

The surface morphology was investigated using scanning electron microscopy (SEM, VEGA, Tescan, CZ). 
Measurements were carried out using secondary electron imaging mode with acceleration voltage 20 kV. The 
samples were sputtered by a 20 nm thick gold layer to eliminate surface charging. 

The contact angle characterizing surface wettability was determined by the sessile drop technique employing 
a goniometer DSA30 (KRÜSS GmbH, DE). Droplets of volume (2.00 ± 0.05) µl were positioned at the centre 
of the surface of samples. The values of contact angle were evaluated automatically by ADVANCE software.  

Zeta potential of pristine and modified PS samples was accomplished on SurPASS Instrument (Anton Paar, 
AUT). Samples were fixed on two sample holders (size 2 × 1 cm2 and gap between 100 μm) and placed inside 
the adjustable gap cell in contact with the electrolyte (0.001 mol·dm3 KCl). All samples were measured four 
times at constant pH value (6.5) with the relative error of 10 %. The streaming current method was applied for 
the determination of the zeta potential. 
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For surface elemental analysis there was used X-ray photoelectron spectroscopy. The high vacuum chamber 
was equipped with source SPECS X-Ray XR50, where Al cathode (1486.6 eV) was used, and with a 
hemispherical analyzer SPECS PHOIBOS 100 with 5-channels detector.  

3. RESULTS AND DISCUSSION 

SPs were synthesized by redox reaction of Na2S2O3·5H2O in oxalic acid and using sodium dodecyl sulphate 
(SDS) as stabilizer. Sample preparation for DLS analysis was carried out by diluting 100 µl of the colloidal 
solution containing SPs to 1 ml with distilled water. Figure 1A shows size distribution of SPs. SPs are 
distributed homogeneously within the solution, the mean size of 188.6 nm with the standard deviation of 
26.7 nm. Figure 1B shows the zeta-potential distribution for SPs at their natural pH. The SDS-SPs appear to 
be negatively charged with the mean value of (-66.7 ± 2.1) eV, SDS is an anionic surfactant with carbon chain 
structure [6]. 

 

Figure 1 Particle size distribution (A) and zeta potential (B) of freshly prepared SDS-SPs 

The tensile test was conducted to evaluate the effect of UV radiation on the mechanical properties of PS foil. 
The results presented in Figure 2 show the tensile properties of unmodified PS foil are the same in both 
directions. It is assumed that UV radiation can destroy the polymeric chains [7] and can decrease the tensile 
strength of polymer foils. The results demonstrated that the tensile strength in transverse direction was not 
significantly affected by UV radiation. Contrary to longitudinal direction, where the decrease of tensile strength 
after 30 min of exposure is noticeable. 

 

Figure 2 Effect of UV irradiation on tensile strength of PS samples  
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The morphology and the size of SDS-SPs after grafting on UV treated PS were characterized using scanning 
electron microscopy (SEM). The SEM micrographs, presented in Figure 3, show that grafting of SPs on 
polymer surface results in SPs aggregation with a size of a few micrometers. This effect is probably caused 
by high surface free energy of PS after UV treatment [8]. However, it is apparent that cysteamine pre-grafting 
reduces the SDS-SPs aggregation and lead to more homogenous distribution over the polymer surface. It was 
also found that the amount and change in aggregation of SPs grafted on the polymer surface strongly depends 
on the UV exposure time. Substrates exposed to UV light by shorter time (15 min) resulted in small number of 
grafted SPs than substrates modified with times 30-60 min. Otherwise, significant changes in SPs aggregation 
was observed for substrates modified for a longer time (60 min).  

 

Figure 3 Scanning electron microscopy (SEM) images of SDS-SPs grafted on UV-activated PS surface (A), 
UV-activated PS surface pre-grafted with cysteamine (B) 

UV treatment is a very clean and effective method for activation of inert polymer surface inducing chemical 
and structural changes, cleavage of bonds and creation of oxygen-containing and reactive groups [7]. All these 
processes have a significant effect on contact angle.  

 

Figure 4 Contact angles of unmodified PS foil (PS Pristine) and after individual steps of modification, after 
UV exposure (PS/UV) and after subsequent grafting of either cysteamine (PS/UV/cys) or SDS-SPs 

(PS/UV/SPs) or both (PS/UV/cys/SPs) 
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Figure 4 presents the results of the contact angle measurement of PS foil before and after individual 
modification steps. All samples after UV exposure exhibit decrease of contact angle caused by creation of 
oxygen-containing groups on activated surface [9]. The presence of oxygen groups has also been confirmed 
by XPS determination discussed below. Samples modified by UV for longer time (60 min) had significantly 
lower values of contact angle (CA = 67°) compared with samples exposed for a shorter time (15 min, CA = 82°). 
Contact angle of all samples decreased with increasing UV exposure time. The subsequent cysteamine 
grafting led to even more hydrophilic surface, on the other hand SDS-SPs grafting caused an increase of 
contact angle. In comparison with unmodified PS (CA = 90°), all modification steps led to more hydrophilic 
surface.   

 

Figure 5 Zeta potential of unmodified PS foil (PS Pristine) and after individual steps of modification, after UV 
exposure (PS/UV) and after subsequent grafting of either cysteamine (PS/UV/cys) or SDS-SPs (PS/UV/SPs) 

or both (PS/UV/cys/SPs) 

The zeta potential values before and after individual modification steps are presented in Figure 5. As it is 
evident, the polymer surface properties affect the value of zeta potential and the zeta potential changes after 
UV treatment and after cysteamine and SDS-SPs grafting. UV radiation causes mild changes of zeta potential 
due to creation of new polar groups and reactive sites on the surface, most significant change was observed 
at sample exposed for a longer time (60 min). The grafting of cysteamine results in a less negative zeta 
potential, due to the presence of amino- groups, which creates a positive charge on the polymer surface in the 
presence of electrolyte. Significant differences in values, depending on UV exposure time (increasing zeta 
potential of PS/UV/cys with increasing time) may be caused by different amount of grafted cysteamine and/or 
different way of cysteamine bonding to surface (via -SH or -NH2 group) [10]. All these changes in zeta potential 
values indicate reliably the successful grafting of cysteamine and SDS-SPs on PS surface. 

Table 1 Elemental concentration in at.% for PS foils as measured by XPS 

Sample C 1s O 1s N 1s S 2p Na 1s 

PS Pristine 100.0 - - - - 

PS/UV (30 min) 93.1 6.9 - - - 

PS/UV/cys 89.8 7.3 1.9 1.0 - 

PS/UV/SPs 92.3 7.2 - 0.4 0.1 

PS/UV/cys/SPs 87.6 9.0 2.0 1.3 0.1 
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The elemental composition of the surface of pristine, UV-activated PS for 30 min, and subsequently grafted 
with cysteamine and/or with SDS-SPs was determined from XPS spectra. The resulting concentrations (in 
at.%) are shown in Table 1. UV treatment results in cleavage of bonds in polymer chains and production of 
free radicals. This causes the oxidation of polymer surface and incorporation of oxygen polar groups, which is 
detected as an increase of oxygen concentration (from 0 % to 6.9 %) in XPS spectra. This result was also 
confirmed by goniometry and electrokinetic analysis. Grafting of cysteamine leads to increase of nitrogen and 
sulphur on the polymer surface, in the case of SDS-SPs, sulphur and small amount of sodium is observed. 

4. CONCLUSION 

New nanocomposite consisting of polymer (PS) and SDS-capped sulfur particles was prepared. The SPs were 
synthesized using oxalic acid and sodium thiosulfate in the presence of SDS. A mean particles size was 
188.6 ± 26.7 nm as determined by DLS. UV treatment, cysteamine and SPs grafting cause changes in surface 
charge, chemistry and polarity of PS. UV radiation leads to decrease of contact angle and higher hydrophilicity 
of polymer. The SEM results showed that significant agglomeration of grafting SPs takes place during the 
process. Cysteamine pre-grafting significantly reduced SPs agglomeration and led to more homogenous 
distribution over the polystyrene surface. UV exposure time strongly affects the amount and agglomeration of 
grafted SPs. These findings may be of importance for advance research and development of new composite 
materials composed of polymers and nanoparticles.  
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Abstract 

Motor vehicle emissions substantially contribute to air pollution worldwide and cause serious health 
problems. While the deleterious effects of diesel exhaust particulate matter (PM) have been widely studied, 
much less attention is paid to toxicity of PM emitted by gasoline engines although they also produce 
considerable amount of PM. The primary objective of this research was to assess toxic potencies of exhaust 
PM released by conventional gasoline engine fueled with neat gasoline (E0) or gasoline-ethanol blend (15% 
ethanol, v/v, E15). Despite a similar particle mass (μg PM/kg fuel) produced by both fuels, PM emitted by E15 
contained higher amount of harmful polycyclic aromatic hydrocarbons (PAH) as suggested by chemical 
analysis. To examine the toxicity of organic PM constituents, human lung BEAS-2B cells were exposed for 4h 
and 24h to a subtoxic dose of E0 and E15 PM organic extracts. We used genome scale transcriptomic analysis 
to characterize the toxic response and to identify modulated biological process and pathways. Whereas 4h 
exposure to both PM extracts resulted in modulation of similar genes and pathways related to lipid and steroid 
metabolism, activation of PPARα, oxidative stress and immune response, 24h exposure was more specific for 
each extract; although both induced expression of PAH-metabolic enzymes, modulated metabolism of lipids 
or activated PPARα, E15 additionally deregulated variety of other pathways. Overall, the PM mass produced 
by both fuels was similar, however, higher PAH content in E15 PM organic extract may have contributed to 
more extensive toxic response particularly after 24h exposure in BEAS-2B cells. 

Keywords: Particulate matter emissions, gasoline, biofuels, toxicity, gene expression profiling 

1. INTRODUCTION 

Motor vehicle emissions substantially contribute to air pollution worldwide. They represent an important source 
of particulate matter (PM). Numerous scientific studies have linked PM exposure to various health effects 
including pulmonary and cardiovascular disorders or cancer [1]. Combustion-related PM consists of relatively 
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high concentrations of toxic substances bound on the particle surface. Among them, polycyclic aromatic 
hydrocarbons (PAHs) play an important role in PM toxicity [2]. Of special concern are ultrafine particles (<100 
nm) because they can deposit deep into the lungs, enter the bloodstream and reach other organs [3]. 
Compared to coarse (>2,5 μm) or fine (100 nm-2,5 μm) PM, ultrafine particles exhibit a large surface area that 
allows them to carry a relatively large load of toxic compounds. For many years, diesel engines dominated 
among the mobile sources responsible for negative environmental issues and adverse health effects 
associated with PM exposure. However, modern gasoline engines recently emerged as important contributors 
to traffic related particulate pollution [4]. Increasing demands for the replacement of conventional fossil fuels 
with alternatives produced from renewable sources have raised an interest in numerous biofuels and their 
blends. Ethanol is the most commonly used bio additive for gasoline. Despite this fact, studies on the 
comparative toxicity of particulate emissions or their organic extracts from fossil gasoline and gasoline-ethanol 
blends are still scarce. The present study aimed to compare the toxic effects of organic complex mixtures 
extracted from particulate emissions produced by a passenger car fueled with neat gasoline (E0) or ethanol-
gasoline blend (E15). To achieve this, we employed genome-scale mRNA expression profiling as a sensitive 
method to monitor the complex molecular response and thus reveal deregulated genes, processes and 
pathways. 

2. METHODS 

2.1. PM collection, extraction of organic compounds and chemical analysis 

A 2011 Skoda Fabia 1.4 16V, 5MT, MPI was driven on four-wheel chassis dynamometer MAHA AIP-ECDM 
48L-4mot along basic driving cycle the Common Artemis Driving Cycle (motorway variant 130 km.h-1). The 
exhaust has been routed into a fullflow dilution tunnel with a constant volume sampler (CVS) operating at 10.8 
m3.min-1. Particles were sampled on teflon-coated glass fiber filters (Pall TX40HI20-WW), at 67.8 m3.h-1 
sampling rate. Organic compounds were extracted with dichloromethane and both E0 and E15 extracts were 
subjected to chemical analysis and PAH contaminants were quantified. The procedure is described elsewhere 
[5]. 

2.2. Cell cultures, exposure conditions, RNA isolation and microarray analysis 

BEAS-2B cells were exposed to 50 μg/mL of each extract for 4 and 24h. Cell viability was assessed using 
WST-1 and LDH assays. RNA from cell lysates was extracted and the integrity of RNA was analyzed using 
Agilent 2100 Bioanalyzer. RNA was then transcribed into biotinylated complementary DNA and hybridized onto 
Human-HT12 v4 Expression BeadChips (Illumina). The detailed protocol is presented in [5]. 

3. RESULTS 

3.1. Characteristics of collected gasoline PM and chemical analysis of organic extracts 

Total particulate mass emissions 
(expressed in μg per kg of fuel) produced 
by the tested vehicle was comparable for 
both E0 and E15 fuels. However, the 
number of particles > 20 nm was app. 40 
times higher for E15 than for E0 and also 
chemical analysis revealed that the sum of 
all analyzed PAHs and their derivatives 
such as oxy-, nitro- or dinitro-PAHs in E15 
extract was several fold higher than in E0 
extract (Table 1). 

Table 1 PM characteristics and PAH content in fuel extracts 

 E0 E15 

PM (μg/kg of fuel) 112.2 110.3 

Particle number (per driving cycle) 6.23x105 2.56x107 

Sum of PAHs (ng/mg PM) 579.0 1944.2 

Sum of cPAHs (ng/mg PM) 203.5 887.6 

Sum of oxygenated PAHs (ng/mg PM) 368.4 477.9 

Sum of nitrated PAHs (pg/mg PM) 1117.8 684.0 

Sum of dinitrated PAHs (pg/mg PM) 21.1 14.7 
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3.2. Gene expression profiling 

3.2.1. Differential expression of individual genes 

Four-hour incubation of BEAS-2B cells with both extracts resulted in deregulation of 13 common genes while 
5 deregulated genes were specific for E0 and 22 genes for E15 treatment (Figure 1A). After 24h exposure, 
we found 42 common significantly deregulated genes, 29 genes specific for E15 and 77 genes for E0 treatment 
(Figure 1B).  

 
Figure 1 Venn diagrams illustrating the number of significantly deregulated genes for E0 and E15 and their 

overlap after A) 4h and b) 24h exposure (p-value < 0.05, fold change > 1.5 and < 0.67) 

3.2.2. Pathway analysis 

In order to reveal modulated biological processes and signaling pathways, we analyzed differentially expressed 
genes using ToppFun, a tool providing transcriptome, ontology, phenotype, proteome and pharmacome 
annotations based gene list functional enrichment analysis (https://toppgene.cchmc.org/). After 4h exposure, 
both extracts deregulated a variety of pathways related to cellular lipid metabolism and homeostasis, steroid 
hormone biosynthesis or Sterol Regulatory Element Binding Protein (SREBP) signaling. We further identified 
modulated pathways associated with Peroxisome proliferator-activated receptor alpha (PPARα) signaling or 
pathways indicating oxidative stress response and alterations in immune functions (Table 2). Each individual 
extract treatment also affected a range of specific pathways (Table 3 and Table 4).  

Table 2 Top 5 common deregulated pathways with contributing genes after 4h exposure to both extracts 

Pathway Source (Biosystem) E0 E15 

Metabolism of lipids and 
lipoproteins REACTOME 

↑TXNRD1, AKR1C2 ↓LDLR, 
CTGF, COQ5, HMGCS1, 
INSIG1 

↑TXNRD1, AKR1C2 ↓LPIN1, 
CTGF, HMGCR, HMGCS1, 
IDH1, SC5DL, LDLR, INSIG1, 
SQLE, NSDHL 

Regulation of cholesterol 
biosynthesis by SREBP (SREBF) REACTOME ↓HMGCS1, INSIG1 

↓HMGCR, HMGCS1, SC5DL, 
INSIG1, SQLE 

NFkB activation by Nontypeable 
Hemophilus influenzae 

MSigDB C2 
BIOCARTA (v6.0) ↓IL8, NFKBIA ↓TGFBR2, IL8, NFKBIA 

Validated transcriptional targets 
of AP1 family members Fra1 and 
Fra2 

Pathway Interaction 
Database ↑TXNRD1 ↓CTGF, HMGCS1 ↑HMOX1, FOSL1 ↓IL8 

PPARA activates gene 
expression REACTOME ↑HMOX1 ↓IL8 

↑TXNRD1 ↓CTGF, HMGCR, 
HMGCS1 

Table 3 Top five specific deregulated pathways with contributing genes after 4h exposure to E15 extract 

Pathway Source (Biosystem) E15 

cholesterol biosynthetic Pathway Ontology ↓HMGCR, HMGCS1, SC5DL, SQLE, NSDHL 

mevalonate pathway BIOCYC ↓HMGCR, HMGCS1 

IL-17 signaling pathway KEGG ↑FOSL1 ↓IL8, NFKBIA 

NADPH regeneration REACTOME ↓IDH1 

Fluid shear stress and atherosclerosis KEGG ↑HMOX1, CTSL1 ↓KLF2 



 October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

456 

Table 4 Top five specific deregulated pathways with contributing genes after 4h exposure to E0 extract 

Pathway Source (Biosystem) E0 

Ferroptosis KEGG ↑GCLM, HMOX1 

Fas Signaling Pathway MSigDB C2 BIOCARTA (v6.0) ↓IL8, NFKBIA 

LPA receptor mediated events Pathway Interaction Database ↓IL8, NFKBIA 

Glutathione biosynthesis, glutamate => glutathione KEGG ↑GCLM 

Atherosclerosis Pathway Ontology ↓LDLR 

Twenty-four hour exposure resulted in more distinct expression profiles. Whereas several pathways 
deregulated by both extracts were similar to those modulated after 4h exposure (lipid metabolism, SREBP 
signaling, PPARα signaling), others (allopregnanolone biosynthesis, interleukin-1 processing) were specific 
for 24h exposure only (Table 5). E0 specifically modulated pathways related to metabolism of steroids and 
xenobiotics (Table 6) while E15 rather affected a large variety of pathways linked to lipid and sterol metabolism, 
extracellular matrix assembly and organization, cell junction and communication or MAPK signaling associated 
with cellular stress (Table 7). 

Table 5 Top 5 common deregulated pathways with contributing genes after 24h exposure to both extracts 

Pathway Source (Biosystem) E0 E15 

Steroid hormone biosynthesis KEGG ↑CYP1A1, CYP1B1, 
AKR1C4, AKR1C2 

↑CYP1B1, AKR1C4, AKR1C2 
↓HSD17B8 

Metabolism of lipids and 
lipoproteins REACTOME 

↑TXNRD1, MED24, 
CYP1A1, CYP1B1, 
AKR1C4, AKR1C2, 
ANGPTL4 ↓PPARGC1A, 
TM7SF2, FADS2, LSS, 
COL4A3BP 

↑AKR1C4, AKR1C2, MED24, 
ANGPTL4, CYP1B1 ↓TECR, 
HMGCR, HMGCS1, NSDHL, LPIN1, 
PPARGC1A, FDFT1, SLC25A1, 
EBP, TM7SF2, LSS, MVD, DBI, 
HSD17B8, PCSK9 

PPARA activates gene 
expression REACTOME 

↑TXNRD1, MED24, 
CYP1A1, ANGPTL4 
↓PPARGC1A 

↑MED24, ANGPTL4 ↓HMGCR, 
HMGCS1, PPARGC1A, FDFT1 

allopregnanolone biosynthesis BIOCYC ↑AKR1C4, AKR1C2 ↑AKR1C4, AKR1C2 

Interleukin-1 processing REACTOME ↑IL1A, IL1B ↑IL1A, IL1B 

Table 6 Top specific deregulated pathways with contributing genes after 24h exposure to E15 extract 

Pathway Source (Biosystem) E15 

Fatty acid, triacylglycerol, and ketone body 
metabolism REACTOME 

↑MED24, ANGPTL4 ↓TECR, HMGCR, 
HMGCS1, LPIN1, PPARGC1A, FDFT1, 
SLC25A1, DBI, HSD17B8 

Assembly of collagen fibrils and other multimeric 
structures REACTOME ↑LAMA3, LAMB3, LAMC2, CTSL1 ↓COL8A1 

Laminin interactions REACTOME ↑LAMA3, LAMB3, LAMC2 

Degradation of the extracellular matrix REACTOME ↑LAMA3, LAMB3, LAMC2, CTSL1 ↓CDH1 

MAPK signaling pathway KEGG ↑MYC, RPS6KA2, DUSP6, IL1A, IL1B 
↓STMN1, FGFR3 

Table 7 Top specific deregulated pathways with contributing genes after 24h exposure to E0 extract 

Pathway Source E0 

bioactivation via cytochrome P450 Pathway Ontology ↑CYP1A1, CYP1B1 

Synthesis of epoxy (EET) and dihydroxyeicosatrienoic acids 
(DHET) BioSystems: REACTOME ↑CYP1A1, CYP1B1 

Synthesis of (16-20)-hydroxyeicosatetraenoic acids (HETE) BioSystems: REACTOME ↑CYP1A1, CYP1B1 

gamma-hexachlorocyclohexane degradation Pathway Ontology ↑CYP1A1, CYP1B1 
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4. DISCUSSION 

Our results demonstrated that the mass of particulate emissions was not substantially affected by the 
supplementation of gasoline fuel with 15% ethanol. This is in line with our previous study [5] where we observed 
similar PM mass emitted by E0 and E15 although different engine technology (GDI) was used. On the other 
hand, in the recent study [6], authors reported that ethanol rather reduced the mass of PM. Such inconsistency 
might be caused by many factors including differences among engine design, calibration, settings and 
operating conditions. Importantly, despite similar particle mass, E15 produced much higher particle number 
comparing to E0 indicating generation of harmful ultrafine particles (<100 nm). This finding correlates with the 
higher concentration of PAHs in E15 organic extract as revealed by chemical analysis. Gene expression 
profiling revealed numerous processes similarly deregulated processes after 4h exposure to both E0 and E15 
extract. Suppression of lipid metabolism and cholesterol synthesis was evident due to the downregulation of 
key contributing genes HMGCR, HMGCS1 and others. It has been demonstrated that PAHs repress genes 
involved in cholesterol biosynthesis and disrupt lipid homeostasis through an activated aryl hydrocarbon 
receptor (AhR) [7]. Both extracts further triggered oxidative stress response, possibly due high amount of ROS 
released during metabolism of PAHs or by other redox-active organic compounds. HMOX1 and TXNRD1 are 
key redox-sensitive enzymes that neutralize ROS and help to maintain redox homeostasis. Both enzymes are 
regulated by NRF2 transcription factor that controls a variety of processes responsible for cellular defense 
against xenobiotic and oxidative stress [8]. Oxidative stress and antioxidant response may also negatively 
regulate expression and activity of PPARα [9] as also indicated by our results. Specific effects of E15 extract 
treatment involve downregulation of IDH1, one of the key enzymes in NADPH regeneration with the citrate 
cycle. It has been shown that PAHs also involve alterations of mitochondrial functions and decrease gene 
expression of mitochondrial enzymes including IDH1 in multiple organs [10]. Twenty four hour exposure was 
characterized by metabolism of PAHs and activation of AhR. Upregulation of CYP1B1, AKR1C2 and AKR1C4 
was common for both extracts while expression of CYP1A1 was elevated after E0 extract treatment only. CYP1 
enzymes participate in the metabolic activation of PAHs and formation of reactive intermediates which form 
stable DNA adducts. Other enzymes, such as AKRs, are also implicated in PAH activation and generate redox-
active PAH o-quinones accompanied with formation of ROS [11]. Similarly as for 4h exposure, suppressed 
metabolism of lipids and cholesterol as well as PPARα signaling was observed. Increased expression of IL1A 
and IL1B indicated immune response associated with genotoxic and oxidative stress [12]. In contrast to E0, 
E15 extract modulated a variety of pathways related to extracellular matrix. The role of PAHs in extracellular 
matrix remodeling has been proposed [13]. E15 further activated MAPK signaling which is known to regulate 
various cell functions such as proliferation, gene expression, differentiation, mitosis, cell survival, 
and apoptosis in response to diverse stimuli including oxidative and genotoxic stress. It has been suggested 
that PAHs in nanomolar levels are able to induce MAPKs [14]. 

5. CONCLUSIONS 

Although E0 produced similar mass of PM as E15, the number of particles was much higher for E15 than for 
E0 indicating generation of particularly toxic ultrafine particles. Accordingly, chemical analysis revealed a 
higher content of PAHs in E15 extract. The toxic effects of E0 and E15 extracts in BEAS-2B cells were mostly 
associated with the action of PAHs and activated AhR. Four-hour incubation with both extracts resulted in 
many identically deregulated processes, such as suppression of lipid metabolism and PPARα signaling or 
oxidative stress response. On the other hand, response to 24h exposure was more diverse, besides common 
processes, such as activation of AhR and metabolism of PAHs, suppressed lipid metabolism, activation of 
PPARα- or IL1-dependent immune response, E15 extract specifically induced a large variety of pathways 
related to extracellular matrix assembly or MAPK signaling. In contrast, only few specific pathways were found 
after 24h treatment with E0 extract. Taken together, E15 extract elicited a more extensive toxic response 
particularly after 24h treatment than E0 extract, possibly due to the higher content of PAHs. These findings 
may help to explore the impact of PM emissions generated by alternative gasoline fuels on human health. 
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Abstract 

This study presents the results of pilot measurement, where the exposure of fine and ultrafine particulate 
matter was monitored. The measurement was performed in different workplaces, where these particles are 
produced unintentionally. These were mainly engineering operations of welding shops, paint shops, but 
laboratory workplace was also observed. The measurement consisted of collecting information and measuring 
the concentration of particles in the workplace. Data collection was primarily focused on inhalation exposure. 
Particle samples were also obtained during the measurement to determine the morphology and chemical 
composition of the particles. An approach was also proposed to observe the selected psychological aspects 
(e.g. employee well-being) and occupational health and safety in an environment with the presence of fine and 
ultrafine particles.  

Keywords: Work environment, fine and ultrafine particles, risk assessment, industrial and organizational 
psychology 

1. INTRODUCTION 

Fine particles (FP) and ultrafine particles (UFP) as a part of everyday life can have potential unacceptable 
impact on workers, as they are first to be exposed to the potential risk. It is necessary to set safety and health 
criteria at work that define the responsible development of nanotechnologies. Schulte et al. [1] presents five 
critical actions that should make a decisive impact on responsible development: the identification and 
monitoring of hazardous particles in the workplace, assess exposure and report potential hazards to workers, 
manage risks to safety and health at work, and support the safe development of nanotechnology. 

Three basic group of origin of FP and UFP can be used in relation to work environment [2]: 

 processes in which particles/materials are intentionally produced, 
 processes related to the use of nanomaterials, 
 particles created unintentionally during work processes. 

Effects of nanoparticles on human health are currently in place with fast development of technologies. The 
toxic effect of inhaled nanoparticles has been proven many times in the last years, however, there is still 
discussion concerning the exact mechanism of this impact on living organisms [3-5].  

The toxicity of nanoparticles is affected by many factors. These factors include their physical and chemical 
properties, size, shape, specific surface area, surface charge, catalytic activity, and the presence or absence 
of the shell and active groups on the surface [6]. Exposure time and concentration are part of the key indicators 
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for setting standards of health assessment risks [7]. Inorganic nanoparticles can enter the body in four main 
ways: ingestion, inhalation, dermal penetration, blood circulation [8]. 

Song et al. [9] suggest that there is an association between long-term nanoparticles exposure without 
protective measures and serious damage to human lungs. Effective and protective methods should be used 
to in terms of prevention. 

Castillo [10] emphasizes that an important factor is the involvement of employees in determining appropriate 
precautionary measures to eliminate or reduce the possibility of exposure to nanoparticles, where technically 
possible. Castillo [10] states as an example of good practice an independent government agency (Safe work 
Australia), which developed a tool to evaluate and identify safe ways of working with nanomaterials for 
industries. The knowledge of processes and procedures at the workplace is evaluated in the following areas: 

 equipment design,  
 modification / substitution of nanoparticles,  
 closed system works,  
 local ventilation,  
 high efficiency particulate air filters (HEPA). 

In comparison, European legislation states the following hierarchy of measures related to exposure to 
nanomaterials in the workplace [11]: 

 technical control measures at the source,  
 organizational measures,  
 personal protection equipment, as the last resort.  

In addition, there is a lack of legislative regulations on nanosafety [12]. For this reason, a relative comparison 
of background concentration values and actual measured values is used. In this paper the background value 
of the concentrations then corresponds to the minimum measured value. This was measured before the shift 
before processes at workplaces were initiated. The highest concentrations of nanoparticles are usually 
recorded in facilities where metals are treated under very high temperatures such as iron and steel works or 
welding shops [13,14].  

There is evidence that an individual's experience in the physical, emotional, mental or social sphere affects a 
person in and out of the workplace [15]. In this regard workplace well-being is considered to be related to all 
aspects of working life, including how workers feel about their work, work environment and climate, work 
organization and quality and safety of the physical environment. Measures should be adjusted to complement 
the occupational health and safety to ensure that workers are safe, healthy, satisfied and engaged at work 
[16]. 

In the present work, the exposure to the particles in multiple workplaces with different conditions was 
estimated. Several measurement metrics were used to determine exposure e.g., concentration, size 
distribution, morphology, elemental analysis and saliva analysis. This study presents basic approach for 
measuring exposure in workplaces. 

2. MATERIALS AND METHODS 

For monitoring nanoparticles in atmosphere of the working environment were selected working processes, 
where these particles are created unintentionally. Multiple workplaces were monitored, these were mainly 
welding shops, paint shops and laboratory. Tungsten Inert Gas (TIG) and Metal Active Gas (MAG) welding 
methods were used in welding shops as well as grinding and cleaning with compressed air. In paint shops 
multilayer painting of stainless steel with sealing was used. Atomic absorption spectroscopy with multiple 
elements was used in laboratory. The selection of these workplaces is based on workplace measurements 
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review [13], where highest concentration of FP and UFP can be observed. The working environment of the 
laboratory was chosen due to the process of atomization of heavy metals. 

Four mobile devices were used in this study to measure concentrations of fine and ultrafine particles in the air, 
namely Condensation Particle Counter (TSI CPC 3007), TSI AM520 SidePak, Optical Particle Sampler (TSI 
OPS 3330), AirChek Touch (SKC, Inc.). CPC operates on the principle of particle condensation counting, 
which allows high measurement accuracy over the particle size range of 0.01-1 µm. SidePak is a personal air 
aerosol meter. It uses photometry to determine the mass concentration of particles in the atmosphere. The 
basic instrument range is 0.1-10 µm. The OPS works on a principle of optical spectrometry, it measures not 
only the concentration but also the number of particles in 16 channels of fractions. The total range of this 
instrument is 0.3-10 µm. The Airchek Touch does not belong to the measuring instruments category, but to 
the sampling devices. It is a sampling pump with adjustable air flow, which is connected to the sampling 
cassette. A round-shaped polycarbonate filter with porosity of 0.4 µm was placed in the cassette. The total 
particle size range that can be captured by the instrument is 0.01-10 µm. Thanks to the overlap of the fraction 
range it is possible to compare the results from individual instruments with each other.  

At each workplace, the devices were placed close to the working area and possible source of UFP. It was 
about 1.5 meters from the work area to avoid damaging the devices and at the same time not to restrict the 
activities of the worker. One of the AirChek was placed in same area as other devices, second one was 
attached to the worker clothes. Cassette was placed in breathing zone of worker. Worker’s saliva was collected 
into autoclavable centrifuge microtubes Eppendorf-type (5 ml) before and after work shift. At the beginning of 
the work shift, workers filled out a simple questionnaire that will be used to create a comprehensive test battery. 

Collected filter samples were analysed by scanning electron microscope (SEM MIRA3, Tescan) with using of 
elemental analysis energy dispersive X-ray analysis (EDAX). Samples of workers saliva (1 ml) were applied 
in three coats to a slide. Each layer was dried in flowbox under germicidal radiation. Prepared samples were 
sprayed using an SC7620 sprayer and covered with a thin layer of metal. Subsequently, they were analysed 
by SEM (Quanta FEG 450, FEI), with EDAX to determine morphology and elemental particle analysis. 

3. RESULTS AND DISCUSION 

The measured data from the CPC, OPS and SidePak show the same trends of obtained results. Data values 
for comparison from CPC measurement are listed in Table 1. As expected, the lowest values of average 
concentrations were measured in the laboratory, on the contrary the highest values of concentrations could be 
observed in welding shops.  

Table 1 Comparison of concentrations according to the working environment 

Particles concentration 
(#/cm3) 

Welding shops Paint shops Laboratory (AAS) 

Minimum 32,061 1,189 1,013 

Maximum 551,582 24,199 2,091 

Mean 119,981 5,219 1,530 

Minimum values in welding shops were measured before the work shift, maximum values appeared during the 
cleaning of the weld with compressed air, when the particles were agitated. Other peaks were caused by 
grinding or welding itself. An example of the concentration course with description is shown in Figure 1. The 
values in some time periods exceed the maximum value of the measurable concentration by the instrument 
more than five times. The accuracy of above-limit measurements is reduced, so significantly high values can 
be taken as random measurement errors. The concentration measured in paint shops is significantly lower 
due to strong ventilation of entire space. The maximum value was shown when the worker sanded the sealant 



 October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

462 

before the ventilation was turned on. Despite the fact that heavy metals (arsenic, cadmium) were atomized in 
the laboratory, the concentration values were around 1500 particles/cm3, due to local suction directly above 
the atomization cuvette. 

