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INVESTIGATION OF NUCLEATION MECHANISMS OF NANOCRYSTALLINE PYROCHLORE 

PHOSPHORS EMITTING IN INFRARED  

1Ivo BARTOŇ, 1Soňa KAMRÁDKOVÁ, 1Jana PROBOŠTOVÁ, 2Luminita PREDOANA, 
2Jeanina PANDELE-CUSU, 1Jan MRÁZEK 

1Institute of Photonics and Electronics of the Czech Academy of Sciences, Prague, Czech Republic, EU, 

barton@ufe.cz 

2“Ilie Murgulescu” Institute of Physical Chemistry, Bucharest, Romania, EU, 

lpredoana@icf.ro 
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Abstract 

High-power infrared lasers are the heart of modern equipment in telecommunications, tracking and navigation 
systems, etc. The increasing power of lasers places high demands on the materials used as active laser media, 
which must exhibit high thermal stability and luminescence efficiency. Rare earth-doped yttrium titanium 
oxides, with the general formula (RExY1-x)2Ti2O7, represent a perspective class of materials for their 
phenomenal optical properties. Because the optical properties are highly sensitive to the structure and 
uniformity of the nanocrystals constituting the material, the knowledge of crystallization kinetics is necessary 
to prepare the nanocrystalline materials with tailored properties. We present a versatile sol-gel approach to 
nanocrystalline Y2Ti2O7 and (Er0,05Y0,95)2Ti2O7. We studied the nucleation process and crystallization 
mechanism of Y2Ti2O7 and (Er0.05Y0.95)2Ti2O7 from the amorphous xerogels. The crystallization temperatures 
of Y2Ti2O7 and (Er0,05Y0,95)2Ti2O7 were 792.5 ± 0.9 and 789.9 ± 0.5 °C, respectively. Based on calculated 
Avrami parameters the formation of Y2Ti2O7 from amorphous xerogel was driven by homogenous site-
saturated nucleation. The introduction of Er3+ ions into host lattice of Y2Ti2O7 changed the crystallization 
kinetics causing the formation of (Er0.05Y0.95)2Ti2O7 occurred in a manner of homogenous nucleation with a 
constant nucleation rate. The different crystallization kinetics caused the nanocrystals of (Er0.05Y0.95)2Ti2O7 to 
be larger and exhibited broader nanocrystals size distribution than the nanocrystals of undoped Y2Ti2O7. The 
results provide fundamental information about nucleation and growth properties and crystal structure of 
investigated luminophores and give necessary information for preparing nanocrystalline powders with tailored 
properties for high-power photonic devices. 

Keywords: Nucleation, crystallization, pyrochlore, phosphors, (Er0.05Y0.95)2Ti2O7 

1. INTRODUCTION  

Lanthanide titanium oxides, crystallizing in a pyrochlore structure with a general formula A2B2O7 [1], have 
attracted attention in recent material research for their magnetic and optical properties. The spin arrangement 
of rare earths (RE) in the pyrochlore lattice provides distinctive magnetic properties allowing the preparation 
of spin-glass and spin-ice compounds [2,3]. Although the RE2B2O7 pyrochlores are optically inactive, the 
yttrium ions in the pyrochlore structure break the spin interactions and prevent the non-radiative transitions 
between RE ions [4,5]. Consequently, the RE-doped Y2Ti2O7 exhibit effective luminescence properties and 
they have been intensively studied as luminophores for high-power photonic applications [6,7]. The final optical 
properties of RE-doped Y2Ti2O7 strongly depend on the local arrangement and regular distribution of RE ions 
inside the crystal lattice. The local clustering of RE ions supports the non-radiative transitions and reduces the 
luminescence efficiency. The structural defects and broad nanocrystal size distribution can contribute to the 
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scattering of the light and increase the optical losses [8,9]. Therefore, the processing of RE-doped Y2Ti2O7 
must be carefully tailored to keep the regular statistical distribution of RE inside the pyrochlore lattice and to 
prepare highly homogenous luminophores or coatings [6,7]. 

Several approaches have been used for the synthesis of pyrochlores. In addition to standard high-temperature 
sintering ceramic methods [1,2], the “bottom-up” sol-gel methods have been intensively studied to prepare 
broad set of luminescent powders [6,10] and active optical waveguides [7,11]. The “bottom-up” methods 
benefit from targeted thermally induced crystallization of amorphous materials. However, the processing 
temperature must be carefully controlled to prevent the side-formation of parasitic phases or unwanted 
nanocrystal overgrowth. Knowledge of the crystallization kinetics of pyrochlores from amorphous precursors 
opens up possibilities for extending the synthesis of RE-doped Y2Ti2O7 and preparing the luminophores with 
tailored structural properties. 

This study presents a versatile sol-gel approach to nanocrystalline Y2Ti2O7 and (Er0.05Y0.95)2Ti2O7. We 
evaluated the structural properties of prepared nanocrystals. We study the nucleation process and 
crystallization mechanism of Y2Ti2O7 and (Er0.05Y0.95)2Ti2O7 from the amorphous xerogels. The acquired 
knowledge is necessary for the preparation of nanocrystalline powders with tailored properties for high-power 
photonic devices.  

2. EXPERIMENTAL 

The samples were prepared by a sol-gel method followed by thermal treatment of the xerogels. To prepare 
the sols, a total of 5 g titanium(IV)butoxide (Fluka, Purum) was dissolved in 250 ml of anhydrous ethanol 
(Sigma-Aldrich, Spectranal grade), after which a total of 5.63 g of yttrium(III) nitrate hexahydrate (Aldrich, 
99.8%), or a total of 5.35 g yttrium(III) nitrate hexahydrate (Aldrich, 99.8%) and 0.325 g of erbium(III) nitrate 
pentahydrate (Aldrich, 99.9%) were dispersed in the solution. The mixtures were stirred at ambient 
temperature to form the transparent solutions, which were refluxed at 80 °C for 24 h and then allowed to cool. 
The sols were dried on a rotary evaporator (R100, Buchi) to form the xerogels.  

Differential thermal analysis (DTA) and thermal gravimetry (TG) measurements were performed using a Mettler 
Toledo TGA/SDTA 851e apparatus. The samples were analyzed in alumina crucibles at heating rates ranging 
from 10 to 40 °C∙min-1 under an oxygen flow of 50 ml∙min-1. 

X-ray powder diffraction (XRD) patterns were collected using a Bruker D8 Discover diffractometer in the Bragg-
Brentano reflecting geometry. The copper tube was operated at voltage of 40 kV and current of 40 mA 
providing Cu-K radiation (=1.540596 Å). 

Scanning electron microscopy (SEM) images were obtained with a TESCAN Lyra 3 XMU device. A thin carbon 
layer was sputtered onto the samples to prevent sample charging. To evaluate the nanocrystal size distribution, 
we marked the nanocrystal boundaries in the SEM images and we used Gwyddion 2.55 data visualization and 
analysis software. 

3. RESULTS AND DISCUSSION 

The thermal processing of xerogels represents a complex process consisting of a broad set of physical and 
chemical processes. It usually includes several steps involving the evaporation of volatile substances, burning 
and decomposition of organic compounds and inorganic ligands, and the crystallization process itself. A key 
factor for the successful synthesis of pyrochlores with tailored structural properties is a perfect knowledge of 
the physicochemical processes occurring during thermal treatment. Figure 1a shows the general thermal 
analysis curves recorded for the heat rate of 40 °C·min-1. DTA curve shows broad endothermic peak below 
300 °C and two exothermic peaks around 350 °C and 843 °C. The broad endothermic peaks below 600 °C 
and the first exothermic peak around 350 °C were accompanied by regular weight loss. The minor weight loss 
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accompanied the second exothermic peak at 820 °C. According to the chemical analysis of the compounds 
liberated during the thermal treatment of pyrochlores, the broad endothermic peak below 300 °C can be 
attributed to the liberation of water, vaporization, and carbonization of the adsorbed alcohols and esters [12]. 
The exothermic peak around 350 °C was attributed to the decomposition of nitrates and the condensation of -
OH groups presented in the xerogels [13,14]. The remaining nitrates act as complexing agents that stabilized 
Y3+ and RE3+ ions inside the amorphous titanium dioxide matrix preventing the crystallization of titanium dioxide 
[14]. Once the nitrates are burn-out the crystallization of pyrochlores takes place. The burning-out of the 
nitrates was attributed to mass loss at 820 °C and the minor exothermic peak at 843 °C corresponded to the 
crystallization of Y2Ti2O7.  

 

The crystallization is a dynamic process depending on the overheating or overcooling of the thermally treated 
materials. The shape and position of the crystallization peak depend on the heating rate of the analyzed 
samples. Figure 1b shows the shifts in the positions of representative crystallization peaks in detail. The 
crystallization of Y2Ti2O7 occurs at 824.6 °C for the heating rate of 10 °C∙min-1. With increasing heating rates, 
the positions of the crystallization peaks shift to higher temperatures and the peaks became better pronounced. 
Compared with Y2Ti2O7, the crystallization peaks of (Er0,05Y0,95)2Ti2O7 shifted to lower temperatures. 

The shifts in the positions of crystallization peaks have been used in many theoretical and experimental models 
to evaluate fundamental crystallization parameters. The crystallization temperature of nanocrystalline 
materials, tc, can be calculated using the empirical Lasocka’s equation [15]:  

�� � �� �  �� ∙ ln ��               (1) 

where tp represents the position of the crystallization peak (°C), α is the heating rate (°C·min-1), and Ac is the 
experimental constant. Figure 2a shows the experimental positions of the crystallization peaks for various 
heating rates and corresponding linear fits. The y-intercept representing tc was calculated from a linear fit of α 
equal to 1 °C·min-1. The crystallization temperatures of Y2Ti2O7 and (Er0,05Y0,95)2Ti2O7 were 792.5 ± 0.9 and 
789.9 ± 0.5 °C, respectively. These values were in line with the crystallization temperatures of pyrochlores 
prepared by Pechini’s methods, e.g. 817.7 °C for Er2Ti2O7 [16], 821 °C for Y2Ti2O7 [17], and ~800 °C for Er-
doped Y2Ti2O7 [18]. 

XRD records of the samples heat-treated at 1000 °C are shown in Figure 2b. The pure pyrochlore cubic phase 
of Y2Ti2O7 was formed and the crystal lattice parameter a of Y2Ti2O7 was 10.0963 Å. This value matches the 
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value of 10.0976 Å reported for single-crystal sample [17]. The XRD pattern of (Er0,05Y0,95)2Ti2O7 exhibited 
isostructural diffraction lines confirming the formation of the pyrochlore structural type. The samples were free 
of side-formed oxides, such as TiO2, Y2O3, or Er2Ti2O7, and the diffraction lines did not show the twining, 
proving the regular statistical distribution of Er3+ ions inside the pyrochlore crystal lattice. The positions of the 
diffraction lines were shifted to longer angles providing the crystal lattice parameter a = 10.1071 Å.  

 

To determine the crystallization kinetics, we used Johnson, Mehl, and Avrami model (JMA). In the JMA 
approximation, the relationship between the crystallization rate, d/d and volume fraction of crystallized 
material, at time,  can be expressed in the general form of the JMA kinetic equation: 

��
�� � � ⋅ � ⋅ �1 � � ⋅ �� ��� 1 � �����

�             (2) 

where is the Avrami parameter that depends on the nucleation and growth mechanism, k is the rate constant, 
and volume fraction of crystallized material, is also known as the relative crystallinity of the sample 
crystallized at time  (min). A representative course of relative crystallinity is shown in Figure 3a.  

 

) ) 

Figure 2 a) Linear fits of Lasocka’s equation approximating the crystallization temperature of the 
compounds. b) Diffractograms of the prepared compounds heat-treated at 1000 °C 

Figure 3 a) Variation of the relative crystallinity with heating rate for particular compounds. b) Logarithmic 
plot of the dependence of the term -ln(1-Ψ) on the heating rate for the evaluation of Avrami parameters for 

the non-isothermal crystallization kinetics approach. 

) ) 
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The positions of the curves shifted to higher temperatures with increasing heating rates. The curves’ slopes 
increased with increasing dimensionality of the nucleation process and the crystal growth [19]. For linear 
heating rates the JMA kinetic equation can be expressed by the Ozawa’s non-isothermal modification [20]: 

�� � �� !��  !�����"
�  ! # $%&

              (3) 

where the Avrami parameter , is determined from the slope of the plot of ln[-ln(1-)] vs. ln. The relative 
crystallinity, , is calculated as the ratio of the partial integration area of the crystallization peak at temperature 
ta to the total area of the crystallization peak. Figure 3b shows the corresponding data and fits allowing 
evaluation of the Avrami parameters, which were 2.9 ± 0.3 and 4.1 ± 0.2 for Y2Ti2O7 and (Er0.05Y0.95)2Ti2O7, 
respectively. The values of the Avrami parameter are characteristic of particular nucleation mechanism and 
mass transfer causing the nanocrystal growth [16,21]. Each dimension of the crystal growth or formation of 
nuclei contributes a unit to the total Avrami parameter. Therefore, the values corresponding to homogenous 
nucleation with a constant nucleation rate are greater by a unit than those corresponding to site-saturated 
nucleation. Because the real crystallization process usually combines several mechanisms, the Avrami 
parameters slightly differ from the predicted theoretical integers. The value of  calculated for Y2Ti2O7 matched 
the value of 2.8 reported for Y2Ti2O7 prepared by Pechini’s method [17]. The excellent agreement of these 
results suggested that the crystallization mechanism of Y2Ti2O7 from the amorphous “soft chemistry” 
precursors is identical and the pyrochlores crystallize in a manner of homogenous 3-D site-saturated 
nucleation. However, the introduction of Er3+ ions significantly increased the value of the Avrami parameter up 
to 4. Such a high value suggested that the crystallization of (Er0.05Y0.95)2Ti2O7 runs in a manner of homogenous 
nucleation with a constant nucleation rate. 

 

The different crystallization kinetics have a significant effect on the nanocrystalline structure of the prepared 
materials. To verify the proposed crystallization mechanism, the powders heat-treated at 1000 °C for 30 
minutes were visualized by SEM and the images are shown in Figure 4. The powder of Y2Ti2O7 was composed 
of well-grown nanocrystals with a regular shape without any preferential size orientation. Figure 4c shows that 
the nanocrystal diameter ranged from 50 to 200 nm with a mean diameter of 100 nm. Uniform and narrow 
nanocrystal size distribution is typical for sited-saturated nucleation. Nuclei are formed in the entire volume of 
the amorphous material at once in a very narrow temperature interval. The prolongated thermal treatment 
promotes the recrystallization of the material, causing the nanocrystal size distribution to broaden and grow. 
In the case of (Er0.05Y0.95)2Ti2O7, the observed variability of the nanocrystal size and shape was higher than for 
Y2Ti2O7. The nanocrystals were larger, the smaller nanocrystals filled the spaces between larger one and the 
nanocrystal diameter ranged from 25 to 325 nm with a mean frequency of 175 nm. A broad nanocrystal size 

c) 

Figure 4 SEM image of the compounds heat-treated at 1000 °C. a) Sample of Y2Ti2O7. b) Sample 
of (Er0.05Y0.95)2Ti2O7. c) Histogram summarizing the nanocrystal size distribution 
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distribution is typical for homogenous nucleation with a constant nucleation rate. The nuclei formed at the 
beginning of the crystallization process regularly grew into larger nanocrystals. Simultaneously, the nucleation 
of new, smaller nanocrystals occurs. The final materials consist of nanocrystals with broad size distribution. 

The presented Avrami parameters and nanocrystal size analyses supported the conclusion that the 
introduction of RE into the host matrix of Y2Ti2O7 changed the crystallization mechanism and the crystallization 
process of (Er0.05Y0.95)2Ti2O7 occurred in the manner of homogenous nucleation with a constant nucleation 
rate. The homogenous nucleation with constant nucleation rate can reduce the associated energy consumption 
due to the lower nucleation energy barrier [22]. However, the broad nanocrystal size distribution can increase 
the Rayleigh scattering. This phenomenon can reduce the optical quality of prepared materials and limit their 
application in photonics [23,24]. 

4. CONCLUSION 

We demonstrated a sol-gel approach to nanocrystalline Y2Ti2O7 and (Er0.05Y0.95)2Ti2O7. The crystallization 
temperatures of Y2Ti2O7 and (Er0.05Y0.95)2Ti2O7 were 792.5 ± 0.9 and 759.9 ± 0.5 °C, respectively. The Er3+ ions 
statistically substituted the Y3+ ions inside the pyrochlore structural lattice causing the increase of the crystal 
lattice parameter a up to 10.1071 Å. We used the non-isothermal crystallization kinetics approach and image 
analysis of SEM to evaluate the crystallization mechanisms. The crystallization of Y2Ti2O7 occurred in the 
manner of site-saturated nucleation. The introduction of Er3+ ions into the host lattice of Y2Ti2O7 changed the 
nucleation mechanism and (Er0.05Y0.95)2Ti2O7 crystallized in the manner of homogenous nucleation with a 
constant nucleation rate. The acquired knowledge is necessary to prepare nanocrystalline powders with 
tailored properties for high-power photonic devices.  
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Abstract 

As previously reported, arrays of Nb2O5 nanocolumns on substrates may be synthesized by anodizing Al-on-
Nb bilayers in oxalic, sulfuric, malonic, or phosphoric acids. Here, for the first time, we employed a new 
anodizing electrolyte - selenic acid (H2SeO4) due to a unique morphology of porous anodic alumina (PAA) 
formed in this electrolyte featuring extremely narrow pores and therefore, the minimal possible porosity (~3%) 
among the PAA films prepared in the usual solutions. Such a morphology may result in distinctive structural, 
physical, and chemical properties of the niobium-oxide nanoarrays complemented by the specific dielectric, 
optical, electro-optical, catalytic, and antibacterial properties in case the selenium species are incorporated 
into the column structure during the anodizing. The columns were prepared from the magnetron-sputtered 
Al/Nb bilayers by anodizing at 12 or 40 V, followed by re-anodizing to 80 or 120 V, respectively, and selective 
dissolution of the alumina overlayer. Detailed XPS characterization confirmed that selenium species is present 
in the column material. The fitting of the narrow-scan Se 3d spectra, complicated by overlapping with Nb 4s 
peaks, shows that selenium is incorporated in the form of selenate (SeO42−) and selenide (Se2−) anions, likely 
creating a core-shell structure. Quantitative analysis reveals that about 1.5-3.0 % of O2− anions in the oxide 
structure are replaced by selenate or selenide anions. Further investigation is in progress to understand the 
formation-structure-morphology relationship and explore the functional properties of the arrays.  

Keywords: Anodizing, porous anodic alumina, niobium pentoxide, selenium 

1. INTRODUCTION 

Nanostructuring is beneficial or crucial for many applications of metal oxides due to an increased surface-to-
volume ratio and a shorter distance to the surface [1,2]. One-dimensional nanostructures (nanowires, 
nanorods, or nanocolumns), anchored to the substrate, can be synthesized in various ways, including sol-gel 
synthesis and other wet-chemical methods, physical and chemical vapor deposition, and electrodeposition 
[1,3]. An alternative approach, the so-called PAA-assisted anodizing [4], may be applied to a thin film of 
aluminum deposited on a layer of another valve metal (i.e. Nb, Ta, W, Ti, Hf, or Zr). Initially, the Al layer is 
converted into porous anodic alumina (PAA) by anodizing in an acidic electrolyte, immediately followed by self-
organized growth of the underlying metal oxide locally into the barrier layer of the PAA film beneath the alumina 
pores. This results in the formation of short nanoprotrusions of the underlying metal oxide, mixed to some 
extent with alumina. Further, re-anodizing to a higher voltage may be carried out to prolong the oxide 
protrusions within the alumina pores. In this way, metal-oxide nanocolumns, upright standing on a substrate, 
attaining the morphology of the initially formed PAA layer may be created.  

Niobium pentoxide (Nb2O5) is a wide-bandgap n-type semiconductor [5]. It is a non-toxic metal oxide with 
excellent chemical stability and corrosion resistance [5], suitable for applications including photocatalysis, gas 
sensing, electrochemical energy storage, electrochromic devices, or photoanodes. The PAA-assisted 
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anodizing has been used to synthesize arrays of Nb2O5 nanocolumns of various dimensions [4], with diameters 
ranging between 30 and 150 nm, depending on the electrochemical and electrical conditions applied during 
the Al anodizing. So far, various electrolytes have been tested, including oxalic, sulfuric, malonic, or phosphoric 
acids [4]. However, anodizing in selenic acid (H2SeO4), which offers a unique morphology of PAA with 
extremely narrow pores and very low porosity of ~3% [6], may result in arrays of very thin Nb2O5 nanocolumns 
possessing specific structural, physical, or chemical properties. In addition, if selenium species are 
incorporated into the column material, altering the dielectric, optical, catalytic, or antibacterial properties may 
be achieved. 

In the present work, we have anodized and re-anodized the Al-on-Nb bilayers in selenic acid to synthesize 
arrays of Se-doped Nb2O5 nanocolumns of various morphologies. The chemical composition of the films, 
focusing on the presence of selenium species, has been examined by X-ray photoelectron spectroscopy 
(XPS). 

2. EXPERIMENTAL PART 

2.1. Sample preparation 

Thin Al-on-Nb bilayer film was used as a precursor for anodizing. It was prepared on oxidized Si wafers by 
magnetron sputtering of a 140-nm thick Nb layer followed by a 1-μm thick Al layer from the Nb (99.95%) and 
Al (99.999%) targets, respectively. Pieces of 1 cm  1 cm cut from the wafers were anodized and re-anodized 
in 1.5 M H2SeO4 aqueous solution at room temperature. The anodizing was performed galvanostatically at 0.5 
or 5 mA·cm−2, followed by a short potentiostatic hold at 12 or 40 V, respectively, to anodize Nb through the 
barrier layer. For selected samples, potentiodynamic re-anodizing was carried out at 10 V·s−1 to 80 or 120 V, 
respectively, followed by a short voltage stabilizing period. To obtain PAA-free samples, the PAA overlayer 
was selectively dissolved away in Cr2O3/H3PO4-based etchant [7]. Field emission SEM was employed to 
examine the morphology of the films. 

2.2. XPS characterization 

XPS analysis was carried out for the PAA-free films on a Kratos Axis Ultra DLD spectrometer using a 
monochromatic Al Kα source. The X-ray emission power was 150 W with a 15 kV accelerating voltage focused 
to a spot of 300 μm  700 μm. The emitted electrons were detected at fixed pass energies of 160 eV for the 
survey spectra and 20 eV for the high-resolution spectra. The Kratos charge neutralizer system was used for 
all specimens.  

The spectra were analyzed using CasaXPS. GL(30) profiles were used for all components except the metallic 
core lines of Nb 3d, for which asymmetric profiles in the form of LA(1.2,5,12) were applied. A standard Shirley 
background was used in all fitted spectra. Spectra from all samples have been charge corrected to give the 
adventitious C 1s spectral component (C−C, C−H) binding energy of 284.8 eV. The deconvolution of C 1s 
spectra was performed as described in previous works [4].  

3. RESULTS AND DISCUSSION 

3.1. Film morphology 

The PAA-assisted anodizing of Nb bilayers in selenic acid at 12 and 40 V was expected to result in arrays of 
Nb2O5 nanocolumns of two dissimilar diameters. Figures 1a,c shows the top-view and cross-fractional SEM 
images of the PAA-free 40V columns. Protrusions of presumably Nb2O5 are observed, about 70 nm long and 
20 nm in diameter. They are anchored to the Nb metal below through oxide bases and are separated from 
each other by the remainings of Al and possibly Nb metals. Increasing the voltage during the re-anodizing to 
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120 V results in the lengthening and widening of the protrusions to 260 and 30 nm, respectively (Figures 1b,d). 
The nanocolumns are still connected to metal oxide bases below them and are separated by the residues of 
the metals, evidently of a smaller amount than in the case of the anodized 40V sample. The nanocolumns 
obtained by anodizing at 12 V followed by re-anodizing to 80 V (i.e., 12+80V columns, SEM images not shown) 
are thinner and shorter than the 40+120V columns, as expected, having a diameter of 12 nm and a length of 
120 nm. However, they are not separated by metal residues. They are standing on a continuous layer of metal 
oxide residing between the columns and the unoxidized Nb on the substrate. In the following, we will focus on 
the wider, 40V and 40+120V nanocolumns. 

    

Figure 1 (a,b) Top-view and (c,d) cross-fractional SEM images of the PAA-free (a,c) 40V (anodized) and 
(b,d) 40+120V (re-anodized) nanocolumns. The scale bar is 200 nm. 

Based on the SEM observation, schematic images of the formation of the 40V and 40+120V films were 
developed (Figure 2). Major features of the Nb2O5 nanocolumns formed in this way in the selenic acid are 
their smaller diameter (compared with that of the columns formed at similar electrical conditions in oxalic acid 
[4]) and their separation from each other by the residual Al and Nb metals. These characteristics may influence 
the possible utilization of the nanocolumn arrays, in addition to the expected presence of selenium species in 
the columns, as investigated by XPS. 

3.2. Film composition 

Examination of the chemical composition and bonding states in the surface layer of the PAA-free 40V and 
40+120V films was performed by XPS. The presence of C, Nb, O, Al, Se, P, and Cr was identified in the survey 
spectra of the samples; the last two elements were present due to the PAA dissolution in the Cr2O3/H3PO4-
based etchant. Narrow-scan C 1s, Nb 3d, O 1s, Al 2p, and Se 3d spectra were collected to analyze the bonding 
states. The experimental and fitted Nb 3d, Al 2p, and Se 3d spectra are shown in Figure 3.  
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Figure 2 Schematic images of the processes for forming the 40V and 40+120V nanocolumn arrays: (a) the 
sputter-deposition of an Al/Nb bilayer onto an oxidized Si wafer, (b) the anodizing of the Al layer to form a 
PAA film, (c) the anodizing of the Nb underlayer into the barrier layer (the anodized, 40V film), (d) possible 
etching of the PAA overlayer to obtain the PAA-free 40V film, (e) the re-anodizing of Nb layer to 120 V (the 

re-anodized, 40+120V film), (f) possible etching of the PAA overlayer to obtain the PAA-free 40+120V 
sample 

 

Figure 3 Experimental and fitted XPS spectra of the surface of the PAA-free (a-c) 40V and (d-f) 40+120V 
anodic films. (a,d) Nb 3d, (b,e) Al 2p, and (c,f) Se 3d high-resolution spectra are shown. 
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The Nb 3d spectra of the two samples (Figures 3a,d) are both fitted with three doublets of appropriately 
constrained peaks (Nb 3d5/2 and 3d3/2 with fixed peak separation energy of 2.75 eV and with fixed intensity 
ratio of 3:2 [4]). The highest binding energy (BE) doublet is due to the presence of Nb5+ cations, whereas the 
lowest BE doublet is associated with metallic Nb0 [4], separating the column bases. The relative amount of the 
metallic Nb0 is much smaller in the 40+120V anodic film than in the 40V sample (12 % vs. 53 % of all Nb 
species), which is in agreement with the SEM observations (Figure 1). The third, lowest-intensity doublet, 
shifted to −1.35 eV from the Nb5+ component, is attributed to the presence of Nb4+ cations in the film [4]. The 
ratio of Nb5+:Nb4+ cations is 97:3 and 95:5 for the 40V and 40+120V films, respectively, indicating the presence 
of a substoichiometric Nb2O5 in the columns. The presence of Nb4+ cations (and lower-oxidation-state metal 
cations in general) at the surface of re-anodized PAA-assisted films seems to be a common feature [4,7]. 

The Al 2p spectra (Figures 3b,e) are fitted with two single peaks: a high-intensity peak associated with Al2O3 
and a low-intensity peak associated with metallic Al. The metallic Al and a portion of the alumina seen in the 
spectra are attributed to Al metal residues (covered with native oxide) situated around the columns and over 
the metallic Nb residues. These metallic contributions can be subtracted from both the Nb 3d and Al 2p spectra 
to obtain an approximate amount of Nb and Al present only on the column surface. For Al, also the 
corresponding native oxide was taken into account and subtracted [8]. The result is 65 and 61 at.% of Al for 
the 40V and 40+120V films, respectively (providing at.%(Al+Nb) = 100 %). Similarly larger amounts of Al in 
the outer layer of PAA-assisted oxide columns of about 75 at.% have been reported for N-doped TiO2 surfaces 
[7]. These results mean that the outmost column material is composed of mixed alumina-niobia, whereas the 
column interior is alumina-free Nb2O5 [4].  

Figures 3c,f shows the measured and fitted Se 3d spectra for the two anodic films. The spectra are noisy due 
to the low content of Se, which, in addition to overlapping with Nb 4s peaks, complicates the deconvolution of 
the Se 3d spectra. When comparing the spectra of the various samples (including the 12V and 12+80V films, 
not shown), fitting them, and verifying the peak positions with the literature [9,10], multiple components were 
well assigned: Nb 4s peak of Nb5+ cations (~60.9 eV), Nb 4s peak of Nb0 atoms (~56.4 eV), Se 3d peaks of 
selenate anions (SeO42−, Se 3d5/2 at ~58.8 eV), and Se 3d peaks of selenide anions (Se2−, Se 3d5/2 at ~54.0 
eV). For fitting the Nb 4s peaks, the area below the peaks was considered proportional to the area of the 
corresponding Nb 3d peaks and the area of the Nb0 peak was constrained as a multiple of the Nb5+ peak to 
agree with the corresponding Nb 3d spectrum. The Se 3d peaks were fitted as doublets with a constrained 
spin-orbit splitting of 0.86 eV [10] and the ratio of the Se 3d3/2 and 3d5/2 components was fixed at 0.72 [10].  

The ratio of selenate:selenide is found 39:61 and 51:49 for the 40V and 40+120V films, respectively. The 
amount of Se at the column surface was calculated using the area of the Se 3d components and after 
subtracting the metallic contributions from the Al 2p and Nb 3d spectra. 5.3 and 3.2 at.% of Se were obtained 
for the 40V and 40+120V samples, respectively (provided at.%(Al+Nb+Se) = 100 %).  

The chemical composition of the surface layer of the columns in the 40V and 40+120V anodic films can thus 
be expressed as a mixture of Al2O3 and substoichiometric Nb2O5, with some percentage of the O2− anions in 
both oxides replaced by SeO42− and Se2− anions. There are about 65 at.% of Al2O3 and 3.0 and 1.8 % of O2− 
anions replaced by selenium species in the 40V and 40+120V samples, respectively.  

Selenate anions in the columns originate from the anodizing electrolyte. They move within the growing oxide 
under the high electric field, with a slower velocity than the O2− anions, and are incorporated into the oxide 
structure, similarly to other electrolyte anions during the PAA-assisted anodizing [11]. The presence of selenide 
anions is less obvious and may be explained by the reduction of SeO42− anions at the cathode, their further 
diffusion inside the electrolyte, and incorporation into the growing anodic oxide in a similar way as in the case 
of the selenate anions. Most probably, the anions move more easily within the surface layer of the columns 
(which is mixed with alumina [4]). Therefore they form a kind of core-shell structure. The shell contains the Se 
species and alumina, while the core is free from them.  
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4. CONCLUSIONS 

The Al-on-Nb bilayers were anodized via the PAA-assisted anodizing in selenic-acid electrolyte for the first 
time. Varying the electrical conditions during the oxide growth resulted in the arrays of thinner and wider 
nanocolumns of niobium oxide, with diameters of 12 and 30 nm, respectively. XPS analysis of the wider 
columns revealed that their surface layer consists of substantial amounts of alumina (about 65 at.%) and 
substoichiometric Nb2O5. In both oxides, ~2.5 % of O2− anions are replaced by selenate and selenide anions. 
Probably, the columns grow as a core-shell structure with the shell being alumina- and Se-species-rich and 
the core being free of them. 

The presence of selenate and selenide anions in the column material may impact their functional properties, 
such as optical, catalytic, and antibacterial. Moreover, the self-formed heterojunctions may lead to even more 
advantages. Such promising properties of the anodic films prepared here may be investigated in future works.  
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Abstract 

Nowadays, 2D materials are one of the most studied classes of materials. In addition to the most famous 
graphene, progress has been achieved in studying and using fundamental properties of transition metal 
dichalcogenides (TMD). Complementary, diamond as a representative of 3D materials has gained a reputation 
as an extremely versatile material due to its extraordinary combination of physical/chemical/electrical/optical 
properties. Besides these particular forms of 2D and 3D materials, their heterostructures have become very 
attractive due to new phenomena and functions (bandgap engineering, enhanced charge transport, optical 
interaction, etc.). However, individual technological procedures are still minimally investigated and described. 
Here, we will demonstrate a proof-of-concept for the preparation of MoS2/diamond heterostructures, where 
two different strategies were employed: a) growth of MoS2 layers on diamond films, and b) growth of diamond 
films on Si/MoS2 substrates. Considering the growth conditions for MoS2 and diamond materials, 
heterostructures based on MoS2 on diamond can be prepared more easily. Regardless of the diamond film's 
morphology, the grown MoS2 layer simply copies the diamond surface and does not damage the diamond film. 
However, the heterostructure in the configuration of diamond on MoS2 is a highly challenging task. It was found 
experimentally that the combination of deposition temperature and aggressive chemical-plasma environment 
during diamond growth places high demands on the resistance and stability of MoS2 layers. 

Keywords: Transition metal dichalcogenides, diamond, heterostructures, chemical vapor deposition 

1. INTRODUCTION 

Two-dimensional (2D) materials have been one of the most extensively studied classes of materials due to 
their unusual physical properties. Besides the most known graphene, in recent years, progress has been 
achieved in exploring and using the fundamental properties of the transition metal dichalcogenides (TMD). 
Depending on the combination of transition metal (e.g. Mo, Pt, W, Ni or Ti) and chalcogen (e.g. S, Se, or Te), 
the group of TMD materials has roughly more than 60 different members which exhibit various properties [1]. 
These properties make them highly attractive for fundamental studies of novel physical phenomena as well as 
for a wide range of applications. In addition, heterostructures of two or more atomically thin materials with a 
large variety of bandgaps and electron affinities may have properties suitable for electronic and photonic 
applications [2,3]. MoS2 is recently one of the most studied TMDs composed of covalently bonded S-Mo-S 
sheets which are bound by weak van der Waals forces [4]. MoS2 is a semiconductor with an indirect bandgap 
of about 1.3 eV, however, the monolayer MoS2 is a direct gap semiconductor with a bandgap of 1.8 eV. This 
is, in particular, important for photovoltaic and photocatalytic applications due to its strong absorption in the 
solar spectral region. However, properly used fabrication methods and growth conditions are crucial aspects 
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that tailor the crystallographic structure, material quality, number of layers, and thus the properties of the TMD 
material in a wide range [5].   

Conversely, diamond as a representative of 3D materials has gained a reputation as an extremely versatile 
material due to its extraordinary combination of physical/chemical/electrical/optical properties. These 
fascinating properties make diamond an ideal material for a wide range of applications [6]. Although single-
crystal diamond is a better candidate than polycrystalline diamond films, its production and machining of single-
crystals are quite cumbersome [7]. In contrast, polycrystalline diamond thin films with desired properties 
(thickness, morphology, crystal size, etc.) can be easily deposited at low cost on a wide range of substrates 
and also over large areas.  Similar to TMD materials, the diamond properties (bulk or surface) can be 
significantly controlled by the growth conditions and post-growth processing [8,9]. 

Besides the individual forms of 2D materials and/or 3D diamond crystals, their heterostructures have also 
attracted the research community's attention due to novel phenomena and functionalities at artificial hetero-
interfaces, and the enhancement of advantageous properties that further expand the applicability fields [10]. 
For instance, a computational study of the thermal stability of the MoS2/diamond structure suggests that the 
single-layer MoS2 film on diamond can be used as a field-effect transistor or a heat-generating gate junction 
heterostructure up to the temperature of 550 K [11]. In addition, a successful horizontal or vertical growth of a 
MoS2 layer on a thick well-faceted microcrystalline diamond film has already been demonstrated by our group 
[4]. However, CVD diamond growth on TMD materials is a challenging issue due to thermal expansion 
differences, crystallographic mismatches and the aggressiveness of CVD conditions. Here, we focused on the 
preparation of MoS2/diamond heterostructures in two different configurations and highlighted the growth 
mechanism and technological obstacles. 

2. MATERIALS AND METHODS 

In this work, MoS2 was chosen as a representative TMD material. The MoS2 layers were prepared by 
sulfurization of sputtered Mo layers (4 nm thick) in a custom-designed one-zone CVD chamber (Figure 1a) at 
800  °C for 30 min. The Mo-coated substrate was placed in the center of the tube furnace along with sulfur 
powder (3 g, purity of 99,999 %). Sulfurization took place at atmospheric pressure in a constant N2 flow.  

For the diamond growth, a pulsed MW plasma CVD system with a linear antenna arrangement (Roth&Rau 
AK400) was selected (Figure 1b). This CVD system reveals a homogeneous “cold” plasma distribution at a 
low working pressure (units of Pa) over a water-cooled graphite substrate holder of 30 × 20 cm2. Two gas 
compositions of CH4:CO2:H2 with flow rates of 5:20:50 sccm and 10:40:50 sccm were tested. Apart from the 
gas composition, the deposition parameters were the same for both depositions, i.e. deposition time t = 20 
hours, working pressure p = 0.15 mbar, microwave power P = 2×1700 W (ON/OFF duty cycle = 6/3) and 
substrate holder temperature T = 400 °C. Prior to diamond growth, reference Si substrates were ultrasonically 
seeded in an aqueous suspension with detonation diamond powder (~5 nm). In the case of Si/MoS2 samples, 
only half of the sample was nucleated, while the remaining area was kept as untreated. It should be noted that 
the samples were immersed only in an aqueous solution with diamond nanoparticles (without the application 
of ultrasound) to exclude possible mechanical damage to the MoS2 layers already before the CVD process. 

The surface morphology of the fabricated samples was analyzed using a field-emission scanning electron 
microscope (SEM) operating in secondary electron mode (MAIA3, Tescan Ltd.) or FEI Quanta 250 FEG-SEM. 
Raman spectra were acquired by Renishaw InVia Reflex Raman spectrometer equipped with He-Cd laser with 
an excitation wavelength of 442 nm or by a confocal Raman microscope (Alpha 300R, WiTec, Germany) using 
a 532 nm excitation laser wavelength. 

Energy-dispersive X-ray spectra (EDX) were obtained using a dual-beam SEM combined with a high current 
focused ion beam - FEI Quanta 3D 200i equipped with EDS AMETEK (Oxford). EDX spectra were collected 
with an accelerating voltage of 10 kV, an emission current of 0.1 nA and a working distance of 10 mm. 
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Figure 1 Schematic representation of the a) one-zone sulfurization method and b) pulsed MW plasma 
CVD system with a linear antenna arrangement (Roth&Rau AK400) [4,12]. 

3. RESULTS AND DISCUSSION 

3.1. Growth and characterization of reference MoS2 and diamond films 

First, reference MoS2 and diamond films were grown on Si substrates. Figure 2 shows top-view SEM images 
and Raman spectra of MoS2 film and diamond films deposited at two different gas compositions. The 
morphology of the MoS2 film is characterized by a smooth surface with a small number of separated mounds.  

 

Figure 2 a) Top-view SEM images and b) Raman spectra of the deposited MoS2 film and diamond films 
deposited in a linear antenna PE CVD system at two different gas compositions. 
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Raman measurements confirmed the MoS2 character of the deposited film, with two dominant peaks in the 
spectrum corresponding to E12g (382 cm-1) and A11g (407 cm-1) Raman modes of MoS2. In this case, the peak-
to-peak (E12g and A11g) distance is more than 25 cm-1, indicating that the film has more than 8 monolayers [13]. 
Based on results from the polarized Raman spectroscopy (not shown here), a horizontal alignment of the MoS2 
layer was confirmed [14]. The thickness of the MoS2 film was about 18 nm, as measured by AFM.  

Diamond films grown at two different gas compositions resulted in films with different morphologies, i.e. a 
continuous nanocrystalline film and a discontinuous layer consisting of individual well-faceted block-stone 
diamond crystals. The root-mean-square (RMS) surface roughness of the films was 7 nm and 40 nm, 
respectively. For both diamond films, a distinct peak (D-peak) centered at 1 332 cm-1 confirms the sp3-bonded 
diamond character of the film. Moreover, the Raman spectrum of the continuous nanocrystalline diamond film 
also reveals the presence of a trans-polyacetylene chains (t-PA) at 1 150 cm−1 and a broad graphite band (G-
band) at 1 450−1 650 cm−1 attributed to sp2-bonded carbon. These non-diamond phases are usually localized 
at the diamond grain boundaries, which confirms the polycrystalline character of the diamond film.  

3.2. Growth of MoS2 on diamond 

Figure 3a shows the surface morphologies of diamond films coated with MoS2 layers. As found, the MoS2 
growth process does not damage the initial diamond films. The MoS2 layers just copy the primary diamond 
surface morphology (the RMS roughness trend is similar to the reference diamond films). However, it should 
be noted that this is not at all the case when the diamond surface roughness is too high (e.g. in the case of a 
microcrystalline diamond, a shadowing effect may occur) or if the diamond film has a porous nature with a 
high-aspect-ratio. Due to the diamond surface roughness (RMS values are close to or higher than the MoS2 
thickness itself), it is not possible to evaluate the thickness and/or homogeneity of the grown MoS2 film. 
Concerning the chemical structure, Raman measurements (Figure 3b) confirmed the successful conversion 
of Mo to MoS2 layers on both types of diamond films [15].  

 

Figure 3 a) Top-view SEM images and b) Raman spectra of the fabricated heterostructure in the 
configuration MoS2 on the continuous and block-stone diamond films. 

3.3. Growth of diamond on MoS2  

The fabrication of MoS2/diamond heterostructures was also carried out in the opposite way. To study the 
overall resistance of MoS2 layers to the diamond CVD process, one-half of MoS2/Si sample was nucleated, 
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and the remaining area was left untreated. Figure 4a shows an optical image of the boundary area between 
the nucleated and non-nucleated regions after the diamond growth. The nucleated region is clearly overgrown 
with a continuous nanocrystalline diamond film (as confirmed by Raman measurements) and reveals the same 
morphology as the reference diamond film, Figure 4b-nucleated vs. Figure 2a. The non-nucleated region 
reveals a damaged-like surface with locally overgrown carbon-based deposits initialized by the spontaneous 
diamond nucleation. Raman measurements (Figure 4c) confirmed that the MoS2 layer on the non-nucleated 
region survived the harsh plasma environment during the diamond growth. However, a significant broadening 
and blue-shift of the characteristic peaks was observed. The MoS2 layer under the diamond film was not clearly 
recognized by Raman measurements, although some indications of MoS2 peaks can be observed in the 
spectrum. The presence of MoS2 in both regions was also studied by energy-dispersive X-ray spectroscopy 
(EDX) (Figure 4d). Although the K-lines of sulfur overlap strongly with the L-lines of molybdenum [16], the 
intensity of the molybdenum and sulfur lines is similar in both film regions (with and without diamond film). So, 
as a next step, a detailed characterization of the MoS2 layer under the diamond film is required. 

 

Figure 4 a) Optical image of the fabricated MoS2/diamond heterostructure highlighted at the boundary of 
the nucleated and non-nucleated regions of the sample. b) Top-view SEM images, c) Raman spectra and 

d) EDX spectra of diamond films grown on nucleated and non-nucleated MoS2 regions. 
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4. CONCLUSION 

We investigated two technological concepts for the fabrication of MoS2/diamond heterostructures. In the first 
concept, the diamond films were not damaged/modified with the MoS2 growth process, and the formed MoS2 
layer well replicated the primary diamond morphology (continuous or porous). In the second concept, the MoS2 
film exposed to the diamond deposition conditions revealed some changes, as confirmed by Raman 
measurements. Some aspects of the diamond growth mechanism on the MoS2 layer are still undiscovered 
and need deeper studies. Our preliminary results confirm technological progress in the fabrication of 
MoS2/diamond heterostructures as a novel material platform attractive not only for fundamental research but 
also for industrially oriented applications.  
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Abstract  

The main purpose of this work is to explore the possibilities of preparing conducting composite containing 
graphite or graphene from anilinium/montmorillonite intercalates. The use of only a precursor (without 
polymerization) is a fundamental difference compared to earlier research devoted to the preparation of 
graphite/graphene-silicate composites from polyaniline/montmorillonite intercalates. Therefore, the 
preparation procedure tested in this study represents another way to obtain an electrically conductive material, 
the electrically conductive component of which is formed in situ. Four different concentrations of anilinium 
sulfate solution were used to prepare these intercalates (0.2M; 0.4M; 0.6M; 0.8M). Montmorillonite was added 
to these solutions, and after 7 days of intercalation, the solutions were filtered and the resulting intercalates 
were dried. From each sample, one tablet was pressed, and the electrical conductivity of these tablets was 
measured before and after their calcination in argon atmosphere at 1300 °C. Electrical conductivity of the 
calcined samples crushed to powder was also measured. For the analysis of uncalcined samples, X-ray 
diffraction analysis was used. Calcined samples were analyzed using X-ray diffraction analysis and Raman 
spectroscopy. These analyses in combination with electrical conductivity measurements revealed that 
conducting composite can be prepared using the method described above. 