 

Figure 1 Example of fine and ultrafine concentration courses during the work shift measured with TSI CPC 
3007 in different workplaces 

From the results of OPS measurements performed at the workplace it can be concluded that particles larger 
than 0.8 μm are formed only in a minimal amount. The highest concentrations were measured for particles 0.3 
μm and smaller, which are due to their size able to penetrate through the respiratory system deep into the 
human organism, where they may have an adverse effect on the worker’s health [17]. 

The results of analyses of saliva and exposed filters of the worker by SEM methods showed the occurrence 
of elements that were used in the processes. In welding, it was mostly iron, silicon and manganese. Organic 
elements appeared in the paint shop. Heavy metal elements and relatively larger amounts of radon were 
captured in the laboratory. The presence of radon in laboratories could be caused by other laboratory devices 
using this element. In terms of particle morphology, the shape is mostly irregular, flat with sharp edges. The 
representation of particle morphology is shown in Figure 2. With a larger number of particles, these merges 
into larger units. This reduces the risk of the particle being directly inhaled into the lungs [17]. 

The processes, protective equipment and exposure times used at individual workplaces are very different. Due 
to the very short exposure (only during the painting itself) and a number of protective equipment (general 
ventilation of the closed room, respirator, fresh air supply) in combination with relatively small concentrations 
of particles, paint shops are much safer than welding shops. Although there are central ventilation systems in 
welding shops, they are very often not sufficient for ventilation of complex hall spaces of machine shops. This 
can be observed at the minimum measured values, which reached 30,000 particles/cm3. These values were 
measured before and after the shift when no processes were taking place. Here comes the problem with 
exposure: workers in welding shops are, apart from lunch breaks, constantly in the hall with a concentration of 
particles higher than the highest values in paint shops. Therefore, exposure times are much higher than for 
painters. Very low values were measured in the laboratory and the exposure time is also very low. The worker 
turns on the process and leaves the room. The worker returns to the room only after the completion of the 
process, when the values of particle concentrations are significantly reduced by ventilation. 
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Figure 2 Example of SEM scan: left - welding shop; middle - paint shop; right - laboratory 

In terms of evaluation work-related well-being should be considered: assessment and management of health 
risks, surveillance of employees’ health; introduction of measures at workplace for the protection and 
promotion of workers health, contributing to wellbeing at work; and a special focus on workers fulfilment [18].  
Workplace health and nanosafety questionnaire for workers is currently being constructed with regard to the 
legislation of the European Agency for Safety and Health at Work (OSHA). The aim of the questionnaire is to 
determine the level of knowledge and risks associated with nanoparticles, general knowledge of occupational 
safety and procedures, rights and obligations related to occupational safety and employee participation in 
safety issues. Despite the increasing use of nanotechnologies, employees who work with and are exposed to 
nanoparticles are often not educated in this area [19]. 

4. CONCLUSION 

This study deals with exposure to fine and ultrafine particles in work environment. Their shape and composition 
depend on the examined process. The measured results of the concentration of particles in the air of the 
workplace show that, mainly particles with a size of about 0.3 μm are produced. The shape of these particles 
on the filter is mainly irregular. In terms of elemental composition, the analysed particles contained mainly iron, 
manganese, silicon, organic materials and heavy metals. Nanoscale concentration of these elements, 
according to various studies, can have toxic effects. In comparison of samples from saliva and from respiratory 
tract we can see very similar exposure, so oral exposure should be tested as well.  
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Abstract  

Scented candles are used in many professions. Both gaseous and solid emissions are generated in the 
workplace by their combustion. In our pilot experiment, we focused on determining the concentration of 
nanoparticles in the environment, their mean diameter, and lung deposited surface area (LSDA). The article 
presents the results obtained during the measurement in areas simulating a dry environment (shop, restaurant) 
and a humid environment (spa, rehabilitation). The concentrations of nanoparticles in the area of the simulation 
workplace (area 5.3 m2, volume 12.7 m3) during the burning of a single candle were measured to be ca. 1600 
thousand particles in cm3 in the atmosphere. Such values are comparable to a foundry, engineering plant or 
glassworks. Measured concentrations can pose a risk primarily to both employees and clients. While in 
industrial plants the risks arising from the presence of dust and nanoparticles are taken into account and 
workers are provided protective equipment, in shops, spas or beauty salons, where scented candles are 
burned, they are often neglected. 

Keywords: Scented candles, emissions, nanoparticles, measurements, precaution 

1. INTRODUCTION 

Scented candles are a very popular item. They are used not only in households but also in stores, beauty 
salons, relaxation centers, cafes and restaurants, where their scent contributes to creating a pleasant 
atmosphere and the sense of well-being and relaxation which accompany the services offered. Burning 
scented candles releases a large amount of emissions into the environment, both gaseous and solid (particles). 
The composition of the emissions depends on the composition of the individual components of candles. The 
main components of candles are wax and wick; others components include aromatic substances (scents) and 
dyes or pigments. [1,2] Wax is the fuel that burns in candles. The origin of the wax used, the method of 
production and its chemical composition influence the composition of emissions. The most common types of 
wax from which candles are made are paraffin and stearin, or mixtures thereof. Beeswax and vegetable waxes 
are used less mainly because of their cost. Paraffin is a mixture of paraffinic hydrocarbons obtained by 
processing petroleum and may contain residues of aliphatic and aromatic hydrocarbons, and a variety of other 
substances. Stearin (tristearin) is a triglyceride derived from three units of stearic acid, and it is produced by 
processing animal fats and vegetable oils [3]. In addition to the fuel (wax), the composition of emissions is also 
affected by volatile substances which give scented candles their aroma. Synthetic scents in particular cause 
problems. Laboratory analyses carried out in studies on the composition of emissions from the burning of 
scented candles have shown that the emissions include volatile organic compounds (VOCs), such as toluene, 
benzene or ethylbenzene, polycyclic aromatic hydrocarbons (PAH) and aldehydes. These are often toxic 
substances that can have a negative impact on the health of exposed persons [1,2], and thus on the quality of 
the working environment where candles are used. Particulate matter (PM) is also a significant part of the 
emissions that can affect health. When burning candles, a wide range of respirable particles is formed, from 
coarse particles (PM10) and fine particles (PM2.5) to ultrafine particles (UFP PM0.1), resp. nanoparticles [3-5,7]. 
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Dr. Anne Steinemann, a leading environmental scientist, has presented her studies on aromatic products 
(perfume fragrances) in a number of publications. Even a small amount of a fragrance component can have 
demonstrably negative effects on human health [6]. Candles made from natural oils and waxes - beeswax, 
soy, rapeseed, olive, sunflower or coconut oil - can be friendlier for the environment (work and living). However, 
even in these more ecological variants, the presence of synthetic additives can negatively affect the health 
safety of the candles.  

2. EXPERIMENTAL PART 

2.1.  Materials and methods 

The Yankee Candle Company and Woodwick scented candles, namely WoodWick (Rose), WoodWick (Warm 
Wool, Petite candle) and Yankee candle (A Calm & Quiet Place), were selected for measurement. Not only 
the authors of the article selected the candles for measuring the nanoparticle concentrations, but the choice 
of candles was consulted with the sellers in the stone candle shop to make them generally popular scents that 
are often sold. WoodWick candles are made of a mixture of soy wax and paraffin which according to the 
manufacturer ensures a cleaner burning without smoke. Their wick is wooden [8]. The Yankee candle is made 
of paraffin wax of first-class quality, and the wick is 100% cotton, lead-free [9]. 

The workplaces where employees can come into contact with emissions from burning scented candles were 
simulated in our experiments by a bathroom - a room with two windows, an area of 5.28 m2 and a volume of 
12.672 m3. Open windows provided natural ventilation during all measurements (similar to small shops and 
massage rooms). The experiments were performed in dry and humid environments. The arrangement of the 
experiments and positions for the placement of candles and measuring techniques are shown in Figure 1. 

For the measurement, we used a portable Testo DiSCmini (Testo Ltd.) designed to measure the number of 
nanoparticles and the average size of nanoparticles with a time resolution of 1 second. At the same time, the 
device determined the surface area of nanoparticles present in the measured space (LDSA). As part of the 
measurement, we compared the change in the number of 
particles (measured for particles in the range of 10 to 700 nm) 
and the size of nanoparticles before and after ignition of the 
selected scented candles in specified measuring positions, 
and the total surface area of settled particles in the alveoli. 
The obtained results are presented graphically as change in 
the number of particles in a volume unit of the atmosphere 
over time, change in the size of particles over time, and 
change in the area of particles over time. 

The measurement always took place for a total of 11 min, 
with a distance of 20-30 cm from the candle and consisted of 
three parts: phase No. 1 (measurement length 2 min before 
lighting the candle), phase No. 2 (measurement length 6 min 
when a scented candle was burning) and phase No. 3 
(measurement duration 3 min after extinguishing the candle). 

2.2. Arrangement of the experiment for a dry (normal) working environment 

For the purpose of simulating exposure in a dry working environment, a background measurement was first 
performed in the space reserved for the experiment without burning candles. No person was present in the 
room during the measurement. Measurement conditions: pressure 985.5 hPa, temperature 26.1 °C, and 
relative humidity 53.2 %. Subsequently, measurements were performed with individual scented candles placed 
on the edge of the bath. The final 4th measurement in a dry environment was to verify the synergistic effect. 
Three candles were lit during the measurement to simulate the realistic effect they would have in wellness 

Figure 1 Arrangement of the experimental 
room, position of the candles and 

measuring technique (experiment with 
three burning candles in a humid 

environment). 
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facilities. The measuring device was placed at a distance of about 20-30 cm from the burning medium (see 
Figure 1). During the measurement, the operator of the device was present in the room. 

2.3. Arrangement of the experiment for a humid working environment 

To simulate exposure in a humid working environment, a bath was filled with water in an experimental room 
and background measurements were performed. A person was present in the room during the measurement. 
Measurement conditions: pressure 985.1 hPa, temperature 25.2-26.3 °C, and relative humidity in the range of 
55.3-80 %. A total of 2 measurements were performed with a Yankee candle (A Calm & Quiet Place), and with 
3 candles lit simultaneously placed on the edge of the tub. 

3. RESULTS AND DISCUSSION 

The measurement results of individual candles are presented graphically as the change in the number of 
particles (measured for particles with a size of 10 to 700 nm) in a volume unit of atmosphere over time, the 
change in particle size over time, and the change in particle area over time. The graphs (see Figures 2-6) are 
divided into 3 phases: phase No. 1 (measurement length 2 min without candle burning), phase No. 2 
(measurement length 6 min with scented candle burning), and phase No. 3 (measurement length 3 min after 
extinguishing the candle). All measurements of nanoparticle concentrations (Figures 2, 4) showed an increase 
in the concentration of nanoparticles after lighting the candle in phase 2. The largest increase in concentration 
was recorded during the measurement of Woodwick Rose candle with up to 350,000 particles/cm3. The 
increase in the concentration of nanoparticles during the measurement was reflected in a decrease in their 
mean size (Figures 3, 5). A difference between dry and humid environments can be observed. In the humid 
environment there was almost a 3x increase in nanoparticle concentrations (Figures 2, 4). Burning the Yankee 
candle (A Calm & Quiet Place) increased the concentration from 14,000 particles/cm3 (dry medium) to 58,000 
particles/cm3 (humid medium), while three candles burning simultaneously increased the average 
concentration from 170,000 particles/cm3 (dry medium) to 550,000 particles / cm3 (humid medium). The Lung-
Deposited Surface Area (LDSA) measured during the burning of 3 candles in a dry environment was 117 
µm2/cm3, and in a humid environment 312 µm2/cm3 (Figure 6). 

 

Figure 2 Nanoparticle concentration in dry and humid working environments with a burning candle during 
experiments (four experiments) 
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Figure 3 The average diameter of nanoparticles in dry and humid working environments with a burning 
candle during the experiment - Yankee candle (four experiments) 

 

Figure 4 Nanoparticle concentration in dry and humid environments where 3 scented candles burn 
simultaneously (Yankee candle (A calm and quiet place), WoodWick Rose, Woodwick Petite candle) 

 

Figure 5 The average size of nanoparticles in dry and humid environments where 3 scented candles burn 
simultaneously (Yankee candle (A calm and quiet place), WoodWick Rose, Woodwick Petite candle) 
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Figure 6 LDSA in dry and humid environments where 3 scented candles burn simultaneously (Yankee 
candle (A calm and quiet place), WoodWick Rose, Woodwick Petite candle). 

4. CONCLUSION 

The measurement of a set of three types of scented candles took place first in a bathroom with an empty 
bathtub and then with a proband and a bathtub full of water. In all measurements of nanoparticle concentrations 
there was an increase in the concentration of nanoparticles after lighting the candle in phase 2. The largest 
increase in the concentration of nanoparticles was measured when burning a WoodWick scented candle - a 
scented rose in a dry environment. Further, most of all measurements showed an increase in the concentration 
of nanoparticles formed during the burning of scented candles in a humid environment compared to a dry 
environment. A detailed assessment of the influence of the type of wax and wick on burning scented candles 
has not been investigated in more detail during the experiments. From the measured data it is evident that the 
concentration of measured nanoparticles was higher in two performed experiments for humid environment 
compared to dry environment. Combustion products were formed during the burning of scented candle. The 
reaction conditions were changed (humid and dry environment) subsequently different combustion products 
were formed. These products might have a hydrophilic or hydrophobic character that could explain the 
differences between measured concentrations of nanoparticles. As the concentration of nanoparticles 
increased, the mean diameter of the nanoparticles decreased. These results show that the measured 
concentrations of nanoparticles in the bathroom atmosphere when burning a scented candle have values even 
higher than in engineering companies, foundries and glassworks during the manual processing of glass.  

REFERENCES 

[1] PETRY, T., VITALE D., JOACHIM F. J., SMITH B., CRUSE L., MACHARENHAS R., SCHNEIDER S., SIGAL M. 
Human health risk evaluation of selected VOC, SVOC and particulate emissions from scented candles. 
Regulatory Toxicology and Pharmacology. 2014, vol. 69, no.1, pp. 55-70. 

[2] DERUDI M., GELOSA S., SLIEPCEVICH A., CATTANEO A., ROTA R., CAVALLO D., NANO G. Emissions of air 
pollutants from scented candles burning in a test chambre. Atmospheric Environment. 2012, vol. 55, pp. 257-262. 

[3] SOPPA, V. J., SCHINS, R. P., HENNING, F., HELLACK, B., QUASS, U., KAMINSKI, H., KUHLBUSCH, T. A., 
HOFFMAN, B., WEINMAYR, G. Respiratory effects of fine and ultrafine particles from indoor sources--a 
randomized sham-controlled exposure study of healthy volunteers. International journal of environmental research 
and public health. 2014, vol. 11, no. 7, pp. 6871-6889. 

[4] THE DANISH ENVIRONMENTAL PROTECTION AGENCY. Environmentally friendly candles with reduced 
particle emissions [online]. [Viewed 2019-11-20]. Available from: 
https://www2.mst.dk/Udgiv/publications/2018/11/978-87-7038-009-6.pdf.   

[5] ANEC position paper. ANEC recommendations on the emissions to the indoor air. [Viewed 2020-04-20].  
Available from: https://www.anec.eu/images/Publications/position-papers/Chemicals/ANEC-PT-2015-CEG-
016.pdf. 



 October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

470 

[6] STEINEMANN, A., GOODMAN. N. Fragranced consumer products and effects on asthmatics: an international 
population-based study. Air Quality, Atmosphere & Health. 2019, vol. 12, no. 6, pp. 643-649. 

[7] CSN EN15426/2019 (650122) Candles - Specification for the determination of the smokyness of candles.  

[8] WOODWICK SVICKY. [Viewed 2019-12-02]. Available from: https://woodwick.svicky.cz/woodwick-rose-vaza-
stredni.html. 

[9] VERYBERRY. [Viewed 2019-11-04]. Available from: https://veryberry.cz/vonne-a-klasicke-svicky/8798-yc-sklo-1-
a-calm-quiet-place-5038581033327.html. 

  



 October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

471 

IMMOBILIZATION OF PHARMACEUTICALS IN SOILS 

1Martina KLUČÁKOVÁ 

1Brno University of Technology, Faculty of Chemistry, Brno, Czech Republic, EU, klucakova@fch.vutbr.cz 

https://doi.org/10.37904/nanocon.2020.3758 

Abstract 

Worldwide production and consumption of pharmaceuticals increases every year. Due to the fact that these 
substances are not always completely eliminated in the human or animal body, subsequently get into the 
environment, which leads to a negative effect of certain constituents of natural ecosystems. Knowledge of 
contaminant behaviour is essential for their mobility and toxicity in the soils and surface- and ground-water 
environments. In this study, interactions of pharmaceuticals with soils and humic substances as the most 
important constituents of soil organic matter are investigated. Humic substances contain more types of active 
sites (hydrophilic functional groups and hydrophobic structures) able to bind different drugs and form relatively 
stable complexes with them. The complexation of drugs with soil organic matter thus can reduce their mobility 
and toxicity in natural systems. This study deals with interactions of soils and humic substances with drugs. 
the aim is to determine their binding capacity and stability of formed complexes with respect to the possible 
immobilization of drugs in the humic structure. 

Keywords: Humic acids, soil, ibuprofen, stability 

1. INTRODUCTION 

In the European Union about three thousands different substances are used in human and veterinary medicine 
[1-3]. The persistence of these pharmaceuticals makes them ‘‘emerging pollutants’’ and stresses the need to 
advance waste and wastewater treatment technologies in addition to studying their potential effects in aquatic 
environments [1,4]. These substances are not completely eliminated in the body. It has been reported that 80 
% of all consumed drugs are eliminated from the body unchanged, due their high stability against biological 
degradation [5-7]. These pharmaceuticals can therefore enter the environment.  Some drug residuals were 
detected in surface and underground water [8-10] as well as in sediments and soils [12-16]. Because of their 
physical and chemical properties, many of these substances or their bioactive metabolites end up in soils and 
sediments, where they can accumulate and induce adverse effects in terrestrial or aquatic organisms [5,10,11]. 
Some pharmaceuticals may be removed by degradation. Laboratory studies show that degradation rates of 
pharmaceutical compounds in soils vary widely, with half-lives ranging from days to years. Within the same 
therapeutic class, half-lives can still be significantly different as a result of differences in soil properties [16-17]. 
Knowledge of contaminant behaviour is essential for their mobility and toxicity in the soils and surface- and 
ground-water environments. 

The behaviour of pharmaceuticals in nature can be affected by their interactions with organic matter and humic 
substances as their most important constituents. Klavins et al. [1] determined the binding constants between 
humic acids and selected pharmaceuticals using a fluorescence quenching technique. Their findings suggest 
that an electrostatic interaction plays a dominant role in the complex formation between humic acids and 
pharmaceuticals, which was also confirmed by a salt effect and pH dependence of the fluorescence quenching 
effect. Khil´ko and Semenova [17] studied interactions of salts of humic acids with drug preparations. Their 
results were indicative mainly of binding between the charged groups of the macro-anions of humic acid salts 
and the positively charged centres of drug molecules (supplemented obviously by hydrogen bonds and 
hydrophobic interactions). They stated that the number of moles of drug preparations capable of interacting 
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with a natural humic macro-molecule was determined by their molecular structure peculiarities and charges. 
Margon et al. [18] investigated interactions of diclofenac with soil humic acids and resulted that they may led 
to the formation of diclofenac-humic supramolecules and micelles which can migrate through the coarse soil 
profile.  

Kodešová et al. [19] measured sorption isotherms of several pharmaceutical substances on different soils. The 
simultaneous sorption experiments showed that the sorption affinity decreased with soil depth, i.e. with the 
content of soil organic matter. Lin and Gan [20] studied the sorption of diclofenac, ibuprofen, naproxen, 
sulfamethoxazole and trimethoprim in soils. They concluded that the poor sorption and relative persistence of 
diclofenac and ibuprofen under anaerobic conditions suggest that they may pose a high leaching risk when 
using recycled for irrigation or ground water replenishment. Martínez Mejía et al. [21] studied sorption 
mechanism of enrofloxacin on humic acids extracted from three Brazilian soils. They stated that the sorption 
of humic acids was higher in magnitude comparing soils from which they were isolated. The primary 
interactions were ionic and cation binding due to abundant carboxylic groups and H-bond moieties with 
carbohydrate-like structures. Liu et al. [22] studied adsorption behaviour and mechanism of ciprofloxacin and 
sulfamethoxazole. Their kinetics results indicated that the adsorption process included the fast-adsorption 
stage first and the slow-adsorption stage thereafter. Földényi et al. [23] dealt with adsorption of diclofenac on 
activated carbon in the presence of organic matter. They confirmed that the adsorption was enhanced by 
humic substances. Similarly, Kohay et al. [24] investigated the influence of humic acids on diclofenac binding 
on polycation-clay sorbents. Antilen et al. [25] proved that soil organic matter was capable of generating 
interactions with antibiotics, which resulted in a decrease in their availability.  

Above-described high reactivity of soil organic matter is well-known and widely studied [26-29]. The sorption 
of pharmaceuticals to organic matter is an important mechanism related to their immobilization. The majority 
of studies dealing with interactions of drugs with organic matter were focused to the adsorption isotherms 
described by empirical Freundlich model used mainly for the physical character of binding, e.g. [19,25]. Some 
authors used also Langmuir model characterizing chemical adsorption in mono-molecular layer [24] or their 
combination [25]. The pollutants can be bound to soil organic matter by different strengths and three main 
fractions of them can be defined. First is the mobile fraction which is extractable by water, second fraction is 
ion-exchangeable and third is strongly bound [30,31].  

2. MATERIALS AND METHODS 

In this work, one of the most used drugs, Ibuprofen, and its interactions with three types of soil sampled in the 
Czech Republic were studied. Ibuprofen was purchased from Sigma-Aldrich. Soil A (phaeozem) was sampled 
in the region Jablůnka (closed to river Bečva), soil B (regosol) was sampled in the Hodonín (locality Pánov), 
and soil C (chernozem) was sampled in Brno (locality Slatina, closed to protected area Stránská skála). 
Samples A and B are arable soils with periodically changed arable crops as wheat and corn. Sample B is soil 
with grass vegetation included in the project of Technology Agency of the Czech Republic no. TH02030073. 
Basic characteristics of soil samples are in Table 1 (elemental analysic was realised by means of EuroEA 
Elemental Analyzer EA 3000, Euro Vector; contents of moisture and organic fraction by means of 
thermogravimetric analyzer TGA Q50, TA Instruments). 

Soil samples were mixed with the solution of ibuprofen (1 - 10 mg/dm3), stirred (48 h) and centrifuged (Hettich 
ROTINA 46 R; 5000 rpm, 10 minutes). The ratio between the solid powder sample and solution was 0.5 g : 25 
cm3. Supernatants were filtered (0.22 m) in order to remove solid particles and analysed by means of UV/VIS 
spectrometry (HITACHI U-3900H) in order to determine the residual amount of ibuprofen in solution after 
adsorption.  

The stability of formed complexes were investigated by means of desorption experiments. Ibuprofen-soil 
complexes were mixed with 25 cm3 of deionized water, stirred, centrifuged, filtered and analysed by the same 
methods as in the case of adsorption experiments. 
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Table 1 Elemental composition, moisture, and organic fraction of soil samples 

Sample C (wt.%) H (wt. %) N (wt. %) O (wt. %) moisture (wt. %) org. fraction (wt. %) 

Soil A 1.44 0.76 0.14 3.41 1.57 5.75 

Soil B 0.45 0.12 0.03 0.57 0.22 1.17 

Soil C 1.84 1.00 0.14 3.88 3.24 6.86 

3. RESULTS AND DISCUSSION 

In this work, the interactions between ibuprofen as a frequently used drug and three types of soils were 
investigated. Ibuprofen was prepared as its solution in deionized water. Soils were used in the form of solid 
powders. In Figure 1, the efficiency of adsorption for studied soil samples and adsorbed amount divided into 
mobile and residual bound fractions are shown. We can see, that the efficiency of adsorption is closely conned 
with the content of organic fraction in soil. The efficiency ranges between 49 and 83 % for soil A and between 
42 and 89 % for soil C. These soils contain much higher amount of organic matter in comparison with sandy 
soil B. The efficiency is influenced not only by the amount of organic matter but also by its quality (composition, 
structure and properties). As mentioned above, electrostatic interactions can be considered as one of the major 
pharmaceutical binding mechanisms therefore the content of charged functional groups play crucial role in the 
immobilization of drugs in soils [1,21,23,35]. Klavins et al. [1]. correlated positively the binding of several 
pharmaceuticals with the content of carboxyl groups in humic acids (as the most important constituents of soil 
organic matter). On the other hand, hydrophobic interactions can play an important role in the adsorption of 
some drugs in dependence on their structure [1,35]. Földényi et al. [18] obtained isotherms with a breaking 
point resulting in the hypothesis of two adsorption steps: the first step related to the charge transfer interaction 
and the second one related to hydrogen bond formation. 

The stability of complexes formed by adsorption was investigated by means of desorption of ibuprofen from 
humic acids and soil into deionized water. The fraction leached into water was regarded as the mobile fraction. 
The residual amount of ibuprofen was bound by ionic or covalent binds. In comparison with previous works 
[30,31], ibuprofen was divided only into two fractions in this study: the mobile fraction extractable by water, 
and residual bound fraction comprised of ion-exchangeable and strongly bound fractions. 

We can see that the amounts of free mobile fractions are higher than residual bound fraction of ibuprofen in 
the case of sandy soil B with low content of organic matter. This type of coil is not able to bind strongly pollutants 
and the majority of them is bound only by means of weak physical forces. As expected, the amounts leachable 
into water were much lower for soil samples rich in organic matter (A and C). The efficiency of adsorption 
gradually decreased with the increasing concentration of ibuprofen for soil samples A and C. In the case of 
soil B the efficiency slightly increased for more concentrated solutions of ibuprofen (> 6 mg/dm3). The increase 
did not influence the amount of bound fraction because the binding capacity of soil organic matter was 
exhausted. The binding sites (functional groups) are occupied and ibuprofen cannot be adsorbed by chemical 
or ion-exchange mechanisms. In contrast, the binding sites in soils rich in organic matter are covered gradually 
and no striking increase in physically bound ibuprofen was observed. 

In spite of the fact that ibuprofen is adsorbed on soil surface by chemical and physical bonds, the well-known 
Langmuir adsorption isotherm [24,25,37] was applied on the experimental data and apparent adsorption 
capacity of soil samples was determined. Their values are stated Figure 2 where the dependence of 
adsorption capacity on the content of organic matter in soils is shown. We can see that the capacity can be 
positively correlated with the content of organic matter. It surprising, that the dependence is strongly linear. In 
my opinion, it is partially caused by coincidence. The adsorption capacity is strongly influenced by many other 
factors as soil composition, structure, micro-organization and many other physical-chemical properties. 
However, it was confirmed that the higher contents organic matter in soils can improve their adsorption abilities 
and supported chemical interactions between ibuprofen and soil resulting in its stronger immobilization. The 
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ratio between contents of mobile and residual bound fractions increased generally with increasing 
concentration of ibuprofen. Its value strongly increased in the case of soil B as a result of higher physically 
bound drug. Soils rich in organic matter (A and C) had maximum of its value around 1 and no noticeable 
increase was observed in more concentrated systems.  

 

 

 

Figure 1 The efficiency of adsorption of ibuprofen on soils (left) and adsorbed amount of ibuprofen (right) 
divided into mobile fraction (green) and residual bond fraction (red): Soil A - up, B- amid, C -down 
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Figure 2 The dependence of adsorption capacity on content of organic matter in soils (left); ratio between 
mobile fraction of ibuprofen and its residual bound fraction (right):; soil A - blue, soil B - green and soil C - red 

4. CONCLUSION 

In this work, the interactions of soils with ibuprofen were investigated. It was found that the immobilization 
ability of soils was strongly influenced by the content of organic matter. The stability of formed complexes 
determined on the basis of leaching experiments confirmed that the binds between ibuprofen and organic 
matter are relatively strong. The mobility of ibuprofen in soils rich in organic matter can be effectively supressed 
by its immobilization. 

REFERENCES 

[1] KLAVINS, M., ANSONE, L., PURMALIS, O., ZICMANIS, A. Characterization of interaction between tricyclic 
structures containing pharmaceuticals, their model and humic substances. Water Science & Technology. 2011, 
vol. 63, no. 5, pp. 845-852. 

[2] FENT, K., WESTON, A.A., CAMINADA, D. Ecotoxicology of human pharmaceuticals. Aquatic Toxicology. 2006, 
vol. 76, no. 2, pp. 122.159. 

[3] CUNNINGHAM, V.L., BINKS, S.P., OLSON, M.J. Human health risk assessment from a presence of human 
pharmaceuticals in the aquatic environment. Regulatory Toxicology and Pharmacology. 2009, vol. 53, no. 1, pp. 
39-45. 

[4] RICHARDSON, S.D., TERNES, T.A. Water analysis: emerging contaminants and current issues. Analytical 
Chemistry. 2005, vol. 77, no. 12, pp. 3807-3838. 

[5] COOPER, E.R., SIEWICKI, T.C., PHIPPIPS, K. Preliminary risk assessment database and risk ranking of 
pharmaceuticals in the environment. Science of Total Environment. 2008, vol. 398, no. 1-3, pp. 26-33. 

[6] TOGOLA, A., BUDZINSKI, H. Analytical development for analysis of pharmaceuticals in water samples by SPE 
and GC-MS. Analytical and Bioanalytical Chemistry. 2007, vol. 388, iss. 3, pp. 627-635. 

[7] AHRER, W., SCHERWENK, E., BUCHBERGER, W. Determination of drug residues in water by the combination 
of liquid chromatography or capillary electrophoresis with electrospray mass spectrometry. Journal of 

Chromatography A. 2001, vol. 910, no. 1, pp. 69-78. 

[8] JUX, U., BAGINSKI, R., ARNOLD, H.G., KRÖNKE, M., SENG P.N. Detection of pharmaceutical contaminations 
of river, pond, and tap water from Cologne (Germany) and surroundings. International Journal of Hygiene and 

Environmental Health. 2002, vol. 205, no. 5, pp. 393-398. 

[9] SACHER, F., LANGE, F., BRAUCH, H., BLANKENHORN, I. Pharmaceuticals in groundwaters: Analytical 
methods and results of a monitoring program in Baden-Württemberg, Germany. Journal of Chromatography A. 
2001, vol. 938, no. 1-2, pp. 199-210. 

[10] SIM, W., LEE, J., OH, J. Occurrence and fate of pharmaceuticals in wastewater treatment plants and rivers in 
Korea. Environmental Pollution. 2010, vol. 158, no. 5, pp. 1938-1947. 



 October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

476 

[11] KIM, S.C., CRLSON, K. LC-MS2 for quantifying trace amounts of pharmaceutical compounds in soil and sediment 
matrices. Trends in Analytical Chemistry. 2005, vol. 24, no. 7, pp. 635-644. 

[12] PÉREZ-CARRERA, E., HANSEN, M., LEÓN, V.M., BJÖRKLUND, E., KROGH, K.A., HALLING-SØRENSEN, B., 
GONZÁLEZ-MAZO, E. Multiresidue method for the determination of 32 human and veterinary pharmaceuticals in 
soil and sediment by pressurized-liquid extraction and LC-MS/MS. Analytical and Bioanalytical Chemistry. 2010, 
vol. 398, no. 3, pp.1173-1184. 

[13] ÁLVAREZ-RUIZ, R., ANDRÉS-COSTA, J.M., ANDREU, V., PICÓ, Y. Simultaneous determination of traditional 
and emerging illicit drugs in sediments, sludges and particulate matter. Journal of Chromatography A. 2015, vol. 
1405, no. 1, pp. 103-115. 

[14] KOBA, O., GOLOVKO, O., KODEŠOVÁ, R., FÉR, M., GRABIC, R. Antibiotics degradation in soil: A case of 
clindamycin, trimethoprim, sulfamethoxazole and their transformation products. Environmental Pollution. 2017, 
vol. 220, no. B, pp. 1251-1263. 

[15] MONTEIRO, S.C., BOXALL, A.B.A. Factors affecting the degradation of pharmaceuticalsin agricultural soils. 
Environmental Toxicology and Chemistry. 2009, vol. 28, no. 12, pp. 2546-2554. 

[16] SCHLÜSENER, M.P., BESTER, K. Persistence of antibiotics such as macrolides, tiamulin and salinomycin in soil. 
Environmental Pollution. 2006, vol. 143, no. 3, pp. 565-571. 

[17] KHIL´KO, S.L., SEMENOVA, R.G. Interaction of humic acid salts with drug preparations. Solid Fuel Chemistry. 
2016, vol. 50, no. 6, pp. 60-64. 

[18] MARGON, A., PASTRELLO, A., MOSETTI, D., CANTONE, P., LEITA, L. Interaction between diclofenac and soil 
humic acids. Soil and Sediment Contamination. 2009, vol. 18, no. 4, pp. 489-496. 

[19] KODEŠOVÁ, R., GRABIC, R., KOČÁREK, M., KLEMENT, A., GOLOVKO, O., FÉR, M., NIKODEM, A., JAKŠÍK, 
O. Pharmaceuticals' sorptions relative to properties of thirteen different soils. Science of the Total Environment. 
2015, vol. 511, no. 1, pp. 435-443. 

[20] LIN, K., GAN, J. Sorption and degradation of wastewater-associated non-steroidal anti-inflammatory drugs and 
antibiotics in soils. Chemosphere. 2011, vol. 83, no. 3, pp. 240-246. 

[21] MARTÍNEZ-MEJÍA, M. J., SATO, I., RATH, S. Sorption mechanism of enrofloxacin on humic acids extracted from 
Brazilian soils. Environmental Science and Pollution Research. 2017, vol. 24, no. 19, pp. 15995-16006. 

[22] LIU, X., LU, S., LIU, Y., MENG, W., ZHENG, B. Adsorption of sulfamethoxazole (SMZ) and ciprofloxacin (CIP) by 
humic acid (HA): characteristics and mechanism. RCS Advances. 2017, vol. 7, no. 81, pp. 50449-50458. 

[23] FÖLDÉNYI, R., JOÓ, S., TÓTH, J. Adsorption of diclofenac on activated carbon and its hypochlorination in the 
presence of dissolved organic matter. International Journal of Environmental Science and Technology. 2017, vol. 
14, no. 5, pp. 1071-1080. 

[24] KOHAY, H., IZBITZBITSKI, A., MISHAEL, Y.G. Developing polycation-clay sorbents for efficient filtration of 
diclofenac: Effect of dissolved organic matter and comparison to activated carbon. Environmental Science & 

Technology. 2015, vol. 49, no. 1, pp. 9280-9288. 

[25] ANTILEN, M., BUSTOS, O., RAMIREZ, G., CANALES, C., FAUNDEZ M., ESCUDEY, M., PIZARRO, C. 
Electrochemical evaluation of ciprofloxacin adsorption on soil organic matter. New Journal of Chemistry. 2016, 
vol. 40, no. 1, pp. 7132-7139. 

[26] GHABBOUR, E.A., DAVIES, G. Environmental insights from Langmuir adsorption site capacities. Colloids and 

Surfaces A. 2011, vol. 381, no. 1-3, pp. 37-40.  

[27] KLUČÁKOVÁ, M., PEKAŘ, M. New model for equilibrium sorption of metal ions on solid humic acids. Colloids and 
Surfaces A. 2006, vol. 286, no. 1-3, pp. 126-133. 

[28] PARK, J., CHO, K.H., LEE, E., LEE, S., CHO, J. Sorption of pharmaceuticals to soil organic matter in a 
constructed wetland by electrostatic interaction. Science of the Total Environment. 2018, vol. 435, no. 1, pp. 
1345-1350. 

[29] KLUČÁKOVÁ, M. Complexation of metal ions with solid humic acids, humic colloidal solutions, and humic 
hydrogel. Environmental Engineering Science. 2014, vol. 31, no. 11, pp. 612-620. 

[30] KLUČÁKOVÁ, M., KALINA, M. Diffusivity of Cu(II) ions in humic gels - influence of reactive functional groups of 
humic acids. Colloids and Surfaces A. 2015, vol. 483, no. 1, pp. 162-170. 

[31] KLUČÁKOVÁ, M., KALINA, M., SEDLÁČEK, P., GRASSET, L. Reactivity and transport mapping of Cu(II) Ions in 
humic hydrogels. Journal of Soils and Sediments. 2014, vol. 14, no. 2, pp. 368-376.    



 October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

477 

RNA EXTRACTION FROM SOIL BACTERIUM PSEUDOMONAS PUTIDA AND GREEN ALGA 

RAPHIDOCELIS SUBCAPITATA AFTER EXPOSURE TO NANOSCALE ZERO VALENT IRON 

1,2Cheryl S.Y. YEAP, 1Nhung H.A. NGUYEN, 3Olga Blifernez-KLASSEN, 3Jan H. MUSSGNUG, 
4Tobias BUSCHE, 3Olaf KRUSE, 1Alena SEVCU 

1Institute for Nanomaterials Advanced Technologies and Innovation, Technical University of Liberec, 

Liberec, Czech Republic, EU, alena.sevcu@tul.cz 

2Faculty of Mechatronics, Informatics and Interdisciplinary Studies, Technical University of Liberec, 
Liberec, Czech Republic, EU, cheryl.yeap@tul.cz 

3Algae Biotechnology and Bioenergy, Faculty of Biology, Center for Biotechnology (CeBiTec), Bielefeld 

University, Bielefeld, Germany, EU, jan.mussgnug@uni-bielefeld.de   
4Microbial Genomics and Biotechnology, Faculty of Biology, Center for Biotechnology (CeBiTec), Bielefeld 

University, Bielefeld, Germany, EU, tbusche@cebitec.uni-bielefeld.de 

https://doi.org/10.37904/nanocon.2020.3764 

Abstract  

Soil bacterium Pseudomonas putida and green alga Raphidocelis subcapitata are often used in ecotoxicology 
studies, including assessment of nanomaterials. Exposure of these microorganisms to reactive nZVI, however, 
reduce the quality of extracted RNA for further transcriptomic analysis. In this study, we compare RNA 
extraction using eight extraction protocols. The extraction using the commercial column kits was often unable 
to elute both the RNA species in a single elution, whereas phenol-chloroform method using RNAzol recovered 
both small RNA and large RNA from P. putida. On the other hand, the column based RNA extraction kit from 
ISOLATE II RNA Mini gave the best yield approximately of 1 µg/µl of RNA and RIN 9.0. RNA extraction from 
R. subcapitata was more complicated when we used a similar column based RNA extraction system, it required 
additional and thorough cell lysis steps that included cell lyophilisation and ribolization prior to phenol-
chloroform extraction method. Then the yield of an effective RNA concentration ranged from 300 ng/µl to 980 
ng/µl, giving the RIN 5.5-7.8. The final protocols solved most of the extraction problems, and allow experiments 
involving RNA gene expression analysis of microorganisms exposed to reactive nZVI.  

Keywords: Metal oxides nanoparticles, Iron, Bacteria, Green algae, RNA integrity assessment 

1. INTRODUCTION 

The nanoscale zero-valent iron (nZVI) is well known as a powerful reductant in transforming many hazardous 
pollutants into safer by-products [1,2]. Ever since the introduction of nZVI into aquifers, studies of its effect on 
the aquatic microbial consortia were largely based on phenotypic analysis, cell physiology or mechanisms of 
contaminant sequestration complianced to the OECD guidelines [3]. In contrast to these studies, little is known 
about the response of the microorganisms on the transcriptomic level. Isolation of high quality RNA is often 
not easy, when there are compounds that bind to and/or co-precipitate with RNA or experimental conditions 
that need special attention to preserve the intergirty of RNA such as the addition of reactive nZVI. Hence, our 
focus in this study was to optimize the RNA extraction protocol from cells after exposure to nZVI and iron 
cations released from oxidized nZVI (nZVI Fe ions) or nFe3O4 as a control that may interfere with RNA. We 
used common environmental soil bacterium, Pseudomonas putida NCTC 10936 and freshwater microalga, 
Raphidocelis subcapitata ATCC 22662. The effectiveness of several RNA extraction methods were compared, 
including different cell lysis protocols in the case of microalga.  
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2. MATERIALS AND METHODS 

2.1. Preparation of nZVI and its ions 

The supplied NANOFER STAR powder (nZVI) (CAS no: 7439-89-6, size 10-150 nm) and nano Fe3O4 (nFe3O4) 
(CAS No: 1317-61-9, size 50-100 nm) were obtained from NANOIRON s.r.o, Czech Republic, and Sigma 
Aldrich, Merck, Germany, respectively. Activation of 20% nZVI suspension was done according to producer 
guidelines for 48 h [4]. Simultaneously, the aqueous phase of nZVI slurry containing iron cations (44.5 µg L-1)   
released from oxidized nZVI was prepared by high speed centrifugation twice at 14, 000 x g for 20 min per 
cycle separating the supernatant from nZVI and served as one of the exposure condition (nZVI Fe ions). 

2.2. Culture condition and experimental setup 

2.2.1. P. putida  

Pseudomonas putida NCTC 10936, was obtained from CCM Czech Collection of Microorganisms, Brno, Czech 
Republic. The cells were grown in tryptone soy medium at 30 °C and when reaching its mid-log phase, 10 ml 
of P. putida (3.3 x 108 cells/ml) was harvested and transferred immediately to the nanoparticle exposure 
medium. Three different experimental conditions were prepared: i) unexposed P. putida (control), ii) P. putida 
with 44.5 µg L-1 nZVI Fe ions and, iii) P. putida with 100 mg L-1 nZVI. Whole experiment was performed at 
room temperature in 250 mL Erlenmeyer flasks containing 50 mL of exposure medium consisting of carbonate 
buffer (1,5 mg L-1 Na2CO3 and 167,16 mg L-1 NaHCO3, pH 8.0), cells and treatments, shaken at 120 rpm and 
immediately sampled (50 mL) for RNA extraction. After optimizing the suitable RNA isolation method for nZVI 
spiked samples, a natural reservoir water (NRW) was collected in a spade from a local reservoir on 18 
November 2018, filtered through 0.2 µm Whatman membrane filters, and served as the media in next 
experiment that followed the same conditions as described above.  

2.2.2. R. subcapitata  

Raphidocelis subcapitata ATCC 22662, was obtained from Culture Collection of Autotrophic Organisms 
(CCALA, Czech Republic). The culture was cultivated under a 130 µmol photons·m−2 s−1 of constant white light 
illumination and gently bubbled by 1% CO2 mixed with air at room temperature (24 °C). The cultivations were 
conducted in a 500 mL flask containing Sueoka’s high salt medium (HSM) [5]. Three different experimental 
conditions were set up, namely the: i) unexposed R. subcapitata (control), ii) R. subcapitata with 100 mg L-1 of 
nFe3O4 and iii) R. subcapitata with 100 mg L-1 of nZVI. A 35 mL culture was sampled immediately after 
nanoparticle mixture with cells in HSM for RNA extraction. 

2.3. RNA isolation 

2.3.1. P. putida 

Eight RNA extraction protocols from several manufacturers including TRI reagent, RNAzol (Molecular 
Research Center, United Kingdom), TRIzol (Invitrogen, USA), DirectZol, Quick DNA/RNA microprep (Zymo 
Research, USA), NucleoSpin RNA Plus, NucleoSpin miRNA (Macherey Nagel, Germany) and ISOLATE II 
RNA Mini (Bioline, Canada) were used for the comparison. Based on our preliminary experiments, the 
magnetic nZVI particles had to be removed by a strong nickel-plated block magnet (70 mm x 70 mm x 25 mm) 
with a magnetic force approximately at 180 kg to minimize interference with RNA. The cell lysis and extractions 
were done according to the manufacturer’s protocols. Complete elimination of contaminating residual DNA 
was further done with TURBO DNA-free™ kit (Invitrogen, USA). The integrity of the total RNA was determined 
by 2200 TapeStation system (Agilent Technologies, Germany) and the concentration using Qubit™ (Life 
Technologies, USA). All electropherograms of ribosomal RNA (rRNA) peaks were computed and analysed by 
TapeStation software version A.02.02 SR1 (Agilent Technologies, Germany).  
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2.3.2. R. subcapitata 

RNA isolation of microalgae R. subcapitata involved two major steps: the cell lysis and then the RNA extraction 
procedure. Several cell lysis methods were first compared using cell ribolization on a ribolyzer, liquid nitrogen 
grinding, and overnight cell lyophilisation at -30 oC to effectively lyse the cell walls while releasing the cellular 
components. To compare different cell lysis method used, the disintegration of the microalgae cell membranes 
were then imaged under optical microscopy (Motic BA310, Motic, China). The efficiencies of three on-column 
RNA extraction protocols including ISOLATE II RNA Plant mini (Bioline, Canada), Quick-RNA™ Miniprep kit 
(Zymo Research, U.S.A), RNeasy Plant Mini kit (Qiagen, Germany), and phenol-chloroform extraction [6] were 
compared to extract the RNA following the manufacturer’s instructions. Untreated cell pellets and cells exposed 
to nFe3O4 and nZVI were obtained through centrifugation at 10000 x g for 3 min at 4 oC and were subjected to 
different cell lysing methods mentioned above. The nanoparticles were not removed by the magnet for the 
studies of microalgae. The cell pellets including the retained nanoparticles were then immediately transferred 
into ZR BashingBeads™ Lysis Tubes (Zymo Research, USA) and added the RNA lysis buffer or aqua phenol 
was added. The tubes were put to liquid nitrogen and cell beating was performed in a ribolyzer (Precellys, 
France) at 6500 rpm for a total of two beating cycles with 45 s per cycle and 15 s break in between cycles. 
The subsequent RNA washing steps and recovery of both small and large RNA fractions were followed as 
instructed in the RNA purification protocol (Zymo Research, U.S.A) or isopropanol/ethanol washing using the 
phenol-chloroform extraction. Complete DNA removal was performed using on-column treatment and clean 
RNA extracts were eluted in diethylpyrocarbonate (DEPC) treated water. The integrity and concentration of 
the RNA extracts were determined respectively with an Agilent 2100 Bioanalyzer system (Agilent 
Technologies, Germany) and Nanodrop (Thermo Scientific, USA). All electropherograms of rRNA peaks were 
computed and analysed by 2100 Expert software (Agilent Technologies, Germany).   

3. RESULTS AND DISCUSSION 

3.1. Evaluation of efficient RNA extraction method from nanoparticle spiked medium 

We tested and evaluated different RNA extraction protocols on the bacterium P. putida and green alga R. 

subcapitata in the presence of reactive nZVI. Based on our preliminary P. putida-nanopaticle study, the nZVI 
particles were removed using a strong magnet from the culture before the RNA extraction. This step prevented 
clogging of the columns later during the RNA washing step and, importantly enabled to yield a higher quality 
of RNA. A strong magnet of magnetizing force of 180 kg was capable to remove most of the nZVI particles. 
On the contrary, the nanoparticles were not removed in the case of  R. subcapitata exposure and the RNA 
extraction was performed with the nanoparticles present in the culture. The two different sampling methods, 
although yielded desirable RNA quality, need further care because with nZVI, also part of the cells could be 
retained or, on the other hand, nZVI could react with lysis buffer when left in the culture.  

3.1.1. RNA extraction from P. putida 

Eight different extraction protocols have been compared including on-column and phenol-chloroform 
extractions. RNA extraction by the phenol-chloroform method was able to recover both small and large 
fractions of RNA (Figures 1A-D) while RNA extraction using most of the commercial column kits were often 
unable to elute both the RNA types in a single elution (Figures 1E-H). Phenol extraction using RNAzol and 
on-column extraction using Bioline ISOLATE II RNA mini kit exhibited the highest extraction efficiency with the 
RNA integrity number (RINe) and RNA concentrations shown in Figure 1. Each of these extraction methods 
(RNAzol and Bioline RNA mini) in general yield a similar RINe value in comparison to the untreated control and 
nZVI spiked samples which can be seen in their RINe from RNAzol extraction (RINcontrol: 7.7; RINnZVI: 7.9), 
(Figure 1C) and RINe from Bioline ISOLATE II RNA mini kit (RINcontrol: 9.0; RINnZVI: 8.9), Figure 1G. In general, 
Bioline ISOLATE II RNA mini kit has been chosen for our following analysis of the P. putida-nZVI spiked 
samples, as the extraction outcome yielded the highest RINe. 
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Figure 1 Comparison of RNA extraction methods performed on P. putida-nZVI samples in carbonate buffer 
(pH 8.0) on a TapeStation system based on RNA integrity number (RINe) and RNA concentrations are 

shown in the bottom line. Ctrl: condition without nZVI, nZVI: with nZVI. Different RNA extraction methods 
used were: (A) TRI reagent, (B) TRIzol, (C) RNAzol, (D) DirectZol, (E) RNA Plus NucleoSpin, (F) miRNA 

NucleoSPin, (G) ISOLATE II, (H) Quick DNA/RNA 

The RNA extraction efficiency by Bioline ISOLATE II RNA mini kit isolated from control, nZVI Fe ions and nZVI 
spiked samples is shown in Figure 2A. The representative electropherogram peaks of the control, nZVI Fe 
ions and nZVI clearly showed the intact 16S and 23S peaks (Figures 2C-E). Based on our experience, 
optimizing a suitable RNA extraction method for such difficult samples could be a daunting process at the 
beginning, especially when the information on the sample/organisms are still scarce. The consistency of the 
RINe obtained is important when selecting a suitable extraction assay fitting to the biological properties of the 
samples, especially when working with many treatment conditions in parallel and a huge number of samples. 

 

Figure 2 RNA integrity numbers of all isolated RNA from P. putida samples exposed to nZVI Fe ions and 
nZVI compared on a TapeStation system (A), and electropherograms of rRNA peaks of RNA ladder (B), 

control (C), nZVI Fe ions (D), nZVI (E) using Bioline ISOLATE II RNA mini kit 
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3.1.2. RNA extraction of R. subcapitata  

The cell lysis efficiency by liquid nitrogen grinding, cell ribolization, and cell lyophilization was evaluated using 
R. subcapitata when in contact with 100 mg L-1 nFe3O4 or nZVI. Prior to that, the integrity of the cells were 
screened using a light microscope (Figure 3) by comparing the efficiencies of different cell lysis method used. 
The cells after the liquid nitrogen grinding looked very similar to those in control samples, where only a small 
amount of cells were lysed (Figures 3A,B). A previous genome study of R. subcapitata [7] described 
successful isolation of RNA from a 100 mL culture using the same liquid nitrogen grinding method, however, 
it should be noted that the isolation of RNA from a 100 mL culture, by theory should yield higher RNA compared 
to our culture volume of 35 mL. R. subcapitata belongs to the family Selenastraceae, is a robust microalgae 
containing very rigid polysaccharide-based cell wall recalcitrance to breakage [7,8]. These polysaccharides, 
upon cell disruption, co-precipitates the RNA [9] which then complicated the RNA extraction procedure and 
resulted low yield/quality of RNA. In our study, the RNA extraction protocol has been tailored to R. subcapitata 
using cell lysis procedure combining the overnight lyophilization of cells followed by ribolization of the cells 
resuspended in RNA lysis buffer resulted in the highest lysis efficiency (Figure 3C).  

 

Figure 3 Light microscopic images of R. subcapitata cell lysis before RNA extraction: A - control cells before 
lysis, B - cells after liquid nitrogen grinding, C - overnight lyophilisation of wet biomass prior to ribolization. 

Red arrows indicate the lysed empty cells. Scale bar = 15 µm 

The efficiency of different RNA extraction methods were then compared. Among the tested methods, phenol-
chloroform extraction yielded the highest RIN working with the R. subcapitata-nanoparticles spiked samples 
and is shown in Figure 4. The representative electropherogram peaks of the experimental condition in 
respective to control, nFe3O4 and nZVI show the 18S and 28S peaks (Figures 4B-D).  

 

Figure 4 RNA integrity numbers of all isolated R. subcapitata samples compared on a bioanalyzer system 
(A), and electropherogram of rRNA peaks of untreated control (B), nFe3O4 (C), nZVI (D) using phenol-

chloroform extraction method 
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4. CONCLUSION 

Based on our data, extraction of the RNA from P. putida-nZVI samples was straightforward using the column-
based extraction kit (Bioline ISOLATE II RNA Mini) while isolation of the RNA from freshwater microalgae R. 

subcapitata in nZVI or nFe3O4 spiked samples required an initial step including thorough cell lysis by combining 
overnight lyophilization of wet biomass, followed by ribolization of the dried biomass suspended in phenol and 
finally RNA isolation through phenol-based extraction. Presence of nZVI in the sample during cell lysis and 
RNA extraction did not considerably harmed the RNA isolated from R. subcapitata. In general, the column-
based RNA extraction methods are recommended, except when isolation is compromised by polysaccharides 
or compounds which can bind to and/or co-precipitate with RNA. In such cases, phenol-based extraction 
methods may offer higher quality RNA obtained.  
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Abstract 

This study presents the development of the lateral flow assay (LFIA) for the determination of undeclared 
chicken additives in meat products. In the test system, immunoglobulins were proposed as biomarkers for 
species identification. A sandwich format of the LFIA based on gold nanoparticles (AuNPs) as nano-dispersed 
labels and colorimetric detection (both visual and instrumental) is used to determine immunoglobulins and, 
consequently, a source of meat. To achieve the highest analytical parameters, the LFIA was optimized by 
varying the assay conditions. A simple method of sample preparation was proposed. The developed LFIA 
allows distinguishing poultry (chicken, turkey) meat sources from mammalian sources within 20 min. The 
developed LFIA was applied to analyze meat foodstuffs and allowed revealing an adulteration with up to 
0.063% (w/w) sensitivity. The proposed test system can be recommended for rapid on-site screening control 
of the composition and quality of meat products. 

Keywords: Immunoglobulins, lateral flow immunoassay, meat adulteration, chicken additives 

1. INTRODUCTION 

Currently, counterfeiting food products is a relevant problem [1]. The presence of undeclared components in 
meat products carries risks to human health causing digestive disorders, allergic reactions, etc. [2,3]. 
Therefore, the task of meat quality control arises, including obtaining reliable information about raw meat 
sources as well as determining composition of semi-finished and finished meat products. The high efficiency 
of this control is ensured by application of reliable and efficient analytical methods and effective molecular 
markers. 

Methods for identifying meat sources include traditional approaches such as microstructural, molecular genetic 
methods, electrophoresis, and chromatography [4]. These complicated and time-consuming techniques should 
be complemented by rapid and cost-effective tests to carry out mass monitoring of meat products. 
Immunoanalytical methods having high specificity and sensitivity can be proposed for this purpose. One of the 
immunoassay formats is immunochromatographic analysis (lateral flow immunoassay, LFIA) based on the 
movement of reagents with a liquid flow along the porous membrane followed by formation of colored bands 
on the test strip [5-7]. The advantages of LFIA include short time (10-20 min), easy application, and no need 
for complex equipment and skilled personnel. 

In this study, chicken immunoglobulins Y (IgY) were selected as a molecular identifier, which satisfies the basic 
requirements for molecular biomarkers. They are present in muscle tissues in high concentrations, can be 
easily extracted from them and allow the identification based on the differences in antigenic determinants for 
different animal species. In addition, immunoglobulin receptor molecules (anti-species antibodies) are 
commercially available and cheap. The LFIA to reveal pork adulteration in beef based on IgG biomarker was 
developed in [8] and allowed a detection limit of 0.1% (w/w). 



 October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

484 

In this study, the LFIA is for the first time developed for IgY determination in raw meat and processed meat 
products. A sandwich-format LFIA is based on anti-species antibodies and their labeled conjugates. As a nano-
dispersed label, gold nanoparticles (AuNPs) were selected. The main advantages of AuNPs are simple 
procedure of their synthesis, long-lasting stability, high analytical signal, and chemical inertness [9]. A simple 
and rapid technique of sample preparation was implemented that does not require heating the analyzed 
sample, which accelerate the entire assay. 

2. EXPERIMENTAL 

2.1. Materials 

Sodium citrate, 3,3',5,5'-tetramethylbenzidine (TMB), chloroauric acid (HAuCl4), sodium azide, Triton X-100, 
bovine serum albumin (BSA), Tween-20, and sucrose were obtained from Sigma Chemicals (St. Louis, MO, 
USA). Chicken polyclonal immunoglobulins (IgY) and rabbit anti-chicken polyclonal IgG (RACI) were 
purchased from Imtek (Moscow, Russia). Goat monoclonal antibodies against rabbit IgG (GARI) were obtained 
from Arista Biologicals (Allentown, PA, USA). All other compounds were characterized by chemical or 
analytical purity. Milli-Q deionized water (Millipore, Burlington, VT, USA) was used for preparation of solutions. 

2.2. Synthesis of AuNPs 

AuNPs were synthesized as described in [10]. Briefly, a 1% HAuCl4 solution (0.5 mL) was mixed with deionized 
water (48.75 mL). The resulting mixture was heated to boiling followed by addition of 1% sodium citrate solution 
(0.75 mL). Then, the mixture was boiled while stirring for 25 min. The prepared AuNPs were cooled and stored 
at 4 °C. 

2.3. Conjugation of RACI with AuNPs 

RACI-AuNPs conjugate was prepared as described in [11]. RACI (10 μg/mL) in 10 mM Tris-HCl buffer, pH 8.5, 
were added to AuNPs (OD520 = 1) and stirred for 45 min at room temperature. After that, 10% BSA solution 
was added (1:40, vol./vol.) and incubated for 15 min. The conjugate was centrifuged at 8,500 g for 20 min. The 
pellet containing RACI-AuNPs was resuspended in 10 mM Tris buffer, pH 8.5, with 0.1% sodium azide, 1% 
sucrose, and 1% BSA. 

2.4. Production of test strips 

To obtain the test strips, MdiEasypack membrane sets (Advanced Microdevices, India) were used including a 
GFB-R4 separation membrane, a working CNPC membrane having pore size of 15 μm, and an AP045 
adsorption membrane. GARI (0.5 mg/mL in PBS) and RACI (1 mg/mL in PBS) were applied to form a control 
zone and an analytical zone, respectively, with an Iso-Flow automatic dispenser (Imagene Technology, 
Hanover, NH, USA). The membranes were dried overnight at room temperature and assembled to the 
composite. Test strips of a 3.2 mm width was obtained using an automatic guillotine cutter (KinBio, Shanghai, 
China). 

2.5. Preparation of meat samples 

Raw meat (beef, pork, chicken, and turkey) as well as dumplings were purchased at local supermarkets. Beef 
and pork-based cooked sausages with a confirmed composition were produced at the factory for 
manufacturing of meat products of the V.M. Gorbatov Federal Research Center for Food Systems of the 
Russian Academy of Sciences. For sample preparation, all raw meat and meat products were minced. A 
number of raw meat mixtures were obtained from beef and pork containing 10%, 5%, 1%, 0.5%, 0.25%, 
0.125%, 0.063%, and 0.031% (w/w) of chicken meat. 
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For extraction, 5 mL of the extraction buffer (PBS containing 0.5 M KCl and 0.1% Triton Х-100) was added to 
250 mg of a homogenized meat sample. The samples were mixed intensively for 15 min, sonicated in an 
ultrasound bath for 10 min, and then centrifuged for 10 min at 5,000 g and room temperature. Supernatants 
were used for the LFIA. 

2.6. LFIA of IgY 

Solutions of IgY in PBST (a total volume of 100 μL), in concentration ranges of 10,000-0.01 ng/mL, were added 
to Eppendorf tubes. Then, 2.5 μL of RACI-AuNPs conjugate (OD520 = 12) was added to each tube and 
incubated for 5 min. The test strip was inserted into the tube and incubated for 15 min. For IgY determination 
in meat products, the corresponding extracts were added to the tubes. All other steps of the LFIA were the 
same as described above. 

2.7. Processing of the LFIA data 

Origin 7.5 software (Origin Lab, Northampton, MA, USA) was used to approximate the dependence of the color 
intensity on IgY concentration. The concentration of IgY leading to 90% inhibition of the signal was taken as 
an instrumental limit of detection (LOD) [12]. The upper and lower limits of the working range were considered 
as the immunoglobulins’ concentrations corresponding to 20% and 80% inhibition of the coloration, 
respectively. The minimum IgY concentration that would cause an appearance of the colored band in the 
analytical zone was interpreted as the cutoff value of the LFIA. 

3. RESULTS AND DISCUSSION 

3.1. Synthesis and characterization of AuNPs 

To label RACI, AuNPs as a nano-dispersed marker were used. The reduction of HAuCl4 by sodium citrate was 
used to prepare AuNPs [10]. Both the reaction time and ratio of reagents were selected to obtain AuNPs with 
a diameter of 30 nm. A nano-dispersed carrier of this size is considered to be optimal in 
immunochromatography because it provides a high analytical signal and good sorption capacity [9]. 
Transmission electron microscopy (TEM) on a JEM-100C microscope (JEOL, Japan) was used to analyze 
AuNPs. The TEM study of their dimensional characteristics and homogeneity revealed that the obtained 
AuNPs are o-shaped non-aggregated particles of a 33.7 ± 9.0 nm diameter. A microphotograph of 
nanoparticles and a histogram of their diameter distribution is presented in Figure 1. 
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Figure 1 Image of AuNPs obtained by TEM (A) and histogram of their diameter distribution (B) 

RACI were conjugated to AuNPs by a noncovalent absorption. Before conjugation, the optimal concentration 
of IgG was determined. For that purpose, a flocculation curve demonstrating the dependencies of AuNPs’ 
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optical density on the concentration of the immobilized IgG was studied. It was demonstrated that particles’ 
stabilization ensured by the adsorption of protein molecules was reached at a concentration of 10 μg/mL. 
Therefore, we used this concentration to conjugate RACI with AuNPs. 

3.2. Development of the LFIA of IgY 

In this investigation, a sandwich LFIA, which is the most common format for the determination of compounds 
with high molecular weight was realized [13]. Here, we applied GARI and RACI on the control and analytical 
zones of the test strip, respectively. On the first step, the analyzed sample was preincubated with anti-species 
(RACI) antibodies labeled with AuNPs. Then, the test strips were dipped into the mixture and after incubation 
the coloration of zones was estimated. If chicken IgY present in the analyzed sample, their complexes with 
RACI-AuNPs conjugate are formed, followed by the interaction of these complexes with RACI adsorbed in the 
analytical zone and, accordingly, the formation of the first colored band. Excess of the complexes binds in the 
control zone and forms a second colored band. In the absence of the tested immunoglobulins, only one red-
colored band is formed in the control zone. 

To ensure low LOD and high intensity of coloration, different concentrations of immunoreagents, duration of 
steps, compositions of the reaction medium, and other parameters were tested. As a result, we selected RACI 
and GARI concentrations of 1 mg/mL and 0.5 mg/mL, respectively, as optimal (we varied both concentrations 
in the range of 0.25-1 mg/mL). RACI-AuNPs conjugate was added to the solution with chicken IgY in a volume 
of 2.5 µL at a dilution corresponding to OD520 = 12 (we tested the amounts of 0.5-3 µL). As for the duration of 
the assay steps, the best analytical parameters of the LFIA were reached at 5-min reaction of IgY with RACI-
AuNPs followed by 15-min incubation of the strip with this mixture. 

Chicken IgY calibration curve in the sandwich LFIA obtained after optimization and images of the 
corresponding test strips are presented in Figure 2. The instrumental LOD of chicken IgY in the biffer was 20 
ng/mL, and the working range of the detected concentrations was 40-275 ng/mL. The cutoff was 4.6 ng/mL. 

 

Figure 2 Calibration curve for chicken immunoglobulins in the LFIA and images of the test strips 

3.3. LFIA of food samples 

The obtained data allowed for the approbation of the developed test system for controlling chicken content in 
meat products. Since raw meat and meat products are complex matrices, which components may affect test 
results, it was necessary to implement sample preparation aimed at effective extracting IgY before analysis. 
For this, a fast and simple procedure was proposed, consisting of samples’ homogenization, protein extraction 
with a phosphate buffer, sonication of extracts, and centrifugation. Obtained supernatants were used for the 
LFIA. As tested samples, raw meat, dumplings purchased in local supermarkets and beef and pork-based 
cooked sausages with a confirmed composition were used. 
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The specificity of the developed test system was determined by analyzing extracts of chicken, beef, pork, and 
turkey meat. It was shown that the colored bands formed only for chicken and turkey extracts (Figure 3A). 
Therefore, there was no cross-reactivity with immunoglobulins of mammalian species. High specificity of the 
test system excludes false positive results and contributes to their reliability. 

The sensitivity of the assay was studied by analyzing extracts of beef and pork with the addition of a known 
amount of chicken. Based on the data obtained, the test system allowed for the detection of 0.063 to 0.125% 
(w/w) chicken additives in beef and pork, respectively, that is about 1 g of chicken per 1 kg of other meat. 

A B 

Figure 3 The results of the LFIA performed on minced meat extracts (A), and minced meat mixtures (B). The 
numbers in (B) indicate the chicken meat content (w/w): 10% (1); 5% (2); 1% (3); 0.5% (4); 0.25% (5); 

0.125% (6); 0.063% (7); and 0.031% (8) 

At the next step, two kinds of dumplings (chicken and venison/pork) were tested. Minced meat contained in 
dumplings was separated from the dough and processed according to the developed method of sample 
preparation. The images of test strips obtained after the assay are presented in Figure 4A. It was shown that 
chicken IgY were detected only in dumplings, which contained chicken according to the product labeling 
(sample a). Three samples of sausages (cooked, smoked/cooked/smoked, and cooked/smoked) all containing 
pork or bacon in addition to beef were tested. The results demonstrated the absence of chicken additives in 
all samples, which is evidenced by appearing no coloration of the analytical zone of the strip (Figure 4B). 

A B 

Figure 4 Images of test strips after the LFIA of the processed dumplings (A): (a) chicken dumplings, (b) 
venison/pork dumplings and sausages (B): cooked (a), smoked/cooked/smoked (b), cooked/smoked (c) 
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4. CONCLUSION 

Overall, an immunochromatographic analysis was developed, which allows for the detection of chicken 
immunoglobulins with a cutoff of 4.6 ng/mL. A simple technique was proposed for sample preparation of raw 
meat and meat products before the LFIA. The test system is characterized by high specificity and allows 
detecting 0.063-0.125% of chicken impurities in beef and pork within 20 min. The applicability of the test system 
for the analysis of chicken content in dumplings and sausages was confirmed. The developed analysis can be 
recommended for rapid out-of-laboratory screening of meat products. 
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Abstract 

This contribution is focused on utilization of a sequential chemical fractionation method for determination of 
organic matter content and its distribution in soil. Subsequently, this fractionation procedure was used to 
characterize the possible use of lignite as a soil conditioner in agriculture. For these purposes the optimized 
chemical fractionation procedure was used to describe the effect of lignite application on content and 
distribution of organic matter in a model soil. For these purposes, there were three source matrices of organic 
matter (lignite, soil and annual soil extraction after lignite application) fractionated by sequential chemical 
analysis. In parallel, these samples were also fractionated by classic alkaline extraction to obtain the so-called 
extractable fraction of organic matter (NOM). Individual fractions from sequential chemical fractionation as well 
as NOM samples were characterized by methods of elemental analysis (determination of organic elements 
content), thermogravimetry (contents of ash, organic matter and moisture) and FTIR spectrometry (structural 
analysis). The results showed that the method of sequential chemical fractionation gives higher yields of 
organic matter compared to classical alkaline extraction. Moreover, the obtained fractions divided according 
to solubility and strength of binding to soil inorganics can be better characterized by physical-chemical 
methods, which provides more detailed information about soil organic matter. The results of the work also 
indicated that the effect of lignite on soil organic matter must be considered in a larger time scale to be able to 
get more complex description of such a complex system.  