Keywords: Graphite, montmorillonite, anilinium sulfate, electrical conductivity, calcination  

1. INTRODUCTION 

Composites containing graphite or graphene as conductive component are of interest to researchers mainly 
because of their high electrical conductivity [1,2]. The most common method of preparation is the use of ready-
made graphite or graphene, which are commercially available, and their application to the selected matrix 
[1- 4]. However, graphite or graphene can also be prepared in situ, from a suitable precursor. The starting 
material in these cases can be, for example, SiC [5]. Phyllosilicate matrices intercalated with organic 
substances can also be used for this purpose [6,7]. Calcination of intercalates produces graphite or graphene 
in the resulting composite. In this work, the clay mineral montmorillonite (MMT) was used as a matrix. This 
most conventional layered silicate has a great ability to expand and accept other molecules into the interlayers 
to form an intercalate. The aim of this work was to use a simple organic molecule for the preparation of 
electrically conductive composite. Inspiration was taken from the article by Čapková et al. [7] in which the 
graphene was prepared from the polyaniline/MMT intercalate. The same precursor, aniline, was used in this 
work. However, it was only intercalated into the interlayers of MMT, the polymerization step was omitted here, 
and the preparation was thus generally easier. Taking into account that one of the reasons for the successful 
transformation of polyaniline into graphite and graphene was stated to be the arrangement of polyaniline chains 
on the surface of MMT, we were interested in the behavior of a similar intercalate in which anilinium 
polymerization was not performed.  
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2. MATERIALS AND METHODS 

2.1. Materials and preparation of the samples 

Na-montmorillonite (MMT) was purchased from Ankerpoort NV, The Netherlands. Basal spacing of the MMT 
is ~ 1.193 nm and the crystallochemical formula (M0,5)(Al, Mg)2(Si)4O10(OH)2 with a layer charge ~ 0.7 el. per 
unit cell. Aniline and sulfuric acid were used as received from Lach-Ner, Czech Republic. By addition of aniline 
to an aqueous sulfuric acid solution, solutions of anilinium sulfate were prepared. For the preparation of 
different concentrations of samples, different amounts of aniline were used. Then MMT was added to each 
sample and the suspensions were allowed to intercalate for 7 days. The final products were collected on filters 
by washing them with distilled water. Filter cakes were dried for 24 h at 40 °C. The prepared samples were 
denoted as 0.2An_MMT, 0.4An_MMT, 0.6An_MMT and 0.8An_MMT. To press the samples into square-
shaped tablets, a table hydraulic press was used without using any binders or lubricants. The pressed tablets 
were calcined in a high-temperature tube resistance furnace (CLASIC CZ, spol. s.r.o., Czech Republic) 
equipped with a Pt-13% Rh/Pt thermocouple. In a tube, an inert atmosphere (>99.9999% Ar) was maintained 
under a constant overpressure of 1.06⋅105 Pa. The process included controlled heating and cooling within a 
temperature range of 25-1300 °C at a rate of 5 °C min-1. The tablets were exposed to the target temperature 
of 1300 °C for 1 h. The Ar atmosphere was replaced four times during the process: at 900 °C, at 1100 °C, at 
the beginning and at the end of the 1 h interval at 1300 °C. The rate of each replacement was 5 dm3⋅min-1, 
and each replacement took 5 min. The internal volume of the tube was 2.26 dm3.  

2.2. Characterization methods 

XRD analysis was performed on a Miniflex600 powder diffractometer (Rigaku, JP) with a DTex/Ultra 1D 
detector. The samples were measured in reflex mode, ranged from 5 to 80° 2Theta, with a step of 0.02° and 
a step time of 5° min-1. During the measurement, a Co tube was used. Before measurement, the samples were 
ground to a fine powder. The Raman spectra were measured on the DXR SmartRaman dispersive Raman 
spectrometer (ThermoScientific, USA) with a CCD detector using a 180-degree measurement technique. The 
wavelength of the excitation laser was 780 nm, the grating was 400 lines mm-1, the aperture 50 μm, the 
exposure time 1 s, and the number of exposures 250. An empty sample compartment was used for background 
measurement. The spectra were corrected for fluorescence (by a polynomial function of the 6th order).  

2.3. Conductivity measurements 

For DC conductivity measurement, we constructed a special measuring apparatus using DC POWER SUPPLY 
HY 3003 D-2, programmable DC POWER SUPPLY BK PRECISION 9120, pA-meter KEITHLEY 6487. The 
DC conductivity of the uncalcined tablets has been measured in two perpendicular directions, in the tablet 
plane (σ↔; Figure 1) and in an orthogonal direction to the tablet plane (σ↓; Figure 1). Flat Cu electrodes were 
used for the measurements. The tablets of samples 0,2An_MMT and 0,4An_MMT after calcination were 
broken. Therefore, to measure the DC conductivity, these samples were first crushed into fine powder. In this 
case, the conductivity was denoted as 
σpow. The samples were then measured 
on a special measuring apparatus 
intended to measure powder samples. 
To estimate the effect that this crushing 
had on electrical conductivity, the 
electrical conductivity of samples 
0.6An_MMT and 0.8An_MMT was 
measured first in tablets and then in 
crushed powder. 

Figure 1 Directions of conductivities measured 



October 19 - 21, 2022 Brno, Czech Republic, EU 

 

 

30 

3. RESULTS AND DISCUSSION 

The profile of the (001) basal diffraction line of pure MMT and 0.2An_MMT XRD is shown in Figure 2. The 
shape of (001) diffraction line registered for pure MMT is of a diffuse character with a nonsharp maximum, 
which proves the disorder of the MMT particles. The intercalation of anilinium to interlayers of MMT caused 
the arrangement of MMT particles, which was manifested by a narrowing of the peak and an increase in its 
intensity. In all uncalcined samples, the presence of a peak at around 8.4° 2Theta proving intercalation in the 
MMT interlayers (Figure 3). However, in the XRD pattern of 0.8An_MMT (Figure 3d), additionally an intensive 
peak at around 6.5° 2Theta appears. This peak belongs to pure anilinium sulfate, which is confirmed by the 
XRD pattern of 0.8An_sulfate (Figure 3e). The comparison of these two patterns shows that the anilinium is 
located not only in the MMT interlayer space, but also on the surface of the MMT particles.  

 
 

Figure 2 XRD patterns of pure MMT (black)  
and 0.2An_MMT (red) 

Figure 3 XRD patterns of uncalcined samples;  
a) 0.2An_MMT, b) 0.4An_MMT, c) 0.6An_MMT,  

d) 0.8An_MMT, e) 0.8An_sulfate 

In the case of calcined samples (Figure 4), the diffraction line (001) is missing due to dehydroxylation of the 
MMT structure. Furthermore, the calcination of the intercalates led to the formation of cristobalite (PDF card 
No. 01-076-0941), mullite (PDF card No. 01-079-1457) and graphite (PDF card No. 03-065-6212).  

 

Figure 4 XRD patterns of calcined samples; a*) 0.2An_MMT, b*) 0.4An_MMT, c*) 0.6An_MMT,  
d*) 0.8An_MMT. 1 … cristobalite, 2 … mullite, 3 … graphite 
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Raman spectra of the calcined samples are shown in Figure 5. The graphitic band confirming the orderliness 
of the carbon structure (∼1590 cm−1) and the disorder band (shows defects in the samples; ∼1315 cm−1) appear 
in all spectra. The fact that disorder bands are more intensive than graphitic bands show the predominance of 
defects in the carbon structure [7-9]. In the spectra of sample 0.8An_MMT the peak of the band around 1600 
cm-1 is divided to 1606 and 1579 cm-1. The peak of 1606 cm-1 can prove the presence of aromatic rings bonded 
to nitrogen [10]. Also, a strong band at 2613 cm-1 can be observed in the spectra of 0.8An_MMT. This band is 
attributed to the 2D overtone of graphite [11]. The highest intensity of this band can be seen in spectrum of the 
0.8An_MMT originally containing anilinium not only in the MMT interlayer space.  

 

Figure 5 Raman spectra of calcined samples; a) 0.2An_MMT, b) 0.4An_MMT, c) 0.6An_MMT,  
d) 0.8An_MMT 

The conductivities measured for the uncalcined samples (Table 1) showed very low values. This result was 
expected because in these samples, there is no ingredient that could provide electrical conductivity. Electrical 
conductivities of calcined samples are also listed in the Table 1. For these samples, a huge effect of calcination 
on conductivity can be seen. When comparing the electrical conductivities of samples measured in powder 
form and in tablet form, significantly higher σpow value can be observed for the 0.8An_MMT sample. This 
electrical conductivity is about twenty times higher in comparison with conductivity measurements of the 
0.8An_MMT sample in tablet form. By pressing into tablets, the MMT particles were arranged in such a way 
that they had the function of an insulator [7]. Since the arrangement was disrupted when the sample was 
crushed, the flow of electric current was less restricted. This crushing together with the highest amount of 
anilinium and its location not only in the MMT interlayer space led to the highest electrical conductivity obtained 
for the 0.8An_MMT sample.   

Table 1 Electrical conductivities of uncalcined and calcined samples 

Sample 
uncalcined calcined 

σ↓ (S·m-1) σ↔ (S·m-1) σpow (S·m-1) σ↓ (S·m-1) σ↔ (S·m-1) 

0.2An_MMT 4.009·10-7 1.018·10-4 2.574 
 

0.4An_MMT 1.632·10-7 3.145·10-5 11.652 

0.6An_MMT 1.304·10-7 2.601·10-5 5.651 0.071 12.424 

0.8An_MMT 9.159·10-8 1.839·10-5 53.210 0.069 2.642 
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4. CONCLUSION  

In this work, an effort was made to synthesize conducting composite from An_MMT intercalate. Samples with 
four different concentrations of anilinium sulfate were prepared. Subsequently, the samples were calcined at 
1300 °C. The XRD analysis of uncalcined samples revealed the anilinium intercalated into the MMT interlayers 
in all samples. In the case of the highest concentration (sample 0.8An_MMT), the anilinium was found also 
outside the MMT interlayer space. Raman spectroscopy and XRD analysis of calcined samples proved the 
presence of graphite. The formation of graphite was also confirmed by electrical conductivity, which in calcined 
samples was several orders of magnitude higher than in uncalcined samples. The highest conductivity 
correlates with the largest amount of anilinium and its presence outside the MMT interlayer. The graphite thus 
formed is probably located on the surface of the silicate grains, as was observed earlier [12], whereby 
contributes to the conductivity achieved. The question of the presence of graphene in the MMT interlayer and 
the number of layers of graphite formed will be the subject of further study. The present results confirm that 
the electrically conductive composite can be prepared from the intercalate without the need to polymerize the 
anilinium. 
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Abstract  

Cerium oxide nanoparticles (nanoceria) are currently one of the most investigated nanomaterials because of 
their attractive properties used in biomedical applications, catalysis, fuel cells, and many others. These 
attractive properties are connected with the Ce3+ and Ce4+ valency state ratio. In the nanoparticle form, cerium 
oxides contain a mixture of Ce3+ and Ce4+ on the nanoparticle surfaces. Switching between these two states 
requires oxygen vacancies. Therefore, nanoceria's inherent ability to act as an antioxidant in an 
environmentally-dependent manner and a “redox switch” to confer auto-regenerating capabilities by 
automatically shifting between Ce4+ and Ce3+ oxidation states is significantly affected by surface morphology. 
Regarding this demanded behavior, we aimed to characterize synthesized nanoparticle surface quality and its 
influence on the cerium oxidation states. The received results were used to evaluate the synthesis method's 
suitability for suggested utilization.  

We used nanoparticles prepared by electron beam evaporation. This unique physical method includes 
nanoparticle creation through the fast cooling process followed by breaking radiation damaging nanoparticle 
surfaces to create surface off-stoichiometry. We prepared a sample containing clusters of a mixture of ultra-
small nanoparticles and approximately 100 nm particles. X-ray diffraction confirmed the CeO2 phase in both 
components. To extract the finest component, we used centrifugal size fractionation. We received 200 nm 
clusters of 2-10 nm nanoparticles. Nanoparticle shapes and facet types were analyzed using transmission 
electron microscopy methods. We found out most nanoparticles were formed with truncated octahedrons 
containing {1,1,1} and {1,0,0} facet types and truncated cuboctahedrons containing {1,1,1}, {1,0,0}, and 
additional {1,1,0} facets. No octahedron (without truncation) containing only {1,1,1} facets was observed. 
Nanoparticle shapes containing {1,1,0} and {1,0,0} are suitable for redox activity. Some amount of irregular 
shapes, beneficial for redox activity, was also observed. Spectroscopy methods confirmed Ce3+ content. 

Keywords: Nanoceria, Ce3+ and Ce4+, electron beam evaporation, facet types, HRTEM 

1. INTRODUCTION   

Cerium in compounds exists in two valency states, Ce3+ (Ce2O3) and Ce4+ (CeO2). These valency types are 
associated with different properties usable for catalysis and biomedical applications, especially for 
radioprotection of healthy tissues during radiation therapy (Ce4+) or for supporting radio-oncological treatment 
toxic effect (Ce3+). The formation of oxygen vacancies on the CeO2 surfaces leads to the reduction of the Ce4+ 
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ions to Ce3+ and vice versa. Such oxygen off-stoichiometry correlates with the redox activity of cerium oxide 
nanoparticles [1-3].  

Cerium oxides formed with the CeO2 fluorite lattice (Figure 1a) contain Ce4+. In the nanoparticle form, CeO2 
contain also Ce3+ ions on the surfaces. With a nanoparticle size decrease, the number of surface oxygen 
vacancies and Ce3+ increases [4,5]. Therefore, the Ce3+/Ce4+ ratio depends on the nanoparticle size. 
Concurrently, nanoparticle shapes determined with surface facet types can also contribute to this surface 
effect. Pérez-Bailac et al. [6] demonstrated {1,1,0} facets are the most beneficial. The stable nanoparticle 
shapes are formed with the surface facets of the lowest surface energy. The lowest surface energies for the 
CeO2 phase were found for {1,1,1} and {1,0,0} facets depending on the terminal atomic layer. Table 1 
containing the calculated surface energy values shows favorable O-terminated facets in both cases [7]. 
Considering these values, octahedrons are preferred (Figure 1b). This shape is formed with only {1,1,1} facet 
types, unsuitable for vacancy creation. The second lowest energy was found for {1,0,0}. Therefore, the shapes 
formed with {1,1,1} and {1,0,0} are assumed to be the second most favorable nanoparticle forms (Figure 1c). 

The consideration of the stable morphology, especially nanoparticle shapes and their surface crystallography, 
is required for redox efficiency and its time stability assessment. For this reason, we analyzed a sample 
prepared using electron beam evaporation and aged for two years. The high-resolution transmission electron 
microscopy (HRTEM) analyses, X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and 
Electron energy-loss spectroscopy (EELS) were employed for morphological, phase, and oxidation state 
analyses. TEM samples were purified with centrifugal size fractionation to decrease nanoparticle clusters, 
receive better nanoparticle distribution, and make more facets visible. 

Table 1 Surface energies for {1,1,1} and {1,0,0} according to the terminal atomic layer [7] 

facet Ce O facet Ce O 

{1,1,1} 0.823 eVÅ-2 0.084 eVÅ-2 {1,0,0} 0.777 eVÅ-2 0.455 eVÅ-2 

 
Figure 1 a) CeO2 lattice, b) octahedron, the most typical CeO2 nanoparticle morphology containing only 

{1,1,1} facet types, c) cuboctahedron containing {1,1,1} and {1,0,0} facet types 

2. EXPERIMENTAL  

2.1. Synthesis - Electron Beam Evaporation 

The sample was produced through the evaporation of a solid target (CeO2 micropowder) by a pulsed electron 
beam in a H2 atmosphere using a NANOBEAM 2 device. This method, including the setup for CeO2 synthesis, 
was published previously [8].  

2.2. Centrifugal Size Fractionation 

The sample of nanoparticles (25 mg) was dispersed in a mixture of sodium oleate (1 g), oleylamine (1 g), and 
octadec-1-ene (5 g). The mixture was supplemented with 5 mL of methanol and slowly heated to 300 °C under 
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a protective N2 atmosphere (methanol was evaporated at a lower temperature). The temperature of 300 °C 
was kept for 5 min. After cooling to laboratory temperature (~25 °C), the nanoparticles were precipitated by 
adding 10 mL of propanol and centrifuged (1500 g, 5 min). The pellet was dispersed in 5 mL of methanol and 
shortly sonicated in an ultrasonic bath (~20 s). After centrifugation (1500 g, 5 min), the pellet was dispersed in 
cyclohexane (1 mL) and shortly sonicated (~20 s). The cyclohexane dispersion was centrifuged (1500 g,  
5 min), and the supernatant containing the CeO2 nanoparticles was applied on a TEM grid.  

2.3. Chemicals 

Centrifugal size fractionation: Methyl alcohol (p.a.), isopropyl alcohol (p.a.), and cyclohexane (p.a.) were from 
Ing. Petr Švec - PENTA s.r.o. (www.pentachemicals.eu). Sodium oleate (82 %), oleylamine (70 %, technical 
grade), octadec-1-ene (90 %, technical grade) were from Sigma-Aldrich (www.sigmaaldrich.com). 

2.4. Characterization Methods 

A Titan Themis 60-300 cubed transmission electron microscope was used for morphological analyses. The 
micrographs were processed with the TIA (ThermoFisher), the DigitalMicrograph, and the JEMS (by P. 
Stadelmann) softwares. An Empyrean diffractometer (PanAnalytical) with Co Kα1,2 was used for X-ray powder 
diffraction study. Electron energy-loss spectra were taken with a Gatan GIF with resolution of 0.9 eV. The X-
ray photoelectron spectroscopy (XPS) (Kratos AXIS Supra) was carried out with a monochromatic Al Kα 
(1486.7 eV) excitation source to determine the chemical composition and bonding environment of the sample. 
The CrystalMaker software was used for crystal structure and nanoparticle shape simulations (drawing, plots).  

3. RESULTS AND DISCUSSION 

3.1. XRD 

The synthesized sample was analyzed using X-ray diffraction (Figure 2) confirming only the CeO2 phase. The 
sample contained two morphological components. The first one contained  5 nm CeO2 nanoparticles 
(approximately 87 %, blue), the second one contained  150 nm crystallites (green). 

 

Figure 2 XRD patterns confirmed the CeO2 phase and a high content of the nanocrystalline component 
(blue) 

3.2. TEM  

We purified the finest morphological component with centrifugal size fractionation to prepare TEM samples. 
We received approximately 100 nm nanoparticle clusters revealing individual nanoparticles at the cluster 
edges. TEM analysis revealed approximately 5 nm nanoparticles. We took 200 micrographs of 84 unduplicated 
nanoparticles at suitable orientations for facet type evaluation. The phase analyses using a Fast Fourier 
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transform pattern evaluation confirmed the CeO2 phase. We observed octahedron shapes (Figure 3a) in most 
cases (approximately 80 %). All of these octahedrons were truncated, so {1,0,0} facet types were observed in 
all nanoparticles. Truncated cuboctahedrons typically contained additional (1,1,0) facets (Figure 3b). Some 
amounts of irregular nanoparticles were also observed (Figure 3c). 

 

Figure 3 a) HRTEM image shows 5 nm truncated octahedron CeO2 nanoparticle in crystallographic direction 
Z= [1,0,1]; b) truncated cuboctahedron in the direction Z= [1,1,2] containing additional {1,1,0} facet types, 

and c) irregular nanoparticle in the direction Z = [1,1,4]. Evaluated Fast Fourier transform patterns and 
Inverse filtered Fast Fourier patterns are included in the corresponding images 

3.3. XPS 

The XPS measurement proved the sample purity. Only the Ce and O were detected (Figure 4a). The visible 
peaks at the binding energies of 882.19 eV and 916.54 eV corresponded to Ce4+ 3d5/2 and the 2nd satellite of 
Ce4+ d3/2, respectively (Figure 4b). These energies indicated the CeO2 phase content [9,10]. The identification 
of the Ce3+ 3d5/2 and Ce3+ d3/2 peaks was unclear. However, satellites at the energies of 884.26 eV and 902.69 
eV confirmed the presence of Ce3+. The O 1s spectra in more detail are visible in Figure 4c. These results 
suggested Ce4+ in majority compare to the Ce3+ compounds. 

 

Figure 4 a) XPS wide spectra; b) Ce 3d; c) O1s spectra 
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3.4. EELS 

EELS measurements were conducted in STEM mode and at an energy resolution of 0.9 eV. Data were taken 
from the thin areas of nanoparticle clusters near the surface. According to data received previously [11], we 
detected both oxidation states (Figure 5). The Ce3+ oxidation state was found as often as Ce4+ in the randomly 
chosen sites for analysis. These results indicate approximately equal representation of both states, contrary 
to XPS measurement results. This difference is intelligible because XPS measurements were conducted on 
the full sample surfaces, including large particles, in contrast to EELS data taken from the smallest 
nanoparticles at the cluster edge.  

 

Figure 5 EELS measurements detect two oxidation states of cerium (Ce3+ and Ce4+) 

4. CONCLUSION 

This work confirmed the possible long-period redox activity of the samples prepared using electron beam 
evaporation. The results proved that nanoparticles formed with truncated shapes can be active in the redox 
processes for a long time. Nanoparticles maintained their morphology even after thermal treatment in the 
purification process. The phase analyses of many nanoparticles using FFT pattern evaluation confirmed only 
the CeO2 phase. Therefore, the Ce3+ state is assumed to be in the nanoparticle surface layer formed with the 
off-stoichiometry CeO2-x phase. The sample aging did not cause CeO2 - Ce2O3 phase transformation even in 
the ultra-small nanoparticles. 
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Abstract  

We theoretically investigate the effects of the surrounding media and sizes on the optical absorbance of a 
periodic square array of GaAs nanowires (NWs) as a candidate of photovoltaic solar cells. The filling media 
considered are: PMMA, Polycarbonate, Polystyrene and PVP, commonly used in the science and technology 
of semiconductors. The sizes considered are the NWs length and radius and the pitch array. The simulated 
system consists of a top layer of ITO, the active layer of GaAs NWs surrounded by an embedding medium and 
a substrate layer of Si. The system absorbance is modelled though the transfer matrix method; while the GaAs 
NWs with the embedding medium is considered as an effective medium modelled by Maxwell-Garnett theory. 
For s- and p-polarization, we find that the embedding medium effects on the absorbance spectra are scarcely 
perceptible compared with the size effects. Indeed, for longer and wider NWs and smaller pitches array, the 
absorbance values are greater around 600-1100 nm. These results are in good agreement with those reported 
in the literature by experiments and other sophisticated simulations in III-V semiconductor NWs. 

Keywords: Absorption spectra, GaAs NWs array, Solar cells, Transfer matrix method, Maxwell-Garnett 
theory 

1. INTRODUCTION  

Nowadays, the research on gallium arsenide (GaAs) nanowires (NWs) is gaining an increasing interest due to 
their relevant applications in different fields, specifically in photovoltaics solar cells [1]. Indeed, the NWs 
material has exciting absorption characteristics because of their geometry [2], giving them exceptional light 
interaction features, not found in a bulk material, as consequence of their large aspect ratio. Increasing the 
absorption of light in GaAs NWs based solar cells is crucial to enhance the overall efficiency and reducing 
cost. Two main aspects to investigate in order to improve the light absorption in GaAs NWs can be the 
embedding medium of NWs and their sizes (NWs length and radius and pitch array).  

Floris et al. [2] investigated the optical reflectance of InAs NWs for different filling media. In addition, several 
authors investigated experimentally and theoretically the sizes dependence on the optical spectra in 
semiconductor NWs array based solar cells [3,4]. These authors used finite difference time domain (FDTD) 
method, which takes a long time of calculation. However, we recently investigated the geometrical parameters 
dependence on the optical reflectance of GaAs NWs array simulated by means of the transfer matrix formalism 
and effective medium theory, where the computing time of calculation is less than that of FDTD method [5]. In 
that work, we only simulated the optical reflectance and we neglected the substrate and top layer effects on 
the reflectance. 

Therefore, we extend the previous work in order to investigate the embedding medium and sizes effects on 
the absorbance of a GaAs NWs array based photovoltaic solar cells to gain insight about the system efficiency. 



October 19 - 21, 2022 Brno, Czech Republic, EU 

 

 

40 

We also included the effect of the top layer and substrate. A better absorption entails a higher efficiency. We 
use the transfer matrix formalism to simulate the optical absorbance. To evaluate the dielectric function of the 
continuum medium (GaAs NWs+embedding material), we use the Maxwell-Garnett (M-G) theory [6]. 

2. INVESTIGATED SYSTEM AND THEORETICAL MODEL 

Figure 1 depicts the scheme of the investigated system constituted by (1) a semi-infinite air space; (2) a layer 
of indium tin oxide (ITO), transparent in the VIS range and extensively used in solar cells technology, with 
dielectric function (2) [7] and thickness d2 = 100 nm; (3) the active layer based on effective medium of GaAs 
NWs embedded in insulator material, with thickness d3 = h (NWs length) and dielectric function described later; 
(4) a layer of silicon (Si) as substrate, with dielectric constant 4 = 17.749 + 0.50381 i (value at 517 nm) [8] and 
thickness d4 = 2000 nm and (5) a semi-infinite air space. The light is impinging from the air and is going out to 
the air, then 1 = 5 = 1. The election of the above thicknesses is taken with the objective of a better light 
trapping in the array and a better confinement of the GaAs NWs. 

            
Figure 1 Scheme of the investigated system with the different layers (Figure 1a). Figure 1b is the zoom of 

the active layer (GaAs NWs+embedding medium). The black points represent the NWs array. 

As embedding media, we chose PMMA, Polycarbonate, Polystyrene and PVP. Their dielectric function 
dependences on the wavelength are taken from ref. [8]. The array is characterized by cylinder radii ranging 
between R = 15 nm to 45 nm, length h = 500 nm and 1000 nm and pitch array a = 100 nm, 200 nm and 300 
nm. These geometrical values yield filling factor (f = (R/a)2) belonging to the range between 0.018 to 0.196. 
The dielectric functions of the effective medium (GaAs embedded in insulator material) are characterized by 
3║ () and 3┴ (), being the effective dielectric functions in the directions parallel and perpendicular to the 
axis of cylindrical NWs, respectively. We use the M-G model under the assumption of a small inclusion density 
[6,9]; therefore 

3║() = f NW () + (1 - f) e             (1) 

where f is the filling factor, e is the embedding material dielectric function and NW () is the GaAs NWs 
dielectric function that we will describe later. On the other hand, 3┴ () is written as [9] 

3┴ () = e [(NW ((1 + f)e (1 - f))/(NW () (1 - f) + e (1 + f))]        (2) 
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To describe NW (), we use the formalism of Webb [10], where the exciton confinement energy is considered 
as a resonance. All parameters are extensively defined in ref. [10]. This formalism is appropriate for low-
dimensional systems such as our NWs array. 

With the knowledge of the dielectric permittivity of each layer, we use the transfer matrix method for our system 
constituted by five layers with four interfaces, similarly reported in ref. [11]. Then, the reflectance is  
R(s,p) = |r(s,p)|2, where the superscripts s, p refer to s- and p- polarization, respectively; while the transmittance 
is T(s,p) = |t(s,p)|2, being r(s,p) and t(s,p) the reflection and transmission coefficients, defined in ref. [11]. The 
absorbance of the stacked layer is defined as A(s,p) = 1 - R(s,p) - T(s,p). We implement the numerical simulations 
over the wavelength range 300 nm to 1100 nm, which cover the relevant parts of solar spectrum. 

3. RESULTS AND DISCUSSION 

To clarify the presentation of our results, we divide the discussion in two subsections, accounting for the effects 
of embedding material and the geometrical parameter sizes on the absorbance of GaAs NWs for s- and p-
polarized light. 

3.1. Embedding material effects on the absorbance of GaAs NWs 

We show in Figure 2a the absorbance for the four investigated embedding media with fixed geometrical 
parameters (R = 25 nm, a = 200 nm and h = 500 nm) for s-polarized light at normal incidence. Figure 2b 
represents the comparison between s- and p-polarization at normal incidence when the insulator material is 
PMMA, as an example. 

                                                
Figure 2 Absorbance for s-polarization of GaAs NWs surrounded by PMMA, Polycarbonate, Polystyrene and 
PVP at normal incidence (a). Absorbance for s- and p-polarization of GaAs NWs embedded in PMMA. In this 

figure, left and right axis are sligthly displaced to show both spectra (b). 
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We obtain an oscillatory behavior of the absorbance with the wavelength for all investigated embedding media 
for s- and p-polarization. This oscillatory behavior is typical in periodical systems [12] as a consequence of the 
interference effects; i.e., as light impinges on the NWs, photons can interact with NWs and undergo multiple 
scattering, yielding interference effects due to relative phase difference between reflected waves. The 
absorbance spectra for s- and p-polatization at normal incidence are identical. Figure 2b depicts the 
absorbance for both polarizations at normal incidence when the insulator material is PMMA, as an example. 
We previously obtained identical reflectance values for s- and p-polarization in GaAs NWs at normal incidence 
[5]. Sikdar et al. [11] also obtained reflectance spectra with identical reflection for both s- and p-polarized light 
at normal incidence for nanoparticles layers. On the other hand, the embedding medium effect in the 
absorbance is more significant in the range 600-800 nm, where there is a slight absorbance difference. The 
similar refractive indexes of the investigated polymers, appear to be the origin of the small embedding effect 
found in the absorption spectra of GaAs NWs. For the next section, we chose PMMA as filling medium in GaAs 
NWs to investigate the size effects. 

3.2. Size effects on the absorbance of GaAs NWs 

Figure 3 depicts the absorbance dependence on NWs length for s- and p-polarization at normal incidence 
with fixed R = 25 nm and a = 200 nm. The values of investigated length are h = 500 nm and 1000 nm. 

 
Figure 3 Absorbance for s-polarization (a) and p-polarization (b) of GaAs NWs embedded by PMMA with 

fixed R, a and f. The code of colors is the same for figures (a) and (b). 

For both polarizations and lengths, we obtain again oscillatory behavior of the absorbance, typical of periodical 
systems. The absorbance is greater for h = 1000 nm in the range 300 nm to 500 nm. As the length changes, 
there is a difference in the phase factor; then, the absorbance values clearly depend on this geometrical 
parameter. Several authors showed experimentally and theoretically that the optical absorbance is greater for 
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longer III-V semiconductor NWs [13]. Then, longer NWs benefit the light trapping in the array and 
consequently, the optical absorbance increases yielding a plausible gain efficiency in GaAs NWs photovoltaic 
solar cells. 

We show in Figure 4 the absorbance dependence on NWs radius for s- and p-polarization at normal incidence 
with fixed a = 200 nm and h = 500 nm. The investigated radii are R = 15 nm, 25 nm, 35 nm and 45 nm. 

 
Figure 4 Absorbance for s-polarization (a) and p-polarization (b) of GaAs NWs embedded by PMMA with 

fixed a and h. The code of colors is the same for figures (a) and (b). 

For increasing radius, our simulations show that the absorbance is slightly greater in the range 600 nm to 1100 
nm. Ali et al. [14] theoretically showed that the absorption is greater for wider GaAs/GaSb NWs, in good 
agreement with our results. On the other hand, we obtain a red-shift of the absorbance modulations with 
increasing radius. Dhindsa et al. [3] previously reported this phenomenon for experimental and simulated 
reflectance by FDTD method in GaAs NWs array. 

Although it is not shown here, for smaller pitch array, our simulations show greater absorbance values in the 
range 600 nm to 1100 nm, in good agreement with that reported by Dhindsa et al. [3] in GaAs NWs. A smaller 
pitch array entails a greater number of absorbance centers (greater filling factor), then the absorbance values 
should be greater.  

4. CONCLUSION 

We have calculated the embedding material and sizes effects on the optical absorbance of GaAs NWs array 
based photovoltaic solar cells. We simulated the absorbance spectra using the transfer matrix formalism and 
Maxwell-Garnett model. An oscillatory behavior of the absorbance for s- and p-polarized light, independently 
of the embedding medium and sizes, is found. We investigated as embedding media PMMA, Polycarbonate, 
Polystyrene and PVP, commonly used in the science and technology of semiconductors. We have found that 
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for both polarizations, the embedding medium effects on the absorbance are scarcely perceptible compared 
with the sizes effects. Indeed, for longer and wider NWs and smaller pitches array, the absorbance values are 
greater in the range 600-1100 nm. These numerical results are in good agreement with those reported in the 
literature by experiments and sophisticated FDTD simulations in III-V semiconductor NWs. 
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Abstract 

In this article, we present the design and preparation of a platform for a gas sensor application based on the 
ink print of silver nanoparticles on flexible substrates. The Inkjet printing allows localized deposition of ink at 
low temperatures on a large area and can be used for the deposition of both conductive and dielectric 
materials. The printed platform consists of four interdigital electrodes (IDE), and connector pads printed with 
silver ink and sintered with an intense pulse light (IPL). The dielectric ink printed around the IDE structures 
protects the connection pathways and defines the sensing area. The multilayer structure was printed on 
polyethylene terephthalate (PET) and polyimide (PI) substrates. Before printing, the plasma treatment of the 
surface of the polyimide is necessary. Three combinations of electrodes with various widths were designed 
and the structures were printed with three various resolutions to verify the printability on the used combination 
of substrate and ink. Bending tests, that show the flexibility of printed structures, were performed as well.  

Keywords: Inkjet, gas sensor array, PET, Polyimide, IPL 

1. INTRODUCTION 

Printing technology has been increasingly popular in recent years. Due to its low manufacturing costs, printing 
technologies such as screen printing [1,2], micro-contact printing [3,4], and inkjet printing [5] have become 
increasingly popular. Inkjet printing has sparked the most interest among the techniques mentioned because 
the components produced using this technology have undeniable advantages over conventional ones in terms 
of the ease of production, on a wide range of substrates, the contactless deposition of the resulting motive 
without the use of a mask, low-temperature processing without the use of vacuum, and low cost. All-polymer 
transistors [5,6] polymer light emitting diode (PLED) [7,8], nanoparticle Micro Electro Mechanical Systems [9], 
and polymer capacitors [10] have all been made with inkjet printing. 

Inkjet printing technology has grown in popularity as a technique for producing electronic components in a 
variety of academic and industrial fields during the last decade. The use of a drop-on-demand or on-demand 
material deposition technology is a key advantage for inkjet printing and allows the fully additive processing of 
electronic materials. Inkjet eliminates the requirement for a cleanroom, toxic chemical waste, and expensive 
photolithographic masks when compared to traditional electronic production processes [11]. 

In this work, we report the preparation of an inkjet printed sensor array on flexible substrates. We discuss the 
results obtained for printing with various resolutions, the conductivity of the printed paths according to the 
annealing method, and the results of a cyclic bend test to analyze the reliability of the printed structures. 
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2. MATERIALS AND METHODS 

2.1. Sensor array design 

The prepared platform was designed for the purpose of multiple sensor testing. It was printed with material 
inkjet printer Fujifilm Dimatix 2831 and cartridge DMC-11610 (16 nozzles, 10 pl drop volume) and the design 
of the platform was prepared with the CleWin5 layout editor (Wieweb software, Netherland). The dimensions 
of the array are 13.6 mm x 12 mm and the platform consists of two basic parts - conductive and insulating 
layers. The conductive layer is divided into two parts - conductive pathways including connector pads and four 
interdigital electrodes (IDE). The connector part is designed to be simply connected with a flexible tip or to be 
mounted into an Amphenol Clincher flex connector. The IDE structures have dimensions of approximately 
2 mm x 2 mm with finger widths of 20 μm, 40 μm, and 60 μm and were printed with a combination of three 
various resolutions and three various widths of fingers. The printed structure and the layout of the platform 
with dimensions can be seen in Figure 1.  

 

Figure 1 Platform of printed interdigital sensor array: A) Structure printed with silver ink and with the 
dielectric protection layer, B) Layout of the complete platform, C) Detail of the IDE with dimensions 

2.2. Substrates 

Two types of flexible materials were used as substrates for printing. The adopted polyethylene terephthalate 
(PET) substrate Mitsubishi NoveleTM IJ-220 by Novacentrix (thickness 140 μm) is a printed electronics 
mesoporous substrate appropriate for low-cost and low-temperature applications where the flexible and 
transparent substrate is desired and specifically engineered for inkjet-compatible inks [12]. The second 
substrate used for printing is polyimide (PI) foil DuPontTM Kapton HN (thickness 75 μm). The parameters of 
the PET and polyimide materials are listed in Table 1. Polyimide can withstand higher temperatures than PET 
and can be used for the preparation of components in processes with temperatures of several hundred 
degrees. However, before printing, it is necessary to carry out the plasma treatment that will prevent bleeding 
of the ink by slightly etching the surface. In this research, we used SF6 plasma treatment with a power of 200 
W of ICP (Inductively Coupled Plasma) source and 30 W of RF (Radio Frequency) generator, respectively with 
Sentech ICP Etch System SI 500 (SENTECH Instruments GmbH, Germany). 

2.3. Inks 

The conductive layers were fabricated with the silver nanoparticle ink ANP Silverjet DGP-40LT-15C (solid 
content 35 %, resistivity 11 μΩ·cm, particle size <50 nm). During the printing, the platen temperature was set 
to 40 °C and the structures were printed with a resolution ranging from 635 dpi to 1693 dpi at 2 kHz jetting 
frequency and the print head was preheated to 35 °C. Printed structures were dried at room temperature for 
24 h and then sintered with the high-intensity pulse light (IPL) system Xenon X-1100 by Xenon Corporation, 
USA  (up to 9 J·cm-2 radiant energy per pulse, broad-spectrum light) by two flashes with the settings of 300 μs 
and 200 J.  
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Table 1 Typical properties of selected flexible substrates  

Property Polyethylene terephthalate (PET) Polyester (PES) Polyimide (PI) 

Tensile strength (MPa) 60 - 85 * 10 - 123 * 72 - 231 * 

Flexibility Excellent Excellent Excellent 

Dimensional stability Good Good Excellent 

Dielectric strength (kV/mm) 20 - 50 *  11 - 30 * 177 - 201 * 

Max operating temperature (°C) 100 - 140 * 71 - 200 * 220 - 400 * 

Chemical resistance Very good Excellent Excellent 

Moisture absorption (%) 0.10 0.20 0.30 

Cost Low Low High 

 

The isolation protective layer was printed with dielectric ink Dycotec DM-INI-7003 by Dycotec Materials Ltd, 
UK (volume resistivity 1.4·1014 Ω·cm, UV curing wavelength 380 nm, UV curing energy 500 mJ·cm-2 - 
1000 mJ·cm-2). The dielectric ink was printed with 15 nozzles at the resolution of 1016 dpi at 2 kHz, the print 
head was preheated to 32 °C and the substrate was heated to 50 °C. Immediately after printing, the layer was 
cured by UV radiation with a wavelength of 380 nm and energy of 1.7 W·cm−2 using a high-intensity UV LED. 

2.4. Mechanical test  

A bending endurance test was carried 
out for the verification of the flexibility 
and stability of the inkjet printed layers. 
For this purpose, an in-house made 
bend test apparatus was used, see 
Figure 2. This machine performs cyclic 
bending of a flexible substrate with a 
printed test structure, which puts 
mechanical stress on the entire 
structure. The bending radius (6 mm) 
and the distance (25 mm) are precisely 
specified according to the standard for 
mechanical bending tests IPC-TM-650 
2.4.3.  

3. RESULTS AND DISCUSSIONS 

3.1. PET 

To ascertain the behavior of the silver ink on the PET substrate surface, a single nozzle line was prepared and 
printed using built-in control software. Optical characterization and measurement of printed structures were 
performed on a digital microscope Olympus BX 60. Figure 3 shows silver lines printed at resolutions of 635 dpi, 
725 dpi, 847 dpi, 1016 dpi, 1270 dpi, and 1693 dpi and also with measured widths. It can be seen that the lines 
printed with 635 dpi and 725 dpi are formed from separated drops and the lines are not continuous. For the 
line printed with 1693 dpi, we observed that the line is not uniform due to the deposition of a big amount of the 
material. The resolutions of 847 dpi, 1016 dpi, and 1270 dpi showed the most suitable shape of the lines and 
were chosen for further printing. The measured widths were varying from 30 μm to 33 μm. For the thickness 

Figure 2 Setup for mechanical test of flexible printed circuit 
board 

* - According to type 
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evaluation of silver ink, a 200 μm wide and 2 mm long line was printed with a various number of layers at the 
resolution of 1016 dpi. The thickness of printed structures was measured with Stylus Type 3D Surface 
Profilometer (Taylor Hobson, UK). Mean heights with maximal deviation are listed in Table 2. 

 

Figure 3 Resolution test of silver ink printed on PET substrate 

Table 2 Thickness and maximal deviation for the various number of silver layers printed on PET 

Number of layers Thickness (μm) Max deviation (μm) 

1 0.45 0.19 

2 0.88 0.23 

3 1.37 0.25 

4 1.73 0.26 

5 2.13 0.31 

10 3.93 0.34 

Line width and shape 

The interdigital electrodes were printed with two layers and resolutions of 847 dpi, 1016 dpi, and 1270. From 
the structures printed with the resolution of 847 dpi, we observed that the lines are not homogenous because 
of the greater drop spacing. Even if the structure was printed with two layers an incomplete connection may 
occur. This can make the platform unusable. For the structures printed with the resolution of 1016 dpi, the lines 
are homogenous and all patterns are completely connected. However, the edges of the IDE fingers are still 
not absolutely smooth. The best results of the printed structures with high smoothness and uniformity were 
achieved at the resolution of 1270 dpi. However, printing with higher resolution is more time-consuming. The 
printing time of conductive tracks and connection pads was 6 min, 7 min, and 9 min for the resolutions of 847 
dpi, 1016 dpi, and 1270 dpi, respectively. For printing larger areas, it is important to take these parameters 
into account. 

Sintering 

Figure 4A shows the dependency of resistance on a various number of layers for different materials or 
sintering processes, respectively. From the plot can be seen that for structures printed with silver nanoparticle 
ink the values of the resistance are approximately 4 times higher compared to the calculated values of 
resistance for the specific resistivity of the bulk silver. This means that if we want to achieve these values with 
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silver ink the thickness of the printed structure would be 4 times greater. Figure 4A also shows that we 
achieved better results than one can expect considering the values of resistance for the manufacturer´s 
specific resistivity. The reason for this phenomenon is caused by different sintering methods. The producer 
declares the specific resistivity of 11 μΩ·cm for structures sintered at 250 °C for 3 hours even though the 
recommended sintering temperature is 100 °C - 150 °C. The temperature of 250 °C is too high for a majority 
of substrates and can cause their damage. Therefore, it is unusable for printed electronics. 

In our case, we use an intense pulse light system to sinter printed structures. The calculated resistivity of the 
structures is approximately 8.3 μΩ·cm, see the small plot in Figure 4A. To compare, Figure 4B shows the 
calculated resistance of silver ink sintered with a laboratory oven from the previous measurements. From this 
comparison, it can be seen that the resistance of the structures printed with five layers and sintered with the 
oven is 3 times higher than that of the IPL sintered structures.  

When using IPL to sinter printed structures, the multiple flashes have the effect of decreasing the resistance, 
see Figure 4B. With each flash, the silver nanoparticles melt and gradually form a uniform layer, leading to an 
improvement in the conductivity of the layer. 

3.2. Polyimide 

Printing on polyimide is more demanding due to the 
necessity of the surface treatment. When no cleaning and 
surface activation has not been done the printed structure 
didn’t create the desired shape due to the flooding of the 
ink. Therefore, the SF6 plasma treatment was selected for 
the surface treatment of the substrate. The original process 
time of 30 seconds was gradually reduced to 5 seconds. 
This value was chosen as the most suitable in terms of ink 
behavior on the surface. The sensor array platform was 
printed with the same conditions as it was on the PET 
substrate. Figure 5 shows the printed structure on the PI. 
The measured values of finger widths printed with two 
layers are summarized in Table 3.  

3.3. Mechanical test 

The meander testing structure was printed on the PET substrate to verify the flexibility and stability of the 
printed electronics. The structure was tested with 1000 cycles which correspond to approximately 2 hours of 
test time. Before testing, the resistance of the structure was measured and compared with the value after 

Figure 4 Dependency of the resistance on various number of layers for various value of the resistivity (left), 
dependency of resistance on various number of flashes (right) 

Figure 5 Interdigital sensor array printed on 
polyimide substrate 
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testing. It was observed that the bending of the structure caused a relative change of the test structure of about 
3 %. Furthermore, the printed structure has been shown to withstand the bending test without any destructive 
effect. 

Table 3 Measured widths of printed fingers of IDE structures for each resolution 

Designed width (μm) Measured width on PET (μm) Measured width on PI (μm) 

  847 dpi 1016 dpi 1270 dpi 847 dpi 1016 dpi 1270 dpi 

20 26.5 25 21 48 25 38.1 

40 58.5 37.5 29.5 51 51.6 54.3 

60 66 55.5 42 72 65.7 70.6 

4. CONCLUSION 

In this work, the interdigital sensor array was fabricated on two flexible substrates by inkjet printing with various 
printing resolutions and various widths of IDE fingers. It was proved that for printing narrow lines (ca 40 μm) is 
better to use a higher resolution (1270 dpi), which is not so affected by the change in layout size of printed 
structures. On PET substrate, the thickness of printed layers was measured for a various number of layers. It 
was proved that the thickness increases linearly with a higher number of layers. Moreover, it was observed 
that with the use of the IPL sintering system we can obtain better resistivity (8.3 μΩ·cm measured after 2 x 
200 J pulse energy and 300 μs each pulse length) than those indicated by the manufacturer (11 μΩ·cm 
measured after dry oven baking at 250 °C for 3 hours). By testing the flexural endurance of printed circuit 
boards, it was shown that printed silver structures can withstand at least 1000 cycles without any evidence of 
damage or delamination. 
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Abstract 

Open-source software, devices, and systems allow other researchers and investigators to replicate, develop 
and enhance the reported systems in the literature. This paper introduces an open-source system for optical 
fiber grinding and polishing, which facilitates and speeds up the polishing and grinding process. The polishing 
system is based on an Arduino microcontroller board, an open-source development board that utilizes an easy 
programming language enabling almost everyone to develop and write their codes and projects. In addition, 
the reported device targets low-cost fabrication allowing more researchers to fabricate their grinding-polishing 
machine. The device consists of the control circuits, stepper motor, breadboard, and a 3D-printed desk, where 
the polishing and grinding films should be attached. The device is controlled via 3 buttons: start/shut down 
button, speed up button and speed down button. 