Keywords: Soil, lignite, organic matter, chemical fractionation, elemental analysis, thermogravimetric 
analysis, FTIR spectrometry 

1. INTRODUCTION 

Soils are composed of mineral and organic particles of various sizes, that are organized in a soil matrix. This 
organization means that about 50% of the total volume is occupied by these particles and the remaining 50% 
of the volume is a porous space that contains water and air and serves as a system of channels for the transport 
of these substances. Soil organic matter (SOM) is one of the soil components consisting of three basic types 
- living organisms (worms, insects, microorganisms), dead microorganisms and finally matter formed from 
organic residues of plants, animals and humus. The decomposition of the first two types creates nutrients for 
plants (nitrogen, potassium, phosphorus) [1-3]. The main reactive part of SOM are humic substances - 
omnipresent natural substances arising from the chemical and biological degradation of plants and animal 
remains. They are crucial in ecosystems because they regulate global carbon and nitrogen cycles, the growth 
of plants and microorganisms, the transport of anthropogenic compounds and heavy metals, and the 
stabilization of soil structure. To date, however, no technologies have been developed to control the activity of 
humic substances due to their high molecular complexity. There is a broad variety of analytical techniques for 
their characterization, however, none of these techniques alone is sufficient to elucidate the structural 
complexity of particles of humic molecules [4,5]. 

In general, humic substances are supramolecular associations of heterogeneous, relatively small molecules 
that are held together by weak non-covalent interactions, such as hydrogen bonds and hydrophobic forces. 
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The complexity of the humic molecule can be reduced by the gradual destruction of intramolecular interactions 
that stabilize these complex suprastructures (composed of nanoparticles of organic matter) and thus individual 
fractions of colloidal size of humic substances (organic matter) can be isolated. These individual fractions of 
organic matter obtained from sequential fractionation are called humeomics. It is a gradual separation of 
molecules from humic suprastructures by controlled cleavage of intermolecular bonds. In terms of particle size, 
these particles obtained by sequential fractionation are colloidal in size which significantly improve the 
resolution of various analytical methods often used for characterization [6,7]. 

In recent years, increasing demands have been placed on crop yields which also brings with it increased 
demands on soil fertility. For these reasons, various substances are often used to increase fertility, which are 
added artificially. They are most often fertilizers. Recently, however, research has also focused on the 
application of alternative additives to soils in order not only to increase fertility but also to improve the 
physicochemical properties of the soil and to increase the content and stabilization of soil organic matter. 
These additives are often included in a group called - soil supportive substances (SSS). Substances that are 
widely used for application include, for example, lignite fly ash, biochar and a mixture of humic acids. It is also 
very important to apply a suitable form with a given particle size, internal structure and morphology (porous 
structure) [8,9]. 

2. EXPERIMENTAL 

2.1. Materials and Methods 

Three source matrices of organic matter were used. 

 Soil (arid sandy soil obtained from the locality Hodonin-Panov, GPS: 48.877184°N, 17.132040°E) 

 Lignite (South Moravian lignite, mine Mir near Mikulcice, GPS: 48.820864°N, 17.045283°E) 

 Soil sample after one year from lignite application (the same locality as original soil) 

Each of these organic matrix samples served as a starting material for studying the effect of lignite application 
on the distribution of organic matter in the soil. For these purposes, the method of sequential chemical 
fractionation was used in the work. The initial samples of lignite and soil were used mainly as comparative 
samples, on the basis of which the differences in the distribution of organic matter in the soil before and after 
the application of lignite as a model soil support substance will be assessed. Three replicates of sequential 
chemical fractionation were performed for each of these three samples. 

2.2. Sequential Chemical Fractionation 

The procedure of sequential chemical fractionation was adopted from the publications of Nebbioso and 
Drossos [6,7]. The details of the optimization of this chemical extraction procedure of organic matter for the 
samples of soil and lignite are summarized in chapters 2.2.1 - 2.3. 

2.2.1. Water soluble fraction 1 (AQU1) 

First step was to dry used organic material in an oven at 45 °C to evaporate all the water. Then 50 g of dried 
material was transferred to Erlenmeyer flask and 150 ml of 0,1 M HCl was added. Flasks were covered with a 
double layer of parafilm and left on a shaker overnight. The next day samples were filtered under reduced 
pressure. Filtrate was frozen and all the water was evaporated in a freeze drier. 

2.2.2. Organic soluble fraction 1 (ORG1) 

Dried solid material after AQU1 was mixed with 100 ml DCM and 50 ml MeOH in Erlenmeyer flask and covered 
with a double layer of aluminium foil and left on a shaker overnight. The next day samples were filtered under 
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reduced pressure. All the solvent was evaporated on a rotary evaporator at 50 °C. The residue after 
evaporation was transferred to vials left to evaporate the solvent. 

2.2.3. Water and organic soluble fractions 2 (AQU2 and ORG2) 

Dried solid material after ORG1 separation was transferred to high-pressure sealable teflon vials and 50 ml of 
a 12% solution of boron trifluoride in methanol was added. Vials were tightly sealed, clamped in a metal rack 
and placed in an oven at 85 °C for 8 hours. Then vials were removed from the oven, let to cool down and 
additional 50 ml of the solution was added. Vials were sealed and clamped again and placed in the oven for 
another 8 hours under same conditions. Then after cooling down the solution was filtered under normal 
pressure and the solid material was dried. The filtrates were L/L extracted (liquid to liquid). The obtained AQU2 
and ORG2 fractions were purified and dried in the same way as was described for AQU1 and ORG1. 

2.2.4. Water and organic soluble fractions 3 (AQU3 and ORG3) 

Dried solid material after the previous step was covered with 50 ml of 1 M solution of KOH in MeOH (for the 
lignite sample a 100 ml of the solution was used). A magnetic stirrer was added, the sample flask was attached 
to a direct condenser and heater was set to 75 °C. The mixture was refluxed under nitrogen atmosphere for 
2 hours. Then all the content in the flask was filtrated under reduced pressure and the solid material was dried. 
The filtrates were extracted using L/L extraction. The obtained AQU3 and ORG3 fractions were purified and 
dried in the same way as was described for AQU1 and ORG1. 

2.2.5. Water soluble fraction 4 (AQU4) 

Dried solid material after the previous step was covered with 50 ml of a 47% solution of HI in water (for the 
lignite sample a 100 ml of the solution was used). A magnetic stirrer was added, the sample flask was attached 
to a direct condenser and heater was set to 75 °C. The mixture was refluxed under nitrogen atmosphere for 
2 days. Then all the content in the flask was filtrated under reduced pressure and the solid material was dried. 
The filtrates were neutralized with NaHCO3 to pH 7 and the iodine contained was reduced with Na2S2O3. Then 
the filtrates were dialyzed against distilled water and freeze-dried. 

2.2.6. Residual extractable organic matter fraction (ResOM) 

To isolate the residual organic matter, 5 g of dried solid material after AQU4 fractionation and 45 ml of 
extractant (0,5 M NaOH and 0,1 M Na4P2O7) were mixed. Samples were left on a shaker overnight. The 
samples were filtered and the filtrates were dialyzed against distilled water and freeze-dried. 

2.3. Natural organic matter fraction isolation (NOM) 

In parallel, a conventional alkaline extraction was performed. Thus 5 g of the prime material was covered with 
45 ml of extractant (0,5 M NaOH and 0,1 M Na4P2O7). After overnight shaking, the samples were filtered under 
reducer pressure and the filtrates were dialyzed against distilled water and freeze-dried. 

3. RESULTS AND DISCUSSION 

3.1. Optimization of sequential chemical fractionation procedure 

The first part of experimental work was focused on the optimization of sequential chemical fractionation for 
analysis of soil and lignite samples to be able to provide more narrow distribution of particles. A comparison 
shown in Figure 1 shows that only about a half on the organic matter can be extracted using NOM extraction 
(conventional alkaline extraction). But as shown in Figure 1a, only a very small amount of organic matter 
(about 10 %) was possible to obtain using sequential chemical fractionation. Comparing each fraction shown 
in Figure 1b, we may notice that most of the organic matter is contained within AQU1 and ORG1 fractions. 
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That is because these two fractions are only very weakly bounded to the lignite matrix. These results are 
indicating that significant part of lignite organic matter is strongly bound to residual non-extractable matter. 
This is a positive finding concerning the presumed long-term effect of lignite on the organic matter of the soil. 

 
Figure 1 a) Comparison of total organic matter from lignite using alkaline extraction and sequential chemical 

fractionation where “∑HUMEO” means the total sum of the particle fractions obtained by sequentional 
fractionation and “∑OM” shows the total contain of organic matter contained in the soil matrix. This applies to 

all the graphs. b) Distribution of organic matter in the fractions of a lignite sample. 

3.2. Effect of lignite application on soil 

The main task of this part of the work was to use the methodology of sequential chemical fractionation to 
assess the effect of the addition of lignite to the soil on the composition and distribution of organic matter. In 
general, the organic matter content in lignite is much higher than in the soil matrix, however, across the 
fractions of humeomics, the difference in organic matter content between the matrices varies. 

 
Figure 2 a) Comparison of both (conventional alkaline extraction and sequential chemical fractionation) 
methods with the total amount of organic matter in soil and 1YS (one year sample). b) Comparison of 

organic matter content in all fractions obtained from the soil and 1YS (one year sample) matrices 

After closer examination of the individual fractions, it is visible that the contents of organic matter in the original 
soil matrix are higher than in the annual soil sampling. However, this contradicts the theoretical assumption 
that the proportion of organic matter should increase over time after application of the adjuvant. However, if 
we compare obtained content of organic matter by classical alkaline extraction NOM, the original sample and 
annual sampling are practically comparable. The decrease observed above in total yield of organic matter 
obtained on the soil sample after one year compared to the yield from the fractionation of the original soil 
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sample before lignite application is probably due to the heterogeneity of the soil sample and the relatively high 
content of sand fractions. 

However, if we compare extractable NOM and a sum of organic matter obtained from sequential chemical 
fractionation, it is clearly visible that with sequential chemical fractionation we can extract several times higher 
amount of organic matter than the NOM method. However, the difference in the content of extracted organic 
matter by both methods is more noticeable in soil matrices than in lignite matrices, which may be related to 
the total content of organic matter in the matrices. 

3.3. FTIR structure of fractions 

FTIR was used as a simple method for assessment of structural motifs in all the obtained fraction of relatively 
similar particles organic matter. The FTIR spectra of the ORG1 fractions in Figure 3a contain a peak in the 
region of 3,650-3,000 cm−1, which lies in the area where N-H bonds, phenols and alcohols should occur. 
Furthermore, from 3,000-2,800 cm−1, a significant peak appears marking the saturated C-H bonds of alkanes. 
In the area of 2,200-1,950 cm−1 we find overtones. This is followed by a pair of peaks in the range of 1,900-
1,550 cm-1, which indicates carbonyl bonds, and between 1,550-1,450 cm-1, are present aromatic compounds. 
A peak with a maximum at about 1,050 cm-1 refers to aliphatic O-H bonds of alcohols, and the last peak with 
a maximum of about 800 cm-1 indicates the deformation transition in aromatics. For more details see [6,7]. 

 

Figure 3 a) FTIR spectra of ORG1 fractions for all the source matrices. b) FTIR spectra of NOM fractions for 
all the source matrices 

From the FTIR spectrum of the NOM fractions (Figure 3b) is obvious that when we try to characterize the total 
isolated organics, heterogeneity and the number of different molecules are a huge problem. Sequential 
chemical fractionation makes it possible to obtain smaller fractions with relatively narrow distribution of 
molecules, which makes the subsequent characterization easier. This resulted in the possibility to use FTIR 
for identification of several different types of substances present in the fractions. 

4. CONCLUSION 

This contribution was focused on optimization of a sequential chemical fractionation for purposes of a study 
on the effect of lignite (and possibly also other agriculturally attractive SSS) application on SOM, its total 
content and distribution in the soil. The procedure provided set of organic matter fractions with different 
strength of the interaction to the remaining inorganic skeleton and also with different polarity of molecules.  
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The obtained fractions of organic matter were characterized by elemental (mainly content of carbon and 
nitrogen essential for plant growth) and thermogravimetric analysis (ash, organic matter and moisture content). 
The results showed that a shift in the distribution carbon and nitrogen, which are essential for plant nutrition 
and proper soil function, was observed only in the first isolated fractions (AQU1 and ORG1), which are not 
firmly bound to the matrix structure (composed of nanoparticles of organic matter) and therefore are the most 
accessible to plants. In other fractions, no changes were observed, suggesting that the time horizon of one 
year is very short to monitor the changes induced by the application of lignite to the soil and is not sufficient to 
induce large changes deeper in the matrix structure. The FTIR spectrometry used subsequently was confirmed 
to be usable for monitoring of the structural changes in the individual fractions and to approximately define 
groups of substances that were obtained in individual fractions. 

The results of the work confirmed that in order to properly assess the effect of soil support application on the 
content and distribution of organic matter in soil, it is necessary to study samples obtained over a longer period 
of time from soil supporting substance application. Also this paper assesses the effect of application of lignite 
on soil organic matter but of course the application form and therefore the particle size or internal structure 
(texture) is essential and it will be the subject of further follow-up research. 
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Abstract 

Biochar represents ubiquitous material produced by pyrolysis of various organic materials. Mainly the biochar 
originating from waste organic biomass residues represents highly attractive material with the possible 
utilization as a soil conditioner in agriculture. For these purposes, the knowledge of biochar chemical 
composition, its potential stability in soils, the knowledge of the elements and molecules, which can be released 
from biochar to surroundings and the relation of these properties to the actual texture of used material, seems 
to be highly important to predict the potential effect on soil and environment. This area represents the topic of 
present work, where we focused mainly on the effect of biochar texture to internal microstructure obtained by 
SEM and BET analysis and the content of organic matter. The results have shown, that the more developed 
internal structure of biochar with the larger specific surface area can be correlated with the higher content of 
aromatic regions formed by the organic structures with the high contents of the organic carbon. The high 
content of organic matter and organic carbon is assumed to be beneficial for agricultural application of biochar.  

Keywords: Biochar, particle size, specific surface area, organic matter 

1. INTRODUCTION 

7.8 billion people are living on our planet right now and this number is constantly increasing. Therefore, more 
and more food will be necessary for the consumption of humanity. The soil is the most important for agricultural 
production, but it is already depleted and today’s way of cultivating the land does not help it much either. It is 
not only erosion but also lack of organic matter, aridity and salinity is the problem. One of the possible solutions 
could be the use of soil conditioners such as lignite, lignohumate, alginate or biochar to improve soil fertility, 
water retention], enhance plant growth [1,2]. Biochar is a carbon-rich solid product of the thermochemical 
conversion of biomass under anaerobic conditions (pyrolysis). The attractive chemical properties of biochar 
are mainly in reducing greenhouse gasses, reducing nutrient (P, N, Mg) leaching, enhancing plant growth [3,4]. 
Physical (e.g. particle size distribution, density, porosity and surface area) and chemical (pH, electric 
conductivity, zeta potential, organic carbon and PAH, nutrient content and elemental composition) 
characteristics of biochar depend on thermochemical (pyrolysis) operating conditions and intrinsic nature of 
the source biomass [4]. There is a disadvantage in this because biochar is not a standardized product, and its 
properties are highly variable. In principle, pyrolysis is a process of converting solid biomass into bio-oil, 
gaseous products, and biochar under oxygen-limited or anoxic environment [5]. Various products serve as a 
feedstock used for biochar production, ranging from wood-based products (e.g., sawdust, woodchips and wood 
pellets, tree bark), organic wastes (e.g., manure and sludges,) and plant-based materials (e.g., wheat straw, 
leaves, husks, seeds and cobs) [6]. 



 October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

496 

Generally, the effect of biochar on soil or plant growth has been widely investigated by many researchers 
[4,5,6] but only a few studies were focused on biochar characteristics itself. Biochar particle size affects soil 
physico-chemical properties and nutrient contents. The soil treated with biochar of various particle size (<3, 3-
6 and 6-9 mm) shows generally decrease in the bulk density, increase in porosity, saturation percentage and 
the soil organic matter in comparison with the soil without biochar treatment. Biochar amendment also showed 
improvement in the soil mineral N, AB-DTPA (ammonium bicarbonate diethylenetriaminepentaacetic acid, 
multiextractant) extractable P and K over biochar control. In more detail, biochar of the smallest particle size 
(<3 mm) shows the maximum improvement of previously mentioned soil properties and to the plant growth 
parameters (tomato crop) [1]. Alkaline biochar (pH 10) can be used in acidic soil (e.g. neutralizing the acidity 
of peat). Different particle fractions of biochar (<3.3, 3.3-6 and 6-10 mm) were tested for the peat acid 
neutralizing capacity and the finest fraction has the highest neutralizing power. Although, in comparison with 
2.5 g of calcium carbonate (the most used liming material), it is necessary to use 43 g of biochar to reach the 
same liming effect per litre of peat. Nevertheless, biochar shows additional peat-based growing media 
improvement, such as an increase in air content and higher physical stability during cropping [23]. Biochar 
nutrient extraction performed by [8] shows that the recovery of P, K and Mg was greater for smaller particle 
size fractions. Important to note, the size fractions after sieving was much smaller (0.15-0.60 mm, 0.60-1.18 
mm, 1.18-4.00 mm and >4.00 mm) than previously mentioned researches. Here we can see that particle size 
fractions of the biochar vary with each other significantly. Another study [9] confirmed that particle size fractions 
of the same biochar have a different amount of total extractable nutrients and pH level (higher for finer fraction 
< 1 mm). From the other point of view, the quality and quantity of humic substances released from biochar can 
be affected by grain size as well. Particle size fraction >1 mm released humic substances with increasing 
humification degree, increasing molecular weight and aromaticity. However, there was no effect of pH on the 
quantity and quality of humic substances released from biochar. Also, the adsorption energy was the lowest 
for the finest particles and increased with the size of biochar particles. By contrast, carbon mobility between 
solid and liquid phases was greatest for the finest fraction (<1 mm). 

Therefore, the experimental part of this work was focused on the description of the relation of the texture of 
biochar and its the corresponding physicochemical characteristics, morphology and the content of organic 
matter and organic elements. The provided set of basic characteristics will help to determine the optimal 
application conditions in agriculture, where we believe could serve biochar as a promising soil supplement.  

2. EXPERIMENTAL 

2.1. Materials 

The Biochar 1 used in the work was purchased from company Biouhel.cz, s.r.o (Czech Republic). This sample, 
originating from solid digestate from biogas plants, was produced by pyrolysis at 450 °C as a sample 
specifically for the use in agriculture. Biochar 2 and 3 were selected from the declared list the official European 
producers of biochar having the official EBC certificate (https://www.european-biochar.org/en/home) [10]. The 
sample of Biochar 2 (Sonnenerde, Austria) originated from crop biomass residues pyrolyzed at 600 °C using 
PYREG technology. The source biomass of Biochar 3 (Novocarbo, Germany) was originating from wood chip 
and softwood residues, which were pyrolyzed at 600 °C using PYREG technology.  

2.2. Sample pre-treatment and fractionation 

The individual biochar samples were air-dried in the oven at 45 °C for 48 hours. The pre-treated samples were 
subsequently fractionated using laboratory sieve shaker (AS-200, Retsch GmbH) on the following fractions: 

 fraction A - grain size under 0.5 mm 
 fraction B - grain size from 0.5 to 2 mm 
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 fraction C - grain size from 2 to 4 mm 
 fraction D - grain size above 4 mm 

2.3. Scanning electron microscopy 

The visualization of internal structure and porosity was realized using the scanning electron microscopy (SEM) 
imaging. For purposes of this analysis, small parts of the biochar specimen were selected. These specimens 
were subsequently gold-coated in a sputtering device and investigated using a scanning electron microscope 
ZEISS EVO LS 10 in the mode of secondary electrons (SE). The accelerating voltage was set to 5 kV. 

2.4. BET analysis 

The specific surface area of individual biochar samples was characterized using a NOVA 2200 analyser 
(Quantechrome Instruments) by BET (Brunauer-Emmett-Teller) analysis. Before the analysis, the dried sample 
was weighted directly into the measuring cell. The sample cell was degassed at increased temperature for 12 
hours. The measurement was performed using N2 as an absorption gas. 

2.5. Elemental analysis and thermogravimetry 

The elemental composition of studied biochar samples was determined using a CHNS analyser Euro Vector 
EA 3000. Samples (~5 mg) were packed in tin capsules and burned in an oven at 980 °C using pure oxygen 
as the combustion gas and pure helium as the carrier gas. The content of organic elements C, H, N, S was 
calculated by a calibration curve determined using a reference standard sample of sulphanilamide. The 
percentage of oxygen content was calculated by difference and the values obtained were corrected for ash 
and moisture content. 

Thermogravimetric analysis was performed by TGA Q5000 (TA Instruments) with an airflow of 60 mLmin-1. 
Approximately 5 mg of the sample was sealed in an aluminium crucible and was heated from 25 °C to 700 °C 
with a heating rate of 10 °Cmin-1. 

3. RESULTS AND DISCUSSION 

The insights from the published literature are indicating that the properties of biochar are closely linked to the 
conditions of pyrolysis [5], the origin of the source biomass [4,5] but also by biochar texture [7,8,9]. To be able 
to provide a complex view on the relation of biochar texture to its possible effect on soil, the representative 
samples of EBC certified biochar for the use in agriculture were selected and studied in present work. The 
properties of biochar samples discussed in chapter 3.2 were assessed in respect to obtained view into its 
internal microstructure as was obtained by SEM and BET analysis discussed in chapter 3.1.  

3.1. Characterization of biochar internal microstructure 

The first method used for a visual illustration of the internal structure of studied biochar samples and its relation 
to the sample texture was SEM imaging (Figure 1). For purposes of this analysis, the samples of original 
biochar were pre-treated as was described in chapter 2.2 by simple laboratory sieve shaker.  

Figure 2 is showing the visual comparison of the same fractions (Fraction C) of Biochar 1 and Biochar 2 
present work. The results of SEM imaging are indicating, that both the samples possessing the EBC 
certification (Biochar 2 and 3) have similar internal microstructure with a broad variety of pore distribution 
indicating their high potential for their possible utilization in agriculture as a soil conditioner enhancing soils 
properties (mainly its sorption and water holding capacity). On the other hand, the SEM image of Biochar 1 
indicates fine internal structure with low content of internal pores or even more solid particle-like structures 
instead of porous as would be expected for biochar with the possible agricultural application. 
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Figure 1 SEM images of the internal structure of Biochar 3 (magnification 500x) for A) fraction A, B) Fraction 
B, C) Fraction C and D) Fraction D as were obtained by sieve fractionation 

 

Figure 2 SEM images of the internal structure of A) Biochar 1 and B) Biochar 2 (data for fraction C) 

The relation of biochar internal structure to its texture was studied also from the view of BET analysis providing 
information about the sample-specific surface area. The comparison of the results obtained for all the studied 
samples concerning the fraction of sieved material is shown in Figure 3. 



 October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

499 

 
Figure 3 The relation of biochar specific surface area to its texture as was determined by BET analysis 

The results from BET analysis are in good correlation with SEM imaging. The highest surface area determined 
by BET analysis were obtained for the most coarse fractions (B, C, D). The biochar produced with the grain 
sizes above 0.5 mm has a more developed porous internal structure. Such a coarse material with developed 
internal structure has higher sorption and water retention potential, which is desirable for the use in agriculture. 
The surface area analysis also confirmed that the sample of Biochar 1 has significantly less developed internal 
microporous structure in comparison with certified EBC Biochar samples 2 and 3. 

3.2. Relation of biochar texture to its organic matter content 

The biochar samples were studied regarding their potential utilization in agriculture as soil conditioners. Their 
role in soils could be found mainly in the improvement of physicochemical properties, the content of organic 
matter, the sorption ability of nutrients and the water holding capacity. The last three characteristics of soils 
are connected with the content of organic matter and organic carbon [5]. By these reasons, the studied biochar 
samples were characterized also by thermogravimetric and elemental analysis (Table 1). 

Table 1 Total organic (worg) and inorganic (winorg) content) and elemental composition of biochar samples in  
   respect to the sample texture (recalculated on a dry sample) 

sample texture worg (wt.%) 
winorg 

(wt.%) 

Elemental composition (wt.%) 

C H O N 

Biochar 1 
Below 2 mm 70.35 29.65 45.39 7.54 15.06 2.36 

Above 2 mm 78.98 22.84 56.40 2.38 15.29 3.10 

Biochar 2 

Below 0.5mm 67.86 32.14 59.97 0.81 5.39 1.70 

0.5-2.0 mm 72.93 27.07 67.66 0.94 2.33 2.00 

2.0-4 mm 78.96 21.04 71.72 2.00 2.93 2.31 

Above 4 mm 77.42 22.58 65.66 1.61 7.05 3.09 

Biochar 3 

Below 0.5mm 71.44 28.56 63.40 1.57 4.69 1.78 

0.5-2.0 mm 82.56 17.44 74.48 1.63 4.54 1.92 

2.0-4 mm 91.08 8.92 84.34 2.62 2.39 1.73 

Above 4 mm 81.23 18.77 73.27 2.64 3.97 1.34 
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The obtained results are indicating that total organic matter is increasing in all studied biochar samples with 
the increasing coarseness of the fraction as was obtained by sieve fractionation. The increase in the total 
content of organic matter correlates with an increase in the total content of organic carbon, indicating the higher 
potential of fractions containing more coarse fractions of particles for the use in agriculture. EA and TGA 
analysis confirmed also similar content of organic matter and organic carbon of EBC certified samples of 
Biochar 2 and 3. On the other hand, a sample of Biochar 1 possessed a higher content of hydrogen and oxygen 
indicating less aromatic and more aliphatic structure with a higher content of O-bearing functional groups. 

4. CONCLUSION 

The results of the work are indicating that the development of the internal structure of biochar can be correlated 
to the specific internal area and the coarseness of biochar. These parameters together represent important 
characteristic with respect to the possible utilization of biochar in agriculture. More developed internal structure 
means higher sorption potential of a sample and higher water holding capacity. Moreover, the more developed 
porous internal structure can be correlated also to the total content of organic matter and organic carbon, which 
is again important parameter in respect to the use of biochar as a potential soil conditioner.  
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Abstract 

We present a simple and portable setup for basic characterization of force sensors in nanoindentation 
instruments. The device can provide traceability to mass standards in the milli- and centinewton range. We 
present its use with a real nanoindentation instrument. Motivated by the result, we conduct a small 
computational study to demonstrate the effect of sensor measurement error on material properties quantified 
from nanoindentation measurements. 

Keywords: Nanoindentation, traceability, force calibration, indentation modulus, hardness 

1. INTRODUCTION 

Various local mechanical properties, notably the indentation modulus E and hardness H of materials can be 
determined using nanoindentation [1]. Nanoindentation is a form of so-called instrumented indentation 
technique (IIT), where data evaluation is based on depth and load values as measured by the respective 
sensors in the instrument. Proper expression of the mechanical quantities then assumes using a calibrated 
instrument, e.g. as described in ISO 14577-2 standard [2]. However, most instruments are delivered and 
further operated without any traceable calibration. Although at least basic verification of instrument 
performance can be performed using reference samples with certified values of hardness or elastic modulus, 
this is not sufficient for proper processing of load-depth data. As far as is known to the authors, sensor 
calibration is not actively supported by instrument manufacturers, and users interested in calibrating their 
instrument have to rely on their own solutions. The possibilities are, however, limited by instrument design and 
space available for mounting the calibration equipment. When sensor calibration is not available, attention 
should be paid to the values calculated in measurement evaluation. 

2. FORCE CALIBRATION 

In case of vertical load application, force measurement can be viewed as equivalent to weighing. As maximum 
loads that can be applied by nanoindentation heads of different instruments vary from units up to hundreds of 
millinewtons, this renders to measuring in the sub-gram up to decagram range. Given that the gravity of Earth 
in the instrument location is known, metrological traceability of force can be introduced by means of calibrated 
weights. 

A key component in most special setups for very fine force measurements is a microbalance based on the 
electromagnetic force compensation principle, see e.g. [3]. Such balances are capable of resolving weights as 
low as 0.1 μg (which roughly corresponds to the load difference of 1 nN), but their dimensions and weights are 
often inappropriate for mounting in the indentation instrument. 
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Our goal was therefore to construct a device which is compact enough to fit in most instruments. It is built on 
a commercially available load cell (based on the usual tensometric bridge construction) with a 10-gram range, 
and a precise A/D converter for voltage readouts, namely: 

 a GSO-10 load cell, manufactured by Transducer Techniques, USA, equipped with an extension stem 
for weight stacking (see Figure 1); the height of the sensor including the extension stem is less than 
25 mm; 

 a 24-bit A/D converter AD24USB, manufactured by JanasCard, Czech Republic, providing and 
measuring the excitation voltage for bridge input and measuring the bridge output voltage; 

 a set of F1-class calibration weights (nickel-silver lamina weights, stainless steel cylindrical weights 
allowing easier stacking). 

The sensor is mounted on a metal plate for better stability. To achieve better portability and ability to run 
standalone for extended periods of time, the A/D converter was connected to a single-board computer. A 
custom software tool was used for reading the digitalized values from the converter, expressed in the usual 
way in as the ratio of the output and excitation voltage in μV/V. 

 

Figure 1 GSO-10 sensor with a stack of calibration weights, mounted in the nanoindentation instrument 

Two measurement runs were carried out in the experiment: 

1) using the set of calibration weights, 

2) using a series of pre-defined loads in the indentation instrument software, calculated from the 
corresponding weights and the gravity of Earth of 9.80940003 m/s2 as provided by the Czech Office for 
Surveying, Mapping and Cadastre for the location Brno, Czech Republic. 

Maximum load applied by the instrument was 800 mg due to measurement head limitations. To eliminate the 
effect of sensor drift during continuous measurement, load applications were interleaved with zero-load 
periods, so that each load could be evaluated as separate measurement. Although comparisons were carried 
out using loads as low as 10 mg, according to general recommendations, measurements within the lower 1 % 
of the sensor range should not be taken into account. Unfortunately, no sensor that has a finer range and 
allows stacking calibration weights is known to the authors, which limits applicability of the current setup to 
loads of 100 mg and above. 

Results of the comparison are presented in Figure 2. They suggest that the instrument in our experiment might 
systematically overstate its force measurements by approx. 1 %. 
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Figure 2 Comparison of indicated values between the loads generated by weights and by the 
nanoindentation instrument 

3. DATA CORRECTION ACCORDING TO CALIBRATION RESULTS 

Proper analysis of instrumented indentation data involving sensor calibration and related uncertainties remains 
a major endeavor. Instead, let us demonstrate on a simple example how an inaccurate measurement by the 
sensors of a nanoindentation instrument can affect the mechanical quantities of main interest as determined 
by the commonly used method due to Oliver and Pharr [2,4,5]. 

Based on a small set of measurement data and the elastic modulus of a fused silica reference sample, we 
determine the contact area function of an indentation tip in the form A(h) = x2 + ax + bx1/2 + cx1/4 + dx1/8 using 
an orthogonal least squares fit. Based on this area function, we evaluate measurements on three different 
samples: sapphire (Al2O3, load 5 mN), copper (Cu, 5 mN), and polycarbonate (PC, 1 mN). 

Motivated by the results from the previous section, we simulate two basic scenarios of inaccurate sensor 
measurement: 

3) The load sensor overstates the values, and load values have to be reduced by 1 %. 

4) The depth sensor overstates the values, and depth values have to be reduced by 1 %. 

The original procedure is then repeated after reducing all load or depth values by 1 %, to correct for the 
measurement error of the respective sensor. Results of this comparison are presented in Table 1. The original 
(i.e., based on the inaccurate measurement) values of indentation modulus and hardness are denoted E100 
and H100. The “true” values, calculated from the corrected data, are denoted E99L and H99L (load correction) or 
E99D and H99D (depth correction). The values in parentheses express the relative difference to the uncorrected 
figures. 
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Table 1 Influence of inaccurate measurements of the load or the depth sensor on calculated values of 
indentation modulus and hardness 

 Al2O3 Cu PC 

E100 / GPa 286.97 132.70 2.70 

H100 / MPa 17351.1 1312.1 132.7 

E99L / GPa 287.36 (+0.14 %) 132.76 (+0.05 %) 2.70 (+0.00 %) 

H99L / MPa 17564.4 (+1.23 %) 1326.5 (+1.10 %) 133.8 (+0.83 %) 

E99D / GPa 288.33 (+0.47 %) 133.55 (+0.64 %) 2.72 (+0.74 %) 

H99D / MPa 17137.3 (-1.23 %) 1300.9 (-0.85 %) 132.1 (-0.45 %) 

While the effect of load measurement error on the indentation modulus is mostly negligible, it directly translates 
to hardness values (force sensor providing higher than true values results in underestimating the hardness). 
On the other hand, error of the depth sensor noticeably affects both indentation modulus and hardness (depth 
sensor providing higher than true values results in underestimating the modulus and overestimating the 
hardness). 