Keywords: Low-cost, open source, grinding and polishing, optical fibers, optical sensors 

1. INTRODUCTION 

A recent trend in engineering is to share projects, findings, and accomplishments under open-source access. 
Open-source software can be defined as free software with public access to its source code so anyone can 
view, modify or edit its content [1]. Low-cost prototyping is associated with several open-source projects in the 
literature. For example, a group of researchers reported a low-cost open-source system to monitor inertia and 
pressure using an Arduino prototyping platform [2]. Several research groups reported low-cost open-source 
3D printer prototypes [3-5].  

Optical fibers are waveguides that can carry light signals for long distances and minimize power loss compared 
to conventional copper cables. In addition, optical fibers are immune to signal distortion and interference [6]. 
Optical fibers are manufactured from glass or polymers, glass optical fibers, and polymer optical fibers (POFs). 
Besides their conventional use in optical communications, they have been used extensively in various sensing 
applications [7-9]. Hence, there is an increasing demand to grind and polish glass optical fibers and POFs. 
Commercial optical fiber polishing machines can cost several thousands of dollars [10,11], forming a financial 
challenge for the research teams in the sensory field. 

This study aims to introduce an open-source polishing and grinding system for optical fibers which is easy to 
replicate and use. The reported system automates the grinding and polishing process using a 3D-printed 
motorized stage. The system speeds up the grinding and polishing processes compared to using grinding and 
polishing films manually, as manual grinding and polishing require more time and can be less accurate on the 
optical fiber surface. 
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This paper introduces an open-source, low-cost Arduino-based optical fiber polishing stage that can use 
different paper polishing films to grind and polish glass and plastic optical fibers. Three push buttons can 
control the stage (on/off button, speed up button, and speed down button) and a graphical user interface (GUI) 
windows application. The paper includes the control circuit designs, and all the source codes can be 
downloaded from GitHub, as provided later. 

2. MATERIALS AND METHODS 

A- The grinding-polishing stage 

The grinding polishing stage has several parts: Power supply (LONGWEI K3010D, LONGWEI Electric, China), 
D.C. stepper motor NEMA 17, L298N motor driver, Arduino Mega, and 3 push buttons. Figure 1 shows the 
circuit design drawn by Fritzing software [12]. 

 

Figure 1 Grinding polishing stage electronic design: (a) Arduino Mega, (b) L298N motor driver, (c) NEMA17 
stepper motor, (d) breadboard with control push buttons, and (e) power source 

A 125 mm in diameter rounded desk was 3D designed using 
Autodesk Inventor Professional 2018 student's version [13] the 
designed desk is compatible with the stepper motor to fit into 
the motor's axe, Prusa i3 MK3S+ 3D printed was used to print 
the desk, the desk was printed using a 1.75 mm (Polylactic 
acid) PLA filament. Figure 2 shows the desk's design. The 
desk's STL file is downloadable from the Thingiverse website 
[14]. 

The 125 mm polishing and grinding films (OPTOKON [15] 
films: 3 μm and 5 μm diamond grinding films and Utlimas 5 
final polishing films) were attached to the 3D printed desk 
using a double side tape.  

The stage can be controlled via the 3 push buttons, as shown 
in Figure 1d. Button 1 is used to decrease the set starting 
default speed, button 2 is used to switch on/off the motor, and button 3 is used to increase the default speed. 
Setting the desired default speed is possible through editing the Arduino code, which can be downloaded from 
GitHub [16]. To set the motor's speed to a desired/default revolutions per minute (RPM) speed, the motor's 

Figure 2 The polishing-grinding desk's 
3D design 
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step angle is applied in equation 1. NEMA 17 has a step angle of 1.8°, meaning it has 200 steps for each 
complete revolution.  

(�)*+ *), ,)-.�/�0.� � 123
4%5� #!6 5                             (1) 

 
Figure 3 The control GUI software: (a) Software disconnected from the Arduino board, (b) software is 

connected to the Arduino board, (c) software is connected, and the motor is switched on 

In addition to controlling the stage via push buttons, a C# graphical user interface Windows-based program 
can be used to control the stage; source code and the application setup files can be downloaded from GitHub 
[17]. Figure 3 shows the GUI Windows-based software that controls the grinding-polishing stage through 
Arduino's USB cable.  

Figure 4 shows the actual implementation of the grinding polishing stage according to the design in 
Figure 1.  

 

Figure 4 Implementation of the grinding-polishing stage: (a) Grinding polishing desk and motor, (b) motor's 
driver, (c) Arduino Mega, (d) Control push buttons, (e) Power source connections/battery connections 
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B- Plastic optical fibers (POF) and signal measurements  

Plastic optical fibers have several applications in sensing and communications engineering. They have several 
advantages over glass optical fibers as plastic optical fibers have a lightweight, require simple and cheap 
components, are more flexible and resilient to bending, and don't require a laser source to operate. However, 
POF has a higher transmission loss than glass optical fiber [18].  

Two POF (PMMA 0.2 mm POF, 
refractive index 1.49, numerical 
aperture 0.5) samples of a 65 mm 
length with and without 
grinding/polishing were compared 
in terms of the received signal to 
prove the grinding-polishing stage 
functionality. A simple setup was 
constructed to send, receive, 
convert and amplify the 
photodiode's received optical 
signal. Figure 5 shows the used 
design and its components to 
measure the received signal from 
the POF in volts; the retrieved 
signal is measured by a voltmeter, 
as shown in the figure.  

 

                                                 Figure 5 Signal conversion and amplification circuit 

3. RESULTS AND DISCUSSION  

The designed grinding and polishing stage successfully hosted commercial fiber optic films. POF sample of a 
65 mm length was grinded and polished from each side for about 30 seconds at an average speed of 100 
RPM; Table 1 shows the obtained results comparing the polished and unpolished POF; the results were 
obtained using the setup in Figure 4. 

Table 1 Received signal comparison of POF with and without using the stage  

POF Received Signal  

Using the stage 0.78 V 

Without polishing 0.24 V 

The obtained results show the effectiveness of using the grinding-polishing stage as it saves processing time 
compared to manually polishing the fibers on the optical films.  

4. CONCLUSIONS 

The paper introduced an open-source grinding-polishing system for glass and plastic optical fibers; all designs 
and codes are available for download online, so other researchers can replicate, develop and enhance the 
proposed system. The system saves time and provides more accuracy and control on polishing speeds and 
consumed time. The results showed the system's effectiveness in improving the signal transmission over POF 
and decreasing the power loss due to imperfect non-polished fiber cross sections.  
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A promising future perspective would be incorporating more automation into the system in loading the fibers 
and approaching similar commercial systems but at a much lower budget to accomplish a broader concept of 
open-source devices. 
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Abstract  

Focus of this paper is to build and investigate an optical fiber sensor based on silica nanofibers prepared by 
a reliable and low cost electrospinning technique to detect water content in DOT-4 brake fluid. For the best of 
our knowledge, this is a novelty study of optical fiber sensor to detect water content in an aqueous substance 
using electrospinning nanofibers. The proposed sensor has a sensitivity of 5.9 nW/1% of water change. 

Keywords: Optic fiber sensor, electrospinning, nanofibers, intensity modulation 

1. INTRODUCTION 

Brake fluid is very important to the brake system and safety of automobiles. Brake fluid is composed of 
polyethylene glycol which is hydroscopic. Hence it absorbs water from air. Since the brake fluid is not designed 
in a vacuum system within cars, the moisture easily finds its way to brake fluid. Moisture deteriorates the main 
function of any brake fluid. Moisture corrodes the main parts of the brake system. Moreover, it decreases the 
boiling point of brake fluid. Hence the brake fluid will vaporize faster before even reaching its original boiling 
point. Eventually, it leads to decrease or even failure of the brake capacity.  

In automobile industry, oil engine sensors have attracted many researchers and engineers to develop many 
sensors. Concerning brake fluid condition monitoring, many researchers have focused on developing brake 
fluid testers. Nowadays at least three commercial brake fluid testers are available in which they mainly depend 
on physical methods. One of these methods depends on measuring directly the boiling point of the brake fluid, 
another depends on electrical methods (conductance or capacitance), and the third depends on optical 
method. These methods mainly depend on electric methods. Hence the brake fluid is usually checked manually 
with a certain time interval e.g., one or two years [1-3], whereas this checkup could be missed or not even a 
priority of a driver’s vehicle maintenance routine. Hence it is utmost importance for on-line and safe method to 
monitor brake fluid condition [4-6].  

A few studies have been reported for on-line monitoring [7-9]. However, they mainly depend on electric 
methods. It is not totally safe to depend on electricity when dealing with a flammable substance. Spark could 
be generated and cause fire which threaten people lives. Data from United states U.S. that more people die in 
car fires than in apartment fire each year where 1 out of 5 fires involve motor vehicles. U.S. fire department 
responded to an estimated 278,000 vehicles fire in U.S. during 2006. These fires caused an estimated 490 
civilians death and 1,200 civilian injuries. 75 % of those fires were caused by bad maintenance, mechanical or 
electrical failures or malfunctions. Collision or over turns caused only 3 % of these fires [10]. Therefore, on-
line safer method to monitoring brake fluid is utmost importance. Optic methods is safer, however many of 
optic sensors are still bulky, expensive, and complicated. Much research is going on to involve optic fibers in 
sensing applications. 

Fiber optic sensor technology has been rapidly developed in the past 30 years due to the innovations in 
telecommunication, semiconductor and electronics sectors which have significantly reduced the prices of 
optical components and stimulated the development of optical fiber sensor [11]. Optical fiber sensors are 
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capable of measuring a wide variety of physical properties, such as chemical changes, strain, electric and 
magnetic fields, pressure, temperature, displacement (position), radiation, flow, liquid level, vibrations, and 
light intensity. Optical fiber sensors exhibit a number of advantages over the conventional electrical and 
electronic sensors e.g., small sizes and weights, allow access to inaccessible places, permit remote sensing, 
and immune to radio frequency and electromagnetic interference. In order to improve the sensitivity of optical 
fiber sensors a layer of sensitive materials is coated on it. 

Coating optical fiber surface with hygroscopic-sensitive material enhances the sensitivity. The refractive index 
of hygroscopic-sensitive material changes in accordance to the humidity or moisture level which change the 
power intensity of optical fiber. There are many methods for producing thin films for example vacuum 
evaporation, ion sputtering coating, sol-gel technology, layer-by-layer self-assembly (LBL), and the dip-coating 
method. Compared with these methods, electrospinning is a simple and effective method to form nanofibers 
layer.  

Electrospinning manifests the capability of any material at the nanoscale especially concerning sensing 
materials. At nanoscale many features are easily accessible and even improved e.g., excellent mechanical 
properties, mainly flexibility, high porosity, and large surface area which increases the number of accessible 
sites for surface functionalization. Another important aspect from sensor point of view that electrospinning 
produces continuous nanofibers. This feature is important as the sensors are usually assembled in a certain 
measuring system which involves analog to digital conversion, therefore it should provide a continuous stable 
signal. Concerning about humidity sensor, the nanofibers layer processed by electrospinning has a larger 
specific surface area compared to conventional coating film, which can absorb a large number of water 
molecules [12,13]. Batool et al., 2013 [14] studied the effect of RH on dielectric response of SiO2 nanofibers. 
However, it is rarely investigated the effect of RH on refractive index of SiO2 nanofibers (NF). 

In our study we developed a sensor based on hybrid nanofiber- optic fiber for detecting water content on brake 
fluid that could be later integrated into the vehicle’s electronic system for on-line brake fluid monitoring  

2. EXPERIMENTATION 

Different concentration of DOT-4 (US Department of Transportation) [4-6] solutions were prepared by mixing 
pure DOT-4 with distilled water. Range of concentration is from 0 to 7 % V/V. The developed sensor 

was used to determine the water content presented in brake fluid. The developed fiber optic sensor consists 
of fiber probe, PVP/SiO2 composite NFs, Laser diode as a source of light, and Photodetector as a measuring 
device as pictorial on Figure 1. 

The developed sensor based on reflective intensity-modulation [15-18]. PVP/SiO2 composite NFs were 
produced according to the method descried in patent WO 2017/186201 [19]. The produced composite PVP/ 
SiO2 composite NFs were thermal annealed at 300 °C for 6 h [20]. 

     Figure 1 Experimental setup 
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3. CHARACTERIZATION OF THE COMPOSITE PVP/SIO2 NFs 

The obtained nanofibers composite were characterized by scanning electron microscopy (SEM). Fourier 
transform infrared microscopy (FTIR) was employed to study the composition of NFs before and after thermal 
treatment. Energy-dispersive X-ray spectroscopy (EDX) was also employed to investigate the percentage 
composition of fibers. 

4. RESULTS AND DISSCUSSION 

4.1. FTIR spectrum 

Figure 2 shows the FTIR spectrum taken for the composite before and after thermal annealing. The peaks at 
451 cm-1 and were assigned to Si-O vibration in TEOS [21]. A number of peaks between 3600 and 2400 long 
side with peaks at 1633 and 945 cm-1 were assigned to O-H vibrations. The peak at 945 cm-1 was assigned to 
Si-OH bond which is disappeared after thermal annealing along with OH bonds. The beaks at 1067 and 797 
cm-1 were assigned to Si-O-Si bonds which became more intense after thermal annealing. The fibers after 
thermal annealing composed mainly of Si-O bonds which proved the formation of silica nanofibers.  

 

Figure 2 Fourier transform infrared microscopy spectrum taken for nanofibers before and after thermal 
annealing 

4.2. Energy-dispersive X-ray spectroscopy characterization of fibers  

Chemical composition of the composite before thermal annealing consisted of O with a percent of 63.7 %, Si 
of 33.1 % and C of 3.2 % as indicated in Figure 3 and Table 1 

Table 1 Chemical composition of the composite before thermal annealing 

Element Line Type Wt% Wt% Sigma Atomic % 

C K series 1.96 0.16 3.25 

O K series 51.26 0.16 63.66 

Si K series 46.78 0.15 33.09 

Total:  100.00  100.00 
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Figure 3 EDX spectrum of SiO2/PVP Composite before thermal annealing 

Chemical composition of the composite after thermal annealing consisted of O with a percent of 60.2 %, Si of 
36.3 % and C of 3.4 % as indicated in Figure 4 and Table 2 

 

Figure 4 EDX spectrum of the composite NFs after thermal annealing 

Table 2 Chemical composition of the composite NFs before thermal annealing 

Element Line Type Wt% Wt% Sigma Atomic % 

C K series 2.02 0.16 2.41 

O K series 47.58 0.16 61.24 

Si K series 50.39 0.16 36.34 

Total:  100.00  100.00 
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Since the thermal annealing was at 300 °C which didn’t exceeded the thermal decomposition temperature of 
PVP, the percent of carbons didn’t change. However, the percent of Si increased from 33 % to 36 % on the 
expense of O. This may be considered as a consequence of vaporization of moisture presented on NFs as 
FTIR confirms the disappear of hydroxyl group after thermal annealing.  In general the chemical composition 
of SiO2 NFs was optimally adjusted from the synthesizing process to keep the carbon percent as low as 
possible 3 % even before the thermal annealing. Hence silica structure was formed which mainly comprised 
of silicon and oxygen. 

4.3. Results of proposed the hybrid-optic fiber sensor 

As water content increased on DOT-4, the intensity of the reflected power decreased linearly with sensitivity 
of 5.9 nW/1% of water change as shown in Figure 5 

 

Figure 5 Intensity of reflected light as a function of water content of DOT-4 

The power intensity of the reflected power changed linearly as a function of water content in DOT-4 as shown 
in Figure 5. The proposed sensor is based on reflected light intensity modulation. Based on Fresnel reflection, 
a proportion of lights are leaked out when the sensor is in the liquid rather than air. This amount of light depends 
on the refractive index of the liquid. For normal incidence, the reflectance simplifies to the following equation 
Eq. [1]. 

R � $!��78
!�9!8$:

                [1] 

• ��, �: are the RIs of optical fiber and exterior medium; �� are known by the fabrication of the optical 
fiber;  �: is variable according to the exterior medium 

Since the exterior medium is Dot-4 with different water contents, those water molecules may be absorbed and 
concentrated in the pores of the silica nanofibers. This effect will alter the refractive index (RI) of the composite 
NFs; hence change the reflectance. As a result, the accumulation of the water molecules changed the 
refractive index of composite NFs. Hence, leads to the leakage of the light through evanescent field [22,23] 

5. CONCLUSION 

The proposed sensor depends on hybrid nanofiber-optic fiber which is simple, straightforward, small size and 
cost effective has a good repeatability and reasonable sensitivity. Moreover, it is safer to incorporate into car’s 
electronic system for on-line monitoring of DOT condition. The sensitivity could be further enhanced by a 

y = -5,9028x + 662,87
R² = 0,969

625

630

635

640

645

650

655

660

665

0 2 4 6 8

p
o

w
e

r 
re

fl
e

ct
e

d
 i

n
 n

W

% Water content  



October 19 - 21, 2022 Brno, Czech Republic, EU 

 

 

62 

special designed electronic circuit in order to enlarge the output signals and at the same time compatible with 
car’s system. 
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Abstract  

Self-assembled metal oxide MnO2 nanowires (NWs) were hydrothermally synthesized and electrically 
characterized. The nanowires were from 3 to 10 μm long and from 20 to 100 nm in diameter. The nanowires 
were suspended in water and deposited on gold interdigitated electrode (IDE) chip using dielectrophoresis 
(DEP) to align them perpendicularly across the electrodes. Screening of the MnO2 material properties, such 
as semiconductor type, vacancies concentration and relative permittivity was performed by means of 
impedance and Mott-Schottky analyses. The conductivity was measured both in synthetic air and in nitrogen 
ambient. The tests consisted in measuring resistivity of the NWs in relation to temperature of the bottom-placed 
heater under the IDE chip. The temperature went from room temperature up to 300 °C. The resistivity changes 
were observed accounting for oxygen reduction on the NWs surface as the electrons were moving from the 
NWs to the oxygen. The resistivity was explored at a constant current arrangement test. Overall, we observed 
changes in the electrical properties of the wires upon oxygen adsorption, such as activation energy. Therefore, 
in future experiments, we might also explore the effect of other gases on the NW’s electrical properties, e.g., 
ethanol, H2, NO2. 

Keywords: MnO2 nanowires, dielectrophoresis, gas sensing, resistivity, Mott-Schottky analysis 

1. INTRODUCTION  

Single NW devices seems to be a promising way to improve sensitivity and selectivity of metal-oxide (MOX) 
gas sensors thanks to high surface to volume ratio. MOX gas sensors rely on reactions of detected gas with 
oxygen adsorption layer formed on the NW surface in the air. As the reactions are often thermally activated 
the MOX sensors are typically heated by external heater causing relatively high power consumption. A future 
motivation of our study is a precise temperature control including a self-heating effect. Moreover, good 
understanding of oxygen adsorption layer formation and its influence on NW electrical properties is also highly 
desirable. In the air, oxygen species (O:�, O�, O:�) get adsorbed on the nanowire surface influencing the NW 
electrical properties. Oxygen acts as an oxidizing agent. By trapping electrons from the NW, the oxygen 
negative surface charge leads to upwards band bending and formation of electron lateral depletion layer 
(around the NW surface) in n-type MOX and hole accumulation layer in p-type MOX. The result is the formation 
of core-shell configuration: e.g., in p-type NW the core has the highest resistance while the main conducting 
channel is the shell formed by hole accumulation layer with increased free charge carrier concentration [1]. 
The oxygen adsorption might be disturbed by air pollutants. Therefore, synthetic air (SA) with constant 
composition is applied to eliminate a possible interference with air pollutants, as well as to maintain a stable 
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humidity and create the same conditions as for measurements in nitrogen (namely the same constant flow of 
gas in measurement chamber). The second set of measurements was done using nitrogen as inert 
atmosphere. The purpose is to eliminate the oxygen adsorption providing so a reference measurement with 
no electron lateral depletion/hole accumulation layer allowing the evaluation of oxygen adsorption influence 
on NWs electrical properties. Additionally, impedance and Mott-Schottky analyses were performed to 
corroborate a type and vacancies concentration of the semiconductor. By polarizing the IDE / MnO2 
(metal/semiconductor) interface, a potential barrier either emerges or an existing one might narrow or broaden 
because of a direct potential V applied for a certain time. Considering a p-type semiconductor, a negative 
space charge layer arises on the side of positive potential due to a depletion (repulsion) of the positively 
charged carriers. The depletion layer (frontal contact depletion = on the interface with IDEs, not the same as 
lateral depletion) or let‘s say the space charge layer might be determined by the linear relationship between 
the inverse second power of the space charge capacitance CSC

-2 and the applied bias V, which is expressed 
by the Mott-Schottky equation [2]: 

=4>�: �  :
?@?A5BC �DEF � D �  GH

5              (1) 

where e is the electron charge, NA is the acceptor density in the semiconductor (cm-3), V is the applied voltage, 
and VFB is the flat-band voltage. The Mott-Schottky equation is a valid tool to determine the type of a 
semiconductor and the acceptor density, as well as the flat-band voltage. The acceptor or donor density can 
be calculated from the slope of the CSC

-2 vs. V curve, and the flat-band voltage VFB can be determined by 
extrapolation to CSC = 0. For a p-type semiconductor response CSC

-2 vs. V should be linear with a negative 
slope that is inversely proportional to the acceptor concentration NA in the film. For an n-type semiconductor 
the slope should be positive. Relative permittivity Ԑr of the hydrothermally prepared nanowires might be 
estimated by knowing a frontal contact depletion layer thickness, as well as the space charge capacitance at 
a certain direct potential applied. Mott-Schottky analysis can be applied to a system of fixed vacancies 
(dopants) concentration [2]. Therefore, the CSC versus V was measured at a high rate scanning of about 
600 mV/sec, in order to avoid a change in the dimension or vacancy profile of the film (i.e. NA cannot be 
a function of V). Moreover, no dependence on frequency is expected from Mott-Schottky theory [2], therefore 
all C/V analyses were carried out at high frequencies 10 kHz - 1 MHz.  

2. EXPERIMENTAL 

2.1. Dielectrophoretic preparation of aligned MnO2 nanowires 

A drop of MnO2 NWs diluted water solution was placed on the ID electrodes connected to alternating voltage 
(sinusoidal with 5 VPP, 9 MHz) for approx. 3 minutes. Afterwards, the drop was removed by compressed air. 
The nanowires long enough to connect the electrodes were captured while the majority of the shorter NW were 
removed with the rest of the drop leaving clean electrodes with 24 single-nanowire connections. Further pre-
treatment was done directly in a flowing gas chamber. The sample was connected to constant 0.1 μA current 
flow and slowly heated up to 275 °C, where it was held for 15 minutes (until the resistance was stabilized). The 
result was approx. one order drop in resistance thanks to a strengthening of the NWs to the electrode contact. 

2.2. Resistivity vs. temperature analysis 

Resistivity in dependence on temperature was measured by using a custom build setup. Sample was placed 
on ceramic heater located in an enclosed chamber providing a slow constant flow of gas - either synthetic air 
(SA) or nitrogen was used. Direct measurements of NWs temperature were not possible, the readout from the 
bottom-placed heater was used. Sample was connected to the source of constant current (KEITHLEY 2401 
Source Measure Unit) and temperature was driven from room temperature (25 °C) up to 300 °C and back to 
25 °C again. The temperature was recorded in 10 degrees increments every 5 minutes. A stabilization time for 
reaching an adsorption/desorption equilibrium per temperature was hence 5 minutes. Both heating and cooling 
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proceeded at the same rate. Before experiments in nitrogen, the setup equipment had to be pure of oxygen. 
Even after flushing the apparatus with nitrogen, oxygen keeps desorbing from inner walls of measuring 
chamber, tubing, sample itself, etc. Therefore at least 24 hours flushing is necessary to reach good quality 
oxygen free atmosphere. As a direct control of NWs temperature was not available, we needed to eliminate 
the self-heating effect that would cause difference between real NW temperature and value measured on the 
heater. Therefore, low probing current 0.1 μA was chosen, meaning the Joule heating power was lower than 
1 nW per nanowire. 

2.3. C/V, Mott-Schottky analysis 

The impedance spectrum analyses were carried out dry (without electrolyte), performed using μAutolabIII 
potentiostate/FR analyzer (Metrohm). In all cases, a 10 mV sinusoidal excitation signal was employed to 
interrogate the capacitance. C/V behavior was determined in a direct bias range +/- 5V. Diverse formation 
times were tested: 60, 120 and 360 s, whereas the formation potential was always +5 V. Consequently, Mott-
Schottky plots 1/CSC

2 vs. V were performed. The analyses were carried out in a frequency range of 1 MHz-
10 kHz. Moreover, a broad range (1 MHz - 0.1 Hz) impedance analysis was performed as well. According to 
an impedance data simulation, the frontal contact depletion layer capacitance shows a CPE-like distribution 
behavior rather than that of a pure capacitor. The frequency dispersion is generally attributed to a capacitance 
dispersion (frequency-dependent capacitance) expressed in terms of a constant-phase element (CPE) [3]. The 
impedance of CPE is defined as follows [4]: 

I>JK � �
L�MNO               (2) 

where, Q (in F cm-2 sα-1) and α are the CPE parameters. α equals the slope of the log-log imaginary impedance 
plot vs frequency. Both parameters, as well as R from the equation below, were obtained by regression of a 
simple equivalent (R, Q) circuit implemented by an impedance analysis software (a graphical method). The so 
called effective equivalent capacitance Ceff value was then extracted from the parameters α, Q and R using 
the Hsu and Mansfeld formula [5]: 

=5PP � Q�/ST���S/S              (3) 

For better clarity: C = Ceff = CSC in our study. 

3. RESULTS 

3.1. Synthesis and characterization of the MnO2 nanowires 

The nanowires were obtained by the hydrothermal synthesis method presented elsewhere [6]. The product of 
the hydrothermal synthesis is a brown powder with high density of nanowires as shown in SEM image 
(Figure 1(a)), in which several well-defined nanowires with smooth and uniform surface are observed. The 
synthesis procedure was repeatable usually obtaining the same yield (~ 55 %) and nanostructure morphology. 
The structures are crystalline, and their diameter and length vary from ~20 nm to ~100 nm and from ~3 to ~10 
μm, respectively. The crystallinity was corroborated elsewhere [6] by a high-resolution TEM image and a XRD 
diffraction pattern recorded for the synthesized powder. The presence of intense diffraction peaks in the XRD 
pattern indicates that the obtained product is well crystallized.  

3.2. Dielectrophoretic preparation of aligned MnO2 nanowires 

Separated and alone-standing MnO2 nanowires were aligned perpendicularly to the ID gold electrodes by 
means of dielectrophoretic technique, see Figure 1(b) (described in the experimental part). After the 
preparation the nanowires were observed by scanning electron microscopy (SEM), see Figure 1(c). In total, 
there were 24 nanowires standing alone and connecting the two parallel ID electrodes all over the sample. 
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The nanowires surroundings were clean from impurities, such as nanowires flocks, or short nanowires crossing 
the long ones. The measurement area was therefore well defined, given by the length and diameter of the 24 
single nanowires.  

 

Figure 1 Scanning electron micrographs of: (a) MnO2 nanowires, (b) gold interdigitated electrodes IDEs, (c) 
single nanowire aligned between two ID electrodes. 

3.3. Resistivity thermal analysis 

The resistance was measured in temperature range from room temperature to 300 °C and the influence of 
oxygen adsorption was evaluated.  

Basic equation derived from concentration of thermally activated free charge carriers 

U � U3 )K&/GH                (4) 

describes the thermal resistivity dependence in semiconductors, where ρ0 is a material constant, Ea activation 
energy and k is Boltzman constant. This model is too simple to fully describe our measurement as there are 
other efect involved (oxygen adsorption, self-heating effect, Shottky contacts), however this simple equation 
well fits the data above aprox. 120 °C (the operation range of metal oxide gas sensors), see Figure 2(a). This 
well-predictabel behaviour is benefitial for potential sensing applications. Keeping in mind that MnO2 is a p-
type semiconductor, the adsorbed oxygen creates surface acceptor states resulting in lowering the MnO2 
activation energy (see Table 1), as well as overall increase of hole concentration under the surface (formation 
of hole acumulation layer in the outer shell-part of the MnO2 NWs). Comparing the two experimental setups - 
concerning the synthetic air and the nitrogen ambients - we might conclude that the resistivity decreases in 
synthetic air compared to nitrogen, Figure 2(a). The overall result is decrease of the resistivity caused by the 
oxygen adsorption, which is typical for p-type MOX. 

 

Figure 2 (a) The Arrhenius plot of resistivity vs. temperature range 120 - 300 °C fitted to equation (4), 
(b) relative resistivity change caused by removal of adsorbed oxygen both during heating and cooling. 
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Table 1 Parameters obtained by fitting the equation (4) to resistivity  
             data in range 120 - 300 °C 

 0.1 μA, SA 0.1 μA, N2 

ρ0 (10-6 Ω.m) 4.9 11.1 

Ea (eV) 0.17 0.23 

The effect of oxygen adsorption on NWs resistance and its temperature dependence can be better estimated 
form relative resistance change between ρN2 and ρSA, see Figure 2(b). The relative resistivity difference is 
decreasing with temperature, which can be explained by lower equilibrium concentration of adsorbents at 
higher temperatures [7]. Measurements were done both during heating and cooling. A significant hysteresis 
can be seen, with higher resistivity difference (corresponding to higher concentration of adsorbed oxygen) 
during the cooling compared to heating meaning that 5 minutes stabilization time was not sufficient to reach 
the equilibrium adsorbents concentration.  

3.4. C/V, Mott-Schottky analysis 

The relationship of the reciprocal capacitance square vs bias (Mott-Schottky analysis) of the MnO2 NWs was 
employed to estimate a frontal contact depletion layer capacitance which had arisen during a formation by a 
direct potential V. Moreover, by this method we had approved that the MnO2 NWs are a p-type semiconductor. 
Additionally, acceptors (probably Mn metal vacancies) concentration, depletion layer thickness and permittivity 
were estimated as well. To be reproducible with the C/V characterization, we had searched for a formation 
conditions (potential, time) of our nanowires. At a formation potential a rise of a quasi-stable depletion layer 
thickness assuming a rectangular distribution with a quasi-constant charge would be expected. At first, we 
applied a constant bias of +5 V for 60 seconds, which was further determined as insufficient. The positive 
charge carrier’s depletion on the interface with the positively charged contact was not completed yet. 
Therefore, we prolonged the formation time up to 6 minutes. During the formation, the current passing through 
the structure did not change significantly, being about 7ּ 10-7 A, which is about 30 nA passing through one 
nanowire (24 NWs in total). After 360 seconds, we had obtained a depletion layer stable enough, which was 
approved by the C/V analysis, see Figure 3. The last formation step resulted in an almost constant shape of 
the Mott-Schottky plot in the bias 
range of +5 V to -1 V. The space 
charge acts as a pure capacitor at that 
moment and conditions. Increasing 
the potential towards negative values, 
a depletion layer thickness would 
narrow, and the space charge 
capacitance would increase. The 
linear part of the Mott-Schottky plot 
accounts for a semiconductive 
behaviors. A descend of the 1/C2 vs. V 
plot was observed in the negative bias 
range from -1 V to -5 V. The negative 
slope accounts for a p-type 
semiconductor and it is inversely 
proportional to the acceptor 
concentration NA in the film.  
 

Figure 3 Mott-Schottky plots at various stabilization times (90, 120 and 360 s). Measured at high frequency 
range 10 kHz - 1 MHz. Capacitance obtained via a graphical simulation of the impedance data. 
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The acceptor concentration NA (metal vacancies) might be calculated from the Mott-Schottky plot slope 
according to the equation (1). For that we need to know the MnO2 relative permittivity. The relative permittivity 
was determined from the depletion layer capacitance, as well as from depletion layer thickness according to 
following equation: 

VW �  �
X ∙ >

?A                (5) 

where, d is a nanowire diameter, A is a nanowire area, C is depletion layer capacitance and Ԑ0 is vacuum 
permittivity. The depletion layer thickness was estimated by SEM analysis after finishing the C/V experiments. 
Most probably, due to the potential formation trials, the nanowires got burned at the end of the C/V 
experiments. The current after burning the NWs off descended down the 10-12 A and the potential across them 
increased. Moreover, the SEM images showed that the nanowires burned near to the IDE electrode surface, 
see Figure 4. The nanowire might burn just at the end of the depletion layer. Considering the entire nanowire 
length, the place where the negatively charged depletion layer ends has a highest resistivity towards minority 
charge carriers (electrons) compared to the rest nanowire volume. The burning spot accounts for a place with 
the highest resistivity. The distance between the spot and IDE was about 730 nm. This length might be 
a thickness of the depletion layer. Consequently, the relative permittivity was calculated from equation (5) 

leading to about 1.6ּ 107. The acceptor concentration NA (metal vacancies) was evaluated in the range of 1.8 ּ 

1022 - 3.9ּ 1022 cm-3. The higher the slope, the lower the concentration. The highest acceptor concentration was 

evaluated after the longest time of stabilization (360 s). To get a preciser acceptor concentration a more 
detailed analysis would be needed. Capacitances were determined from the high frequency range analyses 1 
MHz-10 kHz (140 pF, i.e., 117 F/g). The capacitances were in good conjunction with other studies [8,9]. 

 

Figure 4 SEM micrograph and a detail of single MnO2 nanowire after burning off. 

4. CONCLUSION 

In general, the study provides an overall electrical characterization of the hydrothermally synthetized MnO2 
nanowires. We approved that the MnO2 nanowires are a p-type semiconductor, whereas permittivity and 
vacancies concentration were estimated. Resistivity of the NWs was tested in a reference synthetic air system 
in comparison to nitrogen ambient. The resistivity difference of the NWs in the two ambiences caused by 
oxygen adsorption was evaluated leading to its changes in relation to temperature variations. The knowledge 
gained in this study will serve as a reference platform for future gas sensing experiments.  
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Abstract  

Pulse anodization of aluminum is a promising method to produce porous photonic crystals (PCs) with tunable 
photonic stopbands (PSBs) by a fully programmable change of electrochemical conditions. The spectral 
position of the PSBs is mainly determined by thickness and porosity of alternate layers forming the periodic 
structure. Temperature is one of the most important factors influencing the growth of porous anodic alumina 
(PAA). It alters the rate of PAA formation and the porosity of PAA layers. In this work, the effect of the anodizing 
temperature on the characteristic PSBs of graded-index PCs produced by sinusoidal pulse anodization (SPA) 
is analyzed. Two different anodization periods (tp) of the sinusoidal function were used whereas the amplitude 
and the number of cycles were kept constant. It was revealed that upon increasing the temperature from 5 to 
30 °C the ion transport from electrolyte reservoir to the pore base becomes progressively hindered by 
increasing total PAA thickness which was manifested in the delayed current recovery to the initial values. As 
an effect, the periodic structures with inhomogeneous layers' thickness were formed providing broad and 
irregular PSBs in optical spectra. The quality of PSBs can be, however, significantly improved by post-
processing pore broadening. Well-resolved and intensive peaks, which shift towards red part of the spectrum 
with increasing temperature and tp, could be then obtained. After a proper modification of the pulse sequence 
(e.g. application of the current density-controlled mode) the PCs can be used in optical sensing platforms 
operating from UV to NIR spectral range. 

Keywords: Anodization, porous anodic alumina, anodizing temperature, gradient-index filters, optical 
properties 

1. INTRODUCTION 

Porous anodic alumina (PAA) is a well-known template used in various fields of nanotechnology owing to fully 
controllable geometrical parameters, such as pore diameter or interpore distance, achieved by a simple 
change of anodization conditions (e.g. applied voltage, type of electrolyte, anodizing temperature) [1,2]. Upon 
application of pulse anodization the porosity of the material can be periodically modulated forming thus 1D 
photonic structure that prohibits light of a certain wavelength to propagate through the material. As a 
consequence of constructive interference of the light reflected from each boundary between low and high 
porosity layers, photonic stop band (PSB) is created which is manifested as a peak in a reflectance spectrum 
or a dip in a transmittance spectrum [3,4]. Various pulse anodization modalities were used to precisely 
modulate pore geometry in PAA in order to obtain high quality optical filters with PSBs in a given part of the 
spectrum [5-8]. A sinusoidal pulse anodization (SPA) was performed previously in sulfuric acid solution [9,10]. 
The effect of anodization amplitude, offset, period, time, and the acid concentration of a sinusoidal function on 
the quality of characteristic PSBs was systematically studied. It was shown that all parameters are statistically 
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important in PSBs engineering, however, the anodization time appeared to be the most significant in defining 
the quality of photonic resonances. The influence of anodizing temperature was also analyzed in these works, 
however, the range of temperature variation was very narrow: from -2 to 6 °C. Here, we study the system 
behavior subjected to the SPA in oxalic acid solution in a broad temperature range: 5 - 30 °C. We demonstrate 
that both quality and the spectral position of PSBs are strongly affected by anodization temperature. By using 
this approach graded-index filters with photonic properties extended from UV up to NIR can be engineered.  

2. MATERIALS AND METHODS 

High-purity aluminium foil (99.9995% Al, Puratronic, Alfa-Aesar, Haverhill, MA, USA) was used to produce the 
PAA-based PCs. The aluminium substrate was electropolished in a mixture of ethanol and perchloric acid 4:1 
at 25 V for 2.5 min at 0 °C. After the electropolishing, the samples were rinsed several times in distilled water 
and then in ethanol. Subsequently, the dried Al specimens were protected with acid-resistant paint at its the 
back and the edges. Next, the first anodization step was performed in a 0.3 M oxalic acid at 40 V for 20 h. 
After the first anodization alumina was selectively dissolved in a mixture of phosphoric acid and chromic acid 
at 65 °C for three hours. Then, PAA-based PCs were fabricated by sinusoidal pulse anodization with 150 
cycles, amplitude (A) of 6 V (Umax = 52 V, Umin = 40 V), and two different anodization periods (tp): 100 and 
200 s (Figure 1a). The current density response was measured during the potentiostatic anodization 
performed under the time-controlled mode. A platinum grid served as a cathode. The distance between 
electrodes was kept constant (ca. 5 cm). A 1 L electrochemical cell was used with a powerful constant-
temperature bath (with temperature stability ±0.01 °C) and vigorous stirring (250 rpm). The anodization 
temperature was varied between 5 °C, and 30 °C. A programmable DC power supply, model 62012P-600-8 
Chroma, was employed to control the electrochemical parameters. Morphology of the samples was studied by 
a field-emission scanning electron microscope FE-SEM FEI Quanta 3D FEG. The transmission measurement 
were obtained using the Agilent CARY 7000 UV-Vis-NIR.  

 
Figure 1 The parameters of the voltage sinusoidal function used in the pulse anodization (a) and a scheme 

of pore profiling resulted from the sinusoidal pulse anodization (SPA) (b)  

3. RESULTS AND DISCUSSION  

The application of the sinusoidal pulse anodization allows for pore shape profiling and thus obtaining 
periodically changing porosity with a gradual variation of refractive index from maximal (nL) to minimal (nH) 
values (Figure 1b). In Figure 2, voltage and current density vs. time transients recorded during sinusoidal 
pulse anodization of aluminum at temperatures of 5 -30 °C for the two different anodization periods (tp = 100 
and 200 s) are shown. Current density (red lines) tends to increase with increasing anodizing temperature for 
both tp. Moreover, current recovery process becomes increasingly difficult when the samples are anodized 
above 25 °C for tp = 100 s and above 15 °C for tp = 200 s. This observation indicates the appearance of 
diffusional-related problems with ion transport from the electrolyte bulk to the pore base [11,12]. In this 
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situation, the growth rate of porous anodic alumina occurs faster than the delivery of fresh ions to the reaction 
center. As an effect, the overall current does not reach the same value for the succeeding Umax in the following 
anodization cycles as the process proceeds. This, in turn, results in a progressive reduction of thickness of the 
subsequent low and high porosity segments [13]. Furthermore, the current oscillation during the sinusoidal 
pulse anodization with tp = 200 s occurs within a much smaller j values than that during the anodization with tp 
= 100 s. This is due to a milder voltage change when increasing to Umax and when decreasing to Umin 
(Figure 1a). At 30 °C, the amplitude of current oscillation decreases of more than two times at the end of the 
anodization as compared to the beginning of the process for both tp. For tp = 200 s, the irregular current 
behavior is observable already at temperature > 15 °C.  

 

Figure 2 Voltage and current density vs. time transients recorded during sinusoidal pulse of aluminum at 
temperatures 5 -30 °C for two different anodization periods (tp = 100 and 200 s)  

In Figure 3, exemplary SEM images of porous gradient-index filters synthesized at 20 °C, are demonstrated. 
Periodic variation of applied voltage from Umax to Umin allows to distinguish separate segments of the thickness 
that depends on tp. The thickness of separate segments as well as the total thickness of PAA prepared with tp 
= 200 s (Figure 3b) is double the relevant thicknesses of PAA produced with tp = 100s (Figure 3a). 
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Figure 3 Exemplary SEM images of the porous gradient-index filters prepared at 20 °C for tp = 100 s (a) and 
tp = 200 s (b) (the insets: larger magnifications of the relevant images)  

Optical spectra of the samples directly after the synthesis are shown in Figure 4. It can be seen that the quality 
of PSBs is rather low. Moreover, with temperature the peaks become progressively broadened and shift 
towards red part of the spectrum. This trend is opposite to that observed by Law et al. [10]. It should be, 
however, noticed that in the work [10] temperature was changing by 1 °C in the range -1 - 6 °C, which caused 
only a slight increase in the porosity (and thus the decrease of effective refractive index). This, in turn, 
according to the Bragg-Snell law [14], made the PSB to shift towards shorter wavelengths. In this experiment, 
owing to the much larger temperature variation, the increase of segment thickness was more significant than 
the increase in porosity and, therefore, the PSBs moved towards longer wavelengths. 

 
Figure 4 Reflectance and transmittance spectra of the gradient index optical filters produced at various 

temperatures (5-30 °C) directly after anodization (before pore broadening)  

It was shown before that pore widening has a substantial effect on position and shape PSBs [15]. In Figure 5, 
the optical spectra of the same samples but after pore broadening (the samples were immersed in 5 wt% 
H3PO4 acid solution for 30 min at 30 °C) process are shown. As can be seen, the quality of PSBs was 
considerably improved. Well-resolved and symmetric first order PSB (λPSB1) can be distinguished that widen 
with increasing temperature. The spectral position of the λPSB1 shifts to the red part of the spectrum with 
increasing both anodizing temperature and tp (Figure 6). The shift of λPSB1 is about 65 nm/°C and 52 nm/°C for 
tp = 200 s and 100 s, respectively.   
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Figure 5 Reflectance and transmittance spectra of the gradient index optical filters produced at various 

temperatures (5-30 °C) and after pore broadening in 5 wt% H3PO4 acid solution  

 
Figure 6 Spectral position of the PSBs as a function of anodizing temperature for the samples anodized with 

tp = 100 s and 200 s  

4. CONCLUSION 

Gradient-index filters were synthesized by sinusoidal pulse anodization of aluminum. The effect of anodizing 
temperature in the range between 5 and 30 °C on electrochemical performance and optical properties of the 
optical filters was studied for two anodization periods (tp): 100 and 200 s. It was show that with increasing the 
temperature the current recovery to the initial values recorded during the first anodization cycles becomes 
hindered by diffusion-related problems. The irregular current flow starts to be significant at temperature > 25 °C 
for anodization with tp = 100 s and at temperature > 15 °C for the anodization with tp = 200 s. This behavior is 
reflected in the optical characteristics of the samples. Directly after the synthesis the filters demonstrate very 
wide, irregular photonic stopbands (PSBs) of low intensity. Post-process pore widening improves considerably 
the quality of PSBs. Well-resolved and symmetric first order PSBs (λPSB1) can be distinguished that shift 
towards longer wavelengths with both increasing anodizing temperature and tp with proportionality constant of 
about 65 nm/°C and 52 nm/°C for tp = 200 s and 100 s, respectively. The λPSB1 become, however, broadened 
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as the anodization temperature increases. The approach shown in this work can be used for engineering 
porous optical filters for a broad spectral range spreading from VIS to NIR.    
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Abstract  

Diamond films are multifunctional materials with a wide range of extraordinary properties and a high application 
potential in various fields. In this work, we investigate the low temperature (< 500 °C) diamond films chemical 
vapor deposition on fused silica substrates realized in two different focused microwave plasma systems, i.e. a 
multimode clamshell cavity reactor (MCC) and a rotational ellipsoid cavity (REC) reactor. During the 
experiments, the methane to hydrogen ratio, in the hydrogen-rich process gas mixture, varied from 1 % to 
15 % for MCC and from 1 % to 9 % for the REC reactor. For both deposition systems, the methane increase 
led to an increase in the diamond growth rate, e.g. it raised at least by a factor of 2.6 for the MCC reactor. 
Furthermore, the MCC reactor also allowed the growth of well-shaped diamond crystals at a methane to 
hydrogen ratio as high as 15 %. This finding is in good agreement with the Raman shift measurements, which 
also revealed a low content of non-diamond phases in the films making the MCC reactor more preferential for 
industrial uses. Moreover, the enhanced diamond growth at low temperatures is further advantageous for 
overcoating fused silica as well as thermally sensitive substrates which altogether opens new vistas for 
diamond application in optically related fields (optical elements, photonic crystals, sensors). 