In case that sensor calibration and subsequent proper uncertainty evaluation is not available, we suggest 
including an uncertainty term due to measurement error in the aggregate budget since such relatively small 
measurement errors can easily be expected. All the calculations in this section were performed using a free 
software tool for nanoindentation data processing Niget [6]. 

4. CONCLUSION 

A custom setup for measuring forces in the milligram range showed that the force sensor of the evaluated 
nanoindentation instrument provided slightly, but noticeably inaccurate load values. This should raise attention 
of users of instrumented indentation technique to the possibility of calibrating their instruments. A 
computational study demonstrated an apparent influence of sensor measurement errors on the calculated 
mechanical quantities. In case of uncalibrated instruments, this suggests to expand the uncertainty budget 
with respective terms to account for assumed errors. 
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Abstract  

Nanocomposite polymer coatings combine attractive functionalities from the combination of organic matrix 
coatings and inorganic nanoparticles which allows to acquire unique properties. They can be tailored for 
specific needs by modifying optical, mechanical, electronic, magnetic and other properties, which may differ 
significantly from the properties of the bulk form.  

In order to study the role of the incorporated nanoparticles, topography is of fundamental importance. Its 
relation to the deposition parameters, however, is far from trivial. Suitable statistical parameters, which capture 
the essential traits of the sample but are not oversensitive to local variations are needed. Roughness e.g. is a 
well-established, popular statistical parameter but is not sufficient to describe the topography. Parameters 
which describe lateral distances should be included as well. In order to ensure the same processing for multiple 
samples the data processing should also require as little user input as possible. As a wide range of samples 
must be characterized, time demands for the characterization of a single sample should also be considered.  

We present a systematic atomic force microscopy study of a series of nanocomposite polymer coatings with 
topographies including spherical particles and snake-like structures of different length scales. Different 
statistical parameters, their dependence on measurement settings and related uncertainties are addressed.  

Keywords: AFM, nanocomposites 

1. INTRODUCTION  

Nanocomposite polymer coatings combine attractive functionalities from the combination of organic matrix 
coatings and inorganic nanoparticles which allows to acquire unique properties. They can be tailored for 
specific needs by modifying optical, mechanical, electronic, magnetic and other properties, which may differ 
significantly from the properties of the bulk form.  

Deposition under dusty plasma condition can be used for depositing nanocomposite thin films, with many 
successful technological applications. Varying the deposition conditions allows to obtain films with different 
properties, such as elasticity or hydrophobicity [1-6].  

The topography is one of the key features of a film which must be characterized. Atomic force microscopy 
(AFM) is very well suited for this task. However, it is necessary to keep in mind several issues. Firstly, AFM 
measurements can be time demanding, especially if large numbers of samples should be characterized. It is 
thus necessary to carefully choose parameters for the measurement such as resolution, image size, scanning 
rate, etc. as these may affect the validity of the data. Secondly, AFM measurements need further data 
processing, such as levelling, row alignment, removal of scars or other artifacts. These procedures can 
significantly affect the results [7]. Therefore, procedures should be exactly defined with as little user choices 
as possible in order to ensure that all samples will be processed in the same way. Automated procedures can 
help to achieve this as well as reduce the time necessary to accomplish this.  
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A large number of statistical parameters and functions can be evaluated, for an overview see e.g. [8]. The 
most popular ones include the root mean square, skew, kurtosis, surface area, power spectral density function, 
autocorrelation function, and Euler characteristics. Further analysis is possible by marking grains and 
evaluating their size parameters. However, for the comparison of different samples the focus should be on 
reproducibility more than on the theoretical interpretation of the chosen parameter.   

In this work we present the analysis of AFM measurements on a series of samples obtained by PECVD 
depositions in dusty plasma and suggest optimal parameters for their statistical description, with focus on their 
robustness. 

2. METHODS 

In this work we analyzed a set of 65 samples. The samples were produced using plasma enhanced chemical 
vapor deposition from hexamethyldisiloxane (HMDSO) and oxygen. The details of the deposition process are 
described in [6]. A capacitive radio frequency discharge at 13.56 MHz was generated in a parallel plate reactor. 
The HMDSO and oxygen flow rates varied from 1 to 10 sccm and 2 to 10 sccm, respectively. Single crystal 
silicon wafers were used as substrates. The applied power ranged from 25 to 75 W and the DC negative self-
bias voltage between -10 to -400 V. The deposition conditions led to the creation of dusty plasma. 

AFM measurements were performed using a Dimension Icon instrument from Bruker. Measurements were 
performed in tapping and Bruker’s PeakForce tapping mode. Images of different sizes were measured ranging 
from 2 µm x 2 µm to 40 µm x 40 µm with resolution usually 512 x 512 or 1024 x 1024. 

Data were leveled by subtracting a fitted polynomial of second degree. Lines were aligned with respect to the 
line median. Standard statistics were extracted, such as average, rms, skew, kurtosis, surface area, as well 
as the radial power spectral density function and autocorrelation. All data processing was performed within the 
open source software Gwyddion (www.gwyddion.net). 

3. RESULTS 

Several types of topography have been encountered in this study: the most common were different types of 
spherical nanoparticles, either individually placed on a flat surface or forming large clusters, snake-like 
structures and caterpillar-like structures formed by spherical particles aligning themselves into snakes. The 
vertical size of objects ranged between 30 nm and 730 nm. The lateral size of the objects ranged from 200 nm 
to 2 µm. The thickness varied between 500 nm and 3 µm. 

The root mean square roughness and the ratio of surface area and projected area have been found to be 
particularly useful and are shown in Figure 1, together with some examples of topographies.  As can be seen, 
the root mean square value of an image is only very weakly correlated with the type of the surface. The ratio 
of surface and projected area is more significant, notably large values have been found to correspond always 
to snake-like structures. A similar study of skew and excess kurtosis didn’t show any significant trends, though 
particles tended to have positive skew whereas snakes and caterpillars had both positive and negative skews. 
Especially for larger structures we should check the effect of the image size on the evaluated value. Some 
recommendations are given in standards [9-11] but their use in this case is unclear. Instead, we performed 
studies on selected samples which were measured with larger scan size.  

From a 40 µm x 40 µm image details of different size were extracted and processed. The variance of the 
different statistical parameters was estimated with respect to the location of the detail using a Monte Carlo 
method. In Figure 2 we show the dependence of the roughness and excess kurtosis on the size of the detail, 
and the dependence of the relative uncertainty of the parameters on the size. From Figure 2B we can see that 
for this sample the roughness could be estimated with an uncertainty around 1 nm already at 10 µm. This 
corresponds to an uncertainty of the excess kurtosis of 0.2 which is acceptable. From Figure 2C it is obvious 
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that the sensitivity of the parameter grows with growing order of the moment involved. Results for other 
samples are similar. 

 

Figure 1 The root mean square value and the ratio of the surface area and projected area for the samples 
involved in this study. Some typical examples of topographies encountered are shown. The vertical ranges 

have been chosen the same for all images for better comparison. 

 

Figure 2 AFM image used for studying the dependence of statistical parameters on scan size (A), the 
dependence of the roughness and excess kurtosis on the scan size (B) and the dependence of relative 

uncertainty of statistical parameters on the size (C). Data have been shifted in the image B for better clarity. 

As shown in [12], the root mean square roughness as well as skew and kurtosis are very sensitive to levelling 
and scan line corrections.  On the other side, the surface area is largely unaffected. We found that the samples 
in this study had to be levelled using polynomials of at least second degree. The recommendations of the 
authors hold for random rough surfaces, but using them we find that the scan length should be approx. 20 times 
longer than the characteristic length scale in order to keep the bias from the true value below roughly 10 %. 
This would correspond to image sizes ranging between 4 - 40 µm. This is in reasonable agreement with the 
requirements based on the (in)homogeneity.  

One common method for the analysis of AFM images of nanoparticles is to mark them using some of the well-
established algorithms, see e.g. [13,14] and then perform a statistical analysis of these. However, in most 
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cases this requires the choice of certain thresholds which must be made by the user. The resulting statistics 
may be very sensitive to this choice and there is no simple way to define the thresholds universally for all 
samples. Therefore, the results are not comparable between samples. Last but not least, this method is time 
consuming and cannot be easily automated. 

However, some insight can be gained by using the mean curvature. The mean curvature is given as the 
average of the principal curvatures. For concave ellipsoids both principal curvatures are positive, for concave 
cylinders one is positive and the other zero. Thus, we expect a positive mean curvature to correspond mainly 
to concave areas, which can be either ellipsoidal (nanoparticles) or cylindrical (snakes), and assume other 
cases are less common and can be omitted. Since the mean curvature is calculated based on numerical 
derivatives, it is very sensitive to noise and some kind of smoothing may be necessary. We also encountered 
voids in the marked grains which require further processing for a rigorous, automated statistical evaluation.  

Surfaces formed by nanostructures such as particles or snakes should be characterized also from the 
viewpoint of lateral length scales. Notably, the radius of the particles and snakes is of crucial interest. 
Obviously, this could be measured manually directly from the image. This is a lengthy procedure and can be 
biased by the user’s choice.  

For rough surfaces models one of the common parameters to characterize its lateral scale is the correlation 
length where the autocorrelation function (ACF) decays to 1/e of its maximum [8]. This corresponds to 
Gaussian and exponential models of roughness and does not have a simple interpretation for geometries 
encountered in this study. Nevertheless, the correlation length can be easily determined unambiguously. 
Alternatively, the Fourier transform of the autocorrelation function, the power spectral density function (PSDF), 
can also be used for the identification of characteristic length scales. The fitting procedures using PSDF may 
be favorable for numerical reasons.  

For individual particles models of the ACF have been found in [15] from which the shape parameters can then 
be extracted. However, this model assumes a fairly low coverage and notably the existence of a reference 
plane on which the particles are placed. In our case the shapes found in the samples are too irregular for this 
model but we can still use the peaks of the ACF and PSDF as characteristic length scales. As there is a big 
variability in the angular directions, we use the angular average for both for ACF and PSDF, the radial 
autocorrelation function (RACF) and radial power spectral density function (RPSDF) in all cases. 

 

Figure 3 Example of typical RACF and RPSDF (left), characteristic length scale of particles for different 
samples obtained by identification of peaks in RPSDF, identification of peaks in RACF and by direct 

measurement from image 

An example of the RACF and RPSDF and the corresponding length scales are shown in Figure 3. The 
correspondence with the direct measurement is reasonable, mainly due to the large uncertainty of the latter. 
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This reflects that the image size was too small. The difference between RACF and RPSDF is on the order of 
tens of nanometers, which is acceptable for a pixel size of 9 nm. The methods failed on samples formed by 
particles or snakes placed on top of each other forming hills and valleys, such as e.g. image G in Figure 1. 
The RACF method failed more often than the RPSDF method (14 and 8 out of 51 cases).  

In contrast the length scale based on the decay of the RACF is simple to obtain and can be easily automated. 
However, this value does not offer any direct physical interpretation. No trend for the ratio of the decay rate 
and the length scale measured directly has been found. For the data shown in Figure 4 the ratio varies 
between 0.2 and 0.65.  

We illustrate the algorithms described so far for a study of the effect of deposition time with other deposition 
conditions kept constant. The AFM images of such samples are shown in Figure 4 where the mean curvature 
is positive. 

 

Figure 4 AFM images of a series of samples corresponding to different deposition times with otherwise 
identical deposition conditions 

The dependence of the roughness, area ratio, number of grains marked by the mean curvature, the correlation 
length defined by the decay of the RACF and the size measured directly from the image on the deposition time 
is shown in Figure 5. The length scale could not be determined from the RACF and RPSDF, due to the 
nonplanarity of the surface, as explained above. The samples had been measured at the fixed scan size of 
10 µm. This is not sufficient for samples with particles as large as the ones in this series but offers a good first 
estimate.  

 

Figure 5 The time dependence of roughness and surface ratio (left), of the number of grains (middle), and of 
lateral scale (right). The particle size determined directly from image and RACF decay rate were used. 

Care is needed for the AFM measurement itself. The scan size must be sufficiently large so as to capture 
inhomogeneities and offer sufficient quality of RACF and RPSDF. Artifacts such as line mismatch or 
contamination can significantly affect the analysis and should be corrected for. However, the correction 
process must be done manually which increases time demands and may introduce unintended bias due to the 
user choices. Large images are more prone to artifacts as the scan rate cannot be kept as low as for small 
images, thermal drift being one of the major issues. As a first estimate, the image size should be at least 20 
times larger than characteristic length, which can be estimated as the diameter of particles or snakes 
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4. CONCLUSION 

As it was found that the deposition process leads to a range of very different surface topographies, our goal 
was to find suitable statistical parameters for describing the surface topography in such a wide set. We have 
shown that a high ratio of surface area and projected area is related to snake like structures. Masks based on 
the mean curvature were shown to be capable of grain identification. Different methods of identifying length 
scales were compared to direct measurements. The determination of length scales from peaks in RPSDF and 
RACF is preferable since it produces physically meaningful results.  

The usefulness of these parameters has been manifested on a series of samples which were prepared under 
identical deposition conditions with only the deposition time varying. The interpretation of the results from the 
perspective of the deposition process shall be presented elsewhere. 
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Abstract  

The hydrothermally grown ZnO micropods have been placed on grounded stainless-steel holder and exposed 
to an inductively coupled plasma (ICP) monitored in-situ by optical emission spectroscopy (OES). OES shows 
the immediate release of oxygen during Ar ion bombardment. The prolonged exposure to hydrogen plasma 
leads to deterioration of the optical properties as well. The exposure, rf power and hydrogen pressure have 
been optimized to enhance UV-photoluminescence peak at the wavelength 384 nm related to surface bounded 
excitons and reduce the defect-related photoluminescence in red spectral range. The strong UV 
photoluminescence appears just after 1 minute of plasma hydrogenation in a radio frequency plasma 
discharge with power density 40 W/dm3 and hydrogen pressure 17 Pa.    

Keywords: ZnO, micropods, inductively coupled plasma, optical emission spectroscopy, photoluminescence 
spectroscopy, Raman spectroscopy, infrared absorption spectroscopy 

1. INTRODUCTION 

The zinc oxide (ZnO) crystallite powder is a low cost, environmentally friendly, wide band gap semiconducting 
material with unique optical properties and variety of nanoparticle (NPs) morphologies [1]. Due to the high 
surface-to-volume ratio and related size effects, ZnO NPs are used in many applications for energy conversion, 
photocatalytic wastewater treatment, electrochemical energy storage or sensing. Recently, we have applied a 
hydrothermal chemical synthesis as a low-cost technology for mass-production of ZnO hedgehog-like 
crystallite powder [2], studied their crystal quality [3] and shown that the age of precursors plays a significant 
role in defect formation [4]. The photoluminescence spectra (PLS) show a strong near UV emission peak 
related to bound exciton complexes assigned to surface states [5]. The strong correlation between surface 
defects and the exciton emission has been also observed in hydrothermally synthetized ZnO micropods [6].   

Particularly important are electrically conductive ZnO NPs with the interstitial hydrogen acting as a donor [7]. 
Two-step annealing in air at around 1000 C followed by annealing in hydrogen atmosphere at 800 C has 
been demonstrated to significantly enhance UV-photoluminescence of ZnO NPs for highly efficient sub-
nanosecond fast scintillators [8,9]. The inductively coupled plasma (ICP) offers an alternative way of cold 
hydrogenation [10]. We have already shown that the cold hydrogenation in low pressure hydrogen plasma is 
an effective way to significantly enhance the electrical conductivity and exciton-related emission in ZnO thin 
films prepared by reactive magnetron sputtering on fused silica glass substrates [11]. In this paper we optimize 
the plasma hydrogenation of ZnO micropods placed on grounded stainless-steel sample holder. 

2. EXPERIMENTAL 

2.1. Hydrothermal growth  

ZnO micropods were the hydrothermally synthesized in aqueous solution containing equimolar (25 mM) 
amount of zinc nitrate hexahydrate p.a. (Zn(NO3)2·6H2O) and hexamethylenetetramine (HMTA) (C6H12N4) p.a. 
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Both chemicals were purchased from Slavus and used without further purification. Deionized water was 
purified with a system So~Safe Water Technologies, having a conductivity 0.20 µS·cm-1 (25 °C). The reaction 
mixture was heated at 90 °C for 3 h. The precursor salt residues were removed from the sample by washing 
5-times with deionized water followed by centrifugation at 10 000 rpm (RCF: 11 510g) for 15 min. Finally, the 
ZnO powder was dried by lyophilization. Scanning electron microscopy (SEM) images show ZnO micropods 
with hexagonal shape, the length up to 10 µm and the diameter about 0.5 µm, see Figure 1. 

 

Figure 1 SEM images of hydrothermally grown ZnO micropods taken by MAIA3 (TESCAN) using the 
electron beam energy 5 keV (A) and 20 keV (B)  

2.2. Plasma treatment 

The plasma hydrogenation has been done in a prototype inductively coupled plasma (ICP) reactor currently 
being developed in a cooperation with the Czech company SVCS Process Innovation, s. r. o. (Valašské 
Meziříčí, Czech Republic). The quartz reactor of the active volume 5 liters operates at radio frequency (rf) 
13.56 MHz with maximum discharge power up to 300 W corresponding to the power density 60 W/dm3. The 
setup is evacuated with the Agilent Triscroll 300 dry vacuum pump protected with the ISO Flange Vacuum 
Filter (CSL-843-NW25).  A 5 mg powder sample mechanically pressed into a round pellet with the diameter 
3 mm was placed in the middle of the chamber on a grounded stainless-steel holder. The holder grounding is 
a recent improvement over the previously used ungrounded quartz holder. Prior the plasma treatment, the 
chamber, valves, flowmeters, gauges and all gas inlet and outlet tubes were evacuated to residual pressure 
below 0.1 Pa and flushed 5 min by 20 sccm flow of process gases to reduce residual gas contamination. The 
pellets were exposed for 30 s to Ar plasma (Ar purity 99.998%, rf power 100 W, Ar flow 5 sccm, pressure 
16 Pa) followed by up to 20 min of hydrogen plasma exposure (H2 purity 99.999%, rf power 200 W, H2 flow 
20 sccm, pressure 17 Pa). The originally white ZnO pellets became darker after prolonged plasma 
hydrogenation, see Figure 2. 

 

Figure 2 Optical images of ZnO pellets (diameter 3 mm) after 2 min (A), 10 min (B) and 20 min (C) plasma 
hydrogenation taken with a macro objective (Lumix G Macro 30 mm, F2.8 ASPH). 

10 m 

A 

2 m 

B 
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2.3. Characterization  

Optical emission spectra (OES) were measured in 400-1000 nm spectral range with 1 nm spectral resolution 
by spectrally calibrated fiber coupled CCD spectrometer (B&W Tek BTC112E) focused in the middle of the 
quartz chamber. Dark spectra were subtracted. The integration time varied from 5 ms for Ar plasma to 200 ms 
for H2 plasma. Each spectrum was averaged 10 times.  

Raman spectra were recorded in backscatter geometry using a micro-spectroscopic Renishaw InVia Reflex 
Raman setup with integrated optical microscope and a charge-coupled device (CCD) camera.  For 
excitation, a 442- nm-line of HeCd excitation laser. Other parameters were 100× Olympus objective, 65 µm 
slits, and a grating of 2400 grooves/mm. 

The attenuated total reflectance (ATR) infrared absorption spectra were detected in 590-5000 cm-1 spectral 
range and 4 cm-1 resolution using Nicolet™ iS50 FTIR Spectrometer (Thermo Fisher Scientific) with build-in 
diamond ATR prism, KBr beam splitter and cooled DTGS detector. The ATR spectra were first normalized to 
zero at 5000 cm-1 and then recalculated with the build-in advanced ATR correction for diamond prism.  

PLS were measured at room temperature in the 360-780 nm spectral range with 2 nm spectral resolution using 
the 100 mW/cm2 UV photo-excitation provided by a focused 340 nm LED equipped with a narrow band-pass 
filter and operating in square pulse regime at frequency 307 Hz.  The emitted and scattered light was collected 
and focused onto the 1 mm wide input slit of double gratings SPEX 1672 monochromator equipped with Peltier 
cooled multi-dynode multi-alkali red sensitive photomultiplier (PMT) to be measured at each wavelength 
independently by a lock-in amplifier synchronized with excitation frequency. The spectra above 600 nm were 
measured with a long pass filter placed in front of the monochromator. The whole setup was spectrally 
calibrated with Oriel #63358 Quartz Tungsten halogen lamp and converted from wavelength to energy scale 
for quantitative analysis [12]. 

3. RESULTS AND DISCUSSION 

The OES spectra clearly show the presence of atomic oxygen in Ar plasma as demonstrated by the presence 
of oxygen-related emission peaks at 777 and 845 nm [13], see Figure 3. Since no nitrogen related peaks are 
observed, oxygen cannot originate from ambient atmosphere leak, but from ZnO powder.  In pure Ar plasma 
the intensity of O-peaks is low and may be explained by contamination from previously processed ZnO. The 
intensity of O-peaks increases by an order of magnitude when a pellet is placed into the chamber while the 
plasma visually change color from brownish to white. Thus, OES proves the heavy ion bombardment of the 
sample placed on 
grounded holder. 
Since only the 
Balmer series lines 
were observed in 
hydrogen plasma at 
656, 486 and 434 nm 
and no O-peaks, we 
conclude that ZnO 
was scattered by 
heavy Ar ions but not 
by light H ions. 

 

Figure 3 The semilogarithmic optical emission spectra of Ar plasma without (A) and with (B) ZnO pellet 
placed onto grounded stainless steel holder in the ICP reactor. The position of oxygen emission lines at 777 

and 845 nm is indicated by dashed red lines. 
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Figure 4 (A) shows Raman spectra of plasma hydrogenated ZnO micropods, where origin of peaks is also 
depicted. Nonpolar phonon mode E2(Low) expected at 100 cm-1 is associated with Zn sublattice, but it was out 
of the measured spectral range. Nonpolar phonon mode E2(High) associated with oxygen sublattice is 
observed at 440 cm-1 [14]. The sharp, strong and dominant Raman peak is significantly amplified after 
hydrogen plasma, but for 10-minutes hydrogenation and longer its intensity decreases again. Same as 
increasing intensity of the dominant peak, broad sideband at low-frequency side also increases. This broad 
band with maximum about 420 cm-1 is attributed to E1(TO) mode commonly seen in nano- and micro-
structures. The peaks at 336 and 540 cm-1 correspond to the sum and differential wavenumbers E2(High) 
±E2(Low) and A1(LO), respectively [15]. The peak at 581 cm-1 has been assigned to the ZnO mode E1(LO) 
[16]. This mode should be inactive but it may appear as a local mode due to the disturbance of the crystal 
symmetry resulting from the presence of oxygen vacancies and zinc interstitials. Thus, the presence of this 
mode suggests that the plasma treatment increases the concentration of point defects. Moreover, from spectra 
normalized on the value of E2(High) peak, see Figure 4(B), could be seen that for hydrogenation time up to 5 
minutes, the spectra are very similar. After longer hydrogenation, the height of the E1(LO) peak decreases. In 
spectra, small band near 660 cm-1 and 1150 cm-1 correspond to multiphonon processes and peak near 1100 
cm-1 to combination of acoustic modes with symmetry A1 and E2.   

Figure 4 Raman spectra (A) and normalized Raman spectra (B) of plasma hydrogenated ZnO micropods 
depending on the expose to hydrogen plasma. The excitation wavelength was 442 nm (blue laser) 

ATR-FTIR is a sensitive probe of free carriers in 
ZnO. It has been shown that the room-temperature 
exposure of polycrystalline ZnO films to H2 plasma 
rapidly increases carrier density [17]. Figure 5 
shows the infrared absorbance spectra of plasma 
hydrogenated ZnO micropods depending on the 
expose to hydrogen plasma. Free carrier 
absorption dominates infrared absorbance spectra 
already in the unhydrogenated sample with further 
increase after plasma hydrogenation. The room 
temperature plasma hydrogenation had been 
sufficient to induce significant surface conductivity 

Figure 5 Infrared absorbance spectra of plasma hydrogenated ZnO micropods depending on the expose 
to hydrogen plasma measured by ATR FTIR and normalized to zero at 5000 cm-1. 
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changes after 1 minute expose. It should be noted that the absorbance has been somewhat arbitrary 
normalized to zero at 5000 cm-1 and that the signal-to-noise ratio is poor in the spectral range 2000-2300  
cm-1 where diamond ATR prism heavily absorbs. 

The PLS in Figure 6 shows that the strong exciton photoluminescence at 3.23 eV (384 nm) appears already 
after 1 min plasma hydrogenation at 200 W. This suggest that the bound exciton complexes are assigned to 
surface states. Furthermore, the hydrogen plasma suppresses the defect related broad PLS band centered in 
red spectra range around 2 eV. It takes about 10 min to suppress this band by an order of magnitude. 
Therefore, we suggest 5 min plasma hydrogenation as an optimal process time. This is significantly shorter 
time then 30 min previously used in plasma hydrogenation with ungrounded quartz holder.  

 
Figure 6 The room temperature PLS of plasma hydrogenated ZnO micropods in semilogarithmic intensity 

scale depending on the expose to hydrogen plasma. The excitation energy was 3.65 eV. 

4. CONCLUSION 

Ar plasma sputters ZnO placed on a grounded stainless-steel holder in an ICP reactor. Therefore, the Ar 
cleaning process needs to be taken only for a short time with a relatively low rf power. The strong UV 
photoluminescence appears just after a minute of plasma hydrogenation of ZnO micropods which is a strong 
evidence that the bound exciton complexes are assigned to surface states. On the other hand, the reduction 
of red photoluminescence needs prolonged time suggesting that the red photoluminescence is related to bulk 
defect states. The optimal time for plasma hydrogenation at the rf power density 40 W/dm3 and hydrogen 
pressure 17 Pa seems to be just a few minutes.  
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Abstract 

In this work, thermal stability and mechanical properties of Ti/Ni multilayer thin films were studied. The 
multilayer thin films were synthesised by alternately depositing Ti and Ni layers using magnetron sputtering. 
The thickness of constituent layers of Ti and Ni varied from 1.7 nm to 10 nm, and one coating was deposited 
by simultaneous sputtering of both targets. Single crystalline silicon was used as a substrate. The effects  
of thermal treatment on the mechanical properties were studied using nanoindentation and discussed 
in relation to microstructure evaluated by X-ray diffraction. Annealing was carried out under low-pressure 
conditions for 2 hours in the range of 100-800 °C. 

Keywords: Ti/Ni, multilayers, magnetron sputtering, nanoindentation, annealing 

1. INTRODUCTION  

By continually increasing demands and needs of humankind, science and research have reached a state 
where standard monolithic materials are no longer sufficient. Thanks to this, materials with a complex and 
advanced structure are currently being studied intensively.  

One of the new trends in the thin films synthesised by plasma deposition is controlling the properties of 
coatings, for example, by alternating layers of various materials at the nanoscale and achieve functions that 
none of the original components has. In this way, it is possible to create a multilayered thin film with the option 
to choose the thickness of constituent layers, the ratio of layers thicknesses, the number of constituent layers, 
etc [1,2]. 

Ti/Ni multilayered thin films are one of the complex structures with superior functional properties (e.g. electric, 
magnetic and optical). These multilayered systems can be used to form TiNi shape memory alloys (SMA) 
which exhibit two closely related properties: shape memory effect (SME) and superelasticity (SE). These 
effects are caused by the martensitic transformation from a simple cubic structure (austenitic, phase B2) to  
a monoclinic crystalline structure (martensite, phase B19’), whereas this phase transformation is reversible 
and instantaneous. The transformation can be achieved by annealing or by applying stress [3,4]. Thanks to 
the remarkable SE and SME effects, TiNi SMA can be found in a wide range of fields such as medical, 
aeronautic, electric, telecommunication or as sensors and actuators in MEMS [4-8]. 

In this work, annealing was chosen to ensure the transformation. In the case of this approach, the uniformity 
of layers thicknesses on the nanoscale is crucial [9]. Moreover, for applications in MEMS, it is necessary to 
produce TiNi thin films with a thickness of several µm. For these reasons, magnetron sputtering is one of the 
most common deposition techniques to synthesise multilayer thin films with low total thicknesses and adequate 
uniformity. For the fabrication of Ti/Ni multilayer films, a dual-head sputtering system with Ti and Ni targets can 
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be utilised and periodically turned the power on and off ensures alternating nanolayers of pure Ti and Ni. 
Afterwards, this multilayered system can be converted into the TiNi alloy thin film through solid state 
amorphisation by using a heat treatment. A significant advantage of magnetron sputtering over other 
deposition techniques used for multilayer thin films as e-beam evaporation, pulsed laser deposition  
or accumulative roll bonding, is an option of easily scalable resulting structure of multilayer by choosing 
deposition properties [10]. 

In this work, we have been mainly focused on thermal stability and development of mechanical properties  
with annealing of Ti/Ni multilayers prepared by dual-head magnetron sputtering of Ti and Ni targets. Annealed 
thin films composed of nanolayers with different thicknesses underwent nanoindentation tests, and results 
were discussed in relation to microstructure obtained by X-ray diffraction. 

2. EXPERIMENTAL 

Ti/Ni multilayers were synthesised by dual-head magnetron sputtering in an argon atmosphere. To ensure 
multilayer structure, the power on titanium and nickel targets was periodically turned on and off depending on 
which layer was currently depositing. Single crystalline silicon was used as substrates and before the 
deposition they were etched by ion bombardment for 5 minutes. During the deposition, the negative floating 
potential was applied on a substrate holder and to achieve sufficient spatial homogeneity, the substrate was 
rotating. By deposition of one-layered coatings of Ti and Ni, their deposition rates were found to be 0.75 nm/s 
and 1.52 nm/s, respectively. The desired thickness of an individual layer h was programmed by the variation 
of deposition time. The deposition conditions as applied power on targets, deposition pressure and substrate 
rotation speed for each multilayer design are listed in Table 1. The first presented coating h = 0 nm is prepared 
by simultaneous sputtering of both targets and therefore does not exhibits multilayered microstructure. 

Table 1 Summary of deposition conditions of all Ti/Ni multilayered coatings 

h (nm) 
Overall thickness 

(nm) 
Power on Ti 
target (W) 

Power on Ni 
target (W) 

Deposition 
pressure (Pa) 

Rotation (rpm) 

0 500 350 350 0.30 3.0 

1.7 1190 300 300 0.16 4.8 

2.5 1000 300 300 0.16 4.8 

5.0 1000 300 200 0.16 4.8 

10 500 350 350 0.30 3.0 

After the deposition, one sample from each layering underwent a series of annealing in thermal desorption 
spectroscopy chamber from 50 to 800 °C. For each annealing, the constant temperature was kept for 2 hours.  

One of the analytical methods utilised to study the effect of annealing was the depth-sensing nanoindentation 
performed on Hysitron TI950 Triboindenter equipped with a Berkovich tip. To determine the indentation 
hardness H and the reduced elastic modulus Er, nanoscale measuring head was used. This head allows 
measure in the load range from 50 nN up to 11 mN with a resolution of 1 nN. Several quasistatic tests with 20 
segments of partial unloading were performed in load control regime. As it is shown in Figure 1a), each 
segment consists of three parts: loading, hold and unloading, and each part lasted 2 seconds. The result of 
such a loading function can be load-displacement curve plotted in Figure 1b), where every partial load 
segment can be evaluated according to the standard procedure proposed by Oliver and Pharr [11]. Thanks to 
that, the depth profile of hardness and modulus can be obtained by this approach. Example of such depth 
profiles are plotted in Figure 1c). In this work, single measurement consists of 16 load-displacement curves 
whose depth profiles were averaged and standard deviations were calculated. Values of the hardness and the 
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reduced elastic modulus in the smallest common depth (negligible substrate influence) were used to compare 
samples and annealing temperatures. 

 

Figure 1 Quasistatic partial unload test: a) load function, b) load-displacement curve, c) hardness and 
reduced elastic modulus as a function of maximum depth per segment 

In order to correlate the hardness and elastic modulus evolution with microstructural information, X-ray 
diffraction (XRD) was utilised for the phase identification. XRD experiments were performed in Rigaku 
Smartlab X-ray diffractometer using Cu Kα radiation with a wavelength of 0.15418 nm with a grazing angle  
of incidence configuration. 

3. RESULTS AND DISCUSSION  

The evolution of the hardness as a function of annealing temperature is plotted in Figure 2 for each studied 
multilayer. The increase of hardness of as-deposited multilayers with the increasing layer thickness in the used 
range was already reported in our previous study [12] and interpreted as an interface crossing of single 
dislocations [13,14]. After the first set of annealing at 100 °C, differences between hardness values of coatings 
get smaller even almost equalised at 200 °C, what can be caused by alloying. With further increasing 
temperature, differences become more significant.   

 

Figure 2 Development of hardness as a function of temperature for synthetised multilayers and one non-
multilayer coating labelled as h = 0 nm 
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The average hardness for all coating and a specific temperature, marked by the dashed line, is continuously 
decreasing until 500 °C, except for annealing temperature 300 °C. At 600 °C hardness of multilayers 
significantly increased, and even more, a rapid increase occurred for non-multilayered coating (h = 0 nm) up 
to 15 GPa, which is more than twice as high as for the as-deposited coating. After annealing with even higher 
temperature, the coating has delaminated from the substrate or the coating has entirely desorbed. Substantial 
raise of hardness in the case of non-multilayer was not caused by higher substrate hardness, because the 
desorption was not observed even after annealing at 800 °C. 