Keywords: Well-faceted diamonds, low temperature deposition, high growth rate, low non-diamond content, 
focused plasma 

1. INTRODUCTION 

Diamond is a material with a wide range of outstanding properties, such as high hardness and abrasion 
resistance, wide band gap, broad optical transparency, high thermal conductivity, high chemical stability, etc., 
potentially attractive for numerous applications [1,2]. Unfortunately, technological limitations, so far, hinder 
large monocrystalline diamond fabrication. In contrast, diamond films are less limited in terms of the large area 
synthesis [2,3]. Therefore, diamond films are investigated in various research areas as protective coatings, 
heat spreaders or chemically stable electrodes, or even opto-electronically active parts of sensors or complex 
optoelectronic devices including photonic structures, quantum devices, etc. [1,2,4]. 

Although diamond films are generally considered more flexible concerning the integration with other materials, 
the studies related to an adjustment of diamond deposition processes to the specific needs are still essential. 
For instance, diamond film deposition on thermally or chemically sensitive substrates requires the deposition 
conditions tailoring and/or application of protective layers [2,4,5]. In the case of diamond growth on glass or 
quartz substrates, the issue of thick diamond layer delamination due to thermal expansion coefficients 
mismatch and the appearance of residual stress needs to be taken into account [2,5]. Modification of substrate 
surface morphology or additional stress-relaxation layers as well as decrease of deposition temperature are 
the typical solutions for the mentioned issue [5-7]. Here it needs to be noted that for electronic applications the 
electrical properties of the resulting heterostructure are important while optical applications required optical 
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properties preserving [1,2,6-9]. Moreover, the low deposition temperature means a decreased diamond growth 
rate that prolongs deposition time and/or changes the growth kinetics [5,10,11]. A higher amount of carbon-
based species in the growth mixture commonly enhances the growth rate. However, it increases not only the 
amount of non-diamond content in the grown layers but carbon deposits on the chamber walls which often 
lead to plasma instability [2,9-11]. 

In this work, we realize the series of experiments on the low temperature (< 500 °C) diamond film chemical 
vapor deposition (CVD) at different methane concentrations. We investigate the diamond growth on fused 
silica substrates from H2/CH4 process gas mixture in two different focused microwave plasma systems, i.e. a 
multimode clamshell cavity reactor and a rotational ellipsoid cavity reactor. To facilitate the diamond growth in 
its early stage, i.e. beginning of the deposition process, thin diamond layers were pre-deposited on fused silica 
wafers in the large area linear antenna pulsed microwave plasma system [5,12], which were then used as the 
starting substrates for this study. 

2. EXPERIMENT 

The experiments with a focus on the low temperature (< 500 °C) diamond film CVD at different methane 
concentrations were realized in the multimode clamshell cavity (MCC) reactor (SDS6K, Seki Diamond 
Systems) and rotational ellipsoid cavity (REC) reactor (P6, Diamond Materials GmbH), i.e. two types of focused 
microwave (MW) plasma CVD system [1,3]. The fused silica (type JGS1) wafers cut to 1x1 cm2 pieces were 
used as substrates. Before the diamond CVD process, substrates were seeded in an ultrasonic bath for 40 
min using the water-based ultra-dispersed diamond powder suspension (NanoAmando, nominal particle size 
5 nm), to receive high diamond nucleation densities [12,13]. Next, the set of samples was coated by the thin 
(95 nm) diamond layer in the large area linear antenna pulsed MW plasma system (AK 400, Roth & Rau) 
[5,12]. The 12 h CVD process was realized in the H2/CO2/CH4 gas mixture (gas flows 200/20/5 sccm) at a 
pressure of 15 Pa (0.15 mbar) and microwave power 2x1800 W delivered from two sides of antennas. The 
average substrate temperature during the process was kept at 420 °C by resistive heating of the substrate 
holder. These samples, labeled as SD, were then used for diamond CVD growth in focused plasma systems 
while only seeded fused silica substrates, labeled as SN, were used in the experiments as reference. 

The series of experiments in the MCC reactor was realized at the following deposition conditions: H2/CH4 
process gas mixture with an amount of methane varied from 1 to 15 % of hydrogen flow (300 sccm), pressure 
4 kPa (30 Torr), microwave power 2000 W and temperature maintained around 450-460 °C. The time of each 
CVD process was adjusted according to the results of preliminary experiments and methane amount in the 
mixture in order to have diamond layers of the total thickness 340±14 nm. 

The diamond films deposition conditions in the REC reactor were as followed: H2/CH4 process gas mixture 
with the amount of methane varied from 1 to 9 % of hydrogen flow (300 sccm), pressure 3 kPa (30 mbar), 
microwave power 1500 W and temperature around 450 °C. As for MCC reactor, the time of each CVD process 
was adjusted according to the earlier experiments and methane amount in a mixture in order to have diamond 
layers of the total thickness 230±13 nm. 

The diamond films thickness for experiments was evaluated by a non-destructive method using the home-
made reflectance interferometry setup [12]. The grown films surface morphology was characterized by the 
field-emission scanning electron microscopy (FE-SEM, Tescan MAIA3). The grown films composition was 
studied by the Raman spectroscopy (Renishaw InVia Reflex Raman microscope) using the laser with an 
excitation wavelength of 442 nm. 

3. RESULTS AND DISCUSSION 

The typical morphology (investigated by SEM) and Raman spectrum of pre-grown diamond layer on SD 
samples are shown in Figure 1. The pre-grown layer is uniform and consisted of features with size less than 
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100 nm and no clear facets (Figure 1a) reported earlier [5]. The peaks and bands observed in the Raman 
spectrum of SD sample (Figure 1b) were attributed to: characteristic diamond peak centered at 1332 cm-1, D-
band centered at 1355 cm-1, the G-band around 1590 cm-1 and a weak band around 1490 cm-1 the most 
probably related to transpolyacetylene (TPA) residues at grain boundaries [13-15]. 

 

Figure 1 The SEM images of pre-grown diamond layer morphology (a) and measured Raman spectrum (b). 

The morphology of the diamond films grown on SD samples (fused silica with thin pre-grown diamond layer) 
at different methane to hydrogen ratios in the MCC reactor are shown in Figure 2. It can be seen that the 
diamond layer grown from mixture with CH4/H2 ratio 1 % (low methane concentration) is not uniform, although 
consisted of fine-grained crystallites. In the grown layer the large (up to 500 nm) diamond crystallites are 
protrude from the layer of smaller (150-250 nm) crystallites with randomly distributed voids in between. 
Increasing CH4/H2 ratio up to 6 % resulted in a slight decrease of crystal sizes while voids in layer disappeared. 
Further increase of CH4/H2 ratio to 15 % decreased the crystal sizes down to approximately 50 and 400 nm 
for small and large crystals, respectively. Nevertheless, the crystallites remain well-faceted and 
distinguishable. The decreasing of diamond crystal sizes is attributed to the shift of diamond growth kinetic 
toward the higher diamond re-nucleation yields [2,5,13]. Whilst, high plasma density and still enough high 
amounts of atomic hydrogen promote the lateral diamond growth [3].  

 

Figure 2 The SEM images of diamond films grown on SD samples at different methane to hydrogen ratios in 
the MCC reactor. 

Raman spectra from layers grown on SD samples in the MCC reactor (Figure 3a) reveal characteristic features 
of thin diamond films. In particular, the spectrum is dominated by a diamond peak centered at 1332 cm-1, and 
reveals also the D-band at 1355 cm-1, the G-band around 1590 cm-1 and two bands centered at 1490 cm-1 and 
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a weaker band at 1150 cm-1 attributed to TPA located at grain boundaries [13-15]. The best signal-to-noise 
ratio and the narrower diamond peak were observed for the diamond film grown at 1 % of CH4/H2. However, 
all spectra from diamond layers grown in the MCC reactor normalized to diamond peak (not shown) were very 
similar and demonstrated a very low amount of non-diamond carbon phases (with slight variation of TPA and 
G-band contribution). It agrees with the SEM observation of diamond films with well-faceted crystals in CH4/H2 
ratio range from 1 to 15 %.  

 

Figure 3 As-measured Raman spectra of layers grown on SD samples (a) and the growth rates of diamond 
films grown on SD and SN samples (b) at different methane to hydrogen ratios in the MCC reactor. 

Concerning the growth rate (Figure 3b), it monotonically increases for both sample types, i.e. SD samples 
with the pre-grown diamond layer and SN - the seeded reference samples, respectively. The increase in the 
growth rate is attributed to a higher amount of carbon growth species due to used higher amount of methane 
[3,11]. The growth rate for SD samples raised from 32.6 to 85 nm/h (i.e. the enhancement factor of 2.6) for the 
increase of CH4/H2 ratio from 1 % to 15 %. The lower growth rate values observed for the reference SN 
samples (from 11 nm/h for 1 % CH4/H2 to 71.3 nm/h for 15 % CH4/H2) are affected by the prolonged incubation 
time (also known as delay time) at the early stage of the diamond CVD growth [6]. It is known that after passing 
that delay time the growth rate values on such samples as SN will increase [6] while using of SD samples with 
the pre-grown diamond layers allow to significantly shorten the incubation period. Finally, it needs to be noted 
that at higher CH4/H2 ratio the delay time is shorter which is indicated by the decreasing of the difference 
between growth rate for SN and SD samples with increase of CH4/H2 ratio. Keeping in mind the indication on 
the re-nucleation yields increasing and growth kinetic change the growth rate trend should not be linearized. 

 

Figure 4 The SEM images of diamond films grown on SD samples at different methane to hydrogen ratios in 
the REC reactor. 
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Surface morphologies of diamond films grown on SD samples at different methane to hydrogen ratios in the 
REC reactor are shown in Figure 4. In the case of low temperature diamond deposition with a CH4/H2 ratio 
from 1 to 3 % in the REC reactor, the diamond films consisted of randomly oriented, densely packed, well-
faceted diamond crystallites with sizes from 50 nm to 300 nm. With the increase of methane to hydrogen ratio 
to 9 % the amount of the small-sized (50 nm and smaller) diamond crystallites also increases, while crystallites 
with sizes above 150 nm were not observable, which should be attributed to the increase in the diamond re-
nucleation rate [2,5,13]. Contrary to the MCC reactor (Figure 2), the shift of the growth kinetic towards the 
high re-nucleation yield in the REC reactor begins at much lower methane concentrations, which is more or 
less related to differences in the reactor designs [3]. 

 

Figure 5 As-measured Raman spectra of layers grown on SD samples (a) and growth rates of diamond films 
grown on SD and SN samples (b) at different methane to hydrogen ratios in the REC reactor. 

Raman spectra of samples grown in the REC reactor are depicted in Figure 5a. Similarly to the MCC reactor, 
all spectra reveal thin diamond films features consisting of the diamond peak (1332 cm-1), D- and G-bands 
(1355 cm-1 and 1590 cm-1 respectively), and TPA bands (1490 cm-1 and 1150 cm-1) [13-15]. The spectra 
normalized to diamond peak (not shown) reveal increase of non-diamond phases with the increase of the 
methane amount in the mixture. Nevertheless, the diamond peak in spectra remains clearly detectable for all 
used CH4/H2 ratios which agrees with observation of Catledge et al. for temperature 425 °C [10]. Therefore, 
we believe that our findings indicate on reasonable non-diamond carbon species etching during the CVD 
process in REC reactor at temperature around 450 °C up to CH4/H2 ratio at least 9 %. The growth rate 
(Figure 5b) for SD samples increased from 30.2 to 45.4 nm/h with methane to hydrogen ratio increase from 
1 % up to 6 %, and then stays close to the saturated value of 45 nm/h for 9 % CH4/H2. The maximum 
enhancement of the growth rate in the REC reactor is 1.5 found for 6 % of methane to hydrogen ratio. For SN 
samples the growth rate increases from 21.7 to 41.7 nm/h with CH4/H2 ratio increase from 1 % up to 9 %. 
Similar to previous, the slightly lower growth rate values for SN samples are attributed to delay time at the 
early stage of the diamond CVD [6]. However, in contrast with the MCC reactor, it seems that the growth rate 
trend for REC reactor approaches the saturation at CH4/H2 ratio above 6 %. It corresponds to the SEM 
observations (Figure 4) indicated the diamond growth kinetic changing and the re-nucleation yield increasing 
for higher CH4/H2 ratio. 

Finally, it should be noted, that for both reactors types the high methane concentration in the gas mixtures 
(CH4/H2 ratio for MCC reactor from 15 % and for REC reactor from 6 %) resulted in increased carbon-based 
film deposition on the chamber walls and quartz MW window which negatively influenced the plasma stability 
[2,3]. This is especially more critical for the REC reactor, where carbon deposit on the quartz jell bar 
suppresses the microwave propagation into the chamber and often results in the plasma ball movement 
(“jump”) to the quartz bell jar, its later overheating and destroying. Therefore, although the further growth rate 
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increase with increase of CH4/H2 ratio in MCC reactor is possible, the experiments on the diamond growth with 
higher methane amount in the mixture were estimated as unsafe because endanger the systems functionality. 

4. CONCLUSION  

We investigated the low temperature (< 500 °C) diamond film deposition on fused silica in the hydrogen-rich 
process gas mixtures in two different focused microwave plasma systems. For both deposition systems we 
observed an increase in the diamond growth rate with the increase of methane amount in the growth mixture. 
Moreover, during CVD with high methane to hydrogen ratio we also observed increase of carbon films deposit 
on chamber walls which is a limiting factor for the long-term deposition process. The diamond growth rate on 
the substrates with pre-deposited (growth enhancing) diamond layers for CVD in MCC reactor increases by 
factor of 2.6 with the methane to hydrogen ratio increase from 1 % to 15 %. For REC reactor the growth rate 
on the same type of substrates increases by factor 1.5 with the methane to hydrogen ratio increase from 1 % 
to 6 % and then saturates. The Raman shift measurements on diamond films grown in the MCC reactor with 
CH4/H2 ratio in range from 1 % to 15 % revealed a low content of non-diamond phases in all grown layers. It 
corresponds with the SEM observation of diamond films with well-shaped crystals in all cases. On the other 
hand, the CH4/H2 ratio increasing from 1 % to 9 % for REC reactor resulted to evident increase in number of 
diamond crystals with small sizes and also increase in amount of non-diamond carbon in the films. It was 
attributed to the change of diamond film growth kinetic and increase of the diamond re-nucleation yield that for 
REC reactor begins at lower methane concentrations than for MCC reactor. Considering all mentioned 
observation, we believe that the design of the MCC reactor is more favorable for well-facetted diamond films 
deposition at high CH4/H2 ratio than REC reactor. We proposed, that the enhanced diamond growth rate at 
low temperatures in MCC system will be advantageous for overcoating of fused silica, thermally sensitive 
substrates, e.g. optical elements, photonic crystals, sensors, etc. 
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Abstract 

We investigated the effect of spin coating parameters on the electrical properties of Ti3C2 MXene thin films 
deposited from non-aqueous suspensions in N,N-dimethyl formamide (DMF) and N-methyl-2-pyrrolidone 
(NMP) on gold interdigitated electrodes (IDE). The electrical properties of DMF-MXenes and NMP-MXenes 
films are characterized by impedance spectroscopy (4 Hz - 8 MHz at 1 V) using gold IDE with 25 m gap. The 
electrical conductivity of MXene films decreases with increasing spin coating speed from 300 to 900 rpm. The 
series resistance (Rs) and double layer capacitance remain similar (Cdl). In all cases, MXenes deposited from 
DMF have five orders of magnitude higher electrical conductivity (lower Rct) than MXene films deposited from 
NMP. It is correlated with the thin film morphology obtained by scanning electron microscopy (SEM). These 
findings can be useful for possible application of MXenes as charge transport layers in hybrid photovoltaic 
devices.  

Keywords: MXene, thin films, impedance spectroscopy, electrical conductivity, spin coating 

1. INTRODUCTION 

MXenes are a new class of two-dimensional materials that can be denoted by the general formula Mn+1XnTx, 
where M is a transition metal, X is carbon or nitrogen, and T is a surface functional group (-OH, -O, and/or -F) 
[1]. Modified 2D MXenes are promising materials in energy conversion and storage, such as lithium-ion 
batteries and supercapacitors, with the possibility of using them to develop new electrode designs. Due to the 
microporous structure of MXenes, the process of transferring ions to the oxidative regenerative centers is much 
faster, which allows faster recharging of batteries. So, MXenes are also attractive in terms of the development 
of sustainable energy technologies due to a wide range of extraordinary properties, such as high electrical 
conductivity, hydrophilicity, excellent thermal stability, large surface area, etc. In the form of highly 
concentrated suspensions of MXenes in water, due to the functional groups on the surface, its hydrophilicity 
and stability during storage is ensured [2]. MXenes have a significant advantage over other nanomaterials, 
including reduced graphene oxide, for obtaining conductive nanocomposites, precisely due to their high 
conductivity [3-5]. MXenes are characterized by dependence between the electrical conductivity and their 
morphology, for example, ultrathin, compact MXenes films with highly aligned scales exhibit very high electrical 
conductivity. Grain boundaries can also affect electron hopping transport behavior, smaller flakes correspond 
to more particle boundaries and therefore more interparticle contacts, resulting in lower electrical conductivity 
of the films. This is best confirmed by the significantly higher conductivity of the flakes obtained by the spin 
coating method, which allows for more compact films (easier electron hopping).  

An urgent task given by the promising use of MXenes in organic or perovskite solar cells is to study the 
conductive properties and structural features of MXenes thin films obtained from polar non-aqueous solvents. 
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This work aims to determine the effects on the electrical conductivity of MXenes deposited from suspensions 
of NMP and DMF on a sensor platform with gold IDE depending on the spin coater rotation speed by 
impedance spectroscopy. Impedance spectroscopy is used as an effective method for studying the electrical 
characteristics of interfaces in a wide frequency range [6-10]. The surface morphology of MXene thin films in 
terms of IDE sensor coating is evaluated from secondary electron images obtained by SEM.  

2. EXPERIMENTAL METHODS 

2.1. Preparation of MXenes in polar aprotic solvents 

A solvent replacement method was used to prepare the suspensions. A known volume (0.5 mL) of the 0.9 
mg/mL dispersion of Ti3C2based MXenes in deionized water was centrifuged at a rotation speed of 13000 rpm 
(15115 g) for 30 minutes, after which the supernatant above the sediment was pipetted off. The precipitated 
MXene was re-dispersed in polar aprotic solvents - NMP and DMF, respectively. Then the second stage of 
centrifugation was carried out at 13000 rpm (15115 g) for 5 minutes, the supernatant was removed by pipette 
and NMP or DMF solvent was added to 1 mL. This is a simplified and faster procedure than the previously 
reported [11]. To prevent particle aggregation, the resulting suspension was sonicated in an ultrasonic bath at 
37 kHz for 30 minutes and stored for further analysis. 

2.2. Sample Preparation  

The interdigitated microelectrode sensor platform was used for the preparation and characterization of the 
MXenes thin films. Multilayer NiCr/Ni/Au interdigitated electrodes were deposited on a ceramic substrate of 
5.5 × 8.8 × 0.6 mm3. The IDE electrode structure consists of repeated lines/gaps with the width of 25 μm for 
both. The IDE was first cleaned with ethanol, then 1 μL of MXenes from NMP and DMF suspensions was 
applied by drop casting, followed by spin coating (Ossila Ltd). Samples with deposited thin films of MXenes 
from NMP and DMF suspensions were prepared at three different spin coating rotation speeds (300, 600 and 
900 rpm) for 60 seconds, followed by evaporation of the liquid at T=100 °C to form a dry thin film of MXenes. 

2.3. Morphology Characterizations 

The scanning electron microscope (SEM, MAIA3 Tescan) was used for the characterization of the surface 
morphology of the prepared samples. All presented SEM images of samples were acquired at 10 kV in the 
regime of secondary electrons. 

2.4. Electrical Impedance Measurements 

The IM 3536 LCR METER Hioki device was used to measure impedance spectra. All measurements were 
carried out in the frequency range from 4 Hz to 8 MHz at a constant voltage of 1 V. The sample was placed in 
a Faraday cage, the electrodes we fixed by a clamp, and connected to the LCR meter. LCR Meter Software 
was used to measure the impedance spectroscopy. Experimental Nyquist plots of the impedance -Zim=f(Zrel) 
were constructed to analyze the electron transport processes occurring at the interface of the gold IDE sensor 
and DMF-MXenes or NMP-MXenes. 

3. RESULTS AND DISCUSSION 

3.1. Methodology of MXene thin films preparation 

For this study, we prepared samples of MXenes thin films deposited from NMP and DMF suspensions by spin 
coating on the surface of the IDE sensor. A drop of the suspension with a volume of 1 μl was deposited on a 
gold IDE sensor platform followed by spin coating at different spin speeds: 300, 600, 900 rpm for 60 seconds 
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and evaporation at T=100 ºC. A schematic representation of all stages of the preparation process of the studied 
samples is shown in Figure 1a. The spin coating method was used to obtain a thin coating of MXenes 
deposited on the surface of the IDE sensor. The general four stages of the spin coating process are shown: 1 
- application of a drop of MХenes suspension on the substrate; 2 - the process of rotation of the sample with 
the suspension applied to its surface in the form of a drop, during which there is a uniform distribution of the 
layer of liquid applied to the surface; 3 - in the process of spin coater rotation there is a uniform distribution of 
liquid and MХenes on the surface of the IDE. A detailed schematic representation of the spin coating process 
is shown in Figure 1b. 

 

Figure 1 Scheme of MXene layer deposition process stages (a) and detail of the spin coating process (b). 
Photographs of bare gold IDЕ impedance sensor (c), its SEM surface morphology the border between Au 

electrode and ceramic substrate (d), and detail of gold electrode (e), ceramic substrate surface (f) 

A photo of a bare IDE with an enlarged detail for better visualization of the structure of the gold electrodes on 
the ceramic surface is shown in Figure 1c. In order to compare the surface morphology of the deposited 
MXenes on the surface in terms of the uniformity of the sensor surface coating, the secondary electron images 
of the bare sensor were first obtained in three positions: at the interface between the gold electrode (Au) and 
the ceramic (CER), a scale of 5 μm, and the surface of the gold electrode and the between electrode space, 
the surface of the ceramic substrate Figures 1e-f.  

3.2. Surface Morphology of MXene films 

To analyze the morphology of MXenes thin films deposited from NMP and DMF suspensions on the surface 
of gold IDE by spin coating at different rotational speeds: 300, 600 and 900 rpm, SEM images of the samples 
were obtained, which are shown in Figures 2 a,b (the scales bar are 1 mm for the overview image on the left 
and 1 μm for the detailed image on the right). For the investigated samples, thin homogeneous coatings are 
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observed at lower rotational speeds of 300 and 600 rpm for both types of MXenes suspensions (NMP and 
DMF). For a rotation speed of 900 rpm, inhomogeneities and breaks are observed on the surface of the 
obtained films. By analyzing the acquired SEM images, it can be concluded that the spin coating method for 
allows obtaining more homogeneous MXenes coatings at lower rotational speeds (300 and 600 rpm) than at 
higher speeds (900 rpm). 

 
Figure 2 SEM morphology of the MXenes thin films deposited from NMP (a) and DMF (b) at different spin 

coating speeds (300, 600, 900 rpm). Nyquist plots of NMP-MXene (c) and DMF-MXene (d) obtained by 
Electrical Impedance Spectroscopy. Scheme of the equivalent model of the circuit (e) 

3.3. Electrical properties of MXenes films 

The results of electrical impedance spectroscopy measurements of MXenes thin films deposited from NMP 
and DMF suspensions on a gold IDE sensor platform at different spin coater rotation speeds (300, 600 and 
900 rpm) are shown in Figures 2c and 2d. Analyzing the Nyquist plots, we can see a tendency of decreasing 
of electrical conductivity of MXenes thin films with increasing rotation speed for MXenes deposited from both 
types of suspensions. For the NMP-MXenes films, the Nyquist plot shows only a small part of the semicircle 
in the given frequency range, indicating that the role of the charge transfer resistivity component decreases. 
The radius of the semicircle arcs approaches the real part of the impedance. The decrease in the radius of 
curvature with decreasing rotation speed indicates an increase in electrical conductivity. The impedance 
spectra were fitted using series resistance Rs, charge transfer resistance Rct and double layer capacitance Cdl 

using the equivalent circuit model shown in Figure 2e. The resulting values of Rs, Rct and Cdl parameters for 
all NMP-MXenes and DMF-MXenes samples are summarized in Table 1. 
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Table 1 Evaluated parameters Rs, Rct, Cdl of MXenes deposited from NMP and DMF suspensions on the 
gold IDE platform 

Speed of 
rotation (rpm) 

NMP-MXenes DMF-MXenes 

Rs 
(Ω) 

Rct 
(Ω) 

Cdl 
(pF) 

Rs 
(Ω) 

Rct 
(Ω) 

Cdl 
(pF) 

300 58.00 0.15 × 1010 26.6 62.92 5.25 ×105 21.3 

600 63.42 6.63 × 1010 21.3 61.29 26.6 ×105 22.7 

900 63.57 6.63 × 1010 20.9 53.73 1280 ×105 23.4 

In general, the MXenes thin films formed at different spin coating speeds are highly resistive and there is a 
tendency to increase the electrical conductivity of the films with decreasing spin coating speed. At the spin 
coating speeds of 300 rpm, MXenes thin films deposited from both types of NMP and DMF suspensions had 
the lowest resistance. Comparing the total resistivity of MXenes thin films deposited from DMF and NMP 
solutions at different rpm, it can be seen that DMF-MXenes had better conductive properties (by 5 orders of 
magnitude) than NMP-MXenes. The series resistance Rs and double layer capacitance Cdl are about similar 
and remain similar independent of spin coating speed. The series resistance Rs is also quite low, around 60 Ω 
for both types of MXenes. Thus, the determining factor for Rs and Cdl are not the differences in surface 
functional groups that were indicated previously by Raman spectroscopy [11]. It is known that the grain 
boundaries can also influence the behavior of electron hopping, smaller flakes correspond to a larger number 
of particle boundaries and hence more inter-particle contacts, which leads to a decrease in the electrical 
conductivity of the films. However, the average size of DMF-MXenes and NMP-MXenes particles is similar (36 
nm and 42 nm) and thus the effect of internal structure can also be excluded. It is thus the MXene/Au-electrode 
interface that limits the charge transfer and leads to the very high resistance Rct despite low series resistance 
Rs. During the spin coating and drying process the MXene flakes are most likely not sufficiently well connected 
to the IDE electrode below them. The lower Rct of DMF-MXenes compared to NMP-MXenes may be due to 
better electrode coverage, at the lowest 300 rpm speed, as indicated by darker SEM images.  

4.  CONCLUSIONS 

The study of spin coating parameters’ effect on MXenes thin films deposited from suspensions of DMF and 
NMP on a gold/ceramic IDE sensor platform. For the spin coating speeds 300-900 rpm, series resistance 
(related to actual electrical conductivity) and double layer capacitance (related to actual microstructure) of 
MXenes remained similar for both types of suspensions independent of rotation speeds. The highest charge 
transfer conductivity, i.e. the lower charge transfer resistance, was systematically achieved at the lowest 
rotation speed of 300 rpm, irrespective of NMP or DMF solvent. We assume that it is mainly due to the highest 
density and uniformity of MXenes distribution by spin coating on the IDE surface as shown by the SEM images. 
Interestingly, MXenes spin coated from DMF solution had better charge transfer compared to NMP. This 
difference can be explained by better coverage and contact with the electrodes (again noticeable in SEM 
images) due to differences in the surface functional groups of NMP-MXenes and DMF-MXenes. The 
conclusions made in this work regarding the dependence of electrical properties on the spin coating process 
parameters may serve as a guide for the possible use of MXenes in non-aqueous solvents as charge 
transporting layers in organic-based photovoltaic devices. 
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Abstract  

Irrespective of all affirmative physiochemical properties of polytetrafluoroethylene (PTFE) hollow fiber (HF) 
membrane, its promotion to be served for water purification function is significantly threatened by biofouling 
which is known as the primary problem in the membrane technology. The hydrophobic nature of PTFE attracts 
biofoulants leading to the pore blockage and lowering of the flux and functional life. Thus, this investigation 
aimed to devise an innovative silan-mediated polydopamine (PDA) coating incorporated with ZnO 
nanoparticles (NP) to trim the surface of the PTFE HF membrane and subsequently increase its functional 
property and biofouling resistivity. SEM images and EDX spectroscopies showed the time-dependent growth 
of PDA coating and elemental analysis on the surface, respectively. The water contact angle results illustrated 
the successful transformation of the surface characteristics of the PTFE HF membrane from hydrophobic (app. 
130°) to superhydrophilic (0°) after surface modification. An exclusive dead-end cell was devised to 
comparatively evaluate the permeation and protein separation of surface-modified and pure PTFE HF 
membranes under constant pressure. Filtration tests’ results, alongside the microbial assessments, revealed 
that the modified membranes showed a lower tendency towards biofouling. The outcomes of this study shed 
light on addressing the key challenges of today's demands for harnessing membrane biofouling and 
remarkably expand the PTFE HF membrane’s potential to be utilized in advanced water treatment technology.  

Keywords: Superhydrophilicity, polytetrafluoroethylene, zinc oxide nanoparticle, hollow fiber membrane, 
surface treatment, biofouling resistivity 

1. INTRODUCTION 

Organic hollow fiber (HF) membranes are unanimously considered the promising separation approach in water 
treatment due to its cost effective, cost effective, higher efficiency during the water filtration process, and 
space-saving which then ensure cleaner water purification [1-2]. However, the hydrophobic nature of these HF 
membranes are prone to the adsorption of biofoulants which consist of proteins, humic acids, and 
microorganisms which will then lead to membrane blockage [3-4]. Although polytetrafluoroethylene (PTFE) 
hollow fiber (HF) membrane contains comparatively higher chemical, thermal and mechanical properties than 
all other HF membranes [5], its widespread promotion in water application is affected by the feasible, 
permanent and efficient surface modification [6-7]. However, there is still a knowledge gap in the long-lasting 
and biofouling resistant modified coating for PTFE HF membrane to meet the requisites of the water treatment 
technologies. Accordingly this study tries to introduce the promising surface modification on the basis of a 
nature-inspired polydopamine (PDA) coating due to its remarkable properties [8-9] and incorporation with zinc 
oxide nanoparticles (ZnO NPs) as an advanced biofouling resistant approach for PTFE HF membranes. 
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2. MATERIALS AND METHODS 

2.1. Surface modification method 

The surface modification method of the PTFE HF membrane was based on the hierarchical steps of surface 
polymerization of PDA and immobilization of ZnO NPs on the surface, respectively. PDA coating initiated by 
immersion of PTFE HF (Dongyang Hanchen Membrane Technology) membranes in the Tris-base 
(Tris(hydroxymethyl)-aminomethane, Penta) buffer solution and In-Situ polymerization of dopamine 
hydrochloride (99%, Alfa Aesar) at a certain adjusted pH = 8.5. Then, the membranes were washed intensively 
three times with deionized water (DW) to remove non-reacted monomers. ZnO NPs immobilized on the 
membranes‘ surface followed by dispersion and ultrasonication in Ethanol, and addition of (3-
Aminopropyl)triethoxysilane (APTES, TCI) 2 % v/v to the solution. The specimens were gently washed three 
times again and kept in DW for further analysis. 

2.2. Surface characterization 

Scanning electron microscopy (SEM) images were used to analyze the surface morphology of the treated 
PTFE HF membranes. Simultaneously, energy Dispersive X-ray Spectroscopy (EDX) analysis was carried out 
to quantitatively measure the elemental composition on the surface area of specimens after modifications. 
Water contact angle measurement was performed to evaluate the surface hydrophilicity of PTFE HF 
membranes before and after surface treatment. ATR-FTIR spectrophotometer was utilized to assess the 
spectra of the chemical bonds for pristine and surface-treated membranes. 

2.3. Filtration performance 

The particular homemade dead-end cell specially devised for HF membranes was conducted to determine 
membrane hydraulic performance. The pressure-driven cell coupled with PTFE HF membrane modules (34 
cm2) was fed by DW. The measurements were performed at 1 bar, and room temperature. Meanwhile, the flux 
(J) and flux recovery ratio (FRR) before and after modification against filtration of deionized water (DW) and 
bovine serum albumin (BSA) were determined by using the below equations: 

Z [ \
]8._` � a

X .  %                                                     (1),                        bTT � [cd8
cd�` ∗ 100                                             (2) 

Initial filtration of DW was performed to determine the flux, Jw1, at 1 bar for 1 h. Then, the cell was emptied, 
refilled with BSA, and filtrated for 1 h at 1 bar. Subsequently, the flux recovery ratio (FRR) was determined 
after gently three times washing the membranes and refilter the DW for another 1 h to measure JW2. 

2.4. Antimicrobial assessments 

Surface modified PTFE HF membranes incorporated with different concentrations of ZnO NPs (0.5 mg/mL, 1 
mg/mL, and 1.5 mg/mL) were qualitatively tested under static contact condition according to the AATCC 
method 147 [10] and quantitatively under dynamic contact condition according to the standard ASTM E2149 
by inoculation with gram-positive Staphylococcus spp. CCM 2446 and gram-negative Escherichia coli CCM 
7395 (obtained from the Czech Collection of Microorganisms, Masaryk University in Brno, Czech Republic). 

2.4.1. Antimicrobial activity under static contact conditions  

To evaluate the inhibition zone of surface-modified PTFE HF membranes an initial concentration of 105 cells 
inoculum/1ml of bacteria suspensions were prepared by using a Densi-La-Meter® II densitometer (Erba 
Lachema). Then, four lines of the given bacterial suspensions ranging from non-diluted, 10 times, 102, and 103 
times dilution were prepared in parallel on the agar plates (PCA). Tested HF membranes were placed 
perpendicularly with the bacteria lines on the agar plates. 
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Sample plates were cultivated beneath 37 °C for 48 h. After incubation, the contact area between the tested 
membranes and bacteria lines were qualitatively assessed based on three factors: growth of bacteria under 
the HF membrane, leaking from the modified HF membrane into the agar plates, and reduction zones between 
the edge of the bacteria lines and samples. Consequently, the reducing inhibition zones sign a qualitative 
degree of antimicrobial activity. 

2.4.2. Antimicrobial activity under dynamic contact conditions 

The quantitative measurements of each specimen was carried out at the certain contact time based on the 
following steps. The initial suspension solutions of the test organisms were prepared in sterile saline solution 
(8.5 g NaCl / 1l H2O), and the concentration of bacteria equal to the 105 colony-forming-unit (CFU) / 1 ml was 
obtained. CFU were determined after 0, 1, 3, 6, and 24 hours contact times. 

Each sample piece (0.5 g) was put in the 25 ml bacterial inoculum solution and thoroughly agitated on a shaker 
at 120 rpm. Subsequently, for the specified time intervals of 0, 1, 3, 6, and 24 hours, samples were pipetted 
into Petri dishes and poured with tempered PCA agar (BioRad). The same procedures were repeated for 10 
times and 100 times dilutions of each sample. The samples-contained-agar Petri dishes were incubated at 
37 ˚C for 48 hours. Finally, individual colonies of microorganisms were counted and recorded in. 

3. RESULTS AND DISCUSSION 

3.1. Surface characterization 

The SEM images of the PTFE HF membranes before and after treatment illustrated that thickness of the PDA 
layer is time-dependent in a way that by increasing the polymerization time, PDA coating significantly increase 
(Figure 1) util it uniformly cover whole of the membrane‘s surface after 24 h (Figure 1, d). It was also deduced 
that PDA coating is not a practicable technique to immobilize NP on the surface, and as it does, APTES was 
successfully exploited to immobilize ZnO NPs on the PTFE@PDA 24h HF membranes (Figure 1, e). 

EDX analysis was also performed to distinguish various amounts of immobilized ZnO NPs on the membrane 
surface. Accordingly, samples containing ZnO = (0.5 mg/mL, 1 mg/mL and 1.5 mg/mL) showed homogenous 
elemental distribution on the surface with the values equal to 1.72 %wt, 8.44 %wt and 18.95 %wt, respectively.  

 

Figure 1 SEM surface images of: a) Pure PTFE HF membrane, b) PTFE@PDA 4h, c) PTFE@PDA 14h,  
d) PTFE@PDA 24h and e) PTFE@PDA 24h incorporated ZnO = 1 mg/mL 

3.2. Water contact angle 

Water contact angle results of the pristine and surface-treated PTFE HF membranes are shown in the 
Figure 2. It was deduced that the transformation of the surface characteristics of the PTFE HF membrane 
from hydrophobic to superhydrophilic can be accessible by decreasing the water contact angle from (app. 
130˚) to (0˚), followed by increasing the PDA polymerization time up to 24 h and uniform growth of PDA NP on 
the surface. Time-dependency of the surface hydrophilicity of the membrane to PDA polymerization time was 
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also proved by considering the reduction of the water contact angle degrees from (app. 89˚), (app. 68˚), and 
(0˚) after increment in PDA polymerization time from 4 h, 14 h, and 24 h. 

 
Figure 2 Effects of polymerization time and surface treatment on water contact angle degrees 

3.3. ATR-FTIR spectroscopy 

Successful polymerization of PDA and also APTES-aided immobilization of ZnO NPs on the surface of PTFE 
HF membranes were proved by comparing the obtained spectra of FT-IR. As it is shown in the Figure 3 a), 
two peaks at 1140 cm-1 and 1200 cm-1 attributed to the C-F bond of the PTFE. New spectra appeared on the 
modified membranes between 1300 cm-1 to 1700 cm-1, and 2400 cm-1 to 3600 cm-1 assigned to the O-H, N-H, 
and C-H bonds and hydrogen bonds of PDA, respectively. The broad peak at 1010 cm-1 is related to the 
vibration of Si-O bonds of the APTES crosslinking agent. These results indicated the successful modification 
of the membranes through PDA coating and ZnO NPs incorporation on the surface of PTFE HF. 

3.4. Flux recovery measurement 

Fluxes of pristine and modified PTFE HF membranes during DW and BSA filtration operation are shown in the 

Figure 3 b). The initial DW fluxes at the first 1 h (Jw1) for pure PTFE HF and PTFE@PDA24 incorporated 
1mg/mL ZnO NPs are app. 1854 (L/m2.h) and app. 226 (L/m2.h), respectively. The secondary DW fluxes after 
filtration of BSA are always lower than the initial one owing to the adsorption and deposition of some protein 
molecules on the membrane surface, contributing to the increment of the fouling rate. However, as it is shown 
in the Figure 3 b), the FRR for the treated membrane is significantly improved by recovering the app. 46 % of 
the initial flux compared to the non-treated membrane, with an 8 % recovery ratio. 

 
Figure 3 a) FT-IR spectra of pure and treated membranes. b) Flux Vs process time diagrams 
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3.5. Antimicrobial assessments 

Qualitative analyses of the PTFE HF membranes after 48 h at 37 ˚C incubation sign the non-activity of both 
pure PTFE and PTFE@PDA 24h, and also low antimicrobial activity of the surface treated PTFE HF 
membranes. Samples containing ZnO = 0.5 mg/mL did not show inhibition properties; nonetheless, those 
treated samples which incorporated with ZnO = 1mg/mL and ZnO=1.5 mg/mL showed low inhibition zone for 
both tested bacteria of E. coli and Staphylococcus spp. (Figure 4). 

 
Figure 4 Inhibition zones of specimens against different concentrations of bacterial suspensions 

According to the dynamic contact procedure, it can be deduced that the surface-treated PTFE HF membranes 
by ZnO NPss (containing 0.5 mg/mL, 1 mg/mL, and 1.5 mg/mL) showed favorable antimicrobial activities 
compared to the blank sample (Figure 5). Besides, samples containing 1 mg/mL and 1.5 mg/mL ZnO NPs 
showed the highest antimicrobial activity. Our observations, even after three times repetitions of experiments, 
proved the non-antibacterial properties of PDA coating. 

  

 

Figure 5 Colony-forming unit (CFU) assays. a) images & c) diagrams of E. coli and b) images & d) diagrams 
of Staphylococcus spp. cells grown by inoculation of 105, 104 and 103 cells with blank PTFE HF, PTFE@PDA 

24 h, and PTFE@PDA 24 incorporated ZnO=1mg/mL, as the optimum specimen, at various contact time 
intervals from 0 h to 24 h. 
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4. CONCLUSION 

The surface analysis experiments affirmed satisfactory transformation of the surface characteristics of PTFE 
HF membrane as one of the most hydrophobic polymers to become super-hydrophilic. In addition, the anti-
biofouling capability of the treated membranes was proved by the antimicrobial experiments. Finally, flux and 
flux recovery filtration tests were performed as a supplement of the experiments to demonstrate the potential 
capability of the surface-treated PTFE HF membrane to serve in the submerged filtration process.  
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Abstract 

This paper investigates the geopolymers with metal microparticles (metal powder) as additives and assesses 
the antimicrobial effect on these composites. Samples of geopolymers were prepared with 4 % silver, copper, 
or nickel microparticle additive. The antimicrobial properties were based on a leaching test from composites, 
and the inhibition zone around Escherichia coli and Micrococcus luteus bacteria cells was investigated. 
Microparticles, especially silver and copper, were confirmed effective as antimicrobial reagents in geopolymer 
composites, with copper microparticles also being favourable over silver due to its significantly lower price. 

Keywords: Geopolymer, antimicrobial property, bacteria cell, microparticle, metal 

1. INTRODUCTION 

Geopolymers are materials formed by the polycondensation of various precursors (such as fly ash [1] or 
metakaolin [2]) in a strongly alkaline environment [3]. They are a potential alternative to materials based on 
ordinary portland cement (OPC), which is the most widely used construction material and a base for concrete 
[4]. When compared to OPC based materials, geopolymers have higher compressive strength [5], resistance 
against high temperatures [6], lower thermal conductivity [7] etc. However, like OPC based materials [8], 
geopolymers are also susceptible to microbially induced degradation (MIB) [9], especially in wet or humid 
environment. Geopolymers exhibit significant antimicrobial properties in dry state due to their high alkalinity. 
In humid environment, the geopolymer or concrete surfaces may be colonized by alkali-resistant bacteria 
species (usually sulfur-oxidizing bacteria [9]). These bacteria produce acidic compounds (like hydrogen sulfide 
or sulphuric acid), causing degradation of the material and allowing colonization by other microorganisms 
(including other bacteria, fungi, lichen [10], and algae [11]). Various methods of protecting the surface of 
geopolymers or concrete were investigated (usually epoxide coatings or metal nanoparticle additives), with the 
aim to increase the resistance of geopolymers or concrete against biogenic acids or to improve their 
antimicrobial or biocidal properties [12]. 

This study used silver, copper, or nickel microparticles (in the form of a powder) instead of metal nanoparticles. 
Their antimicrobial effect in geopolymer was investigated as a potential alternative to nanoparticles and other 
antimicrobial agents (while being effective, nanoparticles may pose a serious risk to the environment and are 
more expensive). The antimicrobial effect was tested on both gramnegative (Escherichia coli) and grampositive 
(Micrococcus luteus) bacteria. 

2. MATERIALS AND METHODS 

2.1. Geopolymer Samples Preparation 

The geopolymer samples were prepared using locally sourced Baucis LK metakaolin-base and potassium-
based activator, both manufactured by ČLUZ, a.s Czech company [13]. In addition, three types of 
microparticles were used to prepare geopolymer samples, namely silver, copper and nickel. The microparticle 
size was: silver (made by PkChemie) and copper (made by Fischema) were both sized below 45 μm in 
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diameter, and nickel microparticles (made by Selkat ireneusz Katarzynski) in the range of 3-7 μm. Each set of 
samples contains one type of microparticle, except for the control sample. The composition of geopolymer 
samples is shown in Table 1. 

Table 1 Geopolymer samples composition (materials are listed  
              in weight proportion to the geopolymer base). 

Material Weight proportion 

Geopolymer base 100 

Activator 90 

Microparticles 4 

After hardening, the samples were cut to roughly 3x3x1 cm samples and analyzed on confocal microscope 
S neox, manufactured by Sensofar, with 20x magnification and image mode (without 3D surface mapping). It 
was confirmed that microparticles are dispersed in geopolymer matrix, as they were visible on the surface. 
The confocal images are shown in Figure 1. 

 

Figure 1 Images of geopolymer sample surface with 20x magnification, 1 = Pure geopolymer, 2 = 
Geopolymer with silver microparticles, 3 = geopolymer with copper microparticles, 4 = geopolymer with 

nickel microparticles 

2.2. Antimicrobial Activity Assessment Tests 

Gram-negative Escherichia coli and gram-positive Micrococcus luteus bacteria cells were bought from the 
Czech microorganism’s collection [14] and were incubated for 24 hours at 37 °C before assays. Bacterial 
inoculum was prepared with a concentration of 105-106 CFU/mL (Colony forming units per milliliter), applied on 
an agar (Mueller-Hinton) surface in the Petri dish, and spread using a glass spreader. The bacteria cells were 
incubated in an agar medium for 15 minutes at 25 °C. The antimicrobial activity was investigated using a 
quantitative disk diffusion test in an agar medium (modified Kirby-Bauer test). The tested samples were applied 
in the middle of the Petri dishes and incubated for 24-48 hours (by microorganism type); each measurement 
was repeated four times.  
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Two types of antibiotics (Cefazolin 30 μg and Gentamicin 10 μg) were used as a positive control (with expected 
inhibition) in the form of antibiotic-infused paper discs; pure bacteria cells in saline solution were used as a 
negative control sample (with no inhibition). The antimicrobial activity of geopolymers with added microparticles 
was tested in the form of leach in saline solution (0.9 % NaCl). The leachate was prepared five days in advance. 
The leachate properties are specified in Table 2.  