Reduced elastic modulus as a function of temperature was plotted in Figure 3 in the same way as for hardness 
evaluation. From room temperature (RT) to annealing temperature 200 °C, order of reduced elastic modulus 
of multilayers was kept the same - maximum Er for h = 5 nm and minimum Er for h = 1.7 nm. Dashed line 
indicating reduced elastic modulus for all coating and the specific temperature has a very similar development 
as in the same graph plotted for hardness. The reduced elastic modulus is gradually decreasing until 500 °C, 
except for annealing temperature 300 °C, where the obtained value is slightly higher. After annealing at  
600 °C, the reduced elastic modulus of multilayers increased but only a little. More significant influence of 
annealing temperature on the reduced elastic modulus was found in the case of multilayer with h = 1.7 nm. In 
this case the reduced elastic modulus decreased ~1.4 times at 500 °C in comparison with as-deposited 
multilayer. The significant influence of annealing was found for non-multilayer coating as well. In contrast to 
the as-deposited coating, after annealing to 600 °C, reduced elastic modulus increased ~1.3 times and was 
much higher than for multilayers. 

 

Figure 3 Development of reduced elastic modulus as a function of temperature for synthetised multilayers 
and one non-multilayer coating labelled as h = 0 nm 

For both coatings where significant influence of annealing was found, XRD measurements were performed in 
the range RT-500 °C. The XRD diffractograms presented in Figure 4a) for h = 1.7 nm and in Figure 4b) for  
h = 0 nm exhibiting polycrystalline microstructure. The microstructure is composed of hexagonal (hcp) Ti, cubic 
(fcc) Ni grains and Ti-Ni intermetallic grains which emerged at higher annealing temperatures. 

In the multilayer with h = 1.7 nm, Ni (111) stays as the strongest peak with increasing annealing temperature 
from room temperature until 300 °C. In this temperature range, the intensity of Ti (002) peak is decreasing, 
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and this peak completely disappeared at 400 °C. Other notably lower peaks Ti (110), Ti (004) and Ni (222) 
disappeared as well. At this temperature, two new peaks corresponding to Ti-Ni intermetallic phase were 
detected, what is corroborated by previous works [15-17]. Shifted Ni (111) peak could contribute to the intensity 
of peak labelled as TiNi3 (004). The disappearance of individual Ti and Ni peaks indicates possible 
disintegration of the layers and the formation of fully intermixed and alloyed structure. These phenomena can 
be the cause of a drop in hardness and reduced elastic modulus development. In the coating with non-
multilayer structure, new intermetallic peaks did not emerge after higher annealing temperature, but they could 
contribute to the intensity of Ni (111) peak. This is highly probable due to a much easier way to form the alloyed 
structure from the non-multilayer structure. In this coating, noticeable shifting of the dominant peak is observed 
what can be caused by induced residual stress or by diffusion of atoms of one layer into another layer. 
Emerging and disappearing of Ti (010) and Ti (100) peaks is not clear yet, but more detailed investigations on 
this topic will be executed. 

 

Figure 4 Diffraction patterns for Ti/Ni a) multilayer with individual layer thickness h = 1.7 nm,  
b) non-multilayer coating labelled as h = 0 nm 

4. CONCLUSION 

Several Ti/Ni multilayers synthesised by magnetron sputtering with different individual thicknesses of Ti and 
Ni layers were annealed. The main aim was to study the temperature dependence of their mechanical 
properties and to find a correlation with microstructural information. Based on the nanoindentation results, it 
was found out that hardness and reduced elastic modulus is decreasing with increasing annealing temperature 
until 500 °C. After annealing to 600 °C, both hardness and reduced elastic modulus increased especially in 
the non-multilayer coating (hardness of annealed at 600 °C is ~2.5x higher than for as-deposited). After 
annealing at even higher temperature, coating has delaminated from the substrate or entirely desorbed. From 
the XRD results, it was concluded that all synthesised coatings have polycrystalline microstructure, which is 
becoming intermix and alloy after annealing at ~400 °C. The XRD patterns were described, and different 
phenomena were explained, and correlation with mechanical properties was proposed. 
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Abstract  

Nanospray transfers liquid into an aerosol via electrostatic forces created between an emitter and a counter 
electrode. Herein, we present compact laboratory-made instrumentation for nanospray-processing of silver 
colloid. The instrumentation is based on the pressurized polysulfone chamber fixing a disposable vial with an 
immersed platinum electrode and a long fused silica capillary supplying the sprayed liquid to the emitter. The 
combination of low flow rates (70 nL/min) with a sharp emitter, fabricated on a 3D printed grinding station, 
resulted in a fine aerosol. The low volume of released droplets allowed full evaporation of water during their 
flight towards the counter electrode without any need for drying gas or the addition of volatile solvents. The 
constructed device was successfully used for the deposition of water-free silver colloid without any requirement 
of its pretreatment. The deposition of completely dried nanoparticles on planar substrates eliminated 
undesirable coffee ring effect and deposits of increased homogeneity could be obtained. Electron microscopy 
confirmed no significant changes in the character of nanospray-processed nanoparticles. Finally, we also 
investigated several approaches for the improvement of the surface density of nanoparticles on the substrate 
at preserved time scale.  

Keywords: Colloid, deposition, nanoparticles, nanospray, silver 

1. INTRODUCTION 

The deposition of nanostructures on the surface of a bulk material can significantly modify its properties and 
adjust it for target applications. The change in wettability or biological compatibility belongs to classical 
examples. Additionally, the localized nanoparticle deposits can act also as microelectrodes, substrates for 
surface-enhanced Raman spectrometry, or be part of sensing devices [1]. Most of these applications claim 
structures of uniform properties across the treated area. The full control of the deposition process is therefore 
an important prerequisite for its implementation into routine practice.  

Commonly, the technology of inkjet printing or electrohydrodynamic printing is used for the highly-controlled 
depositions of colloids. In both cases, the experimental conditions do not allow evaporation of dispersing 
medium and the nanoparticles are deposited with a certain level of wetness (Figure 1). The amount of residual 
liquid highly influences the surface characteristics of the obtained structure (e.g. porosity). Moreover, 
significant differences in evaporation rates across the wet deposit give origin to an inhomogeneous distribution 
of the nanoparticles. This phenomenon is known as the coffee ring effect and challenges many procedures 
and protocols [2-4].  

Electrospray has been proven as a potent competing tool for depositions of nanoparticles [1]. However, in 
many cases electrospray struggles with the residual presence of water too, which is typically addressed by 
long emitter-substrate distances, drying gases, or the addition of volatile solvents into a sprayed mixture. In 
this work, we used nano(electro)spray operated at a flow rate of 70 nL/min only. Thus, the produced aerosol 
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became extremely fine and the colloid reached the counter electrode completely dry without the necessity of 
any modification of colloid composition. The water-free deposition eliminates the risk of the coffee ring effect 
as well as the sintering of the deposited structures. Moreover, the nanospray-generated plume is considerably 
narrower in comparison to classical electrospray plume and allows precise positioning of the deposit at very 
low consumption of processed material. 

 

Figure 1 Schematic comparison of inkjet printing, electrohydrodynamic printing, and nanospray deposition of 
nanoparticles 

Notably, the nanospray-assisted depositions sustain their remarkable simplicity of the instrumentation and no 
auxiliary drying components are needed. Thus, the operation of nanospray requires only a source of high 

voltage and continuous supply of sprayed mixture (typically a pump or pressurized gas) into an emitter. Due 
to this simplicity, such a set-up is barely commercially available and lab-made constructions have to be 
designed and constructed. Herein, we present a simple and compact yet very reliable set-up for nanospray 
production and we use it for the deposition of silver colloid on the substrate in a completely dried state. 

2. EXPERIMENTAL  

2.1. Chemicals and methods 

The silver colloid synthesized by a Lee-Meisel protocol was used for nanospray-assisted depositions [5]. Its 
production is based on the reduction of silver nitrate (Sigma Aldrich) by sodium citrate (Lachema). In the 
standard protocol, the ratio of both reagents was approximately 1:2 (w/w). The obtained dispersion was 
characterized via absorption spectrometry (UV-1800, Shimadzu) and scanning electron microscopy (Mira3, 
Tescan) both giving evidence of an average nanoparticle diameter in the range of 60-70 nm.  

We also used a modified protocol for silver nanoparticles synthesis. Therein, we reduced nanoparticles from 
silver nitrate using ten times excess of citrate (w/w). Such a colloid provided comparable characteristics as the 
colloid prepared according to the standard protocol.  

2.2. Instrumentation 

For a stable generation of nanospray aerosol, a special device was designed and fabricated. Two polysulfone 
parts mutually attachable via threading represent its key components. While one of the parts fixed a disposable 
vial with a colloid, the second part held an emitter and platinum electrode. Thus, only after the connection of 
both parts, the emitter and electrode immersed into a spray mixture and electrical connection was achieved. 
The threading sealed up the system tightly for the establishment of increased pressure via supplied nitrogen, 
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which regulated a flow rate of the colloid through the immersed emitter. No significant pressure leakages were 
observed up to 6 Atm. However, for the generation of 70 nL/min, pressure of 0.35 Atm was required only.  

The emitter was fabricated from fused silica capillary (Polymicro Technologies) of an inner diameter of 25 µm. 
Its length of 28 cm allowed user-friendly manipulation. While one end of the emitter was immersed into a 
sprayed colloid, the opposite end was ground into a sharp tip on a lab-designed grinding device [6] and 
positioned in front of a grounded planar counter electrode with an attached substrate. Since the treated area 
is relatively small, a plastic mask was used for its easy localization. The emitter-substrate distance was 5 mm, 
which provided reliably complete removal of water from aerosol during its flight towards the counter electrode. 
The optical camera (V160, Shenzhen Andonstar Tech Co.) monitored the behavior of the nanospray plume 
using the scattering of a green laser on the droplets of the aerosol. The described instrumentation is depicted 
in Figure 2. 

 

Figure 2 Schematic illustration and photographs of the developed set-up for nanospray-assisted deposition 
of nanoparticles on a planar substrate 

3. RESULTS AND DISCUSSION 

Deposits of nanostructures have got into the center of attention due to their unique properties useful in many 
cutting-edge devices [7-9]. The material of the processed colloid reflects the target application. Silver 
nanostructures belong to very popular dispersions due to their wide-range applicability and simplicity of their 
synthesis. In this work, we deposited via nanospray the silver colloid stabilized by molecules of citrate. The 
formation of a stable nanospray plume did not claim any colloid pretreatment and it could be reliably sprayed 
in its crude form. We determined a voltage of 3.5 kV at a flow rate of 70 nL/min as optimal conditions for long 
term performance. Within an hour of systematic monitoring, we did not observe any significant instabilities or 
changes in the plume character (Figure 3A).   

The used low flow rate generated aerosol of very fine droplets. Their small volumes allowed fast evaporation 
of the dispersing medium at ambient conditions even at a short distance of 5 mm. Thus, no components 
supporting the water evaporation were required and the instrumentation sustained its extraordinary simplicity 
and the drying was achieved only by the sufficient emitter-substrate distance. It should be also stressed, that 
the process of nanospraying did not change the overall character of the nanoparticles and that their shape and 
size were comparable with their state in the unprocessed colloid (Figure 3B). The absence of water in the 
deposited structures eliminated completely the coffee ring effect, which makes nanospray a very potent tool 
for the formation of evenly distributed deposits.  

With respect to the uniform character of the deposit, one should consider a certain level of the size distribution 
of synthesized nanoparticles too. The effect of electrical field on the trajectory of nanoparticles is related with 
its size (i.e. mass), which might result preferential deposition of heavier entities in the central part of the target 
[10]. However, our microscopic observations did not reveal any significant central maximum in the surface 
density of nanoparticles.  
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Further, the substrate-emitter distance influences also the treated area. At the emitter-substrate distance of 
5 mm we treated round area with the estimated diameter of ~8 mm. While the increased gap would result in 
the larger spot and could be used for coating of extended area, at reduced distances the deposition of the 
nanoparticles becomes more precise. Additionally, very detailed patterns can be achieved using a fine stencil 
mask [11].   

Although nanospray depositions bring a lot of benefits, the time of deposition procedure can significantly 
prolong due to the low volume flow rate. Therefore, we investigated possibilities of the reduction of deposition 
time via processing a colloid with five times increased concentration of nanoparticles.  

 

Figure 3 A - The comparison of nanospray plumes generated from silver colloid at the beginning of an 
experiment and after an hour. B - SEM figures of silver nanoparticles deposited on common office paper via 
nanospray. C - Two examples of emitters clogged by extensive structures created during the processing of 

silver colloid, which was concentrated five times by centrifugation. 

Since the synthesis of such a colloid from its five times concentrated reagents (i.e., from solutions of silver 
nitrate and sodium citrate) would end up by the immediate formation of silver microstructures, we used for 
initial experiments a colloid synthesized by the standard protocol and concentrated it by centrifugation. 
Unfortunately, nanospraying of this dispersion resulted in a clogging of the emitter channel by extended 
structures created within several minutes (Figure 3C). To improve the stability of silver nanoparticles, we used 
for their reduction from silver nitrate approximately ten times excess (w/w) of citrate in the reaction mixture. 
This approach led to an excellent system providing a very stable performance of nanospray even in its 
centrifuge-concentrated form. Therefore, it represents a powerful possibility of the significant reduction of 
procedure time.  

4. CONCLUSION 

We proved that nanospray-assisted depositions of nanoparticles have great potential for the formation of 
evenly distributed structures. This can be achieved particularly due to low flow rates, which allow complete 
evaporation of water without the need for any complicated instrumentation. The increase of the concentration 
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of stabilization agent in the silver colloid supports its stability and allows robust processing of concentrated 
dispersions and reduce the deposition time. 
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Abstract 

Topological and edge defects and misalignment of graphene layers in few-layer graphene strongly influence 
its chemical reactivity and thermal stability. Scanning and transmission electron microscopy and image 
analysis was used to determine alignment, degree of rotation, between layers in few-layer graphene prepared 
by decomposition of ethanol in microwave plasma torch at atmospheric pressure. The prepared nanosheets 
consisted of 1 to 20 layers, with interlayer distance of 0.34 nm, and the main structure was formed by 
successive growth of individual layers on top of each other. Using FFT, the edges and wrinkles were separated 
from the graphene layers themselves. The layers were spread out on each one separately and the angles of 
rotation between them were measured. The rotation angle between layer was from 20 to 30 degrees and the 
high quality graphene nanosheets, Raman bands 2D/G ratio of 1.6 and D/G ratio of 0.5, exhibited 
predominantly closed edges and opened edges were mostly found in the layers forming islands on the main 
structure. Graphene nanosheets remain fully stable in vacuum up to 1000 °C and thermogravimetric analysis 
showed complete burnout of the sample in synthetic air at 770 °C with more defective sample exhibiting higher 
weight loss between 400 and 700 °C. 

Keywords: Graphene, edge structure, layer orientation, microwave plasma 

1. INTRODUCTION 

In-plane and edge defects, as well as misalignment of graphene layers have significant impact on many 
practical applications of few-layer graphene. Freestanding graphene nanosheets can be used as composite 
filler, anti-corrosive coatings, gas and chemical sensors or light weight and transparent conductors in flexible 
electronics and displays [1]. High temperature stability under inert or oxidation atmosphere plays a key role in 
these future key enabling technologies such as batteries for electric transport, flexible electronics and smart 
building and textile materials. It was also shown recently that twisted graphene with small rotation between 
layers exhibits superconductivity [2] opening further possible applications in quantum computing and 
spintronics. Due to the limited size of microwave plasma synthesized graphene nanosheets, from tens to 
hundreds of nanometers, the structure needs to be stabilized by elimination of free dangling bonds and various 
types of defects. Formation of curved and closed edges is one of the mechanisms responsible for the 
stabilization of the structure by minimizing the energy of nanosheet structure [3]. Another way to limit a 
chemical reactivity is the formation of carbon-hydrogen bonds during the synthesis process either by addition 
of -CH groups or by reactions with atomic hydrogen. Therefore, the elimination of zero dimensional defects in 
the graphene structure by optimization of growth conditions further increases the importance of corrugations 
and edges in the chemical reactivity of freestanding graphene nanosheets. In this work, we investigate 
structure of edges and misorientation of individual layers in microwave plasma synthesized few-layer graphene 
nanosheets and their effect on nanosheet’s high temperature oxidation. 
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2. EXPERIMENTAL 

Graphene nanosheets were synthesized by decomposition of ethanol in argon carrier gas using dual-channel 
microwave plasma torch (MPT) at atmospheric pressure. Depending on the deposition conditions two kinds of 
samples were prepared. High quality graphene (hqG) nanosheets were prepared with central channel flow Qc 
500 sccm and 350 W delivered microwave power in laminar flow regime. Defective graphene (dG) nanosheets 
with high number of defects were synthesized using central channel flow of 920 sccm and 350 W delivered 
microwave power in unstable gas flow dynamics. In all cases the liquid mass flow rate of ethanol was 45 mg 
per minute carried by secondary argon gas channel Qs (700 sccm) into reaction chamber. The detailed 
description of the experimental procedure can be found in our previous publications [4], [5]. Samples were 
imaged with TESCAN scanning electron microscope (SEM) MIRA3 with Schottky field emission electron gun 
equipped with Oxford Instruments EDX analyzer. Transmission electron microscopy (TEM) was carried out 
using JEOL JEM-2100F and FEI Tecai F20 microscope. ImageJ Fiji software was used for determination of 
nanosheet size and Fast fourier transform (FFT) image analysis. Raman spectroscopy was carried out using 
HORIBA LabRAM HR Evolution system with 532 nm laser, using 100x objective, and 5% ND filter (500 mW 
maximum power), 600 grating and 30 s acquisition time in the range from 1000 to 3200 cm-1. 
Thermogravimetric analysis (TGA) was carried out using a Setaram Setsys Evoluton 1750 instrument. The 
analyses were conducted in a dynamic air atmosphere (20 sccm-1) with a constant heating rate of 5 °C.min-1 
in the temperature range from 40 to 1000 °C. The obtained data were processed using the Setaram Processing 
software. The thermal stability of the carbon nanomaterial was investigated as a function of thermal annealing 
under UHV conditions using thermal desorption spectroscopy (TDS). The samples, graphene powder on 

Si/SiO2 substrate were annealed at pressure of 10−5 Pa up to 1000 °C with constant heating rate of 10 °C.min-1. 

The mass spectrometer Pfeiffer Vacuum Prisma 80 was set in order to follow the evolution of hydrogen and 
hydrocarbon species in time. 

3. SEM AND TEM ANALYSIS OF GRAPHENE NANOSHEETS 

Two samples were analyzed: high quality (hqG) and defective (dG) graphene. Both types of samples are 
prepared in the form of foam formed from nanosheets and individual nanosheets are oriented in various 
directions (Figure 1). 

 

Figure 1 SEM image of hqG and dG nanosheet samples (from left to right). The good sheets are in green 
circles, the damaged in red. 

The individual nanosheets are rectangular in shape with size of several hundreds of nm and it was difficult to 
distinguish between high-quality and low-quality graphene for the untrained eye. Therefore, it was necessary 
to evaluate orientation of multilayer structure of nanosheets and whether the sheets have torn edges or not 
i.e. high number of defects on the structure boundary which would be a sign of poor-quality graphene. The 
more defective sheets exhibit small changes of contrast in the crystal plane and breaks around the edges. In 
Figure 1, the nanosheets with closed edges are circled in green and the ones with broken ones are circled in 
red. Detailed images of graphene nanosheets were obtained by high resolution TEM. As can be seen in 
Figure 2, the hqG sample consisted of overlapping graphene layers with closed edges, clean straight lines in 
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the image. dG sample consisted of a main graphene layer covered with small islands of graphene and closed 
carbon networks. The edges of the small nanosheets were mostly opened and the main structure edge 
consisted of opened and closed sections.  

 

Figure 2 HRTEM image of hqG (left) and dG (right) nanosheet samples. Inset - FFT analysis of multilayer 
structure 
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Figure 3 Separation of the edges and wrinkles from the graphene layer itself and determination of distance 
between graphene layers (0.3 - 0.4 nm) 

The FFT (Fast Fourier Transformation) of graphene [6] is a very powerful tool that allows us determination of 
orientation of individual layers, inset of Figure 2, and the separation of an edge from the surface of a layer [7] 
as shown in Figure 3. The FFT of graphene exhibits six-fold symmetry, so the number of dots indicates the 
number of graphene layers on top of each other. By measuring the angle between the lines connecting the 
points, that represent different layers, and the center of the shape, it is possible to determine how much these 
layers are rotated towards each other [8], see Figure 4. 

 

Figure 4 FFT analysis of three-layer graphene (on the Figure 3) and the modeling of the whole layer. The 
angles between layers are approximately 20 degrees. 

The intact edge gives the FFT pattern with the preferred direction (Figure 5 FFT B, C, D on the left), which 
indicates the orientation of the edge in space. The defect edge creates a random arrangement in the FFT 
pattern (bright area inside the circle on FFT A on the left). On the regular edges with a local defect, the FFT 
pattern is a combination of the above (FFT A,B,C,D on the right) [9]. Such analysis of our nanosheets showed 
substantially higher number of defects on the edges of dG sample than in case of hqG sample.  
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Figure 5 FFT analysis of the edges of hqG (left) and dG (right) graphene nanosheets 

4. RAMAN SPECTROSCOPY OF GRAPHENE NANOSHEETS 

To investigate the degree of disorder in the studied samples we compared Raman spectra of synthesized 
graphene nanosheets (Figure 6). Raman spectra of both types of samples consisted of D, G and 2D bands 
[10] at 1350, 1580 and 2690 cm-1, respectively. The G band is related to the in-plane bond stretching of carbon 
atoms in crystal structure with sp2 hybridization and D band is activated in the presence of defects in the 
hexagonal structure. In our case it was also found in the Raman spectra due to the bending and folding of 
nanosheets edges, which play an important role in the stabilization of the whole structure. 2D band is highly 
enhanced in the single layer graphene and with increasing number of layers its intensity decreases and full 
width half maximum (FWHM) of the 2D peak is increasing, from 30 to 60 cm-1. In our high-quality sample, the 
2D/G ratio was 1.6 and FWHM of 2D band was 50 cm-1. In case of more defective sample, the 2D/G ratio 
decreased to 1.1 and D/G ratio increased from 0.5 to 0.8. 

 
Figure 6 Raman spectra of a) hqG and b) dG nanosheet samples 

Substantial difference was found in the intensity of disorder related bands D* - 1260 cm-1, D** - 1495 cm-1 and 
D´ - 1618 cm-1. These bands are activated in the presence of amorphous phase and opened edges in the 
nanosheets structure. The intensity of these bands was negligible in the case of hqG sample but in the spectra 
of dG sample, the (D*+D**+D’)/G ratio was 0.8. Except first order Raman bands, second order bands G* at 
~2450 cm-1 and D+G band at ~2950 cm-1 were observed in the measured spectra as well.  

5. THERMAL DESORPTION SPECTROSCOPY ANALYSIS 

At first, thermal stability of graphene nanosheets was investigated by thermal annealing and mass 
spectrometry in high vacuum. Measured mass spectra were consistent with expected thermal decomposition 
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of carbon nanostructures. CO and CO2 molecules and C2HxO precursor fragments were observed at 
temperatures of 960 °C and 640 °C, respectively. CO and CO2 were formed by the reaction of carbon and 
oxygen incorporated into graphene nanosheets structure and residual oxygen in the apparatus. The observed 
intensity of these compounds was in agreement with the thermodynamic calculations of standard Gibbs energy 
for reactions of carbon and oxygen [11] where the formation of CO is favored over CO2 with increasing system 
temperature. No visible change of the nanomaterial was observed at the whole temperature range and Raman 
spectroscopy analysis of annealed sample showed no significant variation of either intensity or FWHM of 
Raman peaks showing good thermal stability of graphene nanosheets in vacuum. Due to the small amount of 
oxygen, several atomic percent, even more disordered graphene structure did not exhibit any substantial 
structural changes. 

6. THERMOGRAVIMETRY ANALYSIS OF GRAPHENE NANOSHEETS 

We further investigated the influence of the amount of disorder on thermal stability of prepared nanosheets in 
synthetic air at temperature range between 40 and 1000 °C (Figure 7). Size of nanosheets and amount of in-
plain defects and structure of edge play the main role in the oxidation resistance of carbon nanomaterial. 
Morgan et al. [12] developed the so-called “shrinking core model”, where the particles with smaller diameter 
exhibit lower temperature of oxidation. Similarly, nanostructures with lower level of graphitization and higher 
amount of defects will exhibit lower temperature of combustion, because the point and linear defects in the 
crystal structure are more susceptible to thermal decomposition by oxidation reaction [13].  

 

Figure 7 Thermogravimetry analysis of prepared few-layer graphene nanosheets 

Overall TGA curve of carbon based materials exhibited several regions. The initial mass loss was occurring 
around 100 °C and corresponds to the release of water vapors from the carbon particle surface. At higher 
temperatures between 200 and 300 °C, the thermal decomposition of unstable oxygen-containing functional 
groups as well as intercalated water release can occur, but this region was negligible in our samples. The 
graphene based nanomaterial itself begins to combust above 300 °C, where decomposition of light amorphous 
poly-carbons to carbon dioxide occurs which are easily vaporized as can be seen on the TGA curve of dG 
sample. At last, gradual decomposition of graphene nanosheets structure itself followed above 600 °C due to 
the breaking of C-C bond and exothermic reaction between carbon and oxygen formed CO and CO2. Due to 
small number of defects and stable nanosheets edges, hqG sample exhibited only the last described region 
above 650 °C and complete loss of material was observed at 770 °C. Abrupt loss of material at this temperature 
was consistent with first-order reaction kinetics of simple oxidation reaction. dG sample with higher amount of 
disorder exhibited loss of material above 300 °C and between 450 and 650 °C, but reached the same 
temperature of complete weight loss (100 %) at 765 °C.     
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7. CONCLUSIONS 

Orientation and edge structure of individual layers of few-layer graphene prepared by microwave plasma 
decomposition of ethanol was studied by high resolution electron microscopy. Misorientation of layers was 20° 
or more and it was independent of the degree of disorder determined by Raman spectroscopy. Detailed image 
and FFT analysis of individual nanosheets determined large contributions of opened edges to sample disorder 
in nanosheets prepared in an unstable gas flow regime. Such nanosheets exhibited higher oxidation rate in air 
during thermogravimetric analysis with two additional regions related to amorphous and highly disordered 
carbon.  
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Abstract  

Thin solid films based on organosilicon monomers are perspective in many branches of industry as well as for 
bioapplications. In the present study, plasma of RF capacitively coupled glow discharge in gaseous mixture of 
trimethylsilyl acetate (TMSA) monomer and methane was used to create SiOxCyHz coatings. This study 
monitors properties of resulting thin films (surface chemistry, wettability, surface structure and mechanical 
properties) in dependency on deposition parameters. The main subject of the presented research is the 
investigation of the relationship between the above-mentioned properties of prepared organosilicon coatings 
and the flow rate ratio of TMSA monomer and CH4 carrier gas applied during deposition process.  

Keywords: Trimethylsilyl acetate, PECVD, XPS, microindentation, confocal microscopy 

1. INTRODUCTION  

Thin solid films based on organosilicon monomers have a wide application range in many industrial fields. 
Organosilicon materials prepared using plasma techniques can be successfully used as anti-scratch layers on 
plastic substrates, corrosion protection coatings, barrier films, super-hydrophobic coatings, anti-reflection 
coatings for solar cells etc. [1]. The PECVD process leads to wide variation of organosilicon-based coatings 
from inorganic SiO2-like materials [1-4], through soft organic SiOxCyHz plasma polymers [1-4] to DLC films 
doped by silicon and oxygen atoms [5-7]. Desired properties of organosilicon material are achieved by 
optimization of deposition process, including the choice of proper precursor, carrier gas (Ar, O2, CH4 etc.) and 
other factors of used discharge like gas pressure, supplied power, bias voltage etc. [1-8]. Tetraethoxysilane 
(TEOS) [2], hexamethyldisiloxane (HMDSO) [3-7] and trimethylsilane (TMS) [8] and are among the most widely 
used monomers for preparation of organosilicon coatings.  

The present work is focused on preparation and characterization of SiOxCyHz films prepared from gaseous 
mixture of trimethylsilyl acetate (TMSA) monomer and methane using plasma of RF capacitively coupled 
discharge. Unlike commonly used precursors mentioned above, TMSA monomer described by linear formula 
CH3CO2Si(CH3)3 includes C=O group in its structure [1], which makes it very perspective not only for industrial 
applications, but also for preparation of carbonyl-functionalized organosilicon coatings suitable for 
bioapplications. The main aim of this study is to find the relationship between properties (chemical composition, 
mechanical properties, surface structure and degree of hydrophobicity) of prepared TMSA-based materials 
and the flow rate ratio R of methane in the used gaseous mixture.  

2. EXPERIMENTAL 

Organosilicon thin films were prepared in capacitively coupled RF glow discharges at low pressures of ~40 Pa 
from mixture of TMSA and methane in the parallel plate reactor. The bottom electrode served as the silicon 
substrate holder. This electrode was coupled to RF generator (13.56 MHz) via a blocking capacitor. The 
supplied power was kept constant at 75 W for all depositions.  The flow rates of used monomer and CH4 carrier 
gas were varied. Changes of the flow rates are represented by the ratio R of methane in gaseous mixture 
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given by an equation (1), where QCG means the flow rate of CH4 carrier gas and QM means the flow rate of 
TMSA monomer in sccm. Flow rates of used gases varied in range from 0.5 sccm to 6.5 sccm. A total flow 
rate of gaseous mixture was kept at 7 sccm for all depositions. The bias voltage varied from -60 V to -300 V. 

# � �¡¢�¡¢ Y �£ (1)

Properties of the prepared films were studied by several characterization methods. Chemical composition of 
TMSA-based surfaces was determined by X-ray photoelectron spectroscopy (XPS). XPS spectra of studied 
films were measured using Escalab 250Xi device (ThermoFisher Scientific) using an X-ray source AlKα. All 
spectra were measured with the energy step of 0.01 eV with a pass energy of 20 eV. Atomic concentrations 
of individual elements (silicon, carbon, oxygen) presented on the studied surfaces were calculated from 
measured data using the Avantage software. Concentrations of different chemical bonds were determined by 
fitting Si 2p and C 1s signals. 

The degree of surface hydrophobicity of each coating was determined by water contact angle measurements 
using Krüss DSA 30 device. Surface topography was observed by confocal laser microscope LEXT OLS4000 
using high magnification (400x-800x). 

Mechanical properties (Indentation hardness HIT and effective elastic modulus E) were measured using 
Hysitron TI 950 (Bruker) nanoindentation device. The standard Berkovich diamond indenter with tip radius of 
approx. 70 nm was used for nanoindentation tests. Quasistatic nanoindentation tests with 20 partial unloading 
segments were used to study the depth profile of the hardness HIT and the effective elastic modulus E.  Each 
indentation test was repeated at least 10 times.  The maximum indentation load was in the range from 0.1 to 
11 mN. The mechanical parameters were determined at indentation depths less than 1/10 of film thickness to 
avoid any substrate effect. 

3. RESULTS AND DISCUSSION 

3.1. Surface chemistry 

The surface chemistry of prepared TMSA-based coatings was determined using XPS analysis. Figure 1a 

shows an evolution of concentration of carbon atoms presented at studied surfaces in dependency on the 
methane ratio R defined by the equation 1. The carbon concentration varied between 45 at. % and 48 at. % if 
the ratio R in range of 0.07 - 0.50 was used during PECVD process. TMSA-based coatings prepared using 
high ratios of methane in gaseous mixture showed significantly higher incorporation of carbon atoms into the 
resulting surface structure. Increasing ratio R from 0.50 to 0.86 led to the increase in carbon concentration 
from 45 at. % to 68 at. % (Figure 1a).  Further increase of the methane content in gaseous mixture to the 
R=0.93 caused decrease of concentration of carbon atoms at the resulting organosilicon thin film to 59 at. %.  

Concentrations of carbon bonds presented at prepared surfaces were determined by fitting of C 1s signals. 
TMSA-based coatings included significant content of C-C/CHx bonds (binding energy BE=284.8 eV) and C-Si 
bonds (BE=284.2 eV). Carbon bonded to oxygen atoms was presented mainly in C-O links (BE=286.1 eV). 
Carbonyl groups (BE=287.6 eV) and carboxyl groups (BE=289.4 eV) were detected at studied surfaces as 
well, however concentrations of these bonds varied from 1.6 % to 3 % of carbon atoms at all prepared 
surfaces. The only one exception was the thin film prepared using ratio R=0.5 where concentration of C=O 
bonds reached up to the 5 % of carbon atoms. Figure 1 shows trends of concentrations of previously 
mentioned significant carbon bonds: C-C/CHx, C-Si and C-O.   

Based on the experimental results, concentration of C-C/CHx bonds at studied TMSA-based surfaces varies 
between 73-87 % of carbon atoms (Figure 1b). The minimum concentration of C-C/CHx chains was 
determined at TMSA-based coating prepared using the methane ratio of R=0.50 (Figure 1b).  
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Figure 1 An atomic concentration of the surface carbon atoms and percentage content of the significant 

carbon bonds in dependency on the ratio R  

The evolution of C-Si concentration shown in Figure 1c is gradually increasing from 1 % to 9 % of carbon with 
an increasing methane ratio R in range of 0.07-0.93, although the number of silicon atoms presented at studied 
TMSA coatings is rather decreasing (see Figure 2b).  