Table 2 Geopolymer leach (a geopolymer with no microparticles was used as a control sample). 

Sample 
Geopolymer 

weight (g) 
Saline solution 

volume (ml) 
Weight/volume 

ratio (%) 
pH (t=0) pH (t=5 min) 

Control (1) 17.90 179 10 6.99 9.93 

Ag (2) 15.02 150 10 6.99 9.65 

Cu (3) 20.88 208 10 6.99 9.23 

Ni (4) 22.65 227 10 6.99 9.09 

The microparticle leachates were tested in a saline solution prepared five days before testing. In this medium, 
silver microparticles quickly sedimented (under 5 minutes) and significantly agglomerated even after thorough 
stirring. The agglomeration and sedimentation rate of copper microparticles was lower than silver 
microparticles. Nickel microparticles did not agglomerate and sedimented slowly (presumably due to their 
smaller size). The prepared mediums are specified in Table 3. 

Table 3 Microparticle medium. 

Microparticle Weight (g) 
Saline solution 

volume (ml) 
Weight/volume ratio 

(%) 
pH (t=0) 

Ag (a) 0.317 13.17 2.41 6.99 

Cu (b) 0.305 13.05 2.34 6.99 

Ni (c) 0.620 16.20 3.83 6.99 

The antimicrobial activity is proved when a visible 
inhibition zone around the tested area exists; the 
area without cells (colony forming units) may be 
easily measured. Image analysis software ImageJ 
(the National Institute of Health) was used to 
measure the diameters and areas of the inhibition 
zones. In each image, the background and agar 
color was changed to black, while bacterial colonies 
were colored to the scale of brown (to allow easy 
comparison and measurement of inhibition zones). 
Due to inhibition zones not always being perfectly 
circular, the area was measured instead of a 
diameter, and the average diameter was calculated 
from the measured area (according to the equation 
for the circle's volume). Basic statistical analysis 
(average values, standard deviation, exclusion of 
outliers) was calculated. Example images of 
inhibition zones are shown in Figure 2. 

Figure 2 Inhibition zones for Escherichia coli; 1 = Silver microparticles geopolymer leach, 2 = Copper 
microparticles geopolymer leach, 3 = Nickel microparticles geopolymer leach, 4 = Cefazolin 30 μg 
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3. RESULTS AND DISCUSSION 

Figure 3 shows the diameters of inhibition zones for each sample, while Figure 4 shows antimicrobial activity 
of samples as a percentage value relative to the activity of the antibiotic (Cefazolin 30 μg). The positive control 
samples (Cefazolin or Gentamicin) proved the highest average antimicrobial activity (diameter of inhibition 
zones). In contrast, the negative control samples (pure bacteria cells in saline solution) showed no effect, per 
expectations. 

 

Figure 3 Inhibition zone diameters. EC = Escherichia coli, ML = Micrococcus luteus; neg.cont = Negative 
control sample; Cef = positive control sample Cefazolin 30 μg; Gent = Positive control sample Gentamicin 

10 μg. Marked identically to Tables 2 and 3. 

 

Figure 4 Graph of inhibition effect of antimicrobials compared to antibiotics; EC = Escherichia coli, ML = 
Micrococcus luteus; neg.cont = Negative control sample; Cef = positive control sample Cefazolin 30 μg; 
Gent = Positive control sample Gentamicin 10 μg. The red line in the graph shows 100% antimicrobial 

activity. Marked identically to Tables 2 and 3. 
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For Escherichia Coli (gram-negative bacteria cells), silver and copper microparticles in the geopolymer matrix 
(in Figure 1 marked as EC GP Ag (2) or EC GP Cu (3)) have shown a high antimicrobial activity of up to 64 % 
and 60 %. Pure silver microparticles in saline solution (in Figure 1 marked as EC Ag (a)) had a slightly higher 
antimicrobial activity than copper microparticles (EC Cu (b)) by about 9 %, although within a margin of error. 
The antimicrobial activity of pure nickel microparticles (EC Ni (c), despite their smaller size) is much lower, 
reaching only 8 %. In the geopolymer matrix (EC GP Ni (4)), these particles' effect is almost 38 % (it may be 
a synergistic effect of particles and high pH). Despite its high pH, pure geopolymer leach (EC GP kont (1)) 
does not affect Escherichia Coli growth. 

For Micrococcus Luteus (gram-positive bacteria cells), the antimicrobial activity of microparticles was much 
weaker compared to Escherichia Coli, both in pure form and as incorporated in the geopolymer matrix (in 
Figure 1 marked as ML). Copper microparticles have achieved the highest antimicrobial activity, about 17 % 
in saline solution (ML Cu (b)) and almost 13 % in geopolymer matrix ((ML GP Cu (3), relative to the Cefazolin). 
Nickel microparticles (pure ML Ni (c) or in geopolymer matrix ML GP Ni (4)) and pure geopolymer leach (ML 
GP kont (1)) did not affect Micrococcus Luteus growth (values are lower than 5 %). 

Results indicate that microparticles, especially silver and copper, may be an appropriate alternative 
to nanoparticles to reach a high antibacterial activity (even as additives in geopolymer). While the inhibition 
effect on Micrococcus luteus was much lower than the effect on Escherichia coli, microparticles inhibited 
bacterial cell growth all the time. Microparticles may prevent the colonization of the geopolymer matrix surface 
even against gram-positive bacteria, which is a key factor in preventing microbially-induced degradation. The 
disadvantage at present is that the microparticles may leach out of the geopolymer matrix. 

The nickel microparticles reached higher antimicrobial activity as part of geopolymer composite than by 
themselves. It is possible that, while weak on their own, nickel microparticles and alkaline geopolymer 
environment have a synergistic effect, giving nickel microparticle geopolymer composite higher antimicrobial 
activity than its components. However, it may also indicate higher rate of leaching out of microparticles into 
the environment. As such, leaching rate of microparticles should be tested in further studies. However, despite 
the improved antimicrobial effect of nickel microparticle geopolymer composite, the antimicrobial activity of 
silver and copper microparticles geopolymer composites was still significantly higher when compared to nickel 
microparticle geopolymer composite. 

Despite their antimicrobial effectiveness, silver microparticles are significantly more expensive than other metal 
microparticles, including similarly effective copper. Silver microparticles were bought for around 1850 EUR/kg, 
while copper microparticles were bought for around 75 EUR/kg. With current data, the significant difference in 
price makes copper microparticles the best choice from the three tested types, due to their high antimicrobial 
activity and relatively low price. However, it is currently unknown whether copper or silver microparticles 
antimicrobial activity would persist with lower microparticle content in geopolymer matrix, as high antimicrobial 
activity of low silver microparticle content may justify their use as antimicrobial agent in geopolymers, despite 
higher price. 

4. CONCLUSION 

This paper investigated silver, copper and nickel microparticles as a potential antimicrobial additive to 
geopolymers. The high antimicrobial activity of silver and copper microparticles was confirmed by testing (a) 
pure microparticles in saline solution and (b) leaching test of geopolymer with microparticles as additives. 
Silver microparticles are, however, very expensive, making copper microparticles more suitable as 
antimicrobial geopolymer additive. Further studies will be focused on finding assessment options for the 
antibacterial effectiveness of these highly alkaline materials (testing the geopolymer sample surface itself 
instead of leach). The effect of microparticle content on mechanical properties and their release rate from the 
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geopolymer matrix for environmental acceptability assessment will be investigated, as well as antimicrobial 
activity of geopolymers with lower microparticle content. 
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Abstract   

We have performed an ab initio study of janus monolayers, a SiX state with as a direct wide bandgap 
semiconducting ferroelectric material, two-dimensional, 2D, silicon carbide has the potential to bring 
revolutionary advances into optoelectronic and electronic devices. It can overcome current limitations with 
silicon, bulk SiC, and gapless graphene. In addition to SiC, which is the most stable form of monolayer silicon 
carbide, other compositions, i.e., XC, are also predicted to be energetically favorable. Depending on the 
stoichiometry and bonding, monolayer SiC may behave as a semiconductor, semimetal or topological 
insulator. With different Si/C ratios, the emerging 2D silicon carbide materials could attain novel electronic, 
optical, magnetic, mechanical, and ferroelectric properties that go beyond those of graphene, silicene, and 
already discovered 2D semiconducting materials. This paper summarizes key findings in 2D SiX and provides 
insight into how changing the arrangement of silicon and carbon atoms in SiC will unlock incredible electronic, 
ferroelectric properties. It also highlights the significance of these properties for electronics, optoelectronics, 
and energy devices. 

Keywords: Ferroelectric, Janus monolayer, quantum-mechanical, DFT 

1. INTRODUCTION  

One of the most intensively studied materials is Janus materials [1]. The Janus monolayer include two 
combinations of different chemical elements and some of them possess a suitable ferroelectric -structural 
transitions that are often accompanied by significant changes of their properties [2]. In particular, the off-
stoichiometric SiX (X = C, Ge, Sn) compounds exhibit unusual ferroelectric and piezoelectric [3] The 
Stoichiometric SiX possess a long range in-plane ferroelectric arrangement of moments below the Curie 
temperature, then become a paraelectric compound above the Curie temperature [4]. 

Exceptionally high carrier mobility and zero band gap semi metallic [5] conductivity are only two of the peculiar 
optical and electrical characteristics of this 2D silicon material, which also contains a single Dirac point where 
the valence and conduction bands cross. It is one of the strongest materials known to man and incredibly 
mechanically flexible. Because it may be used in nanoscale energy harvesting, sensors, and actuators, 
piezoelectricity in 2D van der Waals materials has drawn a lot of attention. However, strain and electric 
polarization are restricted to the basal plane in every system examined so far, which restricts the functionality 
of piezoelectric devices. The freshly synthesized Janus MXY (M=Mo or W, X/Y=S, Se or Te) monolayer [6] 
and multilayer structures with large out-of-plane piezoelectric polarization materials are described in this study 
based on ab initio calculations. 

2. COMPUTATIONAL METHODOLOGY  

We used DFT implemented within the Quantum-ESPRESSO 6.8[5] ab initio software package. Depending on 
the material simulated, ion cores were treated using projector augmented-wave (PAW) pseudopotentials. 
Electron exchange and correlation effects were described using the generalized gradient- corrected Perdew-
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Burke-Ernzerhof (PBE) approximation [6]. Periodic boundary conditions were employed in all three dimensions 
using an orthorhombic unit cell containing either two silicon atoms and two carbon atoms for SiC. Note the 
hexagonal primitive cell was not used in order to align the direction of polarization along one of the lattice 
vectors (i.e., the x-axis). A 20 Å cell height was used in the z-direction to prevent periodic images from 
interacting with each other.  

The electronic wave function was expanded in a plane wave basis set with an energy cutoff of 60 Ry. The 
charge density was expanded in a basis set with a 240 Ry plane wave cutoff. Brillouin zone sampling was 
done using a Monkhorst- Pack mesh [7] of 12× 12× 1 k-points. All ionic relaxations and cell optimizations were 
performed using a threshold of of 10−4Ry/Bohr for the force and 10−6 Ry for the unit cell energy. 

 
Figure 1 Schematic visualizations of 12-atom conventional supercell of Janus-structure 

3. RESULTS  

Figure 1 shows the 2D Janus SiX optimized crystal structures. In order to create the Janus SiX structures  
(X = C, Ge, Sn), the kind of atoms at one side must be swapped out for a different element. 2d materials that 
exhibit spontaneous electric polarization at Pmn21 phase (fig 01), we found the calculated strong in-plane 
polarization (x direction [1 0 0]) In Figure 2, we show that there is a linear relationship between uniaxial strain 
and polarization change in the x. The slope of the corresponding polarization shift with applied uniform strain 
along the x-direction of the rectangular cell may be used to calculate the piezoelectric coefficients e11. Using 
the computed e11, value, the corresponding clamped-ion coefficient d11 is produced. The polarizations along 
the axe is computed using the Berry phase method included in quantum espresso code. Table 2 shows the 
clamped-ion findings for the e11, d11, coefficients. 

Table1 Calculated and band gap Eg (eV), lattice constant (Å), and the spontaneous electric polarization (Ps)  
            in pico-coulombs per metre (pC/m) of SiC, GeC, and SnC monolayers with Local-density  
            approximation (LDA) and generalized gradient approximation (GGA).  

material Ps(pC/m)  
GGA 

Ps(pC/m) 
LDA Eg (eV) Lattice 

constant (Å) 

SiC 71.43 71.81 2.21 3.11 

SiGe 54.24 53.87 1.85 3.46 

SiSn 44.55 42.34 1.76 3.62 
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Figure 2 Applying an uniaxial in-plane strain to SiC induces a change in the polarization perpendicular to the 

sheet. At low strains, this relationship is linear where the slope gives the e11 piezoelectric coefficient. 

Table 2 Calculated clamped-ion piezoelectric coefficients, e11 and d11, of SiC, GeC, and SnC monolayers. The  
             piezoelectric coefficient of h-BN and MoS2 monolayers calculated by Duerloo et al. [8], are listed for  
             comparison  

Material e11 

(10-10 C·m-1) 
d11 

(pm·V-1) 

SiC -3.83 -2.46 

GeC -4.09 -2.90 

SnC -3.65 -3.2 

h-BN 3.68 1.48 

h-BN cal. [9] 3.71 1.50 

MoS2 cal. [9] 3.06 2.91 

4. CONCLUSION  

We have performed a density functional theory study of new ferroelectric Janus monolayer structures, our 
research focuses on SiX type monolayers with (X = C, Ge, Sn). We use First Principles method based on DFT, 
and our findings of optimization of the free parameters and lattice parameters of the three compounds are 
placed in the ranges of confusing results for the others in the same family, thus we have determined that the 
three SiX compounds are piezoelectric materials. The electronic characteristics were investigated, and the 
results revealed that they are semi-conductors. to ensure the state's mechanical stability. Fundamentally, we 
have a problem with these compounds being stable in the hexagonal phase at the price of the elastic constant. 
The obtained results encourage us to extend our work on this type of material and to study the optical and 
thermodynamic properties of these compounds.  
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Abstract 

Here we report the synthesis route for glass surface functionalization by ZnO nanorods and nanowires-based 
Cu2O heterojunction. In the first step, ZnO elongated structures were grown on a seeded substrate following 
the classic hydrothermal method, and their thickness can be controlled by polyethyleneimine (PEI) 
concentration. In the second step, ZnO/Cu2O heterojunctions were fabricated by immersion of ZnO-grown 
substrate upside-down into the copper sulfate solution with glucose as a reducing agent. After characterization 
of prepared ZnO/Cu2O heterojunction by SEM, TEM, and XRD, its application capability for waste-water 
treatment was successfully demonstrated on Estriol (E3) hormone degradation under UV light by using a 
continuous Drip Flow Biofilm Reactor. Furthermore, functionalized glasses were shown to be effective for 
designing self-cleaning surfaces. The photocatalytic-induced self-cleaning ability was demonstrated by 
resazurin-based smart ink and tert-butyl alcohol-based methylene blue ink.  

Keywords: ZnO, self-cleaning, photocatalytic, Estriol 

1. INTRODUCTION 

In recent years, the persistent release of toxicants has been of grave concern to humans and the environment. 
Many bioactive toxicants are dangerous for human life, even in small concentrations. Adverse physiological 
effects have been reported among the commonly discharged steroidal hormones such as Testosterone, 
Estrogen, 17ß-Estradiol (E2), and Estriol (E3). These contaminants are in the category called endocrine-
disrupting chemicals (EDCs). Interfering these toxicants with the physiological functions of hormones 
potentially causes numerous illnesses [1]. Recent technologies currently in use at the wastewater treatment 
plant (WWTP) are ineffective in eliminating EDCs and usually cause secondary pollution.  

On the other hand, photocatalysis is considered the most cost-energy-effective approach for the remediation 
of environmental pollutants [2]. The essential strategy is to prepare a surface containing the multifunctional 
semiconductor-based photocatalyst. Surface functionalization is a widely adopted technique for surface 
modification that allows researchers to customize surfaces to further applications. The functionalized glass 
was promising in applications that may benefit from photocatalytic-induced self-cleaning, day-night switchable 
hydrophilicity/hydrophobicity, and antibacterial [3]. According to these observations, many different synthesis 
routes for ZnO yield varied morphological configurations, crystallinity, and surface-to-volume ratio, such as 
nanorods, nanoforests, and nanospheres, were described [4 - 6]. One of the most promising synthesis routes 
for glass surface functionalization by ZnO nanorods and nanowires is presented. ZnO wire structures were 
grown on a seeded substrate following the classic hydrothermal method, and their thickness can be controlled 
by polyethyleneimine (PEI) concentration [7]. Next, ZnO/Cu2O heterojunctions were fabricated by immersion 
of ZnO-grown substrate upside-down into the copper sulfate solution with glucose as a reducing agent [8]. 

This work presented two different morphologies of ZnO, i.e., nanorods and nanowires, which are synthesized 
and coupled with Cu2O as a heterojunction. Furthermore, the photodegradation of the E3 hormone in a closed 
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cross-flow reactor showed its successful degradation. In addition, the photocatalytic activity of prepared 
samples under UV irradiation was evaluated by a photocatalytic test kit called “Explorer” (Ink Intelligent, 
Belfast, United Kingdom). This kit is suitable for assessing moderate active surfaces such as photocatalytic 
glass and similar products. The experiment was held according to the ISO 21066:2018 (Fine ceramics 
(advanced ceramics, advanced technical ceramics) - Qualitative and semiquantitative assessment of the 
photocatalytic activities of surfaces by the reduction of resazurin in a deposited ink film). [9] Finally, a new 
approach to blue-dye (Methylene blue, MB) degradation on the sample surface was demonstrated. 

2. MATERIALS PREPARATION AND MEASUREMENTS METHODS 

All chemicals were used as bought without any further purification. First, a solution for the seed layer was 
prepared using ZnO dissolved in a mixture of peroxide and ammonia (ZnO2 seed solution). Microscope slides 
(Cat. No. 7105 - one side frosted) were covered by this solution via cotton wool. ZnO2 evaporates rapidly from 
the surface. Slides covered in this way were annealed at 500 °C for 30 minutes in a Muffle furnace. Next, a 
standard hydrothermal method synthesized ZnO one-dimension elongated structures - nanorods (ZnOnr) and 
nanowires (ZnOnw). For the ZnO nanostructure growth (growth solution) were used zinc nitrate hexahydrate 
(0.05M; Sigma Aldrich), hexamethylenetetramine (0.05M; Penta), and polyethyleneimine (0.016M; Sigma 
Aldrich) - for ZnOnw preparation. Seeded slides were placed upside-down for growth at 94.1 °C for 12 h. 
Seeded substrates were immersed in the solution after the initial precipitation of the growth solution to avoid 
the first massive accumulation of unwanted ZnO structures (for two hours). By adding the amount of PEI, 
nanowires were obtained. The samples were rinsed with de-ionized water, dried, and annealed at 500 °C for 
30 minutes in a Muffle furnace to remove PEI and improve ZnO crystallinity. For the fabrication of ZnO/Cu2O 
heterojunctions, a method reported in the literature using glucose as a reducing agent was employed [8]. 

Morphology of prepared samples was performed via NovaNanoSEM 450 microscope (The Netherland, FEI 
company). Microscopic images were taken using an ETD (topographic contrast) detector at an accelerating 5 
kV voltage. Distance up to sample (WD - Working Distance) 5 mm.  

The crystalline phase composition and diffraction lines position of all as-prepared samples was determined by 
the X-ray diffractometer MiniFlex 600 (Japan, Rigaku) with a Co-Kα X-ray source working at 40 kV and 15 mA. 
The detailed morphology and composition of samples were observed by JEM-2100 TEM (Jeol Ltd., Japan) at 
an operational voltage of 250 kV. 

All UV-light-dependent experiments used UVA light (UVP-XX-15BLB, 15W, PN 95-0042-11, Analytik Jena). 
The light intensity at the top of the microscopic slides with samples was optimized by radiometer RM-22 
(Opsytec Dr. Gröbel GmbH) to be 2 mW/cm2. 

Each photodegraded E3 sample of ZnOnw/Cu2O, and ZnOnr/Cu2O heterojunctions on the functionalized glass 
surface were evaluated using HPLC in triplicates, and mean values were reported. 

The photocatalytic activity with a hole-dependent mechanism was evaluated by the photocatalytic test kit 
Explorer (Ink Intelligent, Belfast, United Kingdom). The photocatalytic activity based on the electron pathway 
was measured by MB discoloration. 

3. RESULTS AND DISCUSSION 

The morphology, surface structure composition, and detail of ZnO/Cu2O heterojunction, microscopy slide, and 
Cu2O microparticles are shown in Figure 1. It shows that ZnO wires and rods are arranged in a uniform array 
and oriented orthogonally to the plane of the glass slides. The length was estimated to be 3 microns and the 
thickness to be 100 nm, according to the TEM detailed image. The morphology of ZnOnr/Cu2O heterojunction 
shows many Cu2O particles with dimensions ranging from 500 nm to 1 micron entangled in ZnOnr. Observed 
Cu2O microparticles are not growing at the top of nanorods but instead seem to be pierced through the 
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nanorods. The addition of PEI resulted in significant lengthening and tapering of rods resembling nanowires, 
ZnOnw. 

 

Figure 1 SEM images of a Microscopy slide (a), Cu2O particles (b), ZnOnr/Cu2O (c), ZnOnw/Cu2O (d), and 
detailed TEM images of separated rods with Cu2O particles (e, f). 

Figure 2 shows the E3 hormone degradation rate and total efficiency. The UV-photogenerated E3 degradation 
test was conducted using a continuous Drip Flow Biofilm Reactor DFR 110-4PET (Biosurface Technologies 
Corporation). It consists of 4 parallel channels made from polyethylene terephthalate (PET). Nevertheless, the 
system was slightly modified by replacing the PET cover with borosilicate glass. The scheme of this apparatus 
as used can be seen in Figure 3. Each channel capable of holding one standard glass microscope was 
circulated with 40 mL of E3 solution (0.2 mg/L concentration) using a peristaltic pump PFP 5408 (VWR) 
equipped with silicon tubing at a flow rate of 10 mL.min-1. [7] All heterojunctions were able to degrade the E3 
hormone. However, the difference in their performance is evident. Although, ZnOnw/Cu2O heterojunction is 
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more efficient than ZnOnr/Cu2O due to their higher aspect ratio and surface area. In the case of hormone E3, 
there was no detectable degradation on the clear microscopy slide under UV irradiation. 

 

Figure 2 Total degradation efficiency in 240 min and E3 degradation by ZnOnr/Cu2O and ZnOnw/Cu2O 
heterojunction under UV irradiation in given time intervals. 

 

Figure 3 Left part: scheme of the used system for hormone degradation; right part: X-ray diffractogram 
patterns of ZnOnr/Cu2O (a) and ZnOnw/Cu2O heterojunction. 

All as-prepared samples exhibit the diffraction peaks of (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (1 1 2), 
(2 0 1), and (0 0 4) of ZnOnr/Cu2O and ZnOnw/Cu2O, which are consistent with wurtzite ZnO hexagonal phase 
structure (PDF Card No.: 01-073-8765). In the case of nanowires, the dominant diffraction peak for (0 0 2) 
indicates a high degree of orientation in the c* axis, which means vertical growth to the substrate surface. 
[10,11] Besides diffraction peaks, (1 1 0), (1 1 1), (2 0 0), (2 2 0), and (3 1 1) were identified for Cu2O cubic 
phase structure (PDF Card No.: 01-071-3645). No other phase was detected. Diffractograms of as-grown 
ZnOnr/Cu2O and ZnOnw/Cu2O heterojunctions are shown in Figure 3 - right part. 

The explorer ink color changes from blue to violet for both heterojunctions are visible in Table 1 after 15 min 
of UV-light irradiation. These changes indicate significant photocatalytic activities. This color change of the 
explorer ink resulted from the irreversible reduction of resazurin (Rz) to resofurin (Rf). The explorer ink consists 
of glycerol and hydroxyethyl cellulose. Glycerol generates electrons to kill photogenerated holes effectively, 
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and hydroxyethyl cellulose is a thickening agent for more effortless electron transfer. [12,13] The color change 
occurs almost immediately after five minutes of UV irradiation for both samples. The second prepared ink 
containing tert-butyl alcohol and MB was prepared to determine the pollutant’s absorption rate onto the surface 
of the prepared substrates. Tert-butyl alcohol is used as a scavenger of free OH radicals. In the case of an 
untreated microscopy slide, there was no activity to the applied ink on the microscopy slide surface. In contrast, 
the ink was degraded entirely on surfaces covered with ZnOnr/Cu2O and ZnOnw/Cu2O heterojunctions. This 
phenomenon may indicate the absorption of the prepared heterojunctions, especially Cu2O. [14] 

Table 1 Test of prepared layers under UV irradiation for two different ink 

Irradiation time Tested Ink ZnOnr/Cu2O ZnOnw/Cu20 
Microscopic 

slide 

0 min 

Tert-butyl alcohol + 
Methylene Blue 

 
Explorer (Resazurin) 

5 min 

Tert-butyl alcohol + 
Methylene Blue 

 
Explorer (Resazurin) 

10 min 

Tert-butyl alcohol + 
Methylene Blue 

 
Explorer (Resazurin) 

15 min 

Tert-butyl alcohol + 
Methylene Blue 

 
Explorer (Resazurin) 

4. CONCLUSION 

The ZnO nanorods- and nanowires-based Cu2O heterojunction were successfully synthesized, characterized, 
and were compelling enough for the photocatalytic degradation of E3 hormone with the overall range of 
efficiencies for nanorods were ~ 30.0 %, and for nanowires 65.0 %. Hence, the as-prepared heterojunctions 
in this study can be used in a continuous cross-flow closed system to eliminate micro-pollutants such as E3 
from wastewater. In addition, the photocatalytic activity of prepared heterojunctions was assessed by 
monitoring the rate of resazurin reduction in a motif layer, which may indicate the photocatalytic-induced self-
cleaning ability of functionalized glass. Next, using non-commercial prepared ink, an OH radical scavenger, 
prove the surface structures' absorption. 
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Abstract  

Elementary nanofibrous layers show insufficient mechanical properties, especially tensile strength and 
abrasion resistance. In order to overcome these disadvantages, they are combined with carrier substrates and 
cover materials. A critical factor of the usability of nanofibrous layers in composite structures is to ensure 
sufficient adhesion between the carrier medium, the nanofibrous layer and the cover material. The adhesion 
between the layers is fundamental for the processability of the composite structures into the final products. To 
ensure sufficient adhesion of the individual components, additional adhesives are commonly used, which, in 
addition to the ecological burden, bring additional technological steps and costs to the production. One of the 
possibilities for achieving sufficient adhesion without the use of adhesives is the utilization of the physical 
component of adhesion by means of plasma activation of surfaces prior to electrospinning. 

Keywords: Electrospinning, adhesion, nanofibrous layer, plasma treatment 

1. INTRODUCTION 

The goal of the research project was focused on the development of innovative nanohybrid structures, whereby 
the nanofibers were produced by electrospinning and deposited onto the carrier substrate. 

The project had two main goals: 

1)  Ensuring the adhesion between the carrier substrate and the nanofibrous layer by the means of plasma 
surface modification  

2)  Preparation of hybrid structures based on textile components from various polymers with surface 
modification by the means of plasma treatment 

The mechanical connection of textile laminates or multi-layer media is usually carried out by applying an 
adhesive solution onto the substrate before covering it with nanofibers, or by one-sided or two-sided coating 
with a powder adhesive. To ensure the adhesion of individual layers without the use of an adhesive component, 
the possibility of modifying the surface layers with plasma treatment was investigated. Research was carried 
out on the adhesion of contact surfaces of textiles made of different fibers, the surface of which was subjected 
to the effect of plasma, and the development of special hybrid textile structures. Carrier textiles in the form of 
woven fabric, knitted fabric and non-woven fabric were used as the carrier substrate. 



October 19 - 21, 2022 Brno, Czech Republic, EU 

 

 

114 

The effect of plasma treatment dwells in the creation of active particles (ions, excited atoms, radicals, etc.). In 
our case, the active particles of the working gas created in the discharge caused specific reactions on the 
polymer surface, where new functional groups were induced to polymer chain (especially hydroxyl groups). 
This can lead to change in the behavior of surface (i.e. from non-polar to polar, from hydrophobic material to 
hydrophilic), or can generally improve the amount of chemical and physico-chemical interactions between 
interacting surfaces leading to better adhesive strength and increase in the wettability.  

2. EXPERIMENTAL 

2.1. Selection and production of carrier and cover layers for combined nanohybride textile structures 

For the carrier substrates, two types of knitted fabrics (weft-knit and warp-knit), four types of woven fabrics 
(from monofilaments and multifilaments) and five types of nonwoven textiles (spunbond and melt-blown) were 
produced. In terms of material composition, polyamide, polyester, polypropylene and polyethylene fibers were 
selected. Table 1 provides an overview of selected textiles and their material composition.  

A spunbond nonwoven textile of mass per unit area weight of 20-30 gm-2 made of 100% polypropylene was 
used as the covering layer for the production of final layered textile structures with nanofibers. 

Table 1 List of selected textile substrates 

Sample  Description Material (wt%) 

1 Knitted fabric, weft-knit, 50 gm-2 100 % polypropylene 

2 Fabric, plain weave, 65 gm-2 100 % polypropylene 

3 Nonwoven, melt-blown, 25 gm-2 100 % polypropylene 

4 Nonwoven, bicomponent, spunbond, 25 gm-2 70 % polypropylene (core) 

30 % polyethylene (shell) 

5 Nonwoven, melt-blown, 35 gm-2 100 % polypropylene 

6 Fabric, plain weave, 65 gm-2 100 % polyamide 

7 Nonwoven, bicomponent, spunbond, 25 gm-2 50 % polypropylene (core) 

50 % polyethylene (shell) 

8 Nonwoven, bicomponent, spunbond, 25 gm-2 80 % polyethylene terephthalate (core) 

30 % polyethylene (shell) 

9 Knitted fabric, warp-knit, 70 gm-2 100 % polyamide 

2.2. Selection and production of nanofibrous layers 

Selected nanofibrous layers based on polyamide 6 and polyvinylidene fluoride were deposited onto carrier 
substrates. The deposition of the nanofibrous layer by electrospinning was performed on a Nanospider™ 
NSLAB 500 machine (Elmarco, Czech Republic) in an arrangement with a short wire electrode.  

Electrospinning conditions for polyamide 6: 55 kV applied high voltage, 140 mm electrode-to-collector distance, 
6 rpm spinning electrode rotation speed. The nanofibers were applied from a 14 % solution of polyamide 6 
prepared from the polymer ULTRAMID B24 (BASF) dissolved in a 2:1 mixture of concentrated acetic acid and 
formic acid in one layer at a textile feed speed of 25 mm·min-1.  

Electrospinning conditions for polyvinylidene fluoride: 55 kV applied high voltage, 140 mm electrode-to-
collector distance, 6 rpm spinning electrode rotation speed. The nanofibers were applied in one layer at a 
textile feed speed of 60 mm·min-1. Solution composition was 6.75 g of polymer in 50 ml dimethylacetamide 
with addition of 1 ml tetraethylammonium bromide. 
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2.3. Research and development of combined textiles structures (nanofibrous layers on carrier 

substrates) 

The aim of the work was preparation of textile composites consisting of carrier substrates made of nonwoven 
textiles, woven fabrics and knitted fabrics, nanofibrous layers and covering nonwoven textiles. Research into 
the effect of plasma pretreatment of carrier substrates on adhesion of nanofibrous layer was crucial. Adhesion 
between nanofibers and carrier depends on both materials and is generally low. For applications where high 
adhesion is required, glue is added to the product, which practically always leads to a deterioration in 
breathability. The goal was to achieve sufficient adhesion between the supporting substrate and the nanolayer 
without the use of any auxiliary adhesive (glue) while barrier functions and improved breathability are 
preserved. 

For the intended purpose, the effect of plasma treatment of carrier substrates with different compositions was 
tested. The effect of Diffuse Coplanar Surface Barrier Discharge (DCSBD) and Rolling Surface Barrier 
Discharge (R-SBD) generated plasma in comparison with materials without treatment was investigated. 

DCSBD treatment [1] 

The plasma was generated under the discharge conditions of 400 W, 15 kHz, air and at atmospheric pressure. 
The duration of the plasma treatment ranged from 10 to 60 sec, depending on the type of material. The 
requirement of complete wetting was used as a measure of sufficient plasma treatment - a drop of distilled 
water with a volume of 5 μl placed on the surface of the treated fabric had to be absorbed into the fabric 
immediately. The time between the DCSBD treatment and the application of the nanofibrous layer was never 
longer than 60 min. Figure 1 shows the DCSBD scheme and the discharge itself during processing. The 
purpose of this treatment is to create non-specific chemically active or polar groups on the surface of the textile, 
increasing the chemical activity and free surface energy of the material (wettability). 

        

Figure 1 Plasma treatment of textiles using DCSBD. 1 - glass pressure block, 2 - coplanar electrodes, 3 - 
textile treated with plasma, 4 - discharge plasma, 5 - ceramic electrical barrier, 6 - cooling liquid 

R-SBD treatment [2] 

The plasma was generated under conditions of discharge of 130 W, 8 kHz, in a mixture of nitrogen (6 lmin-1) 
and propane-butane (0.6 lmin-1), at atmospheric pressure (see Figure 2). The textile was guided through the 
discharge space by a simple winding device. The duration of plasma treatment was 30 seconds. The purpose 
of the treatment was to create a thin layer of a non-specific plasma polymer on the surface of textile, with a 
significant representation of amino groups. A well-known property of this polymer is the formation of a strongly 
hydrophilic (water-wettable) surface, which is stable over time. A 5 μl drop of distilled water placed on the 
surface of the treated fabric immediately soaked into the treated fabric. The time between this plasma 
treatment and the application of the nanofibrous layer was 3-4 days. 
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Figure 2 Plasma treatment of textiles using R-SBD. 1 - textile treated with plasma, 2 - roller electrodes, 3 - 
mica electrical barrier, 4 - cooling liquid, 5 - collection electrode, 6 - discharge plasma 

2.4. Testing 

Important part of the work was research and development of testing methodology and evaluation of 
nanofibrous structures. The samples were subjected to microscopic analyses (light microscopy, scanning 
electron microscopy - SEM) in order to determine the structure of the substrates and nanofibrous layers, to 
evaluate the condition of the surfaces after the separation of the nanofibrous layer. With the help of elemental 
analysis (using EDS - electron dispersion spectrometry) the composition of nanofibers was verified. Nanofiber 
mass per unit area was determined by gravimetry. The most important area of testing was adhesion tests of 
the nanofibrous layer before and after plasma treatment of the substrate. The evaluation of the tear-off 
behavior was carried out using modified method based on the adhesive tape measurements, the testing and 
determination of the peel force was done using a constant rate of extension (CRE) machine with 10 N force 
sensor. 

Loop test 

Tests were performed by measuring the force required to tear the deposited nanofiber layer from an area of 
25 mm  25 mm. A TA.XTplusC Texture Analyser (Stable Micro Systems, UK) with a 5 N load cell was used 
for the measurement. A method used for these measurements called "loop test" is a modified test based on 
the adhesion measurement for the adhesive tapes. The sample with cut 25 mm  25 mm sections was glued 
to a plastic holder with double-sided adhesive tape on the side of the substrate, which was then fixed in the 
lower jaws of the measuring device. A 10 cm long test adhesive tape with sufficiently high adhesion (in 
accordance with ISO 2409:2003) was placed in a controlled manner into the upper movable jaws so as to form 
a loop (see Figure 3). By keeping the same length (10 cm) and the shape of the loop, a reproducible pressure 
force of the test adhesive tape can be achieved. The tape was not pressed to the sample in any other manner. 
Subsequently, the jaws were moved away, and the value of the applied force vs. jaw position was recorded. 
The speed of movement of the jaw head was 5 mms-1. The trigger force was 1 g (i.e., 10 mN). As the parameter 
for comparison, the area under the obtained curve corresponding to the mechanical work necessary to tear off 
the layer W (Nmm) was calculated. A minimum of 10 measurements were carried out for each sample. Other 
evaluated parameters 
were average force (Favg) 
and maximal force (Fmax). 

  

 
Figure 3 Illustrative photo 

of the adhesive force 
measurements by the loop 

test method 
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2.5. Verification of plasma treatment application in production conditions 

The pilot test was carried out at NanoMedical s.r.o. using spinning machine Nanospider™NS 8S1600U, see 
Figure 4. Polyamide 6 based nanofibers were deposited onto a 100 % polypropylene spunbond nonwoven 
fabric substrate that had been plasma treated using DCSBD method at four winding speeds. Table 2 lists the 
production parameters. 

        

Figure 4 Integration of DCSBD plasma system into the production line 

Table 2 Technical parameters of plasma treatment in production conditions 

Sample  Voltage on the spinning electrode Winding speed Plasma exposure time  

L1S7711 75 kV 2.42 mmin-1 1.98 s 

L1S7712 65 kV 1.80 mmin-1 2.67 s 

L1S7713 55 kV 1.23 mmin-1 3.90 s 

L1S7714 45 kV 0.82 mmin-1 5.85 s 

3. RESULTS 

Graph below (see Figure 5) 
shows the absolute difference in 
the mechanical work (ΔW) 
necessary to tear off the layer 
between samples without 
treatment and plasma treated 
samples. Results of loop tests for 
production trials are displayed as 
comparison of parameter W 
between untreated and treated 
samples (see Figure 6). 

  

 

Figure 5 Absolute difference in the mechanical work necessary to tear 
off the polyamide 6 based nanofibrous layer between substrates 

without treatment and plasma treated samples  
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Figure 6 Comparison of work necessary to tear off the nanofibrous layer from untreated (left column) and 
plasma treated samples (right column of the same color) obtained in the production line trials 

4. CONCLUSION 

Based on the results of adhesion testing it can be said that both types of tested plasma treatments lead to an 
improved adhesion between tested textile substrates and nanofibrous layers. The choice of the most suitable 
type of plasma treatment must therefore be decided by technological aspects, such as the speed of plasma 
treatment, time stability of the effect, operational requirements, or energy and price requirements. The R-SBD 
treatment offers a slightly better energy balance (130 W vs 400 W) and temporal stability of the effect achieved 
(weeks vs days), but requires nitrogen gas management, which increases the operating costs of the treatment. 
With DCSBD, this problem disappears, because the DCSBD discharge works in a normal atmosphere (air). 
For both plasma generators, it is necessary to take into account the removal of gaseous products. System for 
DCSBD plasma treatment of carrier substrates was successfully integrated into industrial line for nanofibrous 
layer production. Achieved improved adhesion allowed transport and further processing of textiles with 
nanofibrous layer without any need for additional adhesives. 
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Abstract  

The article deals with new technology for the production of a flat nanofibrous structure using AC electrospinning 
and the development of a new type of spinning electrode. Simulations of the distribution of the electric field 
around the electrode were performed. The dependencies of the electric field intensity on the design parameters 
of the electrode were determined. Based on the performed simulations, a suitable technical and technological 
solution of the electrode for the production of a flat nanofibrous structure was designed. The functionality of 
the designed technological system was verified experimentally. The results of the experiments demonstrated 
the high potential of the designed system for the production of flat nanofibrous structures. 

Keywords: AC electrospinning, electric field, nanofibers, spinning electrode, belt electrode 

1. INTRODUCTION 

Electrospinning is currently one of the established methods used for the industrial production of nanofibers. 
Nanofiber products have the potential for application in many fields of human activity [1-4]. One type is AC-
electrospinning [5,6], which uses an alternating electric field. This principle is currently used mainly for 
producing narrow strips of nanofibers or for producing nanofiber yarns [7-10]. Currently, there is an effort to 
use AC-electrospinning to produce flat nanofiber products with large widths. This contribution deals with 
researching and developing an electrode suitable for creating flat nanofibrous products.  

Based on successful experiments with discontinuously rewinding a textile with a polymer solution over an 
electrically charged edge, the aim of this task was to design a functional model of a new type of AC electrode 
with a continuously rewound belt. The assumption here is that the rewound belt will enable the transport of the 
polymer solution from the reservoir to the upper part, where nanofibers will form due to the supercritical value 
of the electrical intensity. The subsequent rewinding of the belt and its wading in the polymer bath ensure 
continuous cleaning and dissolution of any fibers on the surface of the belt. The width of the belt determines 
the length over which the fibers are formed, which enables the production and application of nanofibers to the 
underlying textile in an adequate amount and uniformity for subsequent use, e.g. in filtration, technical textiles, 
etc. As part of this task, based on the detailed results of the electric field simulation, a strip AC electrode 
including drive and gearbox was designed. The functionality of the manufactured laboratory equipment was 
experimentally verified, including the measurement of the specific gravity of the nanofibrous layer.  

2. SIMULATION 

The analysis of the electric field was used as support for the design of the optimal geometry of the electrode 
during the AC‐electrospinning. The electric field distribution was analyzed using the finite element method in 
the Autodesk Simulation Mechanical software 2015. The FEM model was created as a linear 2D problem. 
Figure 1 a) shows a detailed FEM model. Its dimensions and shape correspond as closely as possible to the 
real model. A detailed model of the device consists of a belt electrode (steel plate, wading roller and a wound 
belt), a device frame, a reservoir with a polymer solution and an air environment. Figure 1 c) shows a simplified 
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model that was used in the variational analysis of the strip electrode geometry. Spinning by AC electrospinning 
does not require the use of an oppositely charged collector, as a virtual collector is created around the electrode 
due to air ionization, and the charge travels to the far end with a different potential. For this reason, in the 
model, this virtual collector is created as an equidistant boundary around the electrode at a distance of 50 mm 
with a boundary condition of 0 V. A boundary condition of 25 kV was applied to the electrode and the polymer, 
which corresponds to the supplied electric voltage. The relative permittivity of 109 was entered for the 
electrode. The surrounding environment consists of air with a relative permittivity of 1. The model also contains 
a polymer solution with a relative permittivity of 20 and HDPE with a value of 2.3. 

 

Figure 1 detailed FEM model a), electric field distribution for detailed model b), simplified FEM model c), 
electric field distribution for simplified model b) 

The first simulation was was performed with a detailed model (Figure 1 a)). The goal was to determine the 
electric field's overall distribution in the proposed device's vicinity. A voltage of 25 kV was applied to the 
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electrode and the polymer. Figure 1 b) shows this model's electric field intensity distribution. At the top of the 
electrode where electrospinning is desired, the magnitude of the intensity is 2694 V/mm. 

The second task was performed with a simplified model whose geometry is shown in Figure 1 c). This model 
was created due to the complexity of adjustments when changing the parameters on the first model and the 
speed of calculation. In the case of a simplified model with an applied voltage of 25 kV, the magnitude of the 
intensity on the spinning area of the electrode is 2742 V/mm, see Figure 1 d). The difference between the 
detailed and the simplified model is slight; therefore, the simplified model was used for further analyses. 

Three analyzes were performed with the simplified model. A sketch with the dimensions of the simplified model 
is shown in Figure 2 a). Material properties and boundary conditions were used from the detailed model. 
During the first analysis, the electrode height parameter H was varied from 25 to 150 mm at a constant 
thickness t = 3 mm and radius R = 1.5 mm. The distance H is measured from the container's top to the 
electrode's highest part. Figure 3 a) shows the intensity distribution at the top of the electrode when the height 
H changes. At H = 25 mm, the intensity value is 2863 V/mm. As the value of height H increases, the intensity 
is almost constant. For further analyses, the electrode height H = 100 mm was chosen. In the second analysis, 
the radius R at the top of the electrode was changed from 0.25 to 2.5 mm at a constant height of the 
electrode H. As the radius increased, the thickness of the electrode t also increased, depending on t = 2R. 
Model of the top of the tip is shown in Figure 2 b). The graph in Figure 3 b) shows the dependence of the 
intensity at the top of the electrode as the radius changes. At the size of the radius R = 0.25 mm, the intensity 
at the top of the electrode reaches a value of 4407.5 V/mm. As the radius value increases, the intensity value 
decreases exponentially. In the third analysis, the electrode thickness t was varied at a constant electrode 
height H and radius R = 0.5 mm, according to the sketch in Figure 2 c). Figure 3 c) shows the dependence 
of the intensity at the top of the electrode when the electrode thickness t changes from 1 to 5 mm. At a thickness 
of t = 1 mm, the intensity reaches a value of 3889 V/mm. As the thickness increases, the intensity value 
decreases exponentially.  

 

Figure 2 sketch of model 
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Figure 3 a) dependence of the electric field on the height of the electrode, b) dependence of the electric field 
on the radius of the electrodes tip, c) dependence of the electric field on the thickness of the electrode 

3. DESIGN 

Figure 4 shows a 3D model of a device for producing nanofibers constructed in the Creo Parametric program. 
An asynchronous motor with a belt transmission previously used in tests of other methods of alternating 
spinning was used to drive the device. The engine speed could be regulated using a frequency converter. The 
output speed from the belt mechanism was transmitted using a worm gear. This achieved optimal speeds and 
torque for driving the electrode belt. The output shaft of the worm gearbox drives the belt drive cylinder. At the 
same time, this shaft works as isolation of the high voltage between the AC electrode and the grounded worm 
gear. The belt drive ensures the shaft rotation on which the roller is mounted. The shaft is fixed using sliding 
bushings in the container. In the container, there is a polymer solution, without which it would not be possible 
to spin, as well as two drain holes equipped with screws. The movement is given to the belt through the notched 
roller, and the polymer is also applied over it.  

  

Figure 4 design of electrode 

An electrode is placed above the roller, which is made of sheet metal and has a rectangular shape with rounded 
edges with dimensions derived from the results of the electric field simulation. During the process, a belt is 
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moved over the upper edge of the electrode. The construction of the electrode is designed so that it can be 
moved vertically due to belt tension. A lid covers the electrode's frame with the polymer solution's reservoir 
with a hole for the belt. 

4. EXPERIMENT 

The designed experimental device was built and used for the experiment was carried out in order to verify the 
functionality of the model and whether it is possible to produce nanofibers in the required width. A polymer 
solution of polyvinyl butyral dissolved in ethanol was used for the experiment (10%wt PVB Movital B60H in 
98%vol ethanol Technisolv). During initial tests, different belt materials were verified. First, a strip of plastic foil 
was tested. The problem was that the lower knurled shaft did not have enough traction on the foil and the foil 
also cut into the edge of the electrode. In the end, a non-woven fabric was chosen as the belt. The non-woven 
fabric belt easily moved over the electrode's edge and absorbed the polymer well. The produced nanofibers 
were applied to a rotating drum placed above the electrode. The experiment is shown in Figure 5. 

 

Figure 5 experiment 

Various electrode widths and thicknesses were tested. For the first experiment, an electrode with a thickness 
of 3 mm and a width of 240 mm was produced. At these parameters, self-spinning did not occur. For these 
parameters, the intensity value is 2739 V/mm (Figure 5). This intensity is close to the critical spinning value of 
2150 V/mm, at which spinning no longer occurs. In the second experiment, an electrode with a thickness of 1 
mm and a width of 240 mm was used. At these parameters, a stable spinning process was already taking 
place. The effort was to produce nanofibers as wide as possible. Therefore, an electrode with a thickness of 1 
mm and a width of 320 mm was used for the next experiment. At these parameters, the productivity of nanofiber 
production was found to be 2 g*min-1*m-1. 

5. CONCLUSION 

This research aimed to create a model, perform analyses, design the structure and then verify it experimentally. 
An electrode with a height of 100 mm, a thickness of 1 mm and a radius of 0.5 mm was selected from the 
analysis. With these electrode parameters, the value of the intensity on the spinning area was 3889 V/mm. 
Subsequently, the device's design for producing nanofibers was designed. An electrode with a width of 320 
mm was used, and the productivity of nanofiber production was measured to be 2 g*min-1*m-1. This 
productivity can be further increased by using several electrodes in a row. 

The advantage of this design is self-cleaning, when the polymer on the electrode does not dry out due to the 
constant wetting of the strip in the reservoir with the solution. With this design, the polymer is in the container, 
but it is possible to design such a design where the polymer is wiped off, and the fresh polymer is applied. The 
construction of the functional model is designed with an electrode width of 320 mm. Structurally, however, it is 
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possible to design a strip electrode with a longer usable length, enabling the continuous production of flat 
nanofibrous material with a larger width. The disadvantage is spinning from the edges of the electrode, where 
as a result of higher values of the electric field intensity, there is a more intensive production of fibres and the 
edges of the textile are more massive. This problem, which is common in textiles, is usually solved by cutting 
off the edges of the textile. The fineness of the produced layer was measured from the obtained samples, 
which showed very good uniformity of the layer in the center and edges of the produced nanofibrous layer. A 
more detailed measurement of fineness and the design of a new device will be the subject of further work in 
this area of research 
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Abstract 

The article focuses on the issue of the spinning process in AC electrospinning. The conducted study aimed to 
identify the possible influence of the material type of the spinning electrode on the fibres formed. As part of the 
work, studies were carried out on our own test spinning equipment intended for the production of nanofibers. 
The electrodes were made of three different materials: stainless steel, aluminium alloy and plastic. Productivity 
experiments and individual partial nanofibrous structures related to individual electrodes were performed on 
these electrodes. The mentioned structures were examined using an SEM microscope and also statistically 
evaluated. Other parts of the article are simulations of the electrostatic field for the used electrodes. 

Keywords: Electrospinning, electrode, nanofibers, electrostatic field 

1. INTRODUCTION 

The issue of nanofibers and their use is currently among the sought-after directions of primary as well as 
applied research. They have high added value and broad application use. The most common applications of 
nanofibers are in the fields of filtering water [1], air [2] and other fluids [3], medical applications [4], etc. [5]. The 
production of nanofibers can be divided into two basic directions. The essential representative of the first group 
is production using melt-blown technology, which currently reaches fibre diameters of around 500 nm [6]. The 
second direction of production is processes that are directly focused on the production of nanofibers. A wide 
variety of processes are used to create nanofibers. The first and by far the most used process is the production 
of nanowires using direct current (DC). Another lesser-known method of creation is using alternating current 
(AC). A minor production method includes drawing [7] and force spinning [8]. Some of the methods can be 
combined with each other. For example, a combination of force spinning and electrospinning or electrospinning 
and melt-blowing. 

The most widely used and well-known method of producing nanofibers is electrospinning. This process of 
creating nanofibers is a breeding ground for the scientific community, especially in the field of electrostatic field 
research [9]. Of the spinning methods listed above, DC-electrospinning is the most well-known and widespread 
method of producing nanofibrous structures. Another type of electrospinning is AC-electrospinning; compared 
to DC-electrospinning, it is a very productive method of creating nanofiber structures. To implement the 
method, it is necessary to use a high-voltage source that changes polarity during the formation of fibres. This 
phenomenon of polarity change creates a nanofibrous structure in which the positive/negative polarity 
alternates, and the effect of the mutual attraction of the fibres is achieved. It is necessary to point out that the 
use of high voltage is necessary for electrospinning. This fact entails several technological disadvantages and 
pests, especially in the area of safety and a limited range of materials for the preparation of the spinning 
solution [10]. 

In this study, AC electrospinning was used to perform experiments and create nanolayers using a conical 
electrode. Three basic materials from which the spinning heads of the electrodes were completed and tested 
during the experiment. Microscopic images and histograms related to the individual electrodes used are 
evaluated in the study. The obtained nanofibrous layers are comprehensively described in terms of different 
structures. 
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2. METHODS AND EXPERIMENTS 

Equipment design 

The main task in this part was the creation of a suitable technical background for implementing experiments. 
Figure 1 shows schematically the equipment used during the experiment. The main part of the device is the 
spinning unit 1, which consists of the spinning electrode 2 placed on the dosing tube 3. This tube is used to 
place the spinning head in the required position, and secondly, with its help, the polymer solution is transported. 
The spinning tube is part of pumping device 4, which contains dosing device 5 and solution stock 6. The goal 
of the solution supply was to create a continuous layer of solution on the spinning head and tube, which flows 
around their outer shell. In this way, the liquid state of the solution is ensured, and there are no dry areas that 
cause product defects. An AC high-voltage source - Trek 50/12 high-voltage amplifier 7 - was connected to 
the dosing tube. The control of the dosing device and the drive of the collection rotary collector 8 was ensured 
by means of the connected PLC module (Programmable Logic Controller) 9. The resulting nanofibrous 
formation 10 was applied to some textile 11. During the experiment, the identical value of the effective voltage 
of 30 kV sinusoidal current with a frequency of 50 Hz was set on the high voltage source. 

 

Figure 1 Scheme of the technical equipment used during the experiment 

The next step was the design of a suitable shape of the electrode head or the spinning electrode head. A basic 
CAD geometry of the head was created in Creo 7.0.1.0 software. Furthermore, a mathematical model was 
created using geometry, and a series of analyses was performed with the aim of simulating a charge 
distribution in an electrostatic field. Based on a series of analyses of the distribution of the electrostatic field, 
the optimal geometry of the electrode head was determined. The analysis was performed for metal and plastic 
materials. The results of the analysis are shown in Figure 2. The Autodesk Simulation Multiphysics software 
was the primary tool for designing a suitable shape for the spinning head. 

Simulation 

Simulations were performed in FEM software Autodesk Simulation Mechanical 2015. The task was simulated 
as 2D axisymmetric, where the model's axis corresponds to the electrode's axis. Figure 2 a) shows the FEM 
model used for the simulations. The model consists of the following parts. A metal rod (1) with a relative 
permittivity of 109, a conical electrode (2) with a relative permittivity of 109 for duralumin and steel and 3.4 for 
PA6 material, a polymer solution (3) covering the electrode with a relative permittivity of 20, a disk (4) that 
simulates a lid and a container with a polymeric solution made of polyethene with a relative permittivity of 2.4 
and the surrounding air (5) bounded by a spherical surface with a diameter of 2500 millimetres with a relative 
permittivity of 1. A boundary condition of a voltage value of 30 kV and an electrical stiffness of 109 A/V was 
applied to the bottom of the rod (6) and at the air boundary (7) with a voltage value of 0 V and an electrical 
stiffness of 109A/V. 
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Figure 2 Distribution of electrical field 

Experiment 

Based on the analyses performed, real electrode models were produced using CAD models. The experiment 
was carried out using the methodology described in the previous paragraph with a set of spinning electrodes, 
see Figure 3. The assembly modification during the experiment consisted of replacing the spinning heads, 
which were geometrically identical and differed in the materials used. The relative humidity was 55 %, and the 
ambient temperature was 24 °C during all experiments. 

 

Figure 3 Nanofibrous layers 

Preparation of solution 

Fibrating solution concentration 10 wt. % was prepared by dissolving polyvinyl butyral (PVB - CAS 63148 65 2, 
Mowital B60H, Kuraray, Germany, Hattersheim) in 96% denatured ethanol (CAS 64 17 5; TechniSolv (1:1:1), 
VWR, Belgium, Leuven). Dissolution was carried out at room temperature for 24 hours using a magnetic stirrer. 
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Analysis of nanofibrous layers 

Nanofibrous layers prepared by alternating electrospinning of a 10% PVB solution using three different types 
of electrodes were coated with a 10 nm layer of gold in a Quorum apparatus (Lewes, UK). Subsequently, 
images of individual samples were taken on a Vega 3 scanning electron microscope (SEM) (TESCAN, Brno, 
Czech Republic) at different magnifications. The applied voltage was 10 kV. Fibre diameters of the acquired 
layers were measured in ImageJ software (v. 3.3.1, Garching, Germany). In total, 250 diameters were 
measured for each analyzed sample. 

3. RESULTS 

In the first step, the spinning process was monitored, especially concerning the stability of the nanofibrous 
formation moving in the free environment between the place of creation and the place of collection of fibres. 
The tests showed that the compactness of the structure increases as the intensity of the electric field increases 
in the area where fibres are formed. Further, with the increase in intensity, there was a decrease in the 
misalignment from the desired trajectory of the movement of the fibres through the free environment. 

The results of the SEM analysis are shown in Figure 4. By spinning the PVB solution, nanofibrous layers of 
good quality were prepared. Fibre branching and drop defects were noted, but their amount was minimal and 
did not affect the further usability of the product. The resulting fibre structure was fluffier and bulkier than that 
of fibres prepared by the direct spinning method. No differences were observed between samples prepared 
using electrodes of different materials. Neither the rate nor the representation of individual defects has 
changed. From the SEM images, it can be concluded that the material of the electrode has no direct effect on 
the electrospinning process. 

 

Figure 4 Images of nanofibrous layers (top) and their details (bottom) prepared using electrodes A (a, b), B 
(c, d) and C (e,f). It is clear from the images that the electrode material did not affect the resulting structure or 

quality of the nanofibers prepared by electrospinning. 

Figure 5 shows the results of measuring the fibre diameters of samples 1, 2 and 3. Fibres with diameters in 
the range of 400 to 600 nm were most frequently represented. The smallest fibres reached approximately 200 
nm, the largest then less than 1000 nm. The distribution of fibre diameters was almost the same for all three 
histograms. It can thus be judged that the material of the electrode did not particularly affect the diameters of 
the emerging fibres. 
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Figure 5 Histograms of fibre diameters of nanofibrous layers were prepared using electrodes of different 
materials. The graphs show that the material of the electrode did not fundamentally affect the diameters of 

the prepared nanofibers. 

4. CONCLUSION 

The work was focused on the possibilities of influencing the spinning process and the character of the 
nanofibrous structure by the type of spinning electrode material used. A device was assembled to allow the 
repeatability of the experiments during spinning. The only variable parameter was the type of electrode 
material. The geometry of the electrode was identical. Three basic materials resistant to the selected type of 
solution were selected, namely stainless steel (DIN 1.4401), aluminium (DIN 1725-1) and plastic (PA6). First, 
simulations of the distribution of the electric field intensity in the area of the electrodes were performed. For 
both metal materials (stainless steel and aluminium) the distribution of the electric field intensity was almost 
identical. The plastic electrode showed a lower level of intensity compared to the metal electrodes. The 
experiments proved the assumptions from the performed simulations and that with the increasing intensity of 
the electric field, higher stability of the moving nanofibrous formation is achieved from the place of its origin, 
i.e. from the electrode to the place of storage, i.e. the collector. From the results of the analysis of SEM images 
and created histograms, it was found that the selected base materials do not have a significant effect on the 
obtained structures. Research into the material type of spinning electrodes will continue with the aim of 
mapping a wider field of materials. 
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Abstract 

Nanoparticles of thermochromic complex pigment bis- (diethylammonium) tetrachloridocuprate (II) with 
chemical formula [NH2(C2H5)2]2CuCl4 (abbreviated DEA-CuCl4) was prepared by crystallization and 
subsequent grinding in a cryo-mill. Nanoparticles were incorporated into a flexible hydro insulating transparent 
silicone matrix. The surface properties, especially surface hydrophobicity and elasticity of the resulting 
composite, as well as color indication of thermal changes and resistance to mold were tested.  

Keywords: DEA-CuCl4, bis-(diethylammonium) tetrachloridocuprate (II), thermochromic dye, antifungal, 
silicone 

1. INTRODUCTION 

Smart functional dyes are the new trend in many application fields such as textile industry, medicine, 
automotive, robotics, biotechnology etc. Reversible color changes characterizing a chromism can occur 
depending on physical or chemical stimulations, but thermochromism is the most studied of all chromisms. 

In this study, we focused on the incorporation of nanoparticles of the inorganic thermochromic pigment bis-
(diethylammonium) tetrachlorocuprate (II) into a silicone matrix to create a smart multifunctional composite 
material which combines the waterproofing and water-repellent properties of silicone [1] with the 
thermochromic effect of the inorganic dye DEA-CuCl4. Exterior and interior applications of silicone sealants 
often expose this material to conditions ideal for biofilm growth on their surfaces: biofilm is created by bacteria 
and fungi which thrive in moisture and heat in the areas difficult to clean. For this reason, these materials 
(called "sanitary silicones") are often treated with a biocide with the purpose to block the growth of biofilm on 
their surface. Although the antibiotic properties of the DEA-CuCl4 dye have not been described yet, it could 
give the composite the ability to resist bacterial biofilm and mold growth. The DEA-CuCl4 dye contains copper 
(II) thermochrome and many studies have already demonstrated the antifungal and antibacterial effects of 
various copper compounds in both nanoparticle and solution form [2-6]. 

1.1. DEA-CuCl4 

Bis-(diethylammonium) tetrachloridocuprate (II) with chemical formula [NH2(C2H5)2]2CuCl4 (abbreviated DEA-
CuCl4) is an inorganic complex crystalline dye that exhibits discontinuous thermochromism. Its bright green 
colour changes rapidly to yellow at temperatures above approximately 55 °C. This colour change corresponds 
to a change in the coordination geometry of the tetrachlorocuprate anion (which is the chromophore of the 
compound) from a deformed square plane to a deformed tetrahedron [7,8]. Diethylammonium cations form 
hydrogen bridges via N-HCl interactions with tetrachlorohydrate anions, leading to the formation of a two-
dimensional planar hydrogen bridge network [9]. Although the cause of the colour changes is the 
aforementioned change in the geometry of the tetrachlorocuprate anion, in fact, the weakening of the hydrogen 
bonds and the stretching of the ethyl chains of the organic component (diethylammonium cations) due to 
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increasing temperature are the driving forces behind this change [10]. Although the process is reversible, it 
has recently been found that the dynamic phase transition process is not perfectly reversible - the green-to-
yellow transition is driven primarily by the weakening of hydrogen bonds, whereas during the yellow-to-green 
transition, the reconstitution of hydrogen bonds falls behind the rearrangement of alkyl chains [11]. 

1.2. Silicone 

Silicone rubber is an inorganic - organic elastomer. Chemically it is a polysiloxane that consist of an inorganic 
silicon-oxygen backbone chain with two organic groups (mostly methyls) attached to each silicon center. 
Properties include low chemical reactivity, low toxicity, high biocompatibility, heat resistance in the temperature 
range -100 to 300 °C and water repellency. It is used e.g., as insulation, sealing, coating and specialty products 
in construction, electronics, food, medical and cosmetic surgery, automotive, etc. One component 
condensation acetoxy curing silicones are used most often. These silicones cure with the presence of 
atmospheric moisture and generally have a very fast cure time (within 24 hours). Unfortunately, although these 
silicones adhere very well to most materials, the acetic acid could be corrosive to metals [12]. 

2. EXPERIMENTAL PART 

2.1. Chemicals and materials 

Diethylammonium hydrochloride (Sigma Aldrich), copper (II) chloride dihydrate (Sigma Aldrich), transparent 
acetoxy silicone (Den Braven), transparent sanitary acetoxy silicone (Monton), rice agar in Petri dishes (Viamar 
International). 

2.2. Synthesis of DEA-CuCl4 

Bis-(diethylammonium) tetrachloridocuprate (II) was prepared in the laboratory from aqueous solutions of 
diethylammonium hydrochloride and copper (II) chloride dihydrate, compounds were mixed in stoichiometric 
proportions according to equation (1). The resulting solution was left in a wide glass dish for several days at 
room temperature when crystallization occurred. After a few days, the entire bottom of the glass dish was 
covered with a continuous layer of light green crystalline dye. This crystalline pigment was subsequently cooled 
to -5 °C and then ground in a laboratory cryo-mill (Retsch) using a zirconium oxide grinding jar and balls. Two 
30-second cycles of impact ball milling with a frequency of 20 Hz in dry grinding mode allowed the preparation 
of DEA-CuCl4 pigment nanoparticles with a size of 236 ± 44 nm (95% confidence interval). 

2[(C2H5)2NH2]Cl + CuCl2 ⋅ 2H2O � 2[(C2H5)2NH2]2CuCl4 + 2H2O        (1) 

2.3. Preparation of silicone/DEA-CuCl4 composite 

Three samples with a diameter of 3.5 cm and a thickness of about 0.5 cm were prepared based on a 
transparent neutral silicone paste with 0.02 wt.% (sample A) and 0.2 wt.% (sample B) of crushed DEA-CuCl4 
nanoparticles. The reference sample (sample 0) contained only silicone without the addition of DEA-CuCl4 
nanoparticles. The samples containing DEA-CuCl4 were thoroughly homogenized, and all samples were left 
at room temperature for 4 days to dry. After drying, these samples were measured and tested for: hardness 
measurement, color reversal of the composite, surface hydrophobicity (measurement of the contact angle of 
the water droplet), and testing for resistance to mold (Penicillium spp.) growth. 

2.4. Shore hardness measurement 

Silicone rubber is often applied as a sealing compound that retains a certain degree of elasticity even after 
curing (drying). It was investigated whether the addition of DEA-CuCl4 nanoparticles to silicone rubber in 
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amounts up to 0.2 wt.% would significantly affect its hardness. For this purpose, a Shore durometer 
measurement according to [ASTM D2240] is standardly performed. Especially for the measurement of flexible 
rubbers, thermoplastic elastomers and semi-rigid plastics, the Shore A method is suitable. In this 
measurement, a hardened steel rod of 1.4 mm diameter with 35° truncated cone of 0.79 mm diameter is 
pressed into the material, spring force approximately 8.05 N. The Shore A hardness scale 0 - 100 measures 
the hardness of flexible rubbers that range from very soft and flexible to hard with almost no flexibility at all. 
Each specimen was measured 10 times and the results averaged. 

2.5. Thermochromic properties measurement 

Measurement of the reversible thermochromic properties of the formed composite was performed. For this 
purpose, the composite was repeatedly heated and cooled, and the thermal changes were recorded using a 
Fluke thermal imaging camera.  An RGB-2000 color analyzer (10 bits) with 45° geometry was used to record 
the color changes. 

2.6. Surface hydrophobicity measurement 

The hydrophobicity of silicone surfaces is well known, which is why silicone rubbers are often used as 
waterproofing seals. Investigation was focused on the addition of DEA-CuCl4 nanoparticles significantly affects 
this hydrophobicity. To this end, the contact angle of the water droplet with the surface of the samples was 
measured using a USB 2.0 VGA Video Device and evaluated with the See System for surface energy 
measurement software (version 6.3) using the Li-Neumann model. The result was obtained from 10 
measurements of each sample. 

2.7. Fungal growth resistance testing 

The antifungal activity test of the composite was arranged as a classic disc diffusion antimicrobial assay. The 
samples were tested in contact with spores of Penicillium spp. The surface of rice agar in petri dishes was 
inoculated with 1 ml of fungal spore suspension, which was obtained by simply rinsing the fungus growing on 
organic waste. A sample of the composite was loosely placed on the surface and the sample was left in the 
dark at room temperature for 48 hours. The growth of CFUs in the vicinity of the test samples was monitored 
and the average width of the following rings was measured: a clearing ring (denoted as "halo zone" in Table 1) 
where the number of CFUs grown was reduced, and a completely clear ring around the samples (denoted as 
"zone of clearing" in Table 1) where the growth of CFUs of bacteria or mold was completely suppressed. For 
comparison, an additional sample X was made of so-called sanitary silicone sealant, which is a commercial 
silicone rubber that contains a fungicide to inhibit mold growth and is intended for use e.g., in bathrooms. 

3. RESULTS AND DISCUSSION 

The results of the tests performed on samples 0, A and B are summarized in Table 1. As regards the hardness 
of the samples, the Shore A values were around 20, which corresponds to values of relatively soft and flexible 
rubber. The confidence intervals of pure silicone and sample A overlap, indicating that the low content of dye 
nanoparticles (here 0.02 wt. %) practically does not affect the hardness and flexibility of silicone. However, the 
confidence interval values of sample B are slightly higher, and it can be concluded that the hardness of the 
composite increases slightly with higher content of dye nanoparticles in the silicone matrix. As for surface 
hydrophobicity, the contact angle of the water droplet with the surface of the composites exceeded 90° for all 
samples, which is the limit at which the material can be described as hydrophobic. However, the confidence 
intervals of the water droplet contact angles overlap for all three samples, therefore it can be concluded that 
the addition of DEA-CuCl4 dye nanoparticles to the silicone did not significantly affect the surface 
hydrophobicity even at a dye content of 0.2 wt.%. 
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During heating and cooling of the composite, the color changes of samples B were recorded using RGB 
coordinates (Figure 1). A significant change in the RGB-coordinates values in the region around 55 °C 
corresponds to the phase transition of DEA-CuCl4 and the color change of the composite. 

Table 1 An overview of the test results of samples 0, A and B 

Sample Shore A Contact angle of 
water 

Phase transition 
temperature 

Halo zone  
(zone of clearing) 

0 20.7 ± 0.6 93.0° ± 7.5° - 0 

A 19.0 ± 1.3 94.5° ± 5.5° 55 °C 8-12 mm (2 mm) 

B 22.5 ± 0.5 93.5° ± 4.5° 55 °C 8-12 mm (2 mm) 

 

Figure 1 Changes in RGB values of the composite in the temperature range 10 to 70 °C 

   

Figure 2 Sample 0 on rice agar 
inoculated by Penicillium 

Figure 3 Sample B on rice agar 
inoculated by Penicillium  

Figure 4 Sample X on rice agar 
inoculated by Penicillium 

When the samples were contacted with rice agar inoculated with Penicillium spp. spores, a distinct clearing 
(halo zone) of 8-12 mm width occurred in samples A, B and X within 48 hours, with a completely clear ring of 
approximately 2 mm width (zone of clearing) in the immediate vicinity of the samples. No clearing was observed 
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for sample 0. Interestingly, the inhibition zones were approximately the same in samples A and B regardless 
of the DEA-CuCl4 concentration (Figures 2 - 4). A similar width of inhibition zones was observed in sample X. 
This suggests that the DEA-CuCl4 content of 0.02 wt.% is already sufficient to inhibit fungal growth and that 
the diffusion of the dye, like the diffusion of the fungicide from the silicone matrix into the surroundings, is 
limited. The test results support our expectation of the DEA-CuCl4 dye antifungal effects due to its cuprate (II) 
chromophore content and it can replace fungicides that are standardly added to so-called sanitary silicones. It 
is also necessary to draw attention to the issue of instability of this system. We observed that the samples 
changed color and decreased thermochromism over several days. DEA-CuCl4 is sensitive to corrosive 
environments, acids and atmospheric oxygen or the presence of base metals due to its copper cation content. 
The use of so-called neutral silicones, which are one-component oxime or alkoxy silicones intended for contact 
with copper and zinc, did not solve this issue either, because the dye in contact with these systems immediately 
lost its thermochromic properties. This issue could be solved, for example, by protective encapsulation of dye 
particles, which is beyond the scope of this study. 

4. CONCLUSION 

We created a silicone composite with the addition of 0.02 and 0.2 wt.% of the thermochromic dye DEA-CuCl4 
in the form of nanoparticles with a size of approximately 236 ± 44 nm. While the dye content of 0.2 wt.% slightly 
increased the hardness of the silicone rubber, the surface hydrophobicity of the composite did not change. 
The thermochromic properties of the dye were maintained even after repeated heating-cooling cycles in the 
temperature range 10 to 80 °C with a temperature phase transition around 55 °C. It was demonstrated that 
the presence of the DEA-CuCl4 pigment nanoparticles can replace the addition of a fungicide, which is added 
to commercial silicone hydro insulating sealing for wet applications and that the composite inhibited growth of 
Penicillium. Hydrophobic surface, waterproofing properties, color indication of thermal transition in 55 °C and 
resistance to mold growth could make this composite an ideal insulating material for indoor and outdoor 
applications in warm and humid areas with large temperature ranges (e.g., sauna, spa, tropical areas). 
However, the issue of dye degradation still needs to be improved as copper is reduced in contact with the 
external environment and the dye loses its thermochromic properties over time. 
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Abstract  

This contribution focuses on monitoring the mobility of sulfapyridine in different soil types. The main difference 
in the used types of soil was the content of soil organic matter. Simple sorption and desorption experiments in 
buffer solutions with different pH values were made. Adsorbed and desorbed amount of sulfapyridine was 
measured using UV-VIS and liquid chromatography. The water solution of sulfapyridine was used for 
experiments in real conditions when a plastic tube was put into the soil and watered with an aqueous antibiotic 
solution. For the following days, tubes were taken out of soils, separated and adsorbed amount was measured 
with UV-VIS. In addition, computed tomography was used to make models for molecular diffusivity. From these 
measurements, the diffusion coefficient was determined along with adsorbed and desorbed amount of 
sulfapyridine in different types of soils and in different values of pH. It was confirmed that the pH value and 
type of soil has an influence on the sorption of used antibiotic. 

Keywords: Soil, sorption, desorption, sulfapyridine, tomography 

1. INTRODUCTION 

Pharmaceuticals are used widely in the world to treat human and animal diseases. But they also have an 
impact on the Environment. Due to incomplete absorption and metabolism, an unutilized part of drugs is 
discarded into the Environment through urine or faeces [1]. Pharmaceuticals have been found in the 
Environment in low concentrations (from nanogram to microgram per litre). Not only can they get into the 
environment by urine but also by improper disposal or use. Sometimes, the drugs are discarded via the toilet, 
or the drain or are thrown into waste. If the drugs are not eliminated or adsorbed by soils, they may get into 
the water and all the aquatic environment [2,3,4].  

Sulfapyridine is a sulfonamide antibiotic. This term is generic for 
derivates of paraaminobenzenesulfonamide structure is shown on the 
Figure 1). Sulfapyridine was firstly found in the thirties of 20th century. 
Sulfonamides in general act as competitive inhibitors to para-
aminobenzoic acid (PABA). Not only do they act as inhibitors to PABA 
but also have a wide range of antimicrobial activity against Gram-
positive and Gram-negative bacteria. In the drug therapy, they had only 
a bacteriostatic effect, which means they only prevented the growth of 
bacteria. Therefore, they had a very limited role as single agents [5,6].  

The main motivation for this work was the fact that sulfapyridine and 
many other sulfonamides antibiotics can get through wastewater 
treatment in unchanged form. As was mentioned, many antibiotics are 
excreted in large quantities into the environment as active compounds. 
A significant amount of antibiotics gets into the water, that is used for 

Figure 1 Chemical structure of 
Sulfapyridine [7] 
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watering or fertilizing agricultural soil. In soil, most of the antibiotics undergo a biological and physicochemical 
transformation, but they still have their antimicrobial activity and thus have a potentially toxic effect on the 
bacteria in soils. They can have an impact on soil enzyme activity as well. This enzyme activity is involved in 
the bioavailability of nutrients necessary for plants [8]. 

2. MATHERIAL AND METHODS  

2.1. Sorption experiments   

Firstly, simple sorption and desorption experiments were performed. Three types of soil, differed by the content 
of soil organic matter (SOM), were used (Table 1). Approximately 0.5 g of each soil was put into a centrifuge 
tube and filled with 25 ml of drug solution with a concentration 10 mg/l. As a drug solution Britton-Robinson 
buffer (BRB), with pH 3, 5, 7, and 10, was used.  

Table 1 Amount of organic matter in soil samples 

Sample  A B C 

SOM (w.%) 5.75 1.17 6.86 

For precisely 48 hours, samples were mixed on a magnetic stirrer. After the period, samples were centrifuged. 
After 20 minutes, samples were taken out. The supernatant was filtered using 0.45 μm syringe filters and 
measured with UV/VIS. Samples in BRB with pH 7 and 10 needed to be diluted three times. Part of the 
supernatant was filtered using 0.22 μm syringe filters and ten times diluted for liquid chromatography 
measurements (LC).  

Sediment from centrifuge tube was transferred to Petri dish and dried. Dry sediment was put back into the 
clean centrifuge tube along with 25 ml of distilled water. For another 48 hours, samples were mixed on the 
magnetic stirrer. After the period, for another 20 minutes, they were centrifuged. The supernatant was filtered 
using 0.45 μm syringe filters for UV/VIS measurements and 0.22 μm for LC measurements. Once again, 
samples in pH 7 and 10 were three times diluted for UV/VIS. Samples for LC were ten times diluted. 

2.2. Sorption experiments in real conditions 

Further experiments were performed to simulate real conditions. Plastic 
syringes (volume of 150 ml) were put into the soil and watered with the drug 
solution (concentration 1 mmol/l). Syringes were covered with parafilm and 
for the next days left in the soil. 11 syringes in total were put into the soil. 
At different times the syringes with the soil were taken out and the soil was 
divided into 6 parts. Approximately 5 g from each part was put into 25 ml 
of tap and distilled water and into an MgCl2 solution (concentration 1 mol/l). 
The leachates were filtered using the 0.45 um syringe filters and measured 
with UV/VIS. From these measurements, diffusion coefficients were 
obtained. 

2.3. CT measurements  

In addition, diffusion coefficients were used in computed tomography (CT). 
Samples were taken from permanent grassland near the Brno University of 
Technology, Faculty of Chemistry in Brno, in an intact condition using a 
transparent plastic tube (Figure 2). Samples were transferred to the CT lab 
and measured by GE phoenix v|tome|x L240. CT measurements were used 
for creating a model of molecular diffusivity. 

Figure 2 Transparent plastic 
tube used for sampling a CT 

measuring 
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3. RESULTS AND DISCUSSION 

3.1. Sorption experiments 

Sorption experiments were made as described in section 2.1. Using four pH values (3, 5, 7, and 100,05) and 
three types of soil with different amounts of SOM (Table 1) showed differences in adsorbed and desorbed 
amounts of sulfapyridine between soil types and even between values of pH.  

As shown in the Figure 3 (A) adsorbed amount reaches up to 260 μg/g. There is no evident trend while 
comparing pH values. All samples have a maximum at pH 3 (sample A 259 μg/g, sample B 198 μg/g, and 
sample C 194 μg/g). Except for sample C, they have their minimum at pH 7, which is close to the pKa of 
sulfapyridine (8.43). Sample A has its minimum equal to 154 μg/g, while sample B is equal to 132 μg/g. As 
mentioned before, sample C has its minimum at pH 10 equal to 57 μg/g. The Figure 3 (B) shows the adsorption 
efficiency of soil samples. As mentioned before, all samples reached their maximum at pH 3. The sample A 
even reaches 100 % of adsorption efficiency, while the efficiency of the sample B is 67.6 % and the efficiency 
of the sample C is only 63.3 % The minimum value of efficiency of the sample A is equal to 47.8 %, while the 
sample B equals 36 % at pH 7 and the minimum for the sample C equal to 15.2 % at pH 10. Therefore, it's 
apparent, that the best pH value for sulfapyridine adsorption equals 3.  

 
Figure 3 Adsorbed (A) amount of sulfapyridine in three types of soil in different values of pH and adsorption 

efficiency (B) 

Comparing the efficiency of the soil within each sample it's evident that the sample A has the largest adsorbed 
amounts and the highest adsorption efficiency while the sample C, which has the highest content of SOM, has 
the lowest efficiency along with adsorbed amounts. Therefore, adsorption does not depend only on the content 
of SOM, but on the other soil properties (one of them may be the content of calcium). 

 
Figure 4 Desorbed amount (A) of sulfapyridine and desorption efficiency (B) 
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Desorbed amounts are shown in the Figure 4 (A). There is an evident trend when all the samples have their 
maximum at pH 3 (the sample A 40.6 ug/g, sample B 17.8 ug/g, and the sample C 16.9 ug/g) and the amounts 
are decreasing to pH 10, where all samples have their minimum (the sample A 4.9 ug/g, the sample B 5.9 
ug/g, and the sample C 3.4 ug/g). It's apparent that the sample A has the highest desorbed amounts, while 
the sample C has the lowest amounts. Therefore, increasing the pH reduces the desorption of sulfapyridine. 
The Figure 4 (B) compares desorption efficiencies. As in the case of adsorption, the sample A has the highest 
desorbed amounts (at pH 3 up to 8.1 %). The sample A then is the best adsorbent within the samples but also 
the best desorbent. Contrary to the sample A, sample C is considered the worst adsorbent and also the worst 
desorbent, which means that the sample C was able to adsorb sulfapyridine molecules and retain them. 

3.2. Sorption experiments in real conditions 

Sorption experiments were made as described in the section 2.2. Using second Fick’s law for nonstationary 
diffusion, three diffusion coefficients (distilled water, tap water, MgCl2) were obtained (Table 2). MgCl2 was 
used for its ability to adsorb instead of sulfapyridine. Comparing the coefficient obtained from our measurement 
with results from [9], where the measurements were carried out in diffusion cells using a gel as a membrane, 
it’s apparent that the coefficients are quite similar. In the MgCl2 solution, the diffusion coefficient has the largest 
value, which supports the assumption of adsorbing instead of sulfapyridine. In tap water the diffusion coefficient 
is higher than in distilled water, because in tap water there are some minerals (such as magnesium, calcium 
or chlorine), that can affect adsorption of sulfapyridine.  

Table 2 Diffusion coefficients for distilled water, tap water and MgCl2 

 D (m2/s) 

Distilled water 4.2310-10 

Tap water 4.3910-10 

MgCl2 5.5910-10 

3.3. CT measurements  

For CT measurements the uppermost part of the soil was taken and measured with CT. Using VG studio and 
a scan of soil the model of molecular diffusivity was made. The Figure 5 (B) shows the model of molecular 
diffusivity of soil sample of sulfapyridine in water. The Figure 5 (A) shows the cut-out part of the model and it’s 
apparent, that molar concentration decreases from top to bottom. The Figure 5 (C) shows streamlines, as 
possible pathways of solution through the soil.  

 

Figure 5 Model of molecular diffusivity (A, B) with streamlines (C) 

4. CONCLUSION 

Sorption experiments in the lab and real conditions were made along with CT measurements. The first 
experiments show the ability of soil to adsorb sulfapyridine with high efficiency and its ability to hold it within 
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its structure. The soil A with 5.75 wt. % of organic matter turned out to be the best for the adsorption of 
sulfapyridine when at pH 3 adsorption reached 100 % of efficiency. Contrary to this, the soil C with 6.86 wt.% 
of organic matter turned out to be the worst adsorbent. The efficiency of the soil C reached only 63.4 %. 
Comparing soils shows that not only the content of organic matter is responsible for adsorption, but also other 
parameters which might be the content of calcium or magnesium. Desorption experiments showed that the 
best adsorbent (the soil A) is also the best desorbent, thus it releases much more molecules of sulfapyridine 
than the other two samples (desorption efficiency of the soil A reaches 8.1 %). On the contrary the sample B, 
that turned out to be worse adsorbent than the soil A, was the worst desorbent, thus it adsorbs sulfapyridine 
and holds it in its structure (desorption efficiency reaches only 4.1 %).  

Experiments in real conditions were made to compare diffusion coefficients obtained from measurements in 
diffusion cells. Using diffusion cells in publication [9] writers got a diffusion coefficient equal to 4.7510-10 m2/s. 
In our experiments in the soil column, diffusion coefficients were equal to 4.2310-10 m2/s in distilled water, 
4.3910-10 m2/s in tap water and 5.5910-10 m2/s. Results showed the possibility of using this method for 
measuring the diffusion coefficients.  

In addition, the CT measurements were made. Using the VG studio to create a model of molecular diffusivity 
showed possible ways of diffusion of sulfapyridine solution. Both CT and real condition experiments are only 
preliminary results and will be develop in next years, but it’s apparent that the usage is possible.  

Experiments in real conditions in soil columns are new and for now, have some advantages (diffusion in real 
soil instead of gel) but also some disadvantages (the need for intact and large space in the field). But it’s 
important to keep monitoring the drugs in soils and their behaviour.   
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Abstract 

The paper is focused on assessment of the influence of biochar on the soil physico-chemical properties 
(specific gravity, bulk density, porosity, water retention capacity and maximum water holding capacity, 
oxidizable carbon content, total nitrogen content, phosphorus, potassium and magnesium content). The 
selected and examined soil types were: cambisol, fluvisol, chernozem and regosol. There were two types of 
biochar used for analysis ‒ NovoTerra and Sonnenerde. Soil samples were dried to constant weight and 
adjusted to grain-size fraction under 2 mm, respectively 0.25 mm. The oxidizable carbon content was 
measured by oxidation using a mixture of potassium dichromate and sulphuric acid (Walkley-Black method), 
the total nitrogen content was measured by Kjeldahl method and P, K and Mg content was measured using 
Mehlich 3 extraction and ICP-OES spectrometer. The results show that biochar has a significant influence on 
soil characteristics depending on the type of biochar and soil we use for biochar application.  

Keywords: Biochar, soil, cambisol, chernozem, fluvisol, regosol 

1. INTRODUCTION 

Biochar is a solid product of thermal decomposition of organic material with limited oxygen access at relatively 
low temperatures (300-700 °C) [1]. This process is called pyrolysis. Biochar is a material rich in carbon, 
nitrogen (in the form of nitrite, nitrate and ammonium ions), Mg, K, Na and P content, which are nutrients that 
are necessary for plant growth [2]. The main advantages of biochar are the ability to positively affect water 
retention [2], to retain substances due to its micropores and large surface area (therefore it can protect 
environment from contaminants) [3]. It can also play a role in fighting climate changes ‒ it is quite stable in a 
long term and it can take part in sequestering carbon from the atmosphere [4]. Due to number of advantages 
biochar is applicable in agriculture as an auxiliary soil and plant substance to increase soil quality and fertility. 
The application of biochar into soil leads to decrease of its acidity, increase of cation exchange capacity and 
water holding capacity, therefore it is suitable environment for microbes [5].  

Another fertilizer option is for example foliar application of fertilizers and biostimulants, which complements 
standard root fertilizer treatments [6]. In combination with the biochar application, it could be an effective 
method of improving the soil properties and increasing the uptake of nutrients by the plant at the same time. 

As mentioned, biochar is a product of biomass pyrolysis. We can define biomass as an organic matter, 
especially plant-based biomass (spent peat, woody green waste, tree bark, applewood, flax shives, spent 
coffee grounds etc.) [7], but animal-based biomass (e.g. insect frass or chicken manure) can also be used 
[7,8]. The properties of biochar do not depend only on source biomass, but also on the production conditions 
‒ highest treatment temperature, pyrolysis time, heating rate, pressure or post treatment [9]. Generally, biochar 
as a material consists of aromatic compounds, which cause an increase of its stability in soil. By measuring 
molar ratio of oxygen and carbon we are able to estimate half-life of biochar. If the ratio is O: C < 0.2, the 
minimum half-life is about 1,000 years. This ratio can be influenced by production temperature [10]. 
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Generally, there is number of properties and characteristics which are evaluated and measured, e.g. soil 
reactions, available P content, K, Mg and Ca content, but also micronutrients content (B, Cu, Fe, Mn, Zn and 
other heavy metals) and soil organic matter. Results show the decrease of high-quality agricultural soil in the 
Czech Republic [11], therefore it is important to deal with this issue. The main goal of this study is to compare 
soils before and after biochar application. The effect of biochar on modified and unmodified soil is studied in 
soil which is planted with corn plants. After 100 days the analysis of soil (and the biochar [12]) was performed. 

2. MATERIALS AND METHODS 

2.1. Samples 

Four types of soil were selected for this study ‒ cambisol, fluvisol, chernozem and regosol. These soils 
represent soils of the Czech Republic. Cambisol was collected from Náměšť nad Oslavou (28. 5. 2020), fluvisol 
was collected from Iváň (28. 5. 2020), chernozem was collected from Žabčice u Brna (28. 5. 2020) and regosol 
was collected from Pánov (28. 5. 2020). Samples were collected from topsoil (0-20 cm below surface).  

Two types of biochar were selected for this study ‒ NovoTerra (NovoCarbo GmbH, the source biomass was 
residual softwood wood chips) and Sonnenerde (Sonnenerde GmbH, the source biomass was grain husks, 
sunflower husks and fruit sludge).  

One kg of soil and 20 g of biochar in the polypropylene bags was weighed into the pots. Corn was planted in 
the soil and the growing process took about 100 days. After the cultivation, the biochar and the plants were 
removed from the soil and the analysis of the soil was performed. All samples were dried at 105 °C for 3 days, 
homogenised and passed through a 2mm sieve before further analysis.  

2.2. Determination of specific gravity ρs, bulk density ρd and porosity P  

For specific gravity, labeled pycnometer with stopper was weighed. Then it was filled with distilled water and 
weighed again. The soil sample was added into the pycnometer to a quarter of its height and weighed. The 
pycnometer with soil was filled with distilled water to a half of its height and heated on the stove to boiling. 
After cooling down the pycnometer with soil sample and water was fully filled with adjusted distilled water 
(water in beaker was heated to boiling and then covered with watch glass beaker cover and cooled down) and 
weighed together with the stopper. Specific gravity was calculated according to the equation (1). 

 1
s l g g

1 2 3

m

m m m
      

 
            (1) 

where: 
m1 - the mass of the sample dried to a constant weight (g) 
m2 - the mass of the pycnometer filled with distilled water (g) 
m3 - the mass of the pycnometer with boiled sample and distilled water (g) 
ρl - the density of water (g·cm-3) 
ρg - the density of air (g·cm-3) 
ρs - the specific gravity (g·cm-3) 

For bulk density, weighed sample was added into a graduated cylinder. Bulk density was calculated according 
to the equation (2). 

sam p le

d

m

V
                 (2) 

where: 
msample - the mass of the sample added into a graduated cylinder (g) 
V - the volume of the sample added into a graduated cylinder (cm3) 
ρd - the bulk density (g·cm-3) 
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For porosity determination the following equation (3) was used: 

s d

s

10 0P
 




                (3) 

where: 
ρs - the specific gravity (g·cm-3) 
ρd - the bulk density (g·cm-3) 
P - the porosity (%) 

2.3. Determination of maximum water holding capacity MWHC and water retention capacity WRC 

For maximum water holding capacity the soil sample was weighed and added into plastic bottles. Sample was 
excessively saturated with water. Opened bottle was reversed and put on 4x folded filter paper. After 1 hour 
of suction the filter paper was changed. After 1 hour the sample was weighed. Maximum water holding capacity 
was calculated according to the equation (4). 

M W H C 1 0 0
a b

a


                (4) 

where: 
a - the mass of the sample after 2 hours of suction (g) 
b - the mass of the sample dried to a constant weight (g) 
MWHC - maximum water holding capacity (%) 

For retention water capacity the suction of water was continued for another 22 hours, then the sample was 
weighed. 

W R C 1 0 0
c b

c


                (5) 

where: 
b - the mass of the sample dried to a constant weight (g) 
c - the mass of the sample after 24 hours of suction (g) 
WRC - water retention capacity (%) 

2.4. Determination of oxidizable carbon content Cox 

For oxidizable carbon content the sample was passed through a 0.25mm sieve and weighed 
(approximately 0.1 g). The sample, 5 ml of K2Cr2O7 solution and 7.5 ml of H2SO4 was added into a beaker, 
covered with Petri dish and heated in dryer at 135 °C for 30 min. After cooling down, the solution with the 
sample was quantitatively added into the 100ml volumetric flask and fully filled with demineralized water. After 
60 min of suspension, sedimentation the solution was centrifugated at 3,500 rpm for 10 min. For making of 
calibration solutions there was used a glucose. Glucose solutions was prepared by adding specific amount of 
glucose into the 100ml volumetric flask and the flask was fully filled with K2Cr2O7 solution. These glucose 
solutions were oxidized the same way as sample solution (without another addition of K2Cr2O7 solution). Then 
the absorbance of calibration solutions and sample solutions was measured at the wavelength 585 nm. 