The percentage concentration of C-O bonds presented at the prepared TMSA coatings shows nonlinear trend 
(Figure 1d) complementary to the evolution of C-C/CHx bonds (Figure 1b). The lowest concentration of these 
links was detected at TMSA-based surface prepared using R=0.07 and the highest concentration of C-O 
groups was observed at thin film prepared using the ratio R=0.50.  

For TMSA coating including the highest ratio of C-O links is also characteristic the most significant integration 
of oxygen atoms into the surface structure (see Figure 2a). This coating prepared using R=0.50 shows 
32 at. % of oxygen at the surface. The increase of the methane ratio R from 0.50 to 0.86 led to significant drop 
in the oxygen concentration: the resulting coating included only 21 atomic % of oxygen in its structure. 
The atomic concentration at the rest of prepared TMSA coatings was ~27 at. %.  

The atomic concentration of silicon can be considered stable at 26 at. % in range of applied CH4 ratios R in 
range from 0.07 to 0.50 (see Figure 2b). The next increase of the ratio R caused rapid decrease in silicon 
concentration. The content of silicon atoms at TMSA coatings prepared using ratios 0.86 and 0.93 varies 
between 11 at. % and 14 at. %.  

Silicon atoms present at the surface of prepared TMSA coatings were bonded in the highly oxidized SiO4 links 
(BE=103.7eV) or in XnSiOm bonds where X represents carbon or hydrogen atom. The concentration of SiO4, 
which varies from 17 % to 24 % of silicon atoms (Figure 2c), is low compared to the XSiO3 structures that 
shows values of concentrations between 40-53 % (Figure 2d). Increased values of XSiO3 are probably a result 
of integration of carbon atoms from the carrier gas into resulting TMSA-based coatings. However, based on 
the XPS analysis we are not able to discuss the influence of hydrogen integration on the trend of XnSiOm 
structures (Figures 2d-f).  
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Another significant silicon structures are X2SiO2 links that show a decreasing trend from 37 % to 20 % with the 
increasing ratio R from 0.07 to 0.93 (Figure 2e). Concentration of X2SiO2 bonds can be considered stable at 
25 % of Si in range of methane ratios from 0.21 to 0.86. 

Concentration of X3SiO structures are very low in comparison with other silicon components (see Figure 2f). 
The most of studied coatings shows concentrations of these bonds in range of 1-4 %. The only one exception 
is TMSA-based surface prepared using ratio R=0.86 where concentration of X3SiO structures reaches the 
value of 14 %.  

 
Figure 2 An atomic concentration of the surface oxygen and silicon in dependency on the ratio R. Figure 

includes evolution of percentage content of the identified silicon bonds as well. 

3.2 Mechanical properties  

Indentation hardness HIT and effective elastic modulus E were determined using microindentation technique 
(Section 2) for all studied TMSA-based coatings. Values of these parameters were relatively low in case of 
thin films prepared using ratios R≤0.50 (Figure 3). Values of indentation hardness varied from 0.7 GPa to 
2.3 GPa in this range of R and effective elastic modulus was below 20 GPa. TMSA-based coatings prepared 
using R in range from 0.07 to 0.50 can be 
considered as a soft polymeric materials 
[1]. An increase of methane ratio R to 0.86 
and 0.93 led to the rapid increase of HIT 

and E (Figure 3). Thin films prepared 
using high ratios of CH4 were 
characteristic by indentation hardness 
equal to 11 GPa and by elastic modulus 
~95 GPa. These TMSA-based materials 
showed mechanical properties of highly 
cross-linked DLC coatings [6,7].   

Figure 3 An evolution of the indentation hardness HIT (left) and effective elastic modulus E (right) in 
dependency on the methane ratio R 
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3.3. Surface structure and wettability 

Figure 4 shows an example of surface structures of three chosen TMSA-based coatings which were 
determined using confocal microscopy (Section 2). Based on the results, structure of deposited thin films 
gradually changes from the surface covered with protrusions to the surfaces including defects in the form of 
holes (Figure 4). Observed changes may be related with the degree of crosslinking of prepared materials. 

 

Figure 4 Examples of surface structures of three chosen coatings prepared using different ratios R 

Degree of surface hydrophobicity was determined by water contact angle measurements. Values of water 
contact angle gradually decreased from 93⁰ to 81⁰ with an increasing ratio R from 0.07 to 0.93. Decrease of 
hydrophobicity of prepared coatings is connected with concentrations of different chemical structures 
presented at studied surfaces (Figures 1, 2). The most hydrophilic TMSA-based coatings with water contact 
angle equal to 81⁰ were prepared using high ratios R equal to 0.86 and 0.93. Since these coatings showed at 
the same time high values of indentation hardness (Section 3.2), the degree of hydrophobicity is probably 
connected with a degree of crosslinking as well. 

4. CONCLUSION 

In the present work, organosilicon coatings were prepared using TMSA/CH4 plasma of capacitively coupled 
RF glow discharge using different ratios of methane R in the gaseous mixture. The variation of the ratio R had 
a significant impact on the chemical composition of resulting surfaces as well as on the surface structure and 
wettability. The increase of the methane ratio R caused increased integration of carbon atoms into the resulting 
organosilicon structures at the expense of oxygen and silicon atoms presented in TMSA monomer. TMSA-
based coatings had rather hydrophobic character: determined values of water contact angle varied between 
81-93⁰.  

This study proves that it is possible to prepare hydrophobic soft polymeric materials as well as hard DLC 
coating doped by silicon and oxygen atoms using different ratios of methane. The hard coatings characteristic 
by indentation hardness equal to 11 GPa and effective elastic modulus of ~95 GPa were achieved by using 
high ratios of methane in gaseous mixture R≥0.86. 
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Abstract 

The present study is focused on the preparation of thin films by plasma enhanced chemical vapor deposition 
(PEDCV) in capacitively coupled plasma (CCP). Thin films were deposited from a mixture of oxygen and 
hexamethyldisiloxane (HMDSO) or hexamethyldisilazane (HMDSZ). Both monomers are well known and 
enable to prepare films with excellent properties such as high hardness, good abrasion resistance, 
hydrophobicity, and antibacterial properties. Also, these monomers are known for the creation of complex 
structures in plasma. This phenomenon is so-called dusty plasma.  The main aim of the present work was to 
prepare a comparative study on the dust formation in both monomers. Complex study of surface and 
mechanical properties and chemical composition was done by a wide range of analytical instruments such as 
atomic force microscopy (AFM), nanoindentation technique, confocal microscopy, infrared spectroscopy with 
Fourier transformation (FTIR), stylus profilometer, and surface energy evaluation system (SEE system). 

Keywords: Thin films, PECVD, dusty plasma, surface properties 

1. INTRODUCTION 

The organosilicons andorganosilazanes are widely studied precursors for plasma depositions. They are 
studied due to the chemical bond between silicon and carbon, this bond is weaker than the bond between two 
carbons in the organic chain [1]. This weaker bond can be used for the deposition of SiOx and SiNx materials, 
which are crucial insulators in the semiconductor industry. HMDSO and HMDSZ are frequently used for their 
suitable properties for plasma depositions and high vapor pressure [2,3]. The chemical structure of both 
precursors is displayed in Figure 1. 

 

Figure 1 Structural formulas of HMDSZ and HMDSO 

Properties of deposited thin films are controlled by process conditions (bias voltage, pressure, power input, 
etc.), but mainly are guided by the combination of precursor and carrier gas [4,5]. There are a large number of 
studies that are focused on the study of these two precursors, but they are all made in different reactors. It is 
a well-known fact, that the geometry of the reactor influences the self-bias voltage on the capacitively coupled 
electrode and that self-bias is one of the most important process parameter of PECVD. Due to this verity, we 
made the study of the deposition of thin films using the combination of oxygen (carrier gas) and HMDSO or 
HMDSZ (precursors) in the same reactor [6].  

The combination of oxygen and HMDSO was previously studied due to formation of dust in plasma during the 
deposition process [7]. Dusty plasma was firstly observed in the universe, where the formation of dust was 
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caused by part of comets [8]. In the laboratory environment was dusty plasma observed during plasma 
processes for microelectronic devices in silane (SiH4) and hydrogen-carbon plasmas (C2H2, etc.) [8-10]. After 
that, there were several studies which were mainly focused on the dusty plasma of organosilicones containing 
methyl groups (CH3) which can in plasma react similarly to hydrogen-carbon plasmas and after binding layout 
of methyl groups there may occur similar reactions like in silane plasmas. The formation of dust is a complex 
problem because the formation of dust contributes to heterogeneous and homogenous reactions in plasma. 
The formation of dust can be an unwanted process during microelectronic processes. Contrariwise dusty 
plasma has a high growth rate and by dusty plasma can be grown micro and nanocomposite thin film, which 
has high hydrophobicity and report viscoelastic properties. 

In this study, we prepared thin films using mixtures of oxygen and HMDSO or HMDSO. We studied the 
chemical composition, surface, and mechanical properties of deposited thin films. For the formation of dusty 
plasma three different values of power supply were used. The main focus was on analysis of thin films surface 
with AFM because the surface appearance can lead to the quantification of the formation of dusty particles 
and their size. 

2. EXPERIMENTAL 

Thin films were deposited in previously developed plasma reactor [6]. All thin films were deposited from a 
mixture of 5.0 sccm oxygen and 2.0 sccm precursor under deposition pressure around 15 Pa. The deposition 
times were carried out between 30 s to 600 s to achieve a different thicknesses of thin films. The power input 
was held on 25 W, 50 W, and 75 W to determine the different formation of dust. During all deposition were 
collected data (bias, reflected power, etc.) through the digital output of the generator. Thin films were deposited 
on silicon (Boron doped, (100), 0.008-0.013 Ω·cm, 625±15 µm) double-polished silicon (Phosphorus doped, 
(100), 0.1954-0.2034 Ω·cm, 381±25 µm) and glass. For determination of chemical composition a double-
polished silicon wafer was used. Glass substrates were used for the determination of water contact angle and 
for other analyzes only one side-polished silicon wafers were used. 

The thickness of thin films was measured by stylus profilometer Bruker DektakXT with stylus radius of 2.5 µm. 
The thickness was measured from the interface thin film - substrate, which was obtained by the removal of a 
small part of the thin film on the silicon substrate. The growth rate was calculated from thickness and deposition 
time. 

For the measurement of surface properties three different devices were used. First one - the confocal 
microscope was used for imaging of the film surface after deposition. Confocal microscope Olympus OSL4100 
was used to display the presence of dust immediately after deposition. For determination of water contact 
angle (WCA) SEE system was used WCA of water drops with volume of 1.0 µm placed on films deposited on 
glass substrates were measured after removal of physisorbed dust. The measurement of surface roughness 
was conducted on AFM - Ntegra Prima NT-MDT in semi-contact mode. The roughness of the samples was 
calculated from scans with a resolution of 512X512 dpi and scanning rate from 0.5 Hz to 0.7 Hz (the scanning 
rate was chosen with respect to dust particles sizes).  

Chemical composition of thin films was measured by FTIR. The measurement was conducted in wavenumber 
range from 3700cm-1 to 7500 cm-1 with 500 scans and resolution of 8 cm-1. The measurements were performed 
using Bruker vertex 80v device. 

Mechanical properties of thin films were determined by Hysitron TI950 Triboindenter. We used a load function 
with 20 a partial unloading segments in order to determine the mechanical properties in different indentation 
depths. The maximum load was 1.000 mN. To illustrate the viscoelastic behaviour of thin films, we also used 
quasi-static load function with a maximal load of 1.000 mN. 
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3. RESULTS AND DISCUSSION 

From literature [4,5] it is well known, that in processes with longer deposition times grow thicker films (unless 
there is an etching process involved), also it is known, that deposition rate decreases during the deposition 
process. A decrease in the deposition process during the deposition of non-conductive thin films can be caused 
by the evolution of self- bias voltage on the substrate holder electrode. Self-bias voltage evolution during the 
deposition with HMDSZ precursor with different power input is shown in Figure 2.  

 

Figure 2 Evolution of self-bias during deposition for different power inputs 

The dependence of the measured film thickness on the deposition time is plotted in Figure 3. From the 
thickness and deposition time it is possible to calculate the deposition rate. The time dependence 
of the deposition rate is also shown in Figure 3. From the graph it is clearly visible, that for thin films from 
HMDSZ precursor the deposition rate is less stable and after short deposition time the deposition rate 
dramatically decreases. This could be affected by physisorbed dust previously showed by confocal microscopy 
[6]. From graphs in Figure 3 it is also clear, that during depositions with higher power input than 25 W films 
are growing faster, but there is a minor difference between higher power inputs (75 W and 50 W) than between 
lower inputs (50 and 25 W). This is probably caused by fragmentation of molecules. This means that there is 
an ideal value of power input for deposition in which is a combination of homogeneous and heterogeneous 
reactions. 

 

Figure 3 Left: Influence of deposition time on increasing a thin film thickness. Right: Graph showing 
decreasing deposition rate with deposition time.  

Fragmentation of molecules causes the qualitative origin of dust in plasma. Formation of dust in plasma can 
be observed with diagnostic devices such as ICCD camera, but there is nontrivial behavior of dust in plasma. 
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That means that the prediction of properties of thin films deposited in dusty plasma is nearly impossible with 
plasma diagnostic devices. Due to this fact, we are using AFM for the determination of dust quality and quantity 
on sample surfaces. Figure 4 shows surfaces of thin films deposited with different power inputs with deposition 
time 300 s. From scans it is clearly visible, that HMDSZ makes bigger particles of dust in plasma. This verity 
corresponds with previously showed physisorbed macroscopic dust on samples [6]. This causes, that HMDSO 
thin films have better homogeneity. Moreover HMDSO thin films have surface roughness (RMS) in order of 
tenths of nanometers, whereas HMDSZ thin films have surface roughness between 5 to 50 nm. 

 

Figure 4 AFM scans of deposited films. First/second row shows films deposited from HMDSZ/HMDSO 

Chemical composition was measured by FTIR and peaks were determined on the basis of these publications 
[11,12]. Thin films with deposition time of 60 s were chosen for this study. The results of the measurements 
are shown on Figure 5. From graphs it is visible that with increasing input power the larger fragmentation of 
CHx containing bonds occurs. For HMDSZ is this verity more noticeable because HMDSZ contains nitrogen in 
its chain [1,2]. 

 

Figure 5 Measured FTIR spectra on samples with deposition time 60 s 

WCA was measured on glass substrates. Glass reference’s WCA was (62±2)°. Measured WCAs for deposited 
films are showed in the graph in Figure 6. From the graph is clearly visible, that all deposited films are more 
hydrophobic than the used substrate. The WCA is nearly stable and slightly decreases with increasing power 
input, whereas the highest value of WCA is probably caused by insufficient removal of macroscopic dust from 
the sample’s surface. The hydrophobicity of deposited films is caused by CHx groups [13]. 
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Figure 6 WCA for selected thin films 

Indentation hardness (HIT) and reduced elastic modulus (Er) was measured by nanoindentation technique with 
partial unload function. In graphs in Figure 7 values of HIT and Er obtained in 100 nm depth are plotted. From 
graphs is visible, that with HIT and Er are increasing with increasing power input. 

 

Figure 7 Values of HIT and Er in approximately 100 nm indentor depth 

On the graph in Figure 7 there are shown results obtained for three deposition times, but values of HIT and Er 
are meaningful only for depositions with higher deposition time. This verity is shown in Figure 8, where the 
influence of silicon substrate for thin film from HMDSO precursor with deposition time 30 s is visible. Also from 
Figure 8 is nicely visible that all deposited thin films are viscoelastic. 

 
Figure 8 Quasistatic measurement of two films with input power 25 W 
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4. CONCLUSION 

The paper summarizes results from depositions in the atmosphere containing oxygen and HMDSO or HMDSZ 
precursor. The main reason for this study was to compare these types of thin film because of the wide usage 
of these precursors in a wide range of different reactors. For both precursors, there is an evolution of self-bias 
during the deposition process which causes the evolution of deposition rate. Despite the fact that the mixture 
of HMDSZ with oxygen creates bigger particles of dust, the deposition rate for HMDSO precursor is higher. 
Also due to bigger dust particles, the homogeneity of the surface is lower for thin films deposited from HMDSZ 
precursor. All deposited thin films have WCA around 90° and all deposited thin films were viscoelastic.  
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Abstract  

PVA hydrogels can be formed via physical crosslinking (e.g. by cyclic freezing/thawing of aqueous polyvinyl 
alcohol solutions) or with a chemical cross-linker. Physical crosslinking is more useful for biomedical 
applications since it contains no harmful cross-linker residues. This work, therefore, focused on studying 
properties of physically crosslinked hydrogels with different concentrations of polyvinyl alcohol (2.5 to 15 wt%) 
prepared via cyclic freezing/thawing under different cryogenic conditions: in the liquid nitrogen (-196 °C), in 
two different laboratory freezers (-80 °C and -18 °C) and the ice bath. Furthermore, the effects of the addition 
of several cryoprotectants were evaluated. The optical and mechanical properties of the prepared samples 
were studied, and the microstructure of the hydrogels was observed by scanning electron microscopy after 
freeze-drying.  

Keywords: Hydrogel, polyvinyl alcohol, rheology, scanning electron microscopy 

1. INTRODUCTION 

Hydrogels are defined as systems consisting of a three-dimensional network of polymer chains and water filling 
the space between these macromolecules. They can be used in a wide range of medical applications, such as 
wound dressings, controlled drug release, or as scaffolds in tissue engineering [1]. Optical, mechanical, and 
transport properties of hydrogels are crucial for their potential applications; therefore, the possibility of 
modifying their properties and relevant material parameters according to the specific needs of a particular 
application is still being researched [2,3]. One of the basic tools for modifying the material properties of 
hydrogels is a manipulation of the internal chemical and morphological architecture [4]. 

This work focuses on the possibilities of modifying optical and mechanical properties of polyvinyl alcohol 
hydrogels via adjustment of their preparation procedure. It aims to understand the way how these properties 
can be controlled by manipulating the internal structure in physically crosslinked polyvinyl alcohol hydrogels. 

2. EXPERIMENTAL PART 

2.1. Preparation of polyvinyl alcohol hydrogels 

Polyvinyl alcohol (PVA) is one of the synthetic polymers most widely used for the preparation of hydrogels for 
biomedical applications. It is a linear polymer, which is produced by radical polymerization of vinyl acetate and 
subsequent hydrolysis of acetate groups to hydroxyl groups, the degree of this hydrolysis (usually 85 - 100%) 
determining the properties of the polymer such as solubility in aqueous solutions, etc. [5]. The PVA hydrogel 
can be formed either by physical crosslinking by repeated freezing cycles or by chemical crosslinking with 
crosslinkers [6]. In this work, all hydrogels were prepared via cyclic freezing/thawing. The polyvinyl alcohol 
used in this work was purchased from Sigma Aldrich, average Mw 130,000, 99+% hydrolyzed; CAS number 
9002-89-5. To monitor the effect of PVA content in the gel, hydrogels were prepared from aqueous solutions 
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with different concentrations of polyvinyl alcohol (2.5, 5.0, 7.5, 10.0, 12.5 and 15.0 wt%) by cyclic 
freezing/thawing in the freezer (-18 °C).  

Furthermore, for the gels prepared from PVA solution with a concentration of 10.0 wt% of polyvinyl alcohol, 
additives in the form of cryoprotectants were added in concentrations of 10.0 wt% to prevent damage to the 
three-dimensional polymer network during freezing due to the restriction of ice crystal growth. Trehalose, 
sucrose, urea, and glycerol were used as cryoprotectants. These samples were also prepared in the freezer 
(-18 °C). 

According to the literature, the properties of a polyvinyl alcohol hydrogel can be influenced both by the 
concentration of PVA and by the temperature of freezing that defines the freezing rate [7]. Therefore, in another 
set of experiments four different cryogenic conditions were tested: the liquid nitrogen (-196 °C), two different 
laboratory freezers (-80 °C and -18 °C), and the ice bath. For these experiments were prepared hydrogels with 
10.0 wt% of polyvinyl alcohol. A series of hydrogels with different concentrations of polyvinyl alcohol (2.5, 5.0, 
7.5, 10.0, 12.5, and 15 wt%) were prepared in the ice bath for comparison with the reference samples prepared 
previously in the freezer (-18 °C). 

2.2. Study of optical properties 

The first proposed method for evaluating the optical properties of hydrogels was an objective photometric 
analysis of samples using a spectrophotometer. However, most of the samples did not have sufficient 
transmittance, therefore the optical properties were evaluated visually. The samples were placed on the pad 
with an auxiliary cross, which formed a reference point for comparing the transparency (Figure 1). 

 

Figure 1 Visual evaluation of samples with concentration 10.0 wt% of PVA prepared under different 
cryogenic conditions (A) and with the addition of cryoprotectants prepared in the freezer (-18 °C) (B) 

It was clear that the freezing rate (Figure 1a) had a significant effect on the transparency of the hydrogels 
prepared by crosslinking the same solution. The samples frozen in the ice bath appear to be the most 
transparent. According to the results, highly transparent PVA hydrogels can be created thanks to slow freezing 
and the associated slow growth of ice crystals. The samples with different concentrations of polyvinyl alcohol 
prepared in the ice bath and in the freezer (-18 °C) were investigated as well. The results showed that the 
polymer concentration did not have a significant effect on the final optical properties. 
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As mentioned, the kinetics of the ice crystal formation during freezing have a key influence on the optical 
properties of the resulting PVA hydrogels. Suitable gelation conditions can be therefore ensured by slow 
gelation at a temperature close to the freezing point of water. However, this procedure is time-consuming and 
also difficult to automate. Therefore, the effect of the cryoprotectants on the transparency of PVA hydrogels at 
higher (freezer, -18 °C) than optimal freezing rates was proposed and tested as an alternative approach. 
Cryoprotectants are substances used to protect biological tissue from freezing damage (i.e. that due to ice 
formation). The results show (Figure 1b) that the selected cryoprotectants did not significantly affect the optical 
properties except for urea, which alone affected the optical properties and thus appears to be a potentially 
interesting component allowing further manipulation of the internal structure of PVA hydrogels. 

2.3. Study of mechanical properties 

Rheology was applied to test the mechanical properties. Various series of PVA hydrogels were prepared for 
rheological measurements, these samples were measured on the MCR 72 rheometer from Anton Paar. Strain 
sweep test was chosen as suitable for the description of mechanical properties, this test provides information 
about the linear viscoelastic region (LVR, it tells us where the moduli are independent on the amplitude of 
deformation). The data obtained during the measurement were evaluated and processed in the MS Excel 
software in the form of the dependence of elastic (G’) and viscous (G”) moduli on the changing amplitude of 
deformation (Figure 2 shows an example for different cryogenic conditions). The values of phase angles were 
calculated from viscoelastic moduli. These values provide information about a relative contribution of elastic 
and viscous types of deformation. Furthermore, the values of the complex modulus as a parameter 
characterizing the total rigidity of the samples were determined. 

 

Figure 2 Dependence of elastic and viscous moduli on the changing amplitude of deformation for samples 
with concentration 10.0 wt% of polyvinyl alcohol prepared under the different temperature of freezing 

The samples prepared in the ice bath were different from the others. The difference in the phase angles 
(Figure 3a) can be considered as a sign of a difference in the character of the junctions of the hydrogel 
network. As is known, the rate of freezing of water (depending on the cryogenic conditions) affects the rate of 
growth of ice crystals, which push the polymer chains at the phase interface. For this reason, in the freezers 
and the liquid nitrogen bath, contact of multiple chains is achieved in a short time, which creates conditions for 
multiple physical connections. In the ice bath, due to the relatively high temperature, there is a slow growth of 
small crystals, which approaches a smaller number of chains and forms fewer junctions, less resistant to 
deformation. The values of complex modulus (Figure 3b) support the conclusions obtained from the 
comparison of phase angles, which provide information mainly on the quality of the junctions of the hydrogel 
network and supplement it with information on the density of crosslinking. 
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The effect of the addition of cryoprotectants on the mechanical properties was also monitored, but there were 
no obvious differences between the samples with and without cryoprotectants, respectively. 

 

Figure 3 Phase angles (A) and complex moduli (B) for the samples with concentration 10.0 wt% of polyvinyl 
alcohol prepared under the different cryogenic conditions  

The series of samples with different concentrations of PVA prepared in the freezer (-18 °C°) and in the ice 
bath, respectively, were also compared. The sample with the concentration of 7.5 wt% prepared in the ice bath 
behaved viscously. This can be caused by incomplete gelation of the sample, which could be due to the 
insufficient gelation time. For the other samples, the values of the phase angle in LVR are below the limit of 
45 ° and these samples therefore already show an elastic character. As the PVA content in the samples 
increases, the phase angle decreases (Figure 4a). Comparing the values of complex modulus (Figure 4b) 
again supports the information obtained from the comparison of phase angles. Samples prepared in the freezer 
have high values of complex modulus. This indicates their high rigidity, which does not differ with increasing 
PVA concentration. Conversely, the samples prepared in the ice bath show a trend that the rigidity increases 
with increasing concentration. Thus, as the values of the phase angles decrease the stiffness of the samples 
increases, which is most likely a sign of an increasing concentration of junctions in the gel network. 

 

Figure 4 Phase angles (A) and complex moduli (B) for samples with different concentrations of polyvinyl 
alcohol prepared in the freezer (-18 °C) and in the ice bath 

2.4. Study of microstructure 

Selected hydrogels were analyzed by direct visualization method in their dried form. Scanning electron 
microscopy was chosen as a suitable method. The purpose was to obtain information about the internal 
structure of selected hydrogels to support the hypothesis associated with their properties. For this purpose, 
the selected samples were freeze-dried (after shock-freezing in liquid nitrogen - to preserve the internal 
structure of the hydrogels without artifacts [8]). Then small parts of the specimens were taken. These 
specimens were gold coated in a sputtering device and investigated using a scanning electron microscope 
ZEISS EVO LS 10 with detection of secondary electrons (SE). Hydrogels selected for this analysis were with 
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different concentrations of PVA (-18°C) and samples with 10.0 wt% of PVA prepared under different 
temperatures, thus with different freezing rates. A significant part of the samples had a collapsed structure on 
most of their surface due to the partial recrystallization of water. 

A set of samples prepared at different freezing rates was observed first (Figure 5). These samples have a 
clearly visible porous structure with different pore sizes, which depended on the temperature of freezing and 
ranged from hundreds of nanometers to several micrometers. For the samples with different concentrations of 
PVA prepared in the freezer (Figure 6), there is a visible trend in the change of pore size despite the collapsed 
structure. With increasing concentration of polymer content, the pore sizes decrease. This is due to the higher 
content of polymer (gelling component), which provides a higher crosslinking density. Hydrogels in the 
concentration range of 2.5 to 7.5 wt% of PVA have almost identical porous structure with pore sizes from tens 
of micrometers (hydrogels with 2.5 wt.% PVA) to hundreds of nanometers (hydrogels with 7.5 wt.% PVA). The 
sample with 10.0 wt% of PVA appears as a disordered tangle of fibers, slowly merging into a smooth surface. 
The remaining two samples with 12.5 and 15.0 wt% of PVA look completely smooth. It is possible that for 
these two samples, spots with preparation artifacts were selected for the analysis. Nevertheless, with a higher 
content of the polymer, it is less likely that the sample will retain its original structure after freeze-drying. 

 
Figure 5 Micrographs of samples with concentration 10.0 wt% of polyvinyl alcohol prepared under different 

temperatures of freezing with magnification 5000× and 10000× (SEM ZEISS EVO LS 10) 

 
Figure 6 Micrographs of samples prepared in the freezer (-18 °C) with different concentrations of polyvinyl 

alcohol with magnification 1000× (SEM ZEISS EVO LS 10) 
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3. CONCLUSION 

This work focused on studying properties of physically crosslinked hydrogels with different concentrations of 
polyvinyl alcohol (2.5 to 15.0 wt%) prepared via cyclic freezing/thawing under different cryogenic conditions: 
in the liquid nitrogen (-196 °C), in two different laboratory freezers (-80 °C and -18 °C) and in the ice bath. 
Furthermore, the effects of the addition of several cryoprotectants were evaluated. The optical and mechanical 
properties of the prepared samples were studied, and the microstructure of the hydrogels was observed by 
scanning electron microscopy after shock-freezing followed by freeze-drying.  

The above results show that the properties of polyvinyl alcohol hydrogels can be varied in many ways. One 
way to effectively change the structure and properties of hydrogels prepared from polyvinyl alcohol by cyclic 
freezing/thawing is controlling the freezing rate, which can be affected by adjusting the freezing temperature. 
By changing the freezing rate, all monitored properties were altered. The cryoprotectants we chose did not 
sufficiently affect the resulting hydrogels. Therefore, these cryoprotectants are not suitable as additives to alter 
the properties of polyvinyl alcohol-based hydrogels. The concentration of polyvinyl alcohol in the hydrogel 
partially changes the properties of the resulting hydrogel. In this case, however, it is necessary to focus on the 
freezing rate. Because when the sample is frozen in a regular freezer, it is achieved the contact of more chains 
in a short time independent of the concentration of PVA. However, for slower freezing (the ice bath), due to 
the relatively low temperature gradient, there is a slow growth of small crystals, which approach a smaller 
number of chain contacts and form fewer junctions than for rapid freezing and this is the reason why the impact 
of changing the concentration will be greater for these samples. 
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Abstract  

The family of MAX phases and their derivative MXenes are continuously growing in terms of both crystalline 
and composition varieties. MXenes are a new family of two-dimensional (2D) transition metal carbides, 
carbonitrides and nitrides, with a general formula Mn+1AXn, where n = 1-3, M denotes a transition metal, A is 
an element such as aluminum or silicon, and X is either carbon or nitrogen. Considering the various elemental 
composition possibilities, surface functional tunability, various magnetic orders, and large spin-orbit coupling, 
MXene can truly be considered as multifunctional materials that can be used to realize highly correlated 
phenomena. However, a change in surface chemical groups can significantly alter the properties and 
functionality of MXene flakes and may even damage the flakes. In this paper, we propose the possibility of 
using soft, chemical transformation to tune the MXene surface chemistry and termination. We used fluorinated 
and brominated substituents for MXenes grafting and subsequent analysis of the surface composition of the 
MXene flakes indicated a decrease in oxygen and a simultaneous increase in fluorine and bromine surface 
concentrations. The ability to graft organic groups with various substituents to the surface of the flakes opens 
up new possibilities for their application. The presence of fluorinated groups on the surface makes it 
hydrophobic, which allows the creation of water-repellent flakes, and prevents rapid oxidation by atmospheric 
oxygen and related formation of titanium oxide on the surface. 

Keywords: Chemical transformation, MXene, surface grafting, tuned functionalization 

1. INTRODUCTION 

Creation and study of two-dimensional (2D) materials is a young and very promising area of modern materials 
science [1-4]. These materials are very thin (often less than one nm), so they can be used to create layered 
heterostructures that are used in modern electronics, from transistors to sensors, solar cells and LEDs [5-10]. 
The most famous two-dimensional material is graphene, its discovery in 2010 was awarded the Nobel Prize in 
physics [11]. Graphene possesses high values of electrical and thermal conductivity and is sufficiently strong 
in tensile strength [12-15]. At the same time, it forms folds and is unstable as a separate free-hanging film 
[16,17]. Discovered in 2011, the MXene have surpassed graphene in both electrical characteristics and 
manufacturability [18,19]. MXene exhibits conductivity superior to graphene coating. In addition, MXene 
combines many characteristics, including high shielding efficiency, low density, low thickness, high flexibility 
and ease of processing [20-22]. So, it is a great candidate for numerous applications, such as transparent 
conductive coatings, protective layers, and electrochemically-active supports [23,24]. 

It has been proven that the surface chemistry of Mxene affects its conductive properties, which can be 
controlled and even rearranged. However, methods of modifying the surface chemistry of MXene flakes often 
damage the MXene structure. 



 October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

554 

In this contribution, we propose a new approach for modifying a new and interesting class of 2D materials - 
Mxenes with formula Ti3AlC2. Our approach is based on the surface modification under attack by higly reactive 
radicals.  

2.  EXPERIMENTAL  

2.1. Materials 

3,5-Bis(trifluoromethyl)phenyl-boronic acid (≥95 %), 1-iodo-3,5-bis(trifluoromethyl)benzene (98%), boron 
trifluoride diethyl etherate (99%), 3-Chloroperbenzoic acid (≤77%), methanol and were purchased from Sigma-
Aldrich. Powder of titanium (99%), aluminum (99.5%) and graphite (99%) were purchased from Alfa Aesar. All 
reagents were used without further purification. Throughout the all experiments deionized water was used. 
Ti3AlC2 MAX phase and Mxene flakes were prepared according to [25,26, 27].  

2.2. Preparation of Ti3AlC2 MAX phase 

Ti3AlC2 MAX phase was performed by the procedure described in [25]. Powders of titanium, aluminum and 
graphite were mixed in molar ratio 3.00:1.10:1.88 with zirconia balls (diameter 3 mm) by ball milling at 60 rpm 
during 3 hours in a plastic jar. The mixed powders were putted into alumina boat and transferred to a tube 
furnace (4016T, Clasic CZ). Before synthesis, vacuum pumping was carried out twice to a pressure of 2 mbar, 
followed by a purge with argon. The MAX phase synthesis was accomplished by heating the mixture at 
10°C/min to 1550°C in argon atmosphere followed by 2 hours holding period at 1550°C and cooling down to 
room temperature at 10°C/min. 