2.5. Determination of total nitrogen content Ntot 

For total nitrogen content the sample was weighed (approximately 0.2-1.0 g). The sample and 4 ml of mixture 
of salicylic acid and sulfuric acid was mixed and let to react overnight. Then 0.5 g of copper(II) thiosulfate 
pentahydrate was added to a sample and cautiously heated until the foaming stopped. The mixture was cooled 
down. Then 1.1 g of catalyst (mixture of K2SO4, CuSO4·5H2O and TiO2) was added to the mixture and the 
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mixture was heated at 360-400 °C for 2 h until clarification. After cooling down, 20 ml of demineralized water 
was added to the mixture. The mixture was added into a distillation flask. 5 ml of H3BO3 was added into 
receiving flask and 20 ml of NaOH solution was added into distillation flask continuously during distillation. 
After distilling 40 ml of distillate, 2-3 drops od mixed indicator was added to distillate and titrated with HCl.  

2.6. Determination of P, K and Mg content 

For P, K and Mg content determination, 10 g of sample and 100 ml of extraction solution (Mehlich 3) was 
added into a PE bottle and the mixture was extracted on a rotary shaker for 10 min. After the extraction the 
mixture was centrifugated at 4,000 rpm for 5 min. Calibration standard solutions for P, K and Mg content 
determination was prepared at different concentrations. Mixed calibration standard solution was prepared by 
adding different amounts of standard solution and 20 ml of concentrated extraction solution (Mehlich 3) into a 
100ml PE volumetric flask and the flask was fully filled with distilled water. An auxiliary calibration standard 
solution was prepared by adding different amounts of standard solution into a 100ml PE volumetric flask and 
the flask was fully filled with distilled water. Then 50, 25 and 10 ml of the auxiliary calibration standard solution 
was added into 3 100ml PE volumetric flasks. 20 ml of concentrated extraction solution (Mehlich 3) was added 
into each flask and the flasks were fully filled with distilled water. All solutions (the set of calibration solutions 
and the set of sample solutions) were measured on ICP-OES spectrometer. 

3. RESULTS AND DISCUSSION 

3.1. The influence of biochar on physical properties of soil 

The resulting values of physical properties of soil are shown in Table 1. The specific gravity is increased in all 
types of soil after NovoTerra biochar application, on the contrary Sonnenerde biochar increased the specific 
gravity only in cambisol. Depending on the results of the carbon content after the biochar application (see 
Figure 1), it can be assumed that the Sonnenerde biochar compared to the NovoTerra biochar increased the 
carbon content, so much that it decreased the specific gravity, which is dependent on the carbon content.  

Table 1 Physical properties of soil before and after biochar application - ρs is the specific gravity (g·cm-3),  
              ρd is the bulk density (g·cm-3), P is the porosity (%), MWHC is the maximum water holding capacity  
              (%) and WRC is the water retention capacity (%); C is cambisol, F is fluvisol, CH is chernozem, R is  
              regosol, N is NovoTerra biochar and S is Sonnenerde biochar. 

Sample 
ρs 

(g·cm-3) 
ρd 

(g·cm-3) 
P 

(%) 
MWHC 

(%) 
WRC 
(%) 

C 2.39±0.05 1.01±0.01 57.7±1.9 17.9±0.9 15.7±0.6 

C+N 2.41±0.05 0.96±0.01 60.1±1.7 23.4±0.4 20.1±1.9 

C+S 2.44±0.04 0.86±0.03 64.8±0.5 18.4±1.9 15.4±1.2 

F 2.35±0.04 1.09±0.03 53.7±1.1 14.9±0.9 12.8±0.6 

F+N 2.37±0.06 1.13±0.03 52.1±2.0 15.7±1.4 12.9±0.7 

F+S 2.33±0.01 1.05±0.06 55.2±1.9 15.2±1.0 13.5±0.6 

CH 2.53±0.04 1.21±0.05 52.2±1.3 19.3±0.3 17.7±1.3 

CH+N 2.56±0.04 1.31±0.05 48.8±1.1 19.4±1.7 17.7±3.0 

CH+S 2.52±0.01 1.24±0.07 51.0±3.0 16.1±4.0 17.1±1.4 

R 2.41±0.05 1.44±0.03 40.0±2.0 13.2±0.8 10.0±0.7 

R+N 2.42±0.07 1.42±0.04 41.1±0.7 18.8±1.3 18.0±1.3 

R+S 2.28±0.04 1.42±0.07 37.9±4.0 15.2±2.0 11.2±1.2 
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In the case of bulk density, Sonnenerde repeatedly reduced the resulting value of this parameter, because it 
was able to increase the carbon content of the sample more than NovoTerra biochar. Even in this case, the 
bulk density is dependent on the carbon content (see Figure 1). The bulk density describing soil compaction 
has an influence on other physical properties such as porosity or water retention capacity, which also 
correlates. 

A more significant increase in porosity occurred in the case of cambisol. This increase can be explained by 
the fact that the increased carbon content and other supplied minerals from the biochar caused that the plants 
had a larger root system, which aerated the soil more and thus created more pores. For both mentioned water 
capacities, we again encounter the fact that the carbon content correlates with the increased water retention 
capacity (according to the results). 

3.2. The influence of biochar on chemical properties of soil 

The effect of biochar on the oxidizable carbon content is shown in Figure 1. In general, there was an increase 
in the carbon content after the biochar application. However, it is worth noting that Sonnenerde biochar was 
more effective than NovoTerra biochar. This can be explained by the fact that NovoTerra biochar was made 
from biomass with a higher content of more stable organic matter, which was more difficult to release into the 
soil than in the case of Sonnenerde biochar.  

 

Figure 1 Oxidizable carbon content Cox (left) and Nox (right) in soil before and after biochar application 

 

Figure 2 P, Mg and K content in soil before and after biochar application 

In the case of cambisol and fluvisol, there was no significant influence on total nitrogen content after biochar 
application (Figure 1). NovoTerra biochar seems to be more efficient to increase the Ntot content, while 
Sonnenerde biochar did not significantly affect it. Chernozem showed a decrease in the total nitrogen content 
in the case of use of both biochars and regosol showed an increase in Ntot content in both cases. 

In the Figure 2, there is shown the decrease in the P and Mg content after biochar application in the case of 
cambisol, fluvisol and chernozem. Regosol showed an increase in both mentioned parameters. Furthermore, 
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it can be observed that there were no changes in the P content in the case of cambisol after biochar application. 
The increase in the case of fluvisol was not significant. Chernozem showed significant reduction in P content, 
while Sonnenerde biochar had a greater influence on this result. On the other hand, there was a very significant 
increase in the P content of the regosol and the Sonnenerde biochar had a greater influence on this increase 
again. 

4. CONCLUSION 

Generally, it is not easy to describe the effects of biochar on soil properties because of the complexity of the 
subject of this study. The influence of biochar very much depends on the type of biochar and also on the type 
of soil. There is an increase of Cox and Ntot content after biochar application to the soil. The influence of biochar 
on P, Mg and K content in soil after biochar application varies depending on the type of soil.  

Biochar is more effective in the case of low-quality soils (in this study, this type was represented by regosol). 
In the case of high-quality soils (cambisol and fluvisol), biochar is not so efficient and the influence is not so 
obvious. In the future, there is a need for long-term experiments and studies that include the effect of field 
conditions (larger scale, applications in agriculture, economic review ‒ cost and crop yield, etc.). 
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Abstract 

Natural organic matter is a complex pool of organic substances which can affect the transport of both beneficial 
and harmful species in soil systems. The occurrence of pharmaceuticals as soil pollutants has become one of 
the new environmental threats. The mobility of drug contaminants in soils and their availability for plants is 
largely controlled by their sorption. Soils have a "self-cleaning" ability which depends on the content of organic 
matter. Interactions between drugs and soil organic mattes can lead to the partial immobilization of these 
pollutants and suppression of their mobility in soil resulting in the pollution of drinking water resources, crop 
and consequently food contamination. In this contribution, the soils with different contents of organic matter 
were selected to assess their sorption abilities to widely used pharmaceutical diclofenac (non-steroidal anti-
inflammatory drug that is frequently prescribed to reduce inflammation and pain). Stability of formed complexes 
and drug leachability in water were also studied to determine the immobilization degree of pharmaceutical in 
studied soils. The effect of organic matter on binding ability of soils as well as the leachability of diclofenac at 
different pH values are compared and discussed. 

Keywords: Organic matter, diclofenac, adsorption, immobilization 

1. INTRODUCTION 

Diclofenac is widely used as nonsteroidal anti-inflammatory drug leaving residues in the environment. It has a 
low removal efficiency ranging from 5 to 81% in conventional sewage treatment and has been found in 
wastewater treatment plant effluents in many countries worldwide [1-4]. It is considered as a contaminant of 
emerging concern and has been included in the list of priority hazardous compounds [2,5] and Watch List of 
EU Decision 2015/495 [6-9]. Diclofenac seems to have the highest level of acute toxicity among other non-
steroidal anti-inflammatory drugs tested [1,10]. Diclofenac is relatively persistent in soils under anaerobic 
conditions with a negligible degradation [11,12] while better degradation was observed under oxic conditions 
[12,13]. Recent works indicated that degradation was the main attenuation process of diclofenac during the 
wetting and drying cycles in soil, while adsorption was the only process controlling the fate of diclofenac under 
continuous infiltration conditions [12,14]. It means that adsorption would dominate the environmental fate of 
diclofenac in water saturated soils. Understanding the adsorption mechanism in the soil is significant for 
determining its ecotoxicity, migration, and conversion. Many studies have focused on the removal of diclofenac 
from waters by different low-cost and effective adsorbent materials [15-17]. Our contribution is focused on the 
adsorption of diclofenac directly by soil. The investigation of adsorption from aqueous solution onto soils is 
crucial for prediction of its possible immobilization, mobility and removing diclofenac contamination. In general, 
the interactions of pollutants in soils are affected by their physicochemical properties as well as soil properties 
(its structure and composition, content, and form of organic matter etc.). Other factors influencing interactions 
are, pH, ionic strength, temperature, contact time, presence of additional constituents, and (also) living 
organisms in soil systems [15-19].  



October 19 - 21, 2022 Brno, Czech Republic, EU 

 

 

150 

Some studies dealing with the behaviour of diclofenac in soil were recently realized. Filep et al. [20] described 
the effect of chemical properties of pharmaceutics on sorption behaviour in soils and goethite. They stated that 
the main controlling factor for ionic compounds, such as diclofenac sodium, is their charge (and Coulomb 
forces). Drillia et al. [21] studied the adsorption of six drugs in two soil types. Their results showed that the 
adsorption on the soil of the low organic carbon was not dependent only on the organic content of the matrix 
but also on the other matrix properties and the dissociation degree of the compounds. Diclofenac had relatively 
high distribution coefficients obtained for both adsorption and desorption. It means that it is not strongly bonded 
and can be easily leached. Kohay et al. [22] studied efficiency of polycation-clay sorbents for diclofenac. They 
stated that the filtration of micro- and nano-concentrations of diclofenac by composite columns, in the presence 
of humic acids was more efficient than by granulated activated carbon. columns. In contrast, Yu and Bi [12] 
stated that the adsorption of diclofenac on soil is controlled by bonding with surface -OH groups of iron oxides. 
Their results indicated that adsorption coefficients of diclofenac onto soils can be well predicted by contents of 
extractable iron instead of total iron oxides contents. The influence of iron oxides in the adsorption of diclofenac 
should be important mainly in soils with relatively low content of organic matter. Zhang et al. [23] studied the 
sorption-desorption behaviour of several pharmaceuticals including diclofenac. Their experiments were 
realised with individual drugs as well as a mixture of them. The proportion of diclofenac adsorbed to the soil in 
the mixture system was 72 % and differed slightly from the individual adsorption. Diclofenac displayed strong 
sorption and low desorption in both the individual-compound and mixture-compound systems. De Mastro et 
al. [24] compared the adsorption of sulfamethoxazole and diclofenac on three agricultural soils with different 
mineralogical composition and organic matter content. Their results showed that diclofenac was adsorbed 
moderately while sulfamethoxazole negligibly, regardless the soils. While clay minerals had little influence on 
their adsorption, the organic matter supported interactions of soil with diclofenac. Similarly, Graouer-Bacart et 

al. [25] confirmed that the mobility of diclofenac in soils increases significantly with low organic matter content 
(and with high CaCO3 content), which can lead to an enhanced risk for groundwater contamination.  

As can be seen, the results and conclusions presented in studies can be different. The organic matter content 
as well as the presence of minerals can have different effect of the interactions of diclofenac with soils and its 
mobility in them. In general, the mobility of the pharmaceuticals in soils, and consequently their potential for 
contaminating groundwaters, is shown to depend on the amount of drug applied, the intensity of the “rain” 
events and the soil type and composition [21].  

2. MATERIALS AND METHODS 

Diclofenac (CAS 15307-79-6) was purchased from Sigma-Aldrich. Soil I (phaeozem) was sampled in the region 
Jablůnka, soil II (alluvial soil) in the region Černotín (both closed to river Bečva). Both samples are arable soils 
with periodically changed arable crops as wheat and corn. Main characteristics of soil samples are listed in 
Table 1. 

Table 1 Characterization of soil samples 

Sample Total organic 

carbon (wt.%) 

Humic /fulvic 

acids (-) 

Cation exchange 

capacity (mmol/g) 

Humification 

degree (%) 

Humus content 

(wt. %) 

Soil I 2.23 1.22 0.13 12.6 3.84 

Soil II 1.73 0.88 0.21 12.1 2.98 

Soil samples were mixed with the solution of diclofenac (0 - 2.5 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) to remove solid particles and analysed by means of UV/VIS 
spectrometry (HITACHI U-3900H) to determine the residual amount of diclofenac in solution after adsorption. 
Simultaneously pH values and conductivities of solutions were measured. 
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The stability of formed complexes was investigated by means of desorption experiments. Diclofenac-soil 
complexes were mixed with 10 cm3 of deionized water, stirred, centrifuged, filtered, and analysed by the same 
methods as in the case of adsorption experiments. 

To investigate the effect of pH on the adsorption, Britton-Robinson buffer solutions (at pH values equal to 5, 
7, and 10 were used for the adsorption/desorption experiments. The experiments were realized only with the 
highest diclofenac concentration. 

All experiments were realized at 25 °C (±1 °C). They were triplicated and average values are presented. 

3. RESULTS AND DISCUSSION 

In Figure 1, adsorption isotherms obtained for diclofenac adsorbed on two different soil samples are shown. 
It can be seen, that adsorbed amounts are much higher for soil I, which is richer in the total organic carbon 
(related to soil organic matter), humic acids and humus content (see Table 1). In contrast, the cation exchange 
capacity is higher for soil II. The efficiency of adsorption decreased with increasing initial concentration of 
diclofenac for both used soil samples. Their values ranged between 74 and 87 % for soil I; 24 and 36 % for 
soil II. Measured values of pH and conductivity were lower for soil II and similar as in the case of background 
experiments with soil and distilled water. Their dependence on the concentration of diclofenac was not 
significant. The pH values ranged between 7 and 7.8, conductivity between 0.2 and 0.5 mS cm-1.  

 

Figure 1 Adsorption isotherms obtained for soil I (red) and soil II (green). 

Experimental data were fitted by Langmuir isotherm [26,27] frequently used for chemical adsorption 

g � gh#i   k�
�9k�,               (1) 

where a is adsorbed amount, amax is adsorption capacity, c is equilibrium concentration and b is the ratio 
between adsorption and desorption rate constants (b = kads/kdes). Parameters of adsorption isotherm (amax and 
b) can be determined on the basis of the linearized form of equation 1: 

�
# � �

#l&mk
�
� � �

#l&m.              (2) 
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The values of adsorption capacity amax were determined as 117.6 g g-1 for soil I and 48.6 g g-1 for soil II. The 
ratio b was equal to 4.72 for soil I and 0.82 for soil II. The results indicated that soil I has not only much higher 
adsorption capacity but also that the adsorption is stronger in comparison with desorption one and the mobile 
fraction should predominate in complex of diclofenac with soil II. 

Desorption experiments showed that the content of mobile fraction is relatively low for both used soil samples. 
A measurable desorption was indicated only for the highest amount of diclofenac adsorbed on soil I and two 
highest amounts of diclofenac adsorbed on soil II. However, it was confirmed that diclofenac can be desorbed 
more from its complex with soil II.  The difference between both soil samples is less significant than can be 
deduced from the coefficient b in Langmuir isotherm (equation 2), which is much higher for soil I. The reason 
of this discrepancy can be explained by the character of Langmuir isotherm. The isotherm is based on the 
adsorption and desorption kinetics valid for the simplest reaction mechanism, where substance S is adsorbed 
on the adsorbent A (its active site) forming complex SA and can be desorbed in reverse reaction: S + A  SA. 
In equilibrium, the rates of adsorption and desorption are equal and the adsorption amount as well as the 
concentration in solution do not change with time. Since soil is very complex system containing many different 
constituents, it is impossible to expect that all active sites in soil are equivalent. In contrast, soil can contain 
many different active sites with different bond strengths. Therefore, the above-mentioned mechanism of simple 
surface reaction can be considered as an idealized situation for the adsorbent which only one type of active 
sites (mutually independent). It means that adsorption parameters based on equation 1 and 2 can be 
considered as effective values including all types of active sites in given soil sample and all proceeding surface 
reactions.  

 
Figure 2 Adsorption efficiency and content of mobile diclofenac fraction in soils at pH 5 (red), 7 (blue) and 10 

(green) 

In Figure 2, The efficiencies of adsorption and desorption are compared. The adsorption efficiency was 
calculated as % adsorbed from the total amount of diclofenac in solution mixed with soil. The desorption 
efficiency as the amount leached from diclofenac-soil complex into water. The desorption efficiency thus can 
be considered as the mobile fraction of diclofenac which is leachable by water. As can be seen, the increase 
in pH resulted in the increase in adsorption efficiency and (also) in the increase in the bond strength. Our 
results are not with agreement with hypothesis of Filep et al. [20] that ionic compounds as diclofenac are bound 
to soil mainly by means of their charge and the importance of organic matter is negligible. In contrast, soil I 
richer in organic carbon was able to adsorb much higher amount of drug than soil II. It indicated that the organic 
matter can play important role in the immobilization of diclofenac in soil which agrees with conclusion s of other 
authors [22-25]. Our results also confirmed the significance of the properties of organic matter and soil matrix. 
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4. CONCLUSION 

Adsorption and desorption experiments were carried out with two soil samples of different quality. Diclofenac 
as widely used anti-inflammatory pharmaceutical was chosen for this study. It was confirmed that soil organic 
matter plays key role in the mobility and bio-availability of pharmaceuticals in soils. 

It was found that the immobilization ability of soils was strongly influenced by the content of organic matter. 
The stability of formed complexes determined by desorption experiments showed that formed complexes are 
relatively stable and the stability increases with the organic carbon content. The increase in pH of used 
solutions resulted in more effective adsorption and the suppression of drug leachability. 
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Abstract  

Foliar application of nanofertilizers is currently regarded as a promising alternative to conventional soil 
fertilization. For successful development of nanofertilizers, firstly, a better understanding of interactions of 
nanoparticles with the leaf surface is needed. In the framework of this study a globally available cereal grain 
Hordeum Vulgare (barley) was chosen as model plant. Gold nanoparticles (Au NPs) were chosen as model 
particles for foliar application. Two synthesis methods were used: established photoreduction with citric acid 
and phytochemical synthesis using Aegopodium Podagraria (ground elder) extract. In both cases the reducing 
agent was acting also as surface stabilizer. Au NPs formation was confirmed by UV-VIS spectroscopy. To our 
knowledge it is the first time A. Podagraria extract was used for Au NPs synthesis. The morphology of the 
produced particles was characterized by transmission electron microscopy (TEM). The interaction of Au NPs 
with the adaxial side of barley leaves was studied by low-vacuum scanning electron microscopy (SEM). It was 
established that citrate stabilized Au NPs agglomerates evenly distribute in droplet-leaf contact areas avoiding 
stomates. Plant extract stabilized Au NPs form a film in the contact areas and accumulate on all leaf parts - 
stomates, trichomes and lamina. It was shown that Au NPs produced via green phytochemical synthesis have 
improved interaction with the leaf surface of barley. 

Keywords: Au NPs, phytochemical synthesis, foliar fertilization 

1. INTRODUCTION 

One of the most important current challenges facing agriculture is to improve the efficiency and sustainability 
of fertilization procedures. Application of conventional fertilizers results in poor nutrient uptake due to low 
bioavailability and releasing rates overwhelming actual plant absorption rates. Furthermore, nutrients trapped 
in the soil are causing serious environmental constraints worldwide, including ground water pollution and 
eutrophication, soil quality degradation, and air pollution [1,2].  

Foliar application of nanofertilizers is currently regarded as a promising alternative to conventional soil 
fertilization [3-5]. It was shown that NPs are capable of crossing plant mechanical barriers (e.g. cuticle and cell 
walls) with further translocation [6-8]. Moreover, NPs surfaces are easily modifiable with a variety of coatings 
and, similar to drug delivery, NP surface properties can theoretically be tuned to deliver them to specific leaf 
structures or tissues in plants [9,10]. This could also provide slow and controlled release of the nutrients in the 
desired locations of plants [8]. All this advantages combined with the application approach which bypasses 
soil have the potential to reduce unsustainable fertilization practices and increase yields through optimized 
nutrient management. However, despite the great potential of NPs as nanofertilizers, there remains limited 
understanding of how the physical and chemical properties (e.g. size, charge, solubility, coating, chemical 
composition) of NPs influence their interaction with the leaf surface. A better understanding of these NP-leaf 
interactions is needed for successful nanofertilizers development.  
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The leaf cuticle can be described as a composite membrane, which is mainly composed of cutin, an amorphous 
and non-soluble polyester formed by condensed polyhydroxylated fatty acids, which acts as a solid matrix for 
the deposition of the other components (e.g., polysaccharides and phenolic compounds). The leaf itself is 
covered with a layer of hydrophobic epicuticular waxes [11,12]. In general, there are three main natural 
pathways how NPs could penetrate cuticle layer - stomates, trichomes and pores [6,7,9]. 

In the framework of the study, a globally available cereal grain Hordeum Vulgare (barley) was chosen as model 
plant. Au NPs were chosen as model particles due their stability and absence of background signal within the 
plant. To evaluate the impact of surface modification on interaction with the leaf surface, two different agents 
were used - citric acid and A. Podagraria plant extract. Citrate reduced and stabilized Au NPs were synthesized 
by using an established photoreduction process [13]. Plant extract reduced and stabilized Au NPs were 
synthesized via phytochemical reduction also involving UV light. Phytochemical synthesis of NPs using plant 
extracts is a cost-effective and environmentally friendly approach [14,15]. The types of solvents used during 
extraction affect the type and amount of reducing agents extracted. According to [16] using water as solvent 
results in the extraction of the following compounds: tannins, terpenoids, saponins, starches, and polypeptides. 
Saponins are amphiphilic secondary plant compounds, which should improve interaction of metallic Au NPs 
with the hydrophobic surface of barley leaf.   

The aim of the study is to investigate the interaction between these Au NPs as model particles for foliar 
application of fertilizers and the barley leaf surface. It is expected that the different nature of the 
reducing/stabilizing agents for Au NPs synthesis will result in different accumulation patterns on the barley leaf 
surface.  

2. MATERIALS AND METHODS 

2.1. A. Podagraria extract preparation 

For plant extract preparation, the aerial parts of A. Podagraria plants were collected in May 2022 in Denmark, 
washed and air dried in the shadow for 2 weeks. The air-dried samples were ground until pieces with size 
around 0.2-0.5 mm were obtained. The extract was prepared via ultrasonification using DI water as extractant. 
For extraction, 1.0000 g of the ground material was weighted, and 30.00 ml of water was added. The sample 
was kept in an ultrasonic bath at room temperature for 20 min. The extraction process was repeated twice. 
The extract was filtered and stored at 2˚C.  

2.2. Synthesis and characterization of Au NPs 

Photoreduction of the citrate reduced and stabilized Au NPs was performed as follows: a mixture of 0.039 mL 
of 0.052 M chloroauric acid trihydrate HAuCl4∙3H2O (Sigma-Aldrich, ≥99.9% trace metal basis) and 1.0 mL of 
0.10 M citric acid C6H8O7 (anhydrous, Thermo Scientific, ACS, 99.5%) solutions was diluted with DI water until 
the total volume of the mixture was 10 mL. The final content of HAuCl4 was 0.2 mM and the HAuCl4:C6H8O7 
ratio was 1:50. Mixture was stirred at ambient conditions under 254 nm light irradiation (8 Watt) for 100 minutes. 

For the plant extract reduced and stabilized Au NPs synthesis a mixture of 0.039 mL of 0.052 M HAuCl4 
solution and 1.0 mL of A. Podagraria plant extract (see 2.1. Section) was diluted with DI water until the total 
volume of the mixture was 10 mL. The final content of HAuCl4 was 0.2 mM. The mixture was stirred at ambient 
conditions under 254 nm light irradiation for 100 minutes. Au NPs formation was confirmed by UV-VIS 
spectroscopy (VWR UV-3100PC). The produced NPs size and shape were characterized with TEM (Tecnai 
T20 G2 S-TEM, DTU National Centre for Nano Fabrication and Characterization) under 200 kV. For imaging, 
lacey carbon supported copper grids (grid size 300 mesh) were used. The particle size was calculated using 
the ImageJ software. The results are summarized in the Section 3. 
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2.3. Investigation of Au NPs and leaf surface interaction 

Barley plants (Hordeum vulgare L. cv. KWS Irina) were cultivated in a greenhouse of the Department of Plant 
and Environmental Sciences, University of Copenhagen, Denmark with minimum day/night temperatures of 
18 °C/15 °C and a day/night cycle of 16 h/8 h. Plants were provided with all required nutrients and 1.5 L water 
per week in the tray. 

The Au NPs colloidal solutions were applied on two different undamaged, young, fully expanded leaves of 
barley crops. For that, few 10 μL droplets were directly applied on the adaxial side of the leaf and air-dried. 
The surface of the leaves was investigated with SEM (QFEG 200 Cryo ESEM, DTU National Centre for Nano 
Fabrication and Characterization) in low vacuum (60 Pa). Sample were prepared as follows: small pieces of 
leaves were secured on a sample holder with double-sided carbon tape. A leaf without applied Au NPs was 
used as control. For imaging secondary electron (SE) and back-scattered electron (BSE) detectors were used. 
The results are summarized in Section 3. 

3. RESULTS AND DISCUSSION 

Time-dependent UV-VIS spectra of the exposed solutions are shown in the Figure 1 (A row - citrate reduction, 
B row - plant extract reduction). Au NPs formation was confirmed by the appearance of a gold corresponding 
LSPR absorption maximum with the intensity increasing with the irradiation time. For citrate reduced Au NPs 
after 100 min of irradiation, the LSPR absorption maximum was observed at 521 nm, whereas for plant reduced 
Au NPs at 534 nm. Both values correspond to in literature available data [13,14] and probably differ because 
of differences in surface properties.  

A 

 

  

B 

   

Figure 1 UV-VIS spectra of UV-exposed solutions and TEM images of resulting Au NPs particles:  
A - citrate reduced particles, B - plant extract reduced particles. Magnification: middle column - x285K,  

right column - x400K. 

According to TEM images (see Figure 1, row A) the citrate reduced Au NPs are rounded-shaped and have 
diameters from 8 to 26 nm with 13.9 nm average size. Phytochemical reduction also resulted in the formation 
of rounded-shaped particles with size from 8 to 24 nm (see Figure 1, row B). The average size of the plant 
extract reduced Au NPs is 13.4 nm. For both samples, calculations were performed for 60 particles. 
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For investigating the interactions between Au NPs and the adaxial side of barley leaves, two different detectors 
were used: SE detector for surface characterization and BSE detector for getting NPs contrasting images. 
Figure 2 shows SEM images of the control sample without Au NPs. The image in SE mode (Figure 2A) shows 
the adaxial side of the barley leaf surface with all leaf features - trichomes, stomates and lamina. Examples of 
leaf structural features are highlighted with red for stomata, yellow for trichome, and green for lamina. The 
identical image of the same area but in the BSE mode resulted in a darker image with low contrast as the BSE 
detector is more sensitive to elements with higher atomic number. This confirms that there are no heavy 
elements on the leaf surface.  

Figure 2 SEM images of control barley leaf adaxial side: A - in SE mode, B - in BSE mode.  
Examples of leaf structural features are highlighted with red for stomata, yellow for trichome,  

and green for lamina. 

A SEM image of the adaxial side of barley leaf with applied citrate reduced NPs in SE mode is shown in the 
Figure 3A. It can be seen that citrate stabilized Au NPs agglomerates evenly distribute in the droplet-leaf 
contact area but avoiding stomates. The same area can be seen in BSE mode on the Figure 3B. There are 
no bright particles on and around stomates.  

  

Figure 3 SEM images of citrate reduced Au NPs applied on the adaxial side of a barley leaf:  
A - SEM image in SE mode, B - SEM image in BSE mode. 

SEM images of the adaxial side of a barley leaf with applied plant extract reduced NPs in SE mode are shown 
in Figures 4A and 4C. In the area where the applied droplet dried, the plant extract stabilized Au NPs formed 
a film. Contrasting SEM images in BSE mode confirm that Au NPs are distributed in this layer (see Figures 4B 

and 4C). It is shown that Au NPs are accumulating on all leaf parts: stomates, trichomes and lamina. An 
example of covered stomata is highlighted on the Figure 4A. It proves that Au NPs produced via phytochemical 

A B 

B A 
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synthesis have improved interaction with the leaf surface of the model plant, probably due to amphiphilic 
compounds contained in the plant extract [16]. 

  

  

Figure 4 SEM images of plant extract reduced Au NPs applied on the adaxial side of a barley leaf:  
A, C - SEM image in SE mode; B, D - SEM image in BSE mode. 

4. CONCLUSION 

In this work, the interaction between Au NPs selected as model particles for foliar application of fertilizers and 
the barley leaf surface was studied. Au NPs were synthesized via reduction by UV light using two different 
reductants - citric acid and A. Podagraria leaf extract. The reductants performed also as NPs stabilizers. To 
our knowledge, it was the first time A. Podagraria extract was implemented for Au NPs synthesis. The formation 
of Au NPs was confirmed by UV-VIS spectroscopy. It was shown by TEM that in both cases rounded-shaped 
particles with around the same average size are formed: 13.9 and 13.4 nm for citrate and plant reduced Au 
NPs, respectively.  

The different nature of the reducing/stabilizing agents resulted in different accumulation patterns on the barley 
leaf surface. It was established that citrate stabilized Au NPs agglomerates evenly distribute in the droplet-leaf 
contact area avoiding stomates. Plant extract stabilized Au NPs form a film in the contact area and accumulate 
on all leaf parts: stomates, trichomes and lamina. It was shown that Au NPs produced via green phytochemical 
synthesis using A. Podagraria extract as both reducing and stabilizing agent have an improved interaction with 
the leaf surface of the model plant. 

C 

A 

D 

B 
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Abstract  

Polydopamine is an organic substance that is almost universally applicable to cover all kinds of materials, 
including nanomaterials. Considering the possible use of polydopamine in the water purification process, this 
article focuses on the change of selected properties of the chosen material (graphene oxide and the hybrid 
compound graphene oxide-C60) after being coated with polydopamine. Attention was paid to changes in thermal 
stability and surface morphology. In particular, changes in surface morphology could positively affect the sorption 
capabilities of the original materials in relation to organic pollutants. 

Keywords: Metallurgy, steel, properties, applications, testing methods 

1. INTRODUCTION 

Dopamine (DA) is a biologically active substance from the catecholamine group. It is a neurotransmitter that is 
naturally produced in the nervous system of humans and animals. At the same time, it can be easily synthetized 
in large quantities. It is easy to prepare polydopamine (PDA) from dopamine and other catecholamines, [1,2]. It 
is currently being studied in detail for its unique properties, which are very similar to the adhesive proteins of 
marine shells. Adhesive proteins allow mussels to interact with the substrate in moist environments, and they 
are rich in 3,4-dihydroxyphenylalanine (DOPA) as well as cysteine and lysine [1,4]. The catechol side chain of 
DOPA is responsible for the strong bond between the surface of a bivalve leg and the substrate, as well as for 
the rapid solidification of the adhesive proteins. Catechol forms strong covalent and non-covalent interactions 
with the surface [5]. The synergistic effect of catechol and amine moiety further enhances biomolecular adhesion 
[1,3]. These strong interactions with surfaces are also generated by PDA. Therefore, PDA is seen as an organic 
substance that is almost universally applicable to cover all kinds of materials. The thickness of the PDA layer 
can be influenced by the reaction conditions (reaction time, temperature, pH) [1,5,6]. Following PDA application, 
new functional groups (mainly hydroxyl or other, depending on the pH) appear on the surface of a material 
increasing its hydrophilicity. These functional groups can be subsequently used for further surface modifications 
[3]. PDA demonstrates considerable chemical and environmental stability [7]. Pyrolysis at temperatures around 
800 °C produces a material with a graphene-like structure, where a nitrogen atom is irregularly embedded in the 
carbon skeleton. The obtained material is electrically conductive [1,6]. PDA can be applied in many fields due 
to its potential to undergo further surface modifications and its ability to adhere to organic and inorganic 
substances. In biomedicine, for example, it is used to prepare nanocapsules for drug delivery or to reduce the 
immunogenicity of materials by improving their hydrophilicity and biocompatibility [8]. PDA can be widely used 
in wastewater treatment to remove heavy metals, organic pollutants, dyes and radioactive isotopes [9,10-12]. 



October 19 - 21, 2022 Brno, Czech Republic, EU 

 

 

162 

Our experiments focused specifically on the potential applications in water treatment. Graphene oxide (GO) 
[13,14] and its hybrid compounds [15,16] demonstrate sorption capabilities. It can be assumed that the reaction 
with DA will increase these abilities as a result of surface modification. Since we consider using both materials 
for sorption of organic pollutants present in water, it is necessary to have characteristics of both the input 
materials and of the materials with modified surfaces. For the pilot characterization we have chosen to use FTIR, 
TGA, DSC and microscopic methods (optical microscopy, TEM). 

2. EXPERIMENTAL PART AND RESULTS  

GO was prepared by oxidating finely ground graphite (0.025 mm) according to the classical Hummers method 
(H2SO4, NaNO3, H2O2, KMnO4, HCl) [17]. The oxidation product was repeatedly centrifuged until a negative 
reaction to sulfate ions was obtained. The prepared GO (0.389 g) was subsequently used for the reaction with 
dopamine hydrochloride (0.309 g). PDA was synthesized via DA self-polymerization. The reaction was carried 
out in water (30 ml) with an addition of hydrogen peroxide (30%; 0.4 ml). The suspension was agitated for 19 h 
and the pH was adjusted to 8-9 using NaHCO3. The resulting suspension was washed with water and ethanol 
on a filter and then dried at 55 °C on a Petri dish. The hybrid compound GO-C60 (3:1) was prepared by the 
simultaneous oxidation of graphite with fullerene C60 in a weight ratio of 3:1. The procedure is described in 
Roupcová’s dissertation [18]. The obtained GO-C60 (3:1) (0.350 g) was used for the reaction with dopamine 
hydrochloride (0.3 g). The reaction was carried out in water (30 ml) with an addition of hydrogen peroxide (30%; 
0.4 ml) for 4 h. The pH was adjusted to 8-9 using NaHCO3. The obtained suspension was washed with water 
and ethanol on a filter and then dried at 55 °C on a Petri dish. 

2.1. Characterization of materials by FTIR 

Fourier transform infrared spectroscopy (FTIR) of GO and GO-PDA in KBr pellets was conducted on Digilab 
Excalibur FTS 3000 MX model spectrometer (USA) with a scanning range of 4000-600 cm-1. The obtained 
spectra are presented in Figure 1. 

 

Figure 1 The FTIR spectra of GO and product formed on reaction of GO and PDA (GO-PDA) 

The GO spectrum is characterized by intense bands indicating C=O valence vibrations (ketones and carboxylic 
acids, especially at the edges of graphitic structures), C=C (planar vibration of sp2 hybridized bonds of the 
aromatic ring of unoxidized graphene), C-OH, C-O-C (epoxides) and C-OH (carboxylic acids) functional groups 
at 1720 cm-1, 1575 cm-1, 1380 cm-1, 1250 cm-1 and 1055 cm-1. The broad band in the region 3050 to 3700 cm- 1 
may be attributed to vibrations of O-H groups belonging to phenols, carboxylic acids and adsorbed water. 
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Although the spectrum of the GO-PDA product has different absorbance intensities, it also features characteristic 
vibration values for oxygen functional groups (1720 cm-1, 1575 cm-1, 1390 cm-1, 1210 cm-1, a broad band in the 
region  3050 to 3450 cm-1). No significant absorbance bands were identified in the spectrum for C-N or N-H 
bonds which should be present in the broad band ( 3050 to 3500 cm-1). This is caused by the overlapping of 
contributions of different functional groups with similar absorption energies. The obtained results are consistent 
with those published by other teams [19, 20]. Insignificant peaks are visible at 1500 cm-1 and 1680 cm-1 which 
correspond to other characteristic bands for N-H and C-N bonds, respectively. 

2.2. TGA and DSC analysis 

2.2.1. TDA and DSC analysis of GO and GO-PDA 

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were performed on Mettler 
Toledo STARe, temperature range 25 - 750 °C (20 K/min, Air 50 ml/min). The decomposition was examined in 
air atmosphere. The thermal decomposition curves of GO are shown in Figure 2, and of GO-PDA in Figure 3. 
The GO decomposition showed one endothermic effect with the maximum at 77 ⁰C and two continuous 
exothermic effects [with the maximums at 236 ⁰C and 537 ⁰C]. The overall thermal effect of the composition is 
13003 J/g. The thermal decomposition of the GO and DA product shown in Figure 2 starts from 90 ⁰C with a 
slight exothermic effect which reaches the maximum at 207 ⁰C. From this maximum to 440 ⁰C there is a steady 
9.73 % decline, and the second exothermic effect begins with the maximum at 566 ⁰C. Its shape is a typical 
Gaussian curve. The weight loss of the sample at the second exothermic effect is 63.22 % and the overall 
thermal effect is 14590 J/g. 

 

Figure 2 Thermal analysis data measured for GO (TGA/DSC curves) 

2.2.2. TDA and DSC analysis of hybrid compounds GO-C60 and GO-C60 -PDA 

In her thesis Roupcová reports that the hybrid compound GO-C60 (3:1) decomposes with two exothermic effects. 
The maximum weight loss (51.1 %) occurs during the first exothermic effect (197 - 205 °C) with the maximum 
at 205 °C. The second exothermic effect occurs in the range 281-491 °C with the maximum at 390 °C (18 % 
weight loss) [14]. The thermal decomposition of GO-C60 -PDA occurred essentially in two continuous exothermic 
effects (Figure 4). The maximum weight loss (48.1 %) occurred during the first part of the exothermic effect in 
the temperature range 215-380 °C. The second part of the exothermic effect followed in the 380-561 ⁰C range, 
with three maximums (430 °C, 456 °C and 470 °C) and with a cumulative weight loss of 32.7 %. The results 
described above indicate that the PDA coating increased the thermal stability of the original GO-C60. 
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Figure 3 Thermal analysis data measured for GO-PDA (TGA/DSC curves) 

 

Figure 4 Thermal analysis data measured for GO-C60 -PDA (TGA/DSC curves) 

2.3. Morphology 

Microscopic images (Twist Digital Microscope, Learning Resources) of the dried suspension of GO and GO-
PDA on a Petri dish show different surface morphologies of GO and GO after reaction with DA (GO-PDA) even 
at low magnification (20x) (Figure 5). The PDA coating increased the surface roughness. Transmission electron 
microscopy (TEM) (HT7800, Hitachi, accelerating voltage 100 kV) was used to investigate the GO-PDA and 
GO-C60 -PDA morphology. Nanoparticles present in the filtrate after filtration of prepared suspensions were used 
for the investigation. TEM image of GO-PDA and GO-C60 -PDA are shown in Figure 6. It is obvious that 
nanoparticles of both materials are mostly spherical in shape and form aggregates 

                                 

Figure 5 Microscopic images of the morphology of the initial GO (left) and the products of its reaction with DA 
(right) (magnification 20x) 

GO  GO - PDA 
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Figure 6 Transmission electron microscopy (TEM) images of GO-PDA (left) and GO-C60 -PDA (right) 

3. DISCUSSION AND CONCLUSION 

The FTIR spectrum of GO contains well-resolved bands, which correspond to vibrations of individual types of 
bonds in the compound. The spectrum of GO-PDA is quite different. It is formed by broad bands that overlap. 
These bands correspond to different bond types and oxidation states, different cyclic structures (both 
heterocyclic and aromatic), and to a variety of bridging bonds and positions. The reason is the PDA structure. 
The PDA polymer consists of several various monomer units, which are diversely grouped and interconnected 
and are in different oxidation states [1]. The results of the GO thermal analysis are consistent with those obtained 
by other research teams [20,21]. The curves suggest that the reaction with DA resulted in a significant reduction 
of the epoxy bonds (C-O-C) present in both the initial GO and GO-C60. The PDA covering also increased thermal 
stability of both the initial materials. The PDA covering resulted in a change of the surface morphology. As 
reported by Bogdan et al. [22], the PDA coating is always made up of two components. The first is a quasi-flat 
film with intrinsic roughness in the order of 1 nm. The second consists of PDA aggregates lying on top of this 
film. Larger aggregates can be easily separated by sonication. Therefore sonication may be used to achieve a 
more even covering and to reduce roughness [22]. Since the GO used in our experiments was not sonicated, 
we assume that this fact may have influenced the newly formed surface structures. Different monomer units or 
PDAs could have intercalated between the oxidized carbon layers of the initial graphite. As reported by previous 
research, thickness of the PDA layer can be influenced by reaction conditions (reaction time, temperature, pH) 
[1,5,6]. For example, Jia et al. [23] reported that the PDA layer may be up to 50 nm thick. Bogdan et al. [22] 
therefore suggest that morphological characteristics of PDA coverings should be evaluated based on an agreed 
standardized protocol. Based on the results of the performed experiments, we assume that the coverings of GO 
and of the hybrid compound GO-C60 changed their sorption properties. The introduction of novel functional 
groups will allow the formation of new non-covalent bonds with the surface of materials. Therefore the 
simultaneous use of initial materials and materials with a modified surface could expand the application potential 
of GO and its reduced forms. 
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Abstract 

Surfactants coated magnetic nanoparticles have shown greater application potentials in freshwater source 
treatment processes for their antibacterial properties. 

In this work, we prepared magnetic nanoparticles Fe3O4 which surface were modified with 
Cethyltrimethylammonium bromide (CTAB), tetradecyltrimethylammonium bromide (TTAB) and 
Carbaethopendecine bromide (Septonex), respectively. Their physicochemical properties and morphology 
were investigated using thermal analysis (i.e. elemental and thermogravimetric analysis), infrared 
spectroscopy with Attenuated Total Reflectance (ATR-FTIR), dynamic light scattering (DLS) and transmission 
electron microscopy (TEM). 

The highest surfactant content was obtained for Fe3O4 nanoparticles coated with Cethyltrimethylammonium 
bromide. The presence of -CH2-, -CH3 and ammonium salt functional groups in infrared spectra implied that 
all surfactants had been successfully anchored onto the surface of native Fe3O4 nanoparticles. All modified 
nanoparticles were surface charged and they not tended to agglomerate in deionize water. The highest value 
of zeta-potential (approximately 40 mV) was obtained for Fe3O4-TTAB. Another characteristic coefficient is 
polydispersity index (PDI) its relative value was comparable for all modified nanoparticles. The transmission 
electron microscopy (TEM) analysis showed all modified nanoparticles were approximately spherical 
morphology with the core size in the range 5-15 nm.  

Keywords: Magnetic nanoparticles, modification, surfactants, FTIR, DLS 

1. INTRODUCTION 

Magnetic nanoparticles such as magnetite (Fe3O4) and maghemite (γ-Fe2O3), consisting of superparamagnetic 
core which can be conveniently separated with magnetic field, have been widely used to remove pollutants 
from water environment [1-3]. 

With successful and proper functionalization, magnetite and/or maghemite, which are environmentally risk-
free and nontoxic inorganic nanomaterials with paramagnetic properties, could be employed to remove 
pathogenic bacteria (i.e. Escherichia coli, Klebsiella, Salmonella, Citrobacter) from freshwater and water 
environment [4-6]. The unique combination of superparamagnetic nanoparticles and different bioactive 
substances of natural and anthropogenic origin such as D-mannose, antibiotics and surfactants prompts us to 
embark on a research work in this scientific field. 

CTAB, TTAB and Septonex, cationic surfactants with relative small and long-chain molecules, could be very 
easily anchored onto the surface of magnetite nanoparticles by a facile and simple two-step their preparation 
process. These surfactants have been used to specific modification of adsorbent surface to remove negatively 
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charged pollutants from water environment. The positive charged surfactant+ could be interacting with 
negative charged of pathogenic Gram-negative bacteria. 

In this work, we applied modified procedure of preparation magnetic nanoparticles with surfactants using 
CTAB, TTAB and Septonex as a cationic surfactants and obtained nanomaterials to a complex 
physicochemical and morphology characterization utilizing methods of spectroscopic, DLS and optic analysis. 

2. MATERIALS AND METHODS 

2.1. Materials 

Cethyltrimethylammonium bromide (CTAB), tetradecyltrimethylammonium bromide (TTAB), 
Carbaethopendecine bromide (Septonex), FeCl2∙4H2O, FeCl3∙6H2O, NH4OH were purchased from Sigma-
Aldrich (Sigma-Aldrich, Praha, Czech Republic). All the reagents were analytical grade. 

2.2. Preparation Fe3O4 nanoparticles  

The unedited and surfactants coated Fe3O4 magnetic nanoparticles were synthesized with methods modified 
from literature [7] and [8]. 

Briefly, 40 mL 1 M FeCl2 and 80 mL 1 M FeCl3 were mixed with a stirring blade in a 300 mL beaker containing 
40 mL of degas deionized water (oxygen free Mili-Q water). N2 gas was used to create an oxygen-free solution 
during the synthesis process. The solution was heated to 85 °C in software controlled heating circulating water 
bath. Then NH4OH (~ 30%) was dropped into the mixture until the pH reached around 11, and black precipitate 
was formed. The suspension was then stirred at 85 °C for another 30 min. After cooled to room temperature, 
the black precipitate was collected with magnet and repeatedly washed with Mili-Q water until the pH of 
suspension was about 7. Then surfactants were anchored onto the Fe3O4 nanoparticles surface by explosion 
the black solid proportion 200 mL of 0.06 M surfactant solution i.e. CTAB, TTAB, Septonex for 30 min under 
sonication conditions. After that, the black precipitates were collected with magnetic decantation and washed 
with deionized water five times to wash away the unreacted CTAB, TTAB and Septonex with controlled using 
ATR-FTIR spectroscopy. The unedited and modified nanoparticles were freeze-drying for 48 h. 

2.3. Methods 

Elemental and thermogravimetric analysis 

The relative content of organic elements in the modified Fe3O4 nanoparticles was determined using EA 3000 
CHNS/O analyzer (Euro Vector, Pavia, Italy). Approximately 1.0-1.5 mg of the sample was weighted in a tin 
capsule, the capsule packed and combusted at 980 °C in the analyzer using oxygen as the combustion gas. 
Calibration of the determination of relative contents of organic elements from the obtained gas chromatograms 
was provided using sulfanilamide as a reference standard sample. 

Thermogravimetry of the nanoparticles was performed using a 5500 Discovery TG analyzer (TA Instruments, 
New Castel, DE, USA). Approximately 10 mg of sample was weighed into a platinum pan. After inserting the 
pan into the TG analyzer, the sample was incinerated at a heating rate of 10 °C min−1 from laboratory 
temperature to 1000 °C under nitrogen atmosphere.  The weight loss occurring at 100-120 °C was measured 
and taken as the moisture content. The final residue, after heating to 1000 °C, was measured and taken as 
the Fe3O4 content. During the TG analyses, the relative sample weight was recorded continuously with ± 0.1% 
mass accuracy. 

ATR-FTIR spectrometry 

Fourier transform infrared (FTIR) spectra of the modified Fe3O4 nanoparticles were recorded on Nicolet iS50 
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) using the Attenuated Total Reflectance (ATR) 
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measuring technique (single reflection built-in diamond ATR crystal and external germanium ATR crystal). MID 
measurements were taken at 25 °C in the spectral range 4000-400 cm−1 at 4 cm−1 resolutions as an average 
of 128 scans. On the other hand, FAR spectra of nanoparticles were measured in the spectral range 1800-
200 cm−1 at 8 cm−1 resolutions as an average of 256 scans. A background spectrum was collected from the 
clean dry surface of the ATR crystal (diamond and/or Ge) in an ambient atmosphere. Raw absorption infrared 
spectra with no artificial processing (such as baseline or ATR corrections, atmospheric suppression) are 
presented and evaluated. 

Dynamic light scattering (DLS) and zeta potential measurement 

Zeta potentials and average scattered light intensity of modified Fe3O4 nanoparticles were measured using 
Zetasizer Nano ZS (Malvern Panalytical Ltd., UK). All modified Fe3O4 dispersions were investigated by the 
method of electrophoretic light scattering using universal DIP cell (Malvern Panalytical Ltd., UK).  The obtained 
experimental data from DLS and ELS analysis were processed by the Zetasizer software (version 7.11). 

TEM analysis 

Nanoparticles were sonicated and drop of solution was placed on hexagonal grid with ultrathin carbon 
supporting layer. Imaging was done by low-voltage transmission electron microscopes LVEM5 and LVEM25 
produced by Delong Instruments. These instruments operate with accelerating energy 5kV (LVEM5) and 25kV 
(LVEM25), which brings a very high image contrast. Micrographs were captured in TEM and also STEM mode. 

3. RESULTS AND DISCUSSION 

3.1. Elemental and thermogravimetric analysis 

The elemental composition, moisture and surfactants content of native and modified Fe3O4 nanoparticles are 
presented in Table 1. 

Table 1 Surfactant content, moisture content and elemental composition of unedited and modified Fe3O4  
              nanoparticles 

sample 
surfactant moisture C H N 

(wt.%) 

Fe3O4 - 1.97 0.004 0.002 - 

Fe3O4-CTAB 3.01 1.21 0.110 0.020 0.070 

Fe3O4-TTAB 3.89 1.53 0.167 0.032 0.012 

Fe3O4-Septonex 2.92 1.33 0.082 0.014 0.005 

The surfactants content of modified Fe3O4 samples ranged from 2.92 % to 3.89 % (relative to the type of 
surfactant used) varying with the affinity of surfactants to the unedited Fe3O4 surface. The highest surfactant 
content was obtained for Fe3O4 nanoparticles modified with TTAB. In contrast, the lowest content of surfactant 
(2.92 %) was obtained in the case of the sample Fe3O4-Septonex modified using Carbaethopendecine 
bromide. The content of moisture of unedited and modified Fe3O4 nanoparticles ranged from 1.21 % to 1.97 %. 
The lower content of moisture for modified Fe3O4 samples is not surprising with respect to surfactants high 
content of hydrophobic structural constituents such as -CH3 and -CH2- functional groups. 

The organic elements of all modified nanoparticles are presented in Table 1. Despite their modification using 
different surfactants, the elemental compositions of the nanoparticles are comparable: carbon (C), 0.08-
0.17 wt. %; hydrogen (H), 0.01-0.03 wt. % and nitrogen (N), ~ 0.01 wt. %. Nitrogen represents a minor 
component of all modified Fe3O4 nanoparticles and its content ranged from 0.005-0.012 wt. %. The highest 
elemental compositions were found for Fe3O4 nanoparticles modified using TTAB surfactant. The presence of 
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organic elements such as carbon, hydrogen and nitrogen implied that surfactants had been successfully 
anchored onto the surface of Fe3O4 nanoparticles. 

3.2. ATR-FTIR spectrometry 

The ATR-FTIR spectra of unedited and modified Fe3O4 nanoparticles are presented in Figures 1a, b. 
Interpretation of their absorption bands has been carried out according to the literature data [4,9]. 

The broad and intensive absorption band centered at about 3300 cm−1 corresponds to O-H stretching of water 
molecules (moisture), which are connected with an intermolecular hydrogen-bond. This absorption band is 
well pronounced in FTIR spectrum of unedited magnetic nanoparticles. Presence of the water molecules are 
usually also manifested by the broad band centered at about 1635 cm−1 resulting from the O-H stretching 
functional groups. The fingerprint zone is characterized by two bands at 1435 cm−1 and 1257 cm−1 
corresponding to the O-H∙∙∙O stretching in water molecules (i.e. overtone bands of water molecule). The FAR 
spectrum (marked red in Figure 1a) is characterized by a sharp and intensive Fe-O stretching band at 
544 cm−1 (magnetite). 

 
Figure 1a, b ATR-FTIR spectra of unedited and modified Fe3O4 nanoparticles 

The second set of spectral features that are in common for all the modified Fe3O4 samples refer to their content 
of surfactants such as aliphatic and N-containing molecular moieties. The relative content of aliphatic chains 
of used surfactants is evaluated primarily in the 3000-2800 cm−1 spectral range (see Figure 1b). The presence 
of aliphatic groups is revealed by the bands at 2927 cm−1 and 2854 cm−1 which are attributed to asymmetric 
and symmetric C-H stretching in -CH2- functional groups, respectively. The band at 2962 cm−1 is the most 
intensive in the spectrum of Fe3O4-TTAB which is attributed to asymmetric vibration mode of -CH3 groups. The 
deformation vibrations of the -CH2- and -CH3 groups at 1431 cm−1 and 1384 cm−1 respectively occur in the all 
modified nanoparticles. A band with variable intensity located at around 1253 cm−1 is attributed to C-N 
stretching in ammonium salts. A weak band at 1080 cm−1 can be ascribed to C-C-O stretching in alkyl-ester of 
Septonex. 

3.3. Dynamic light scattering (DLS) and zeta-potential 

Dynamic light scattering (DLS) is concerned with measurement of particles suspended within in liquid. The 
size distribution curves of the studied magnetic nanoparticles are shown in presented poster. For the modified 
Fe3O4 nanoparticles, the average size of surfactant-coated Fe3O4 nanoparticles ranged from 86 nm to 247 nm. 
The average sizes of modified particles were found as 85.9 nm Fe3O4-CTAB, 108.3 nm Fe3O4-TTAB, and 
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246.6 nm Fe3O4-Septonex in dynamic light scattering measurements. For all modified nanoparticles, a 
polydispersity index (PDI) ranged from 0.12 to 0.23, approaches 1.0 for low PDI values (monodisperse 
systems), and increases with the system polydispersity. The lowest PDI of samples (0.12) was obtained in the 
case of the magnetic nanoparticles Fe3O4 coated using Septonex. 

To verify the effect of surfactant modification on the zeta potential (ζ) and water dispersibility of Fe3O4 
nanoparticles, samples were diluted to the same concentration and assessed using a Zetasizer Nano ZS 
particle size analyzer. The zeta potential of modified Fe3O4 nanoparticles was found to range between 
23.3 ± 1.2 mV and 39.4 ± 4.0 mV, which was in agreement with the findings of previous studies [4,10]. The 
zeta potential value of unedited Fe3O4 was smaller than the three modified nanoparticles, indicating that Fe3O4-
CTAB, Fe3O4-TTAB and Fe3O4-Septonex were stable in aqueous suspension. 

Table 2 Average size, zeta potential and polydispersity index of modified Fe3O4  

sample average size (nm) zeta potential (mV) PDI 

Fe3O4-CTAB 85.9 37.0 ± 0.9 0.23 

Fe3O4-TTAB 108.3 39.4 ± 4.0 0.13 

Fe3O4-Septonex 246.6 23.3 ± 1.2 0.12 

3.4. TEM images 

Figures 2(a, b, c) shows the typical TEM image of modified Fe3O4 nanoparticles, from which we can see that 
the sizes of all samples are practically uniform and considerable part of modified nanoparticles are 
approximately spherical with the diameter in the range 5-15 nm. 

 
Figure 2 TEM images of modified Fe3O4 nanoparticles: a) Fe3O4-CTAB; b) Fe3O4-TTAB; c) Fe3O4-Septonex 

4. CONCLUSION 

Magnetic nanoparticles Fe3O4 were prepared by co-precipitation method. The unedited Fe3O4 nanoparticles 
were modified using selected cationic surfactants. Unedited and modified magnetic nanoparticles were 
obtained and subjected to a physicochemical characterization utilizing method of morphological analysis. 
Advanced instrumental techniques such as Attenuated Total Reflectance (ATR-FTIR), dynamic light scattering 
(DLS), electrophoretic light scattering (ELS), and TEM analysis were supplemented with thermal analysis. 

The nanoparticles have been fully characterized using different methods; in particular TEM images reveal good 
morphological properties which correspond to the particle size in the range 5-15 nm. Further, it was noticed 
that there were interactions between the cationic surfactants and the surface of the native nanoparticles as 
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confirmed by thermal analysis and FTIR spectroscopy. The determined zeta potential values and polydispersity 
index (PDI) of modified nanoparticles show the positive charge of particles (in the range 23-39 mV) and very 
good PDI values, which supports the expectations that the selected surfactants to stabilize of nanoparticles in 
water environment. 
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Abstract 

Controlled drug release is the transport of an active compound of biologically active agents with a defined time-
concentration function. The release of these active compounds from materials is currently achieved by 
numerical models, based on simple kinetics of the first order, that are used to analyze experimental processes.  

In this contribution, we propose a model that enables us to design complex, multi-layered material and define 
the desired time-concentration function for the release. This approach enables us to tailor the material in such 
a way that each layer has an individual concentration of the active compound. The result of programming work 
in models provides instructions for the design of the materials, which are specifically suited to certain situations. 
The model corresponds to real material structures from nanostructured electrospun material, in which the 
layers are pasted together with continuous hydrogel layers (for example, collagen).  

The final version of the model will enable us to design the patches in the medicine where the release of 
antibiotics, healing or nutritional compounds will be programmed according to a certain time-release protocol. 
It is assumed that it will be possible to synchronize the controlled release of two or more compounds, each 
with different time protocols.    

Keywords: Release, layered material, model, medical, electrospun 

1. INTRODUCTION 

A means of achieving the controlled release of active compounds from polymers and gels has been presented 
in the literature in recent years and is a widely discussed topic in the field of medicine. The controlled release 
from various materials is also a suitable method of achieving the fine dosage of compounds to the reaction 
system, permitting the slow addition of small doses of the compounds to the system. The main strategy in the 
literature is to find the composition with the optimal physical and chemical structure; this is then optimized to 
achieve the desired release. The results involve relatively complex physico-chemical systems that control the 
released amount. The release by such systems is usually described by relatively simple computer models [1].   
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This article presents the opposite approach; that is, we describe a relatively simple physical and chemical 
system that is a combination of the diffusion sorption and desorption. We believe that the release behavior of 
such a system can be designed and controlled with the aid of specific software.  

The main aim of this study is to propose a computer program through which a user will define the time profile 
of the release (that is, how the compound should be released within a certain time-limited interval). The result 
of the model will be the appropriate design of a substrate with a certain gradient of composition and with the 
desired release function. A substrate will therefore be proposed that contains a certain gradient of 
concentration in some compounds (or some other function of concentration). A user will produce a substrate 
with an initial surface composition, following which a model will be produced for the material, including a 
programmable release.  

Various up-to-date mechanisms of controlled release appear in the literature. The most frequent mechanism 
is controlled diffusion [2,3]. The next-most frequent mechanism is a release accompanied by the degradation 
of the substrate material, mostly biodegradable and bioresorbable materials [1,4]. The third mechanism is the 
release from hydrogel networks, which process involves two steps. The first step is the release of the 
compound from the network, followed by the desorption of a low molecular compound that is adsorbed on the 
macromolecules. The second step is slower than the first [5]; it is a gradual release that is intended to be stable 
for a certain period of time. 

There is a special aspect to the release from electrospun material [6,7]: the material is porous and the release 
from it is relatively slower and more gradual than from solid material. 

Our model combines the diffusion, sorption-desorption, and capillary forces. The diffusion is described by 
Fick’s laws: the first law relates to the flux through two arbitrary points in the material, while the second law 
states that it is possible to derive a relationship between the concentration gradient and changes to the 
concentration over time. The sorption and desorption were performed by the first law of kinetics, and the 
capillarity serves to control the flux in one direction. A similar technique is thin-layer chromatography, which 
has both a mobile and stationary phase.   

2. MODELS AND METHODS 

The model is connected to a specific type of layered material. The basic patches are geometrically very simple, 
forming a layer with a uniform concentration of a low molecular compound. The patch can be produced as a 
single homogenous block of material (Figure 1.I). Our new design has a vertical concentration gradient 
(Figure 1.II). The material can be modified by adding thin layers of varying concentrations. The final result will 
be a patch with a custom concentration profile and a greater amount of released compound (Figure 1.III).      

 

Figure 1 Design of layered materials with I. a homogenous concentration in the substrate; II. a gradient of 
concentration (single compound); III. a gradient of concentration (more compounds). III.a. design of material; 

III.b. presumed release curve. Arrow =direction of release. 
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This article presents the first phase of the model. In the final version of the model, the input is a user-defined 
time-concentration profile (Figure 1: II.b.-III.b.). The output of the model is the concentration function in the 
substrate (Figure 1b), which will be designed in such a way that it can achieve the desired release function. 

The input parameter of the model described in this paper is the concentration of layers, and the result is the 
cumulative time-release function. 

The model’s mathematical background is analogous to the description of the thin-layer chromatography. The 
model defines the low molecular compound in both the stationary and mobile phases. Each phase has its own 
concentration profile. The stationary phase represents the active compound adsorbed on the surface of the 
substrate. The mobile phase is where the compound is actually desorbed from the substrate and can be 
transferred by diffusion or capillarity.  

2.1. General model 

Let us consider a small segment of the volume in the substrate.  

 

Figure 2 Model of the layered materials:  left picture-hydrogel structure; middle picture-model schema of 
entire multilayer material; right picture-transfer of concentration between volume elements. CS = stationary 

phase (concentration of compound adsorbed on surface); CM = mobile phase (concentration of compound in 
liquid); x = distance from the release target. 

The segment of volume is a certain distance x from the release surface. The concentration is added by 
desorption from the stationary phase or by transport from neighboring regions (i.e., diffusion vs. capillarity). 

1) The desorption and adsorption are solved as kinetics of the first order: 

� �>n
�% � �>o

�% � �=4.              (1) 

These first-order kinetics mean that the rate of desorption is directly proportional to the concentration of 
adsorbed compound in the solid material.    

2) The capillarity is introduced using the simplest approximation. The front of the solvent during the 
capillary elevation moves according to the square root of time: 

pPW � �(√�,               (2) 

where S is the sorptivity coefficient, which depends on the porous structure.  
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2.2. Model of diffusion 

We propose the first simplified version of the complex model shown in Figure 2. This equation employs the 
diffusion equation according to Fick’s second law. This equation describes the relationship between differential 
of the concentration in the time interval and the concentration gradient:   

r�
r% � s r8�

ri8,               (3) 

where c = concentration, t = time and x = distance from the release target. The equation describes the flow of 
the compound between two neighboring segments. All concentrations in the profile are coded using an array 
of concentrations: 

c �  �u�, u:, … u!"              (4) 

The system of n differential equations describes the flow inside the sample.  

Generally speaking, diffusion is a common computing task, and the solution has been described many times. 
Usually, the task is solved as a diffusion in an extremely thick layer. Mathematically, the boundary 
approaches ∞, and the concentration on the boundary is 0.   

In the case of this material, however, we define specific boundary conditions. The released compound is 
usually consumed in the release target. For all time intervals, the compound must be removed from the 
boundary of the model and added to the release profile: 

∀�: u! � gu�/g�; → u! �  0; uW � uW � gu�/g�,           (5) 

where cr is the cumulative released concentration. The actual removed amount is added to the time profile of 
the release. In this case, the actual amount of released substance must be subtracted from the substrate.  

The consistency of the solution is verified by the condition of mass conservation. The mass of the low molecular 
weight compound in the substrate and the released fraction must be conserved as a constant during the 
simulation in each time interval:  

uW � ∑ u|!|}� � u.�+�.              (6) 

The basic profile occurs when the compound is uniformly distributed in the sample. 

The result of the simulation must be in accordance with Fick’s first law: 

Z � �s r�
ri,               (7) 

where r�
ri is a gradient of concentration. The solution is based on the standard ordinary differential equation 

(ODE) solvers seen in the MATLAB environment.  

3. RESULTS AND DISCUSSIONS 

The first modification of the model serves to verify the standard release. The model describes the sample in 
which the concentration is equally distributed in the substrate, as it is the most frequently seen case in 
experiments. Here, the release function is an exponential growth function.   

The 1D-diffusion problem was solved numerically. The adjustable parameters are the initial concentration of 
the active compound in the substrate, the diffusion coefficient, and the thickness of the layer. The function of 
release was modelled from 0.350 mm multi-layer material divided into 350 layers, each 1 m. The time step 
was 0.001s, and the diffusion coefficient was 10-10 m2s-1.  

The first standard concentration profile is presented in Figure 3. Here, the cumulative function of the release 
profile shows an exponential growth. 
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Figure 3 Model’s control settings: thin-layer thickness 350 m 

The second version describes a situation in which a more complex release was expected. The total 
concentration of the compounds is equal to the sample in Figure 3. The active compounds are concentrated 
in two layers, and the concentration profile is defined in the z-direction. As in Figure 3, the diffusion coefficient, 
thickness of the layers, and number of layers are shown. 

The results are presented in Figure 4. There is an observed bimodal distribution, in which the material runs in 
two waves. The first release is relatively quick, while the second is slow and gradual.    

 

Figure 4 Release of the material’s active compound, showing two concentrated layers 
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The aim of this article has been to confirm the function of the model shown herein. It has been found that, 
when the model describes the standard release presented in the literature, it outputs the standard cumulative 
release function. Where a concentration profile is introduced, the more complex release function is observed. 
It seems that, when mathematical optimization is applied, it is possible to tailor a user-defined release function 
through the definition of layer concentrations. However, it seems that it is not possible to program any arbitrary 
release function, and the release function will be always limited by diffusion.       

4. CONCLUSION 

The paper examines the model-controlled release of active compounds from a complex material. The aim of 
the model is to effectively predict the release from layered materials, in which each layer can have a different 
concentration of compound. The model was tested using a standard, uniform sample concentration, which is 
the most often-used experimental configuration. The release function showed exponential growth, which is 
similar to the experiments. The second version of the model involved the definition of concentrated layers and 
the complex release. It was also verified that the model is able to produce both standard and complex release 
functions.   

The next step for our model is to construct layered material from nanostructured layers, with a custom 
concentration profile for each layer. The custom concentration profile will produce programmable release 
functions with waves of release at desired times. 
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Abstract 

Air-jet spinning (or solution blowing) is a method of nanofibrous production using high-velocity gas flow of air 
or gas to transform drops of a polymer solution into fibers. The technology is promising for relatively safe 
applying nanofibers directly to wounds, in-situ application. In this work, air-jet spinning of several 
polycaprolactone (PCL) and poly(L-lactic acid) (PLLA) solutions was performed utilizing a commercial airbrush 
for possible in situ application of skin wound dressings and for the production of flat samples of nanofibrous 
materials for further in-vitro testing. The average fiber diameters of air-jet spun materials were set 268 nm 
(6 wt% PCL in dichloromethane (DCM)), 305 nm (8 wt% PCL in DCM), 333 nm (10 wt% PCL in DCM) and  
223 nm (6 wt% PLLA in chloroform (CF)). Cytotoxicity of fibrous mats and DNA quantification were 
investigated. The results showed that air-jet spun mats are nontoxic to mouse fibroblasts and the cell count 
significantly increased on the mats in comparison to the negative controls. Chemical changes in the 
biodegradable polymers structure and residual solvents in the fibrous mats were not found using Fourier-
transform infrared spectroscopy. The degree of crystallinity was set for fibers from 8 wt% PCL in 
DCM ‒ 58.9 %; 10 wt% PCL in DCM ‒ 56.4 % and 6 wt% PLLA in CF ‒ 22.0% via differential scanning 
calorimetry. The results of the tests performed show that air-jet spun PCL materials could be useful for in situ 
application of skin wound dressings. 

Keywords: Air-jet spinning, airbrush, in situ deposition, nanofibrous scaffold, skin wound dressing 

1. INTRODUCTION 

Tissue engineering is a multidisciplinary field using applied science to provide tissue replacements or 
reconstruction [1]. There is significant interest in nanofibrous scaffolds mimicking the extracellular matrix. 
Nowadays, the most widely used way of nanofibrous scaffold fabrication is electrospinning. Nanofibers are 
produced with devices using DC or AC high voltage sources [2]. Besides this method, the air-jet spinning 
method (or solution blowing) is increasingly studied for nanofibrous material fabrication. Air-jet spinning uses 
air or gas flow to produce nanofibers [3]. The hydrodynamic force caused by air or gas friction on the surface 
of a solution droplet overcomes the surface tension of the polymeric droplet. This transforms the droplets into 
thin fibers. 

It would be a remarkable achievement to fabricate nanofibrous scaffolds directly on a wound (in situ deposition) 
instead of surgical implantation. Portable electrospinning devices provide nanofibrous production in situ using 
high voltage, which can be dangerous for the human organism [4]. Electrospinning appears as an unsuitable 
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method for in situ deposition of nanofibrous scaffolds. Air-jet spinning seems relatively safe for applying 
nanofibers directly to wounds due to the use of gas flow instead of high voltage [4]. One of the devices which 
can be used for air-jet spinning is a commercial airbrush [3]. A suitable polymeric solution is placed into a 
reservoir of an airbrush. Then it flows from the reservoir onto a needle in an inner nozzle of the airbrush [5], 
see Figure 1. A solution droplet is formed on the top of the nozzle, and the gas flow elongates the droplet [6]. 
If the gas flow stretching force overcomes the surface tensions, the jets are made from the solution and taken 
by aerodynamic force out of the airbrush [6]. Fibers are made by solvent evaporating from the jets [6]. Important 
air-jet spinning parameters include solution parameters (viscosity, surface tension, molecular weight of the 
polymer, concentration of the solution, vapor pressure, etc.), process parameters (gas pressure, working 
distance, solution flow rate, nozzle diameter, and geometry, etc.), and others (temperature, relative air 
humidity, atmospheric pressure, etc.) [7]. 

Furthermore, the air-jet spinning method is more versatile than DC electrospinning as it does not require an 
electrically active collector. It typically has higher productivity as high values of solution flow through the nozzle 
can be used to form the fibers [4]. Air-jet spinning is useful for coating surfaces of various complex shapes [4]. 
The method can be easily implemented using a low-cost, user-friendly, portable device [4].  

 
Figure 1 (A) Two airbrushes on a stand. (B) Scheme of air-jet spinning principle. 

Air-jet spinning is not a brand-new technology of nanofibrous fabrication. Oliveira et al. fabricated 
biodegradable polymeric nanofibers using an airbrush and compared them to electrospun nanofibers [5]. 
Behrens et al. studied air-jet spinning of poly(lactic-co-glycolic acid) nanofibers for in situ deposition of a 
surgical sealant, hemostatic, and scaffolds [8]. Some water-soluble polymers, such as PVA, are very difficult 
to air-jet spin. The literature so far reports cases of PVA air-jet spinning with additional device for drying the 
fibers [9]. 

In this work, the biodegradable polymeric nanofibers were produced via air-jet spinning using a commercial 
airbrush. The optimal polymeric solutions for the technology were found. The morphology of the air-jet spun 
fibers were observed. A cytotoxicity test and DNA quantification were performed to prove suitability for potential 
medical use. Chemical changes in polymeric nanofibers were set by FTIR, and the degree of crystallinity was 
evaluated by DSC. 

2. MATERIALS AND METHODS 

2.1. Materials 

The following polymers were used for the preparation of polymeric solutions: polycaprolactone (PCL, 
Mw 45 000 g∙mol-1, Merck, Germany) and poly(L-lactic acid) (PLLA, Mw 45 000‒55 000 g∙mol-1, PolySciTech, 
USA). Dichloromethane (DCM, Penta, Czech Republic) and chloroform (CF, Penta, Czech Republic) were 
used for solvents. For further experiments, the following chemicals were utilized: Dulbecco’s Modified Eagle’s 
Medium (DMEM, Merck, Germany), fetal bovine serum (FBS, Biosera, France), Triton X-100 (Merck, 
Germany), Cell Counting Kit-8 (CCK, Dojindo, Japan), lysis buffer solution (prepared at the Technical 
University of Liberec, Department of Bioengineering), Quant-iT dsDNA Assay Kit, High Sensitivity (Invitrogen, 
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USA), phosphate buffer solution (PBS, prepared at the Technical University of Liberec, Department of 
Bioengineering). 

2.2. Solution Preparation 

For biocompatible polymeric nanofibers fabrication, the following solutions were prepared: 6 wt%, 8 wt%, and 
10 wt% PCL in DCM; 6 wt% and 12 wt% PLLA in CF. The concentration of the solutions was set according to 
the literature and then other concentration values were adjusted [3], [5]. 

2.3. Air-jet Spinning and Electrospinning of Biocompatible Polymeric Fibers 

Polymeric solutions were placed into a commercial airbrush Fengda BD-180 with 0.3 mm nozzle diameter and 
1.8 bar air flow pressure. The air-jet spinning of biocompatible polymeric nanofibers was performed on different 
days when the temperature ranged between 21.1 and 23.3 °C, and the relative humidity ranged between 
19.6 and 51.7%. Firstly, the solutions were air-jet spun as a nanofibrous layer on paper and then on a metal 
sieve as membranes, which can be taken down and further studied independently. Lastly, the solutions were 
air-jet spun on a hand inside a nitrile glove as evidence of possible in situ application (see Figure 2). Solutions 
of 10 wt% PCL in DCM and 16 wt% PCL in CF/EtOH (8:2) were fabricated with NanospiderTM (NS 1S500U, 
Elmarco, Czech Republic) to compare their properties with air-jet spun material of the same weight (50 gsm). 

 

Figure 2 Air-jet spinning of PCL nanofibers onto a black paper (A); onto a metal sieve (B) to produce 
membrane (C) for further testing; and directly onto a hand inside a black nitrile glove (D). 

2.4. Testing Methods of Prepared Fibers 

The morphology of fibrous mats was observed with a scanning electron microscope (SEM, Tescan Vega S3B, 
Tescan Orsay Holding, Czech Republic). Fiber diameters were measured from SEM images using ImageJ 
software (National Institutes of Health, USA). Over 100 values of diameter were measured for each sample.  

The in vitro cytotoxicity test was performed according to the ČSN EN ISO 10993-5 (855220) standard with the 
use of mouse fibroblasts 3T3-L1. Materials were tested using extracts from the materials. Nanofibrous mats 
from 8 wt%, 10 wt% PCL in DCM and 6 wt% PLLA in CF were chosen for testing cytotoxicity due to their 
optimal properties, such as compactness. Each material was air-jet spun for 1.5 minutes on a metal sieve. 
Immediately after nanofibrous material production, two samples were cut from each material into 1.3x1.3 cm 
squares and sterilized by UV light in a sterile flow box for 20 minutes from both sides directly following 
cytotoxicity testing. The cell viability was set from measured data. According to the ČSN EN ISO 10993-5 
(855220) standard, the material is considered nontoxic if the value of cell viability is over 70 %. The rapid 
testing after nanofiber production was carried out to study the effect of any residual solvents in the air-jet spun 
nanofibrous materials. 

After the cytotoxicity test, DNA quantification was studied using solution of Quant-iTTM dsDNA HS reagent 
and Quant-iTTM dsDNA HS buffer (in ratio 1:200). The excitation wavelength in the spectrophotometer was 
set to 485 nm, and the measured emitted wavelength was 523 nm. 

Chemical changes in polymer chains and the remaining amount of the toxic solvents of air-jet spun mats from 
8 wt%, 10 wt% PCL in DCM, and 6 wt% PLLA in CF were measured by Fourier transform infrared spectroscopy 
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(FTIR, Nicolet iZ10, Thermo Fisher Scientific, Czech Republic) in 4000‒400 cm-1 range. The spectra of the 
nanofibrous mats were compared to the spectra of pure polymers from which the solutions were made. 
For comparison of air-jet spinning and electrospinning, a spectrum of the electrospun nanofibrous mat from 
10 wt% PCL in DCM was measured by FTIR. 

The degree of crystallinity of air-jet spun mats from 8 wt%, 10 wt% PCL in DCM, and 6 wt% PLLA in CF was 
investigated by differential scanning calorimetry (DSC, DSC 1 / 700, Mettler Toledo). Materials were weighted 
between 2‒16 mg and dissolved in an aluminum cup. The temperature interval of heating was set  
at -20‒200 °C in an inert nitrogen atmosphere with a gas flow of 50 ml/min and heating at 10 °C/min. The 
degree of crystallinity of the nanofibrous mats was compared to the degree of crystallinity of the granular form 
of polymers from which the solutions were prepared and 10 wt% PCL in DCM (electrospun).  

3. RESULTS AND DISCUSSION 

Successful nanofiber fabrication was possible from the following solutions: 6 wt%, 8 wt%, and 10 wt% PCL in 
DCM and 6 wt% PLLA in CF (see Figure 3). Average fiber diameter value from mats with confidence interval 
of 95% probability of: 6 wt% PCL in DCM is 268 ± 27 nm; 8 wt% PCL in DCM is 305 ± 24 nm; 10 wt% PCL in 
DCM is 333 ± 31 nm and 6 wt% PLLA in CF is 223 ± 19 nm. With a higher concentration of polymer in the 
solution, the entanglement of the polymer chains increases during air-jet spinning, thereby increasing the 
diameter of the produced fibers. 

 

Figure 3 SEM images of selected air-jet spun nanofibers and histograms of their fiber diameters. Scale from 
left to right: 5 μm, 50 μm. 
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According to the ČSN EN ISO 10993-5 (855220) standard, the nanofibrous mats are considered nontoxic to 
the cells (see Figure 4A). Value of cell viability of materials from 8 wt% PCL in DCM was 124 ± 7 %, 
10 wt% PCL in DCM was 110 ± 11 % and 6 wt% PLLA was 87 ± 12 %. Cell viability values over 100% could 
have been due to a higher metabolic rate of the cells caused by stress and not their higher cell amount. The 
viability value is less than 100% for PLLA material. This may be due to the effect of residual CF, which due to 
its higher boiling point evaporates more slowly during air-jet spinning than DCM. However, this must be a very 
small amount of residual solvent (CF from PLLA nanofibers) as FTIR showed no measurable residue there. 
Therefore, it seems that PCL solutions in DCM would be more suitable for in situ application of skin wound 
dressings by air-jet spinning. DNA quantification was performed to discover if the higher cell viability values 
are caused by their higher number (see Figure 4B). The DNA concentration was calculated from measured 
data with standard deviation for the wells with the cells from the material extract and negative control: 8 wt% 
PCL in DCM ‒ 21 ± 4 ng/well, 10 wt% PCL in DCM ‒ 19 ± 5 ng/well, 6 wt% PLLA in CF ‒ 15 ± 4 ng/well and 
negative control ‒ 13 ± 3 ng/well. For the materials with complete medium, the concentration values per well 
were higher than for the negative controls. Thus, there may be a higher number of cells per well in the materials 
than in the negative control wells. The results from cytotoxicity and DNA quantification show that the layers 
are not toxic and there could be an increase in cell count on these layers. This could be desirable in the use 
of nanofibrous layers as wound dressings.  

 
Figure 4 Results from biocompatibility testing (A, B); FTIR testing (C) and DSC testing (D) 

No chemical changes were confirmed by FTIR (see Figure 4C). The remaining toxic solvents were in 
undetectable amounts by FTIR which is required. Residual solvents are undesirable in layers for skin wound 
dressings applied in situ.  

The degree of crystallinity was set for following materials: 8 wt% PCL in DCM ‒ 58.9 ± 0.8 %; 10 wt% PCL  
in DCM (air-jet spun) ‒ 56.4 ± 0.6 %; 10 wt% PCL in DCM (electrospun) ‒ 54.8 ± 2.1 %; PCL (granular form) 
‒ 64.2 ± 0.4 %; 6 wt% PLLA in CF ‒ 22.0 ± 0.8 % and PLLA (granular form) ‒ 40.2 ± 0.8 % (see Figure 4D). 
The degree of crystallinity values of the air-jet spun and electrospun materials were lower than those of the 
original granulates. Furthermore, the possible influence of the technology on the degree of crystallinity of the 
materials was shown by DSC. Although in electrospinning the fibers fly a longer path through the air and would 
have more time to form regular crystalline parts, they have a lower crystallinity value than fibers formed by  
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air-jet spinning. In both cases for PCL and PLLA, the granules have a higher degree of crystallinity than the 
air-jet spun materials. This is clearly an effect of technology i.e., the rate of solvent evaporation or solidification 
of the materials produced. In larger granules there is certainly more space for longer periods of time for the 
formation of crystalline regions, but for the relatively very fast liquid-to-solid transformations of the described 
fiber fabrication technologies there is probably less time for crystal formation. The values of the degree of 
crystallinity affect biodegradation which is an important parameter for nanofibrous scaffolds for wound 
dressings. Thus a different course (speed) of degradation can be expected, which was confirmed in further 
follow-up tests [10]. 

4. CONCLUSION 

Air-jet spinning is being explored as an alternative to electrospinning. The nanofibers are formed by airflow 
instead of high voltage. This method of nanofiber fabrication allows safe, direct placement of the scaffold on 
the wound. In this paper, the biocompatible polymeric solutions from PCL and PLLA (6 wt%, 8 wt%, 
10 wt% PCL in DCM and 6 wt% PLLA in CF) were successfully air-jet spun for possible in situ deposition of 
the fibrous scaffolds for wound dressings. The evaluated morphology of the fibers showed that the fiber 
diameters are according to the nanoscale. The cytotoxicity test proved that all produced nanofibrous materials 
are noncytotoxic (cytocompatible). The PCL materials showed higher viability compared to the PLLA materials 
and negative control. Via FTIR, chemical changes or remaining solvents were not present in the nanofibrous 
mats. The air-jet spun nanofibrous mats had higher degree of crystallinity than electrospun mats but lower 
than their original granular form according to DSC analysis. The air-jet spinning of 8 wt% PCL in DCM seems 
to be a great potential candidate for in situ deposition of nanofibrous scaffolds for wound dressings. However, 
it is necessary to continue studies imitating in situ application, to study possible changes in wound temperature 
during the application of nanofibers, and to address the issue of sterility of the spinning device. 
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Abstract 

Tissue engineering and regenerative medicine are ever-growing multidisciplinary fields. Along with the 
development of tissue carriers, methods for testing the biocompatibility of these materials are also being 
developed. This work deals with research, development, and optimisation of the preparation of a fibre system 
intended for monitoring the direct interaction of the 3T3 mouse fibroblast cell line with polymeric materials in 
real-time (live cell imaging). The fabricated microfiber model (grid) was seeded with the 3T3 mouse fibroblast 
cell line, and the interaction between the materials and the cells was monitored for three days by optical 
microscope. The interaction between the materials and the cells was observed during a picture of cells on the 
fibres. The advantage of this method is the absence of other chemicals like chemicals for the visualisation of 
cells (fluorescence staining) or chemicals for measuring cell viability because cells adhering to fibres are visible 
in transmitted light.  

Keywords: Microfibers, drawing, grid model system, cell interaction 

1. INTRODUCTION 

In recent decades, tissue engineering has been a highly developed multidisciplinary field combining material 
science, engineering, biology, medicine, etc. The goal of tissue engineering is to create tissue carriers that 
support, regenerate and restore the function of damaged tissue due to acute or chronic injury [1,2]. 

With the development of materials intended for tissue engineering and regenerative medicine, methods for 
testing the biocompatibility of these materials are also being developed. However, monitoring the interaction 
of cell lines with tissue carriers still has limits. Laboratory methods commonly used in practice are based on 
monitoring the metabolic activity of cells, or DNA quantification, during the experiment. For morphological 
analysis, cells adhered to the surface and in the material's structure are fixed and subsequently observed using 
fluorescence and electron microscopy [3]. 

One of the methods developed in the last decade is monitoring living cells in real-time using a time-lapse 
recording. When live cells are observed using optical microscopy in real-time, this method is used with the 
help of phase contrast to keep the cell population adhered to the bottom of the culture wells and to monitor the 
influence of different drugs, chemicals or nanoparticles on the cells [4]. However, cells adhered to the surface 
of the tissue carriers are not detectable using phase contrast. Therefore, cells are used that are affected by 
fluorescent labelling, which is bound to the cell structure. The cells can thus be observed at specific 
wavelengths in the emission spectrum using fluorescent microscopes [5]. However, the disadvantage remains 
the necessity of chemically affecting the cell line, which can cause different behaviour, whether in metabolic 
activity, adhesion or cell proliferation, compared to an unaffected line. 



October 19 - 21, 2022 Brno, Czech Republic, EU 

 

 

189 

The geometrically oriented microfiber system prepared by the drawing method allows monitoring of the cellular 
interaction with polymeric materials over time without using contrast marking. This method could bring a new 
understanding of cellular interaction with the tested material. Previous studies demonstrated that on oriented 
fibres prepared by the drawing method, cells which adhered to the fibres were preferentially oriented in the 
direction of the fibres [6]. 

2. MATERIALS AND METHODS 

2.1. Materials 

For fibre preparation was used, poly-ɛ-caprolactone (PCL, Mw 70000 - 90000, Sigma-Aldrich) was in different 
solvent systems like chloroform (CHCl3), acetic acid (CH3COOH) and their combination in ratio 8:2 
(CHCl3:CH3COOH). 

2.2. Preparation of fibres using the drawing method 

The preparation of fibres by the drawing method uses mechanical forces. A drop of polymer solution is pushed 
from the tip of the needle onto the pad. Then the hand is moved away from the fall; thanks to the expansive 
solvent system and the viscoelastic properties of the polymer, fibre is formed (Figure 1). A laboratory 
equipment manipulator based on the robotic arm "Uarm swift pro" (Figure 1A) was used for fibre preparation. 
For handling of polymer solutions was designed as a special extruder for the robotic arm, based on the positive 
extrusion pipette (Microman pipette) from the Gilson company [7]. The device was constructed by Ing. Andrii 
Shynkarenko, PhD from the Department of Manufacturing systems and Automation at the Technical University 
of Liberec (KSA, TUL). 

 
Figure 1 Robotic arm „Uarm swift pro” and detail of extrude with tips for drawing fibres (A), the coordinate 
system for the movement of the robotic arm (B) and the schematic principle of removing the fibre using the 

robotic arm (C) [7]. 

2.3. Optimization of fibre preparation using the drawing method 

Optimisation of the fibre preparation by the robotic arm drawing method (Uarm swift pro) based on different 
solvent systems and PCL polymer solution concentrations. The solutions shown in Table 1 were used to 
prepare the fibres. A Tescan Vega 3 scanning electron microscope (Tescan, Czech Republic) was used to 
evaluate the morphology of the fibres composed of the individual solutions. The morphology of the fibres was 
assessed from the point of view of fibre diameters. Each polymer solution was prepared with 150 fibres and 
100 fibre diameter were measured because some fibre broke during the drawing process. 
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Table 1 Used concentration of polymer PCL80 and solvent system for drawing fibres 

Sample The concentration of PCL80 
(wt%) 

Solvent systems 

A 10 CHCl3 

B 12 CHCl3 

C 14 CHCl3 

D 10 CHCl3:CH3COOH (8:2) 

E 12 CHCl3:CH3COOH (8:2) 

F 15 CHCl3:CH3COOH (8:2) 

G 10 CH3COOH 

H 15 CH3COOH 

I 20 CH3COOH 

2.4. Microfibre model system 

A geometrically oriented microfiber system was prepared to monitor cells’ interaction with the polymer material. 
The microfibers were made from 12% PCL in pure chloroform (sample B, Table 1) and arranged perpendicular 
to each other (grid) (Figure 2A). The robotic arm feed speed was 20000 mm/min, the displacement path 100 
mm, the arm stroke height 10 mm and the distance between the fibres 0.1 mm. For each direction of the grid, 
was draw 200 fibres. The resulting grid was fixed in PMMA conical carriers (Figure 2B). The carriers were 
made using injection moulding. These carriers were subsequently sterilised using UV-C for 40 minutes in a 
sterile flow box; after sterilisation, samples were inserted into a 24-well plate where the microfibers grid was 
incubated with cells. 

 

Figure 2 Schema of microfiber grid model system (A) and PMMA conical carrier with fixation ring (B). 

2.5. Cell interaction with fibre model system 

The cell line for testing was 3T3 mouse fibroblasts. Medium for incubation was DMEM High Glucose 
(Dulbecco's Modified Engles Medium, Merck, Czech Republic) with 10% fetal bovine serum (Biosera, Czech 
Republic), 1% glutamine (Biosera, Czech Republic) and 1% antibiotic - Pen / Strep Amphotericin B (Lonza, 
Czech Republic). Incubation PMMA conical carriers with PCL grid were in 24-well plates. The concentration of 
cells seeded in the well used was 1.5*104. Samples were incubated with cells for 4 hours in a CO2 incubator 
at 37 °C (Heracell Vios 160i, Thermo Fisher Scientific, Czech Republic). Then the PMMA conical carriers with 
grid and adhered cells on the fibres were removed into the pure well, and add complete medium. The well 
plate was incubated in a CO2 incubator at 37 °C (XL incubation model system, Zeiss, Germany). The incubator 
is part of the Axio Vision optical microscope (Zeiss, Germany). Every 10 minutes, take an image of the fibre 
grid with cells. Cells were imaged in transmitted light using phase contrast. 
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3. RESULTS AND DISCUSSIONS 

Different concentrations of PCL polymer in other solvent systems were used to optimise the preparation of 
fibres by the drawing method using the "Uarm" laboratory equipment (Table 1). Fibres did not form from 
solutions D, G, and H. Microfibres' very stable process formation was observed for solutions A, B, C and I. For 
solutions E and F, fibres frequently had visible breakage during the drawing of the fibre, and the fibres were 
not evenly arranged. The produced microfibers were morphologically evaluated using scanning electron 
microscopy (Figure 3). For each type of solution, fibre diameters were measured from the images taken and 
statistically evaluated using a box plot (Figure 3). 

 

Figure 3 Scanning electron microscope images of fibres prepared by drawing method (left, A-I), boxplot of 
fibre diameters for individual tested solutions (top right), and table of fibre diameter values and standard 

deviations (bottom left). The scale bar is 50 μm. 

The diameter of fibres produced by the drawing method from PCL was in the order of micrometres. The 
weakest fibres were prepared from the solution I (20% PCL in pure acetic acid). With this solution, approx. 
70 % of the diameters of the produced fibres were around 1 μm. The mean value of the fibre diameter is 
1.44 μm, and solution I (PCL) showed the lowest fibre variability (standard deviation). Fibres formed from 
solution B showed the second lowest variability of measured fibre diameters, and the mean value of the fibre 
diameter is 3.5 μm. The highest fibre diameter was measured for solution F (4.94 μm). Solution C showed the 
most significant fibre variability. 

Based on the results, one selected polymer solution was to prepare a geometrically oriented fibre model (grid