Preparation of MXenes flakes  

Ti3C2 MXene was synthesized using the MILD method described in [26]. Before selective etching of aluminum 
from Ti3AlC2 MAX phase, the MAX phase ceramics were crushed by mortar and pestle and sieved to separate 
the particles of size below 45 µm. The etchant was prepared by dissolving 300 mg of LiF (99.98 % metals 
basis, Alfa Aesar) in 6 mL of 6M HCl in the plastic centrifuge tube. Then, the 300 mg of sieved MAX phase 
powder (particle size below 45 µm) was added to prepared etchant and stirred at 22°C for 24 hours. After 
etching, the MXene were washed several times until the pH of the supernatant reached 5.5. Delamination of 
MXene flakes was carried out by hand shaking of the sample (15 mL DI water in 50 mL plastic test tube) for 5 
min followed by 15 min of centrifugation at 3500 rpm to precipitate and separate the non-delaminated MXene. 

Surface grafting and MXene thin film preparation 

The colloidal suspension of MXene flakes (2 mL, 5 g/L) was mixed with a 1 mL of a radical source (1 mM 
solution) in a 9:1 water/methanol mixture and activated under the continuous mixing for different time intervals. 
After the modification, the MXene flakes were collected by centrifugation (15 min, 5000 rpm) and 3x 
subsequently washed by water and a methanol. For coating preparation, the purified MXene flakes were 
dispersed (1 g/L) in water/methanol mixture (1:1 ratio) and sprayed on previously cleaned glass or silicon 
surfaces using home-made equipment. 

2.3. Measurement techniques 

For the characterization of the solutions, the UV/Vis/NIR spectroscopy technique was used in the spectral 
range 300-1000 nm, scanning rate 480 nm min-1, data collection interval 1 nm. The solutions were measured 
in 1 cm quartz cells. 

TEM images were obtained on a JEOL JEM-1010 transmission electron microscope with a SIS MegaView III 
digital camera. 



 October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

555 

Fourier transform infrared (FTIR)−attenuated total reflection (ATR) spectra were recorded using a Nicolet 6700 
spectrometer (Thermo Scientific, France) with a Smart ATR accessory device (1000 scans and 4 cm-1 
resolution).  

The crystal structure of Ti3AlC2 MAX phase and Ti3C2 MXene phase were characterized by X-ray 
diffractometer (Empyrean, Malvern Panalytical) using Cu K<α> radiation (photon energy - 8.04 keV, 
wavelength λ = 1.54151 Å, U = 45 kV, I = 30 mA) in grazing incidence X-ray diffraction mode and in 2θ-θ mode. 
The incident angle was 0.85 corresponding to ~10 mm of sample irradiation.  

X-ray photoelectron spectroscopy (XPS) was performed using an Omicron Nanotechnology ESCAProbeP 
spectrometer fitted with a monochromated Al K alpha X-ray source at 1486.7 eV. MXene flake samples were 
deposited on Si wafers, the analyzed area had dimensions of 2×3 mm2. 

3. RESULTS AND DISCUSSION 

The schematic representation of main experimental concept is given in Figure 1. The MXene flakes were 
dispersed in an aqueous methanol solution containing radical source and then activated by external triggering. 
Excitation of the surface MXene increases the energy of electrons on the surface, which in turn leads to 
homolytic of radical source and the appearance of reactive radicals. The created radicals were then grafted to 
the MXene surface. Moreover, simultaneous triggering and radical grafting can result in substitution of 
terminated groups on flake surface, leading to pronounced modification of MXene surface composition. 

 
Figure 1 Schematic representation of proposed experimental concept 

UV/Vis spectra of pristine MXenes in the water/methanol solution (Figure 2A - insert) were measured to 
determine the wavelength position of MXene absorption band. Next, the UV spectra were measured after 
different modification times (Figure 2A). We can observe that the absorption peak gradually shifts to the blue 
region with increasing modification time. After 3 hours of modification, the peak shift no longer occurred. The 
grafting of MXene flakes surface was further confirmed by IR measurements. IR spectra are presented in the 
Figure 2B. Pristine MXene contains peaks at 1740 (C=O), 1408 (O-H), and 595 (Ti-O) cm-1 related to 
terminated oxidized groups. After radical grafting the appearance of new, well pronounced absorption bands 
on modified flakes indicate the presence of grafted chemical moieties.  

The intensity of characteristic band, located at 1275 cm-1 (C-F stretch in -CF3), is plotted against the time of 
radicals grafting in Figure 2B insert. Given dependency corresponds well with UV/Vis results - apparent 
increase of band intensity during the first 30 min of triggering and it’s saturation after 3 hours of reaction. So, 
results of UV/Vis and IR spectroscopy indicate that radicals grafting of MXene flakes mainly occurs at the initial 
stages of triggering and is further enhanced under the prolongation of triggering time up to 3 hours. 

In addition, the structure and crystallinity of MXene flakes were evaluated by TEM and XRD, XPS 
measurements before and after radicals grafting. TEM analysis confirm the preservation of flake structure 
during the grafting. Results of XPS and XRD analysis are in a good agreement and approve the successful 
grafting of organic radicals to the surface of MXene. 
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Figure 2 (A) UV/Vis absorption spectrum of MXene after different time of grafting (insert shows the full 
UV/Vis absorption spectrum of pristine flakes suspension); (B) IR spectra, measured on MXene flakes after 
the different time of radicals grafting (insert show the time dependent changes of characteristic (1275cm-1) 

IR band intensity) 

4. CONCLUSION 

A surface modification of MXene flakes under radical attack has been proposed. The mixture of flakes with the 
radical source was activated for different times. As a result of chemical bond homolysis the active radicals 
appear, attack the MXene surface and change the chemical composition of the surface terminated groups. 
Due to the high MXene catalytic potential the proposed experimental route is very simple and does not require 
high-energy cleaning of the flake surface. As a model example the fluor-substituted radicals were used, 
resulting in hydrophobization of MXene flakes surface. The proposed method provides the creation of 
conductive, superhydrophobic and water-repellent coatings with improved resistance of MXene to oxidation. 
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Abstract  

ZnO is a material that is biocompatible, biodegradable, and has low toxicity. Recently it has emerged as an 
interesting material for use in biomedicine, cosmetics and agriculture. Chemical synthesis of ZnO nanoparticles 
was investigated due to its potential ease of preparation and upscalability. Ethanol was used as a solvent that 
promotes the continued growth of the as-prepared nanoparticles. This work presents facile methods of ZnO 
nanoparticle preparation and a potential method for ZnO nanowire growth at room temperature. 

Keywords: Zinc oxide, nanoparticles, nanowires, chemical synthesis 

1. INTRODUCTION 

ZnO is a material with promising potential for use in various fields including biomedicine, cosmetics and 
agriculture [1-4] due to its biocompatibility, biodegradability, and low toxicity [5]. Nanoparticles are used in the 
same fields for their high surface to volume ratio, and antibacterial properties [6,7]. Studies show that 
nanoparticles exhibit different properties depending on their shape and size [8, 9]. As such new methods for 
synthesis of nanoparticles of various dimensions are needed. Chemical synthesis offers a way to synthesize 
nanoparticles in an inexpensive and easy way without the use of specialized equipment [10,11]. In this case, 
it also allows for use of environmentally friendly materials which is crucial in the above mentioned fields. Due 
to the increased use of nanoparticles in highly industrialized fields such as agriculture, there is a need for 
methods that allow for the synthesis of large volumes of nanoparticles. At such scales storage and 
transportation form a massive obstacle due to their prohibitive expensiveness. One method that allows to 
reduce the volume of nanoparticles is lyophilization. However, lyophilization can alter the parameters of 
nanoparticles [12] and so a method that synthesizes nanoparticles that are stable even after lyophilization is 
needed. This study proposes multiple methods for synthesis of ZnO nanoplates, spherical nanoparticles, and 
nanowires of various shapes and dimensions that are inexpensive, simple, upscalable, and stable after 
lyophilization. 

2. MATERIALS AND METHODS 

2.1. Materials and equipment 

All chemicals in this study, unless otherwise stated, were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
The demineralized water was produced using reverse osmosis apparatus Aqual 25 (Aqua Osmotic, Tišnov, 
Czech Republic). The demineralized water was further treated by the Milli-Q Direct QUV equipment furnished 
with a UV lamp (Aqua Osmotic, Tisnov, Czech Republic). The resistance value was 18.20 MΩ·cm (at 25 °C). 
The drying oven used for drying (if applicable) was Memmert UM 400 (Memmert, Schwabach, Germany). The 
oven used for calcination was L laboratory chamber furnace (LAC, Rajhrad, Czech Republic). Each calcination 
process included a 30 min ramping time prior to calcination at 400 °C for 3 h and cooling to room temperature 
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overnight. Lyophilization was performed by FreeZone 2.5 Liter Benchtop Freeze Dryer at 0.014 mBar, −55 °C 
overnight (Labconco, Kansas City, MO, USA). 

2.2. Preparation of ZnO nanoplates 

ZnO nanoplates preparation was based on a method reported elsewhere [13]. The method consists of 
dropwise addition of 33.5 ml, 0.1 M NaOH (Mikrochem, Olomouc, Czech Republic) into 30 ml of 0.1 M 
ZnSO4·7H2O. The resulting mixture was stirred at 820 rpm for 15 min at room temperature and then washed 
several times with Milli-Q water. A scaled up version of the preparation was performed by using 10x the amount 
of the above-mentioned chemicals with unchanged concentrations. The samples were lyophilized to test their 
resistance to damage caused by lyophilization.  

2.3. Preparation of spherical ZnO nanoparticles 

Spherical ZnO nanoparticles were prepared via method reported by Chung et al. [14]. A sol-gel was formed 
by dropwise addition of 0.1 M oxalic acid dihydrate (Lach-Ner, Neratovice, Czech Republic) in 60 ml 99.8 % 
ethanol (Lach-Ner) into 0.1 M zinc acetate dihydrate in 40 ml of 99,8 % ethanol (Lach-Ner) heated to 60 °C. 
The resulting mixture was stirred at 820 rpm for 90 min and then dried overnight at 60 °C. The dried powder 
was calcinated and redispersed in 50 ml of Milli-Q water. A scaled up synthesis was performed by using 10x 
the amount of the used chemicals with unchanged concentrations. Experiment using the original procedure 
with double concentration of oxalic acid was also performed. 

2.4. Preparation of ZnO nanowires 

ZnO nanowires were prepared by modification of the method outlined in 2.3. The nanowire seed solution was 
made from 0.1 M oxalic acid dihydrate (Lach-Ner) in 60 ml 99.8 % ethanol (Lach-Ner) which was added 
dropwise into 0.1 M zinc acetate dihydrate in 40 ml of 99.8 % ethanol (Lach-Ner) heated to 60 °C and stirred 
at 500 rpm. The resulting mixture was left to age. After 1 month of aging at room temperature the solution was 
topped to 100 ml with 99.8 % ethanol to compensate for ethanol evaporation. Then the solution was washed 
several times with Milli-Q water. This procedure was scaled up using 10× the amount of the necessary 
chemicals with unchanged concentrations. The scaled up product was split into three aliquots. The first aliquot 
was simply washed with Milli-Q water. The second was washed with Milli-Q water, redispersed in water, dried 
at 60 °C overnight and calcinated. The third aliquot was dried overnight at 60 °C without washing and 
calcinated. 

2.5. Scanning electron microscopy 

The samples were examined by SEM on a Tescan MAIA 3 equipped with a FEG (Tescan Ltd., Brno, Czech 
Republic). The best pictures were obtained using the In-lens SE detector at working distance between 
2.91 - 3.06 mm and at 5 kV acceleration voltage. 768×858 pixel images were obtained at 1,500 - 100,000 fold 
magnification covering sample area of 2.08 - 138.00 µm. Full frame capture was performed in UH resolution 
mode and accumulation of image with image shift correction was enabled, and it took about 0.5 minutes with 
the ∼0.32 µs/pixel dwell time. Spot size was set at 2.4 nm. 

2.6. Image analysis 

The nanoparticle parameters stated in this study were determined via image analysis using the ImageJ 
software (ver. 1.53c). The dimensions of ZnO nanoplates were determined by fitting an ellipse to the hexagonal 
nanoparticles in order to get an estimate of their length and width from the major and minor ellipse axes. 
Spherical nanoparticle diameters were determined using the Analyze Particles function with a suitable 
threshold. The length and width of ZnO nanowires were determined by fitting a rectangle to the nanowire 
outline. 
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3. RESULTS 

3.1. ZnO nanoplates 

SEM micrograph of ZnO nanoplates by the method outlined in 2.1. is shown in Figure 1. 

 

Figure 1 SEM micrograph of ZnO nanoplates 

 a)  b)  

Figure 2 SEM micrograph of nanoplates: a) 10x upscaled synthesis, b) ZnO nanoplates after lyophilization 

From the Figure 1 we can see that nanoplates with a wide range of sizes were synthesized, with the smallest 
having a length of around 0.5 µm and the largest having over 3 µm. The structure of the nanoplates is mostly 
of hexagonal crystals which is in agreement with theoretical structure of ZnO which is hexagonal wurtzite [15, 
16]. This synthesis proved to be easily upscalable by simple multiplication of the amount of used chemicals 
and shown only small structural modification when lyophilized as evidenced by Figure 2. From the figure it is 
clear that while the structure in Figure 2a) of the nanoplates is nearly identical to that of Figure 1 the structure 
of Figure 2b) shows nanoplates with visibly larger length and width but otherwise seemingly unchanged. The 
simple preparation, ease of upscalability and relatively small structural modification of the sample by 
lyophilization suggest the synthesis is interesting in regards to industrialization and mass production. 



 October 21 - 23, 2020, Brno, Czech Republic, EU 

 

 

561 

3.2. Spherical ZnO nanoparticles and ZnO nanowires 

Spherical ZnO nanoparticles were synthesized as described in section 2.3. SEM micrograph of these particles 
is shown in Figure 3a). The figure shows that spherical nanoparticles with diameter ranging from 30 to 80 nm 
were formed with the average nanoparticle size being around 50 nm. Further experiments with increasing 
concentration of oxalic acid were made. When the concentration of used oxalic acid was doubled an interesting 
phenomena occurred. As shown in Figure 3b) the nanoparticles had a tendency to aggregate and in some 
cases they formed chainlike structures.  

    

  a)   b)  

Figure 3 SEM micrograph: a) spherical ZnO nanoparticles, b) nanoparticles made with 2× concentration 
of oxalic acid 

  a)   b)  

Figure 4 SEM micrograph of ZnO nanowires: a) close-up, b) wide view 

This result suggested that by modification of the procedure 1D nanostructures could be created. Consequently, 
a modified synthesis was performed as described in section 2.4. Ethanol was used as aging dispersant 
because it was previously shown to facilitate 1D nanostructure growth at room temperature [17]. Figure 4 
shows the SEM micrographs of the ZnO nanowires created using this method. The figure shows nanowires 
with length of over 10 µm with some up to 50 µm long. The thickness of the wires ranges between 0.2 µm to 
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0.6 µm. The wires are not uniform in thickness with the central parts being noticeably wider than the ends 
which are narrowed into sharp tips. Further studies are necessary to determine the dimensions of the wires in 
different stages of the growth process. Figure 5 shows the comparison of the three aliquots made from the 
upscaled preparation of ZnO nanowires (2.4.). 

 a)  b)   c) 

Figure 5 SEM micrographs of upscaled solution: a) only washed, b) washed and calcinated, 
c) only calcinated 

Figure 5a) shows nanowires that are similar to the original synthesis result. Figure 5b) shows a structure that 
is similar to nanowires composed from the smaller spherical nanoparticles. Figure 5c) shows that simple 
calcination caused the structure to revert to the spherical nanoparticles that were formed with no aging in 
ethanol involved. 

4. CONCLUSION 

This study shows multiple methods for facile and inexpensive synthesis of ZnO nanoplates and nanowires. 
The nanoplates can be prepared quickly, are simple to upscale and can be lyophilized with only little alteration 
of their structure. This study also shows a method for evolution of spherical nanoparticles into nanowires using 
only ethanol at room temperature. Both methods show promise regarding mass production of Zn based 
nanoparticles. The need for further research of the growth process and optimization of the methods is clearly 
indicated. 
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Abstract 

Nowadays, the scientific and technological field is at a very high level, which is related, among other things, to 
the large production of various products, and this unfortunately brings a high degree of environmental threat. 
For example, highly hazardous gases might be released into the environment accidentally, therefore a solution 
to these dangerous situations needs to be found. A research is conducted into cerium(IV) oxide, platinum, and 
palladium nanoparticles (NPs), which have been found to have hazardous gases degrading properties. This 
work complements this field by studying the interactions between NPs and their potential polymer nanofiber 
carriers, polyamide 6 (PA) and β-polyvinylidene fluoride (PVDF). In order to determine the suitability of these 
carriers, molecular modeling (geometry optimization using COMPASS forcefield) was involved. Interaction 
energies (Eint) between the most occupied (hkl) planes of NPs ((100), (110), (111), and (311)) and different 
(hkl) planes of PA and PVDF surfaces ((001), (100) and (010), (001), (00-1), respectively) were determined. 
Although all types of NPs showed attractive interactions with all types of surfaces, preferred orientations are 
clearly identifiable. Attention was focused on the possible influence of the NPs interlayer distance dhkl on the 
resulting Eint. 

Keywords: Nanofiber, nanoparticle, molecular modeling, interaction energy, COMPASS 

1. INTRODUCTION 

Today, the scientific and technical field is at a very high level, which is associated not only with new advanced 
knowledge of the biological, chemical and physical nature of environment or large number of high quality 
products, but also with enormous environmental impact [1]. In this regard, attention should be focused, among 
other things, on the development of systems and methods that eliminate pollutants from the gas and liquid 
phases. The use of nanoparticles and nanofibers has proven to be effective due to their interactivity based on 
their specific properties. In the case of nanofibers, primarily small pore sizes are used and the principle of 
filtration thus consists in the impermeability of undesirable particles. Nanoparticles work on the principle of 
chemical interaction with pollutants, which either capture or degrade [2]. Nowadays, cerium(IV) oxide, 
palladium and platinum nanoparticles are frequently studied due to its catalytic and antioxidant properties with 
the potential to degrade hazardous gases in the air [3,4]. Interactions between nanofiber layers formed of 
polyamide 6 (PA) or poly(vinylidene fluoride) (PVDF) and incorporated CeO2 (CeO2),  palladium (Pd) and 
platinum (Pt)  nanoparticles (NP) are investigated using molecular modeling. 
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2. MATERIALS AND METHODS 

2.1. Preparation of models 

In this study, Biovia Materials Studio 7.0 (MS) modeling environment was used [5]. Unit cells of CeO2 (lattice 
parameter a = b = c = 5.411 Å, α = β = γ = 90°), Pt (a = b = c = 3.924 Å, α = β = γ = 90°), Pd (a = b = c = 3.891 
Å, α = β = γ = 90°) were taken from the MS structures database. 

 

Figure 1 a) View of CeO2 and Pd/Pt NP bases made by cleaving unit cells along different (h k l) planes.  
b) The model of Pd/Pt_311_0 lying on PA_001 with the polymer chains penetrating gaps between the lines 

of Ce atoms 

CeO2, Pd, and Pt NP models were created by cleaving the periodic structures along (h k l) planes with the 
highest atom occupation (according to XRD analysis in MS) - these are (h k l) planes (2 0 0), (2 2 0), (1 1 1), 
and (3 1 1), for NP bases see Figure 1. Each of these planes forms the base of the respective NP with the 
size given by the number of surface atoms (6 × 6 Ce atoms in the case of CeO2 NPs). The height of the NP 
was determined so that the total number of atoms in NP was 594. CeO2 NPs had Ce, O atoms or both atom 
types forming bases. CeO2 NPs were denoted as Ce_200 (NP base cleaved along (2 0 0) plane and formed 
with Ce atoms), O_200, Ce_111, O_111, Ce_311, O_311, and NPs containing both Ce and O atoms in their 
base were denoted as CeO_220. Pd and Pt NPs were denoted as Pd_200, Pd_220, Pd_111, Pd_311, and 
Pt_200, Pt_220, Pt_111, Pt_311, respectively. 

Monoclinic unit cell of β-polyamide 6 (PA) [6], having parameters a = 16.88 Å, b = 4.78 Å, c = 9.33 Å, α = 90°, 
β = 67.5°, γ = 90°, was obtained from the Cambridge structural database [7]. 2D models of PA surfaces were 
prepared by cleaving the cell along (0 0 1) plane (22 H + 2 O atoms per unit cell perpendicular to the plane; 
Figure 2) and (1 0 0) plane (20 H atoms per unit cell perpendicular to the plane; Figure 2). 

 

Figure 2 View of PA and PVDF surfaces made by cleaving unit cells along different planes. Side view (top) 
and vertical view (bottom) of PA_001, PA_100, PVDF_010, PVDF_001 and PVDF_00-1 
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Orthorhombic unit cell of γ-poly(vinylidene fluoride) (PVDF), having parameters a = 2.56 Å, b = 4.91 Å, c = 
8.58 Å, α = β = γ = 90°, was prepared according to the research by Hasegawa et al. [8]. 2D models of PVDF 
surfaces were prepared by cleaving the cell along (0 1 0) plane (H and F atoms perpendicular to the plane; 
Figure 2), (0 0 1) plane (F atoms perpendicular to the plane; Figure 2) and (0 0 -1) plane (H atoms 
perpendicular to the plane; Figure 2). 

Area of (0 0 1), (1 0 0) PA surface and (0 1 0), (0 0 1), (0 0 -1) PVDF surface was enlarged to a size of 102.63 
× 101.28 Å, 101.28 × 100.38 Å and 98.2 × 99.84 Å, 99.84 × 102.96 Å, 102.96 × 99.84 Å, respectively. Vacuum 
slab of height 400 Å was added perpendicular to each surface. Models of periodic cells containing PA and 
PVDF surfaces were denoted as PA_001, PA_100 and PVDF_010, PVDF_001, PVDF_00-1, respectively. 

Models were prepared by placing single NP in the center of PA or PVDF surfaces oriented with the base 
parallel to the polymer surfaces and different rotations to polymer chains of the surfaces. 9 models were 
prepared for each NP type on each polymer surface type. 

2.2. Modeling conditions 

Geometry optimization of each model was performed in MS/Forcite module. Atoms in models were 
parameterized and their charges were assigned by COMPASS force field [9].  

Smart algorithm as implemented in MS with 5·105 steps was used. Convergence thresholds for the maximum 
energy and maximum force changes were 1·10−4 kcal/mol and 5·10−3 kcal/mol/Å, respectively [10]. For the 
Coulombic and the van der Waals forces, atom based summation method as implemented in MS was used. 
The cell parameters were not optimized. For each model, interaction energy (Eint) was calculated from potential 
energies (Ep) using the following equation (all energies are in kcal/mol): 

Eint = Ep1 - Ep2 - Ep3              (1) 

where: 

Ep1 - Ep of whole model 

Ep2 - Ep of PA or PVDF surface without the NP 

Ep3 - Ep of the NP without the PA or PVDF surface 

3. RESULTS AND DISCUSSION 

Interaction energies between the NPs and PA and PVDF surfaces of nanofibers do not depend on the rotation 
of the NP bases on the polymer surfaces (except of Pd_311 and Pt_311, see below). The main factor 
determining average interaction energies of models (Eint) was the size of the NP base (S) adjacent to the 
polymer surfaces. The larger the S, the higher the number of interatomic interactions between the NPs and 
the surfaces, resulting in lower Eint. Among models with PA and PVDF surfaces, the lowest Eint was obtained 
for Ce_311 lying on PA_001 (Eint = -13 240 kcal/mol) and PVDF_001 (Eint = -18 924 kcal/mol), respectively. In 
order to determine interaction energies of models irrespective of the size of the NP base S, Eint of the models 
were divided by S and interaction energies (Eint/S) were thus related to one square nanometer (kcal/mol/nm2) 
(Figures 3a and 3b). 

Eint/S is related to the distance between atomic layers (dhkl) of the NPs. The larger the dhkl, the lower Eint/S it 
shows with PA or PVDF surfaces (Figures 3a and 3b). The largest dhkl (Ce_111, O_111, Pd_111 and Pt_111) 
provides the greatest specificity of each atomic layer charge, which also refers to the longest, and therefore 
weakest, atomic bonds between the atomic layers thanks to which the NPs are able to make stronger non-
covalent intermolecular attractive interactions with the polymer surfaces.  
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Figure 3 The interaction energy Eint/S dependence on the distance dhkl of a) CeO2 NPs and b) Pd and Pt NPs 
lying on PA and PVDF surfaces. "NP" refers to the NP denotations according to the contact atoms in the 

base, i.e., a) Ce, O or CeO, b) Pd or Pt. 

Interactions of CeO2 NPs lying on PVDF surfaces are 34 % stronger than on PA surfaces, however Pd and Pt 
NPs interact more strongly by 60 % with PA surfaces than with PVDF surfaces (Figures 3a and 3b, Tables 1 

and 2). Since CeO2 is a binary compound (Figure 1), partial charges and thus polarity are shown on atoms, 
which provides stronger interactions with polar chains of the surface. Pd and Pt are elements (Figure 1), so 
there is no polarity. PA chains are characterized by polar (peptide bonds -COHN-) and nonpolar (aliphatic) 
parts alternation (Figure 2), while the polarity direction of PVDF chains is perpendicular to the chain axis (one 
side of the chain forms bonds with F atoms, the other one with H atoms; Figure 2). Therefore, stronger polar 
interactions with PVDF surfaces occur in the case of CeO2, while Pd and Pt NPs interact more strongly with 
PA surfaces due to the presence of nonpolar aliphatic parts of PA chains (Table1). 

Table 1 Average interaction energies Eint/S,avg of all models with PA or PVDF surfaces containing every NP 
type with information of NP base compositions (* - structures with the lowest Eint/S,avg) 

CeO2    NP 

NP base 

composition 

per nm2 

PA Eint/S,avg 

(kcal/ 

mol/nm2) 

PVDF Eint/S,avg 

(kcal/ 

mol/nm2) 

Pd/Pt       

NP 

NP base 

composition 

per nm2 

PA Eint/S,avg 

(kcal/ 

mol/nm2) 

PVDF Eint/S,avg 

(kcal/ 

mol/nm2) 

Ce_111 7.9 Ce -1 842 ± 72 * -2 846 ± 94 * Pd_111 17.5 Pd -142 ± 3 -92 ± 6 

O_111 7.9 O -1619 ± 67 -2 291 ± 79 Pd_200 14.8 Pd -134 ± 3 -85 ± 7 

Ce_200 6.8 Ce -1 659 ± 74 -2 673 ± 77 Pd_220 10.5 Pd -122 ± 6 -75 ± 7 

O_200 13.7 O -1 651 ± 72 -2 086 ± 149 Pd_311 8.9 Pd -120 ± 10 -70 ± 13 

CeO_220 4.8 Ce + 9.7 O -1 639 ± 61 -2 323 ± 139 Pd_311_0 8.9 Pd -144 ± 3 * -94 ± 2 * 

Ce_311 4.1 Ce -1 467 ± 45 -2 167 ± 72 Pt_111 17.2 Pt -176 ± 5 -111 ± 6 

O_111 3.4 O -1 452 ± 62 -2 057 ± 61 Pt_200 14.6 Pt -173 ± 5 -105 ± 9 

    Pt_220 10.4 Pt -147 ± 7 -94 ± 10 

    Pt_311 8.7 Pt -149 ± 14 -84 ± 16 

    Pt_311_0 8.7 Pt -178 ± 2 * -113 ± 4 * 

CeO2 NPs exhibits lower Eint/S on PA_001 in comparison with PA_100 (Figure 3a). In the case of CeO2 NPs 
on PA_001, average interaction energy of all NP types (Eint/S,avg) is 8 % lower than on PA_100. This is because 
PA_001 contains 15.9 H and 1.4 O atoms per nm2 in the upper layer of the surface, while PA_100 has there 
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only 12.1 H atoms (Table 2), which means different interacting atoms number resulting in different Eint/S,avg. 
Among PA surfaces, model with the lowest Eint/S (-1 904 kcal/mol/nm2) contains Ce_111 lying on PA_001.  

Table 2 Average interaction energies Eint/S,avg of all models with CeO2, Pd or Pt NPs lying on PA_001, PA_100, 
PVDF_010 or PVDF_001 surfaces with contact atoms of PA and PVDF surfaces (* - structures with 
the lowest Eint/S,avg) 

polymer surface 
contact atoms per 

nm2 

CeO2 Eint/S,avg (kcal/ 

mol/nm2) 

Pd Eint/S,avg (kcal/ 

mol/nm2) 

Pt Eint/S,avg (kcal/ 

mol/nm2) 

PA_001 15.9 H + 1.4 O -1 628 ± 200 -134 ± 31 * -166 ± 38 * 

PA_100 12.1 O -1 495 ± 181 -128 ± 30 -159 ± 39 

PVDF_010 8 F + 8 H -2 213 ± 353 -94 ± 27 -115 ± 35 

PVDF_001 9.1 F -2 244 ± 474 * -77 ± 15 -93 ± 20 

PVDF_00-1 9.1 H -1 744 ± 291 -76 ± 18 -95 ± 20 

In the case of CeO2 on PVDF surfaces, Eint/S trends are different for each surface type (Figure 3a). Models 
with CeO2 NP on PVDF_010 and PVDF_001 have comparable Eint/S,avg (Table 2), which is 22 % lower than on 
PVDF_00-1. This is due to the fact, that the upper layer of PVDF_010 and PVDF_001 contains F atoms 
providing strong hydrogen bonds with Ce atoms of the NP, because of the highest difference in 
electronegativities (Ce - F = 2.86 [11]) within the possible interacting atomic pairs. For comparison according 
to atomic pair denotation “NP - polymer surface”: Ce - H = 1.08, O - F = 0.54 and O - H = 1.24. All chains in 
the upper layer of PVDF_010 interact with the NP, but only a half of the interacting atoms are F (Figure 2), 
which results in more interacting atoms but less F atoms per nm2. In the case of PVDF_001, all atoms in the 
upper layer are F, but only a half of the chains are available for interactions with NP (Figure 2), which is less 
interacting atoms but more F atoms per nm2. In the case of PVDF surfaces, the model containing Ce_111 lying 
on PVDF_001 exhibits the lowest Eint/S (-3 073 kcal/mol/nm2) due to strong interactions between positive Ce 
atoms (of Ce_111) and negative F atoms (of PVDF_001). Models containing CeO2 NP lying on PVDF_00-1 
exhibits different Eint/S trends (Figure 3a) due to the H atoms forming upper surface layer (Figure 2). O_200 
lying on PVDF_00-1 shows the lowest Eint/S. Regarding to PVDF_00-1 having formed the upper layer from H 
atoms (Figure 2), previous result corresponds to making stronger interactions with O atoms of the NP instead 
of Ce atoms according to influence of electronegativity difference (O:H = 1.24 > Ce:H = 1.08). O atoms number 
of the NP base has another impact on Eint/S besides atomic layer distance dhkl. O_200 has the second highest 
dhkl (O_111 has the first) and the base contains 13.7 O atoms, while O_111 base contains 7.9 O atoms per 
nm2 (Table 2), which provides more attractive polar interactions and consequently lower Eint/S. Model with the 
lowest Eint/S (-2 467 kcal/mol/nm2) contains O_200 lying on PVDF_00-1. 

Eint/S of models containing Pd and Pt NP lying on the PA and PVDF surfaces is on average 16× higher (i.e. 
weaker) than in the case of CeO2 NP (Figures 3a and 3b). Pt NPs exhibit 23 % lower Eint/S,avg than Pd NP on 
all PA and PVDF surfaces, which corresponds to the difference in atomic layer distances dhkl based on the 
lattice parameters (3.891 Å for Pd, 3.924 Å for Pt). The lower lattice parameter indicates shorter and thus 
stronger bonds between atoms and consequently lower tendency to interact with other molecules. Eint/S trends 
of models containing Pd and Pt NPs are dependent on dhkl, as in cases of models with CeO2 NPs. The higher 
the dhkl, the lower the Eint/S (Figures 3a and 3b). Exceptions are models containing Pd_311 and Pt_311 
(denoted as Pd_311_0 and Pt_311_0, respectively) on PA or PVDF surfaces, where the gaps between the 
lines of Ce atoms (of NP bases; Figure 1a) are parallel to the PA or PVDF polymer chains. This position allows 
the polymer chains of the surfaces to penetrate the NP bases gaps (Figure 1b), leading to increased attractive 
interactions between the NPs and PA and PVDF surfaces and consequently lower Eint/S. While models 
containing Pd_311 and Pt_311 NPs show the highest Eint/S, models with Pd_311_0 and Pt_311_0 show the 
lowest Eint/S (Table 1). 
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4. CONCLUSION 

The modeling focused on CeO2, Pd and Pt NPs on the polymer surfaces of PA and PVDF. The strongest 
interactions are shown by CeO2 NP with the highest dhkl Ce_111 on PVDF_001, in the case of Pd and Pt NPs 
it is Pd_311_0 on PA_001 and Pt_311_0 on PA_100, respectively. CeO2 NPs interact more strongly with PVDF 
surfaces than with PA surfaces due to the polar interactions, while Pd and Pt NPs interact more strongly with 
aliphatic parts of PA chains in PA_001 and PA_100 surfaces. The lowest average Eint/S,avg of all NPs having 
bases cleaved along (111) plane corresponded to the lowest atomic layers distance dhkl and the highest 
number of atoms per nm2. Within the types of surfaces, it showed on average the strongest interactions 
PA_001, PVDF_010 and PVDF_100 (comparable), in the case of NP types, it was Ce_111, Pd_111 and 
Pd_311_0 (comparable), Pt_111 and Pt_311_0 (comparable). Further research will clarify degrading effects 
against hazardous gases of NPs incorporated on the carriers. 
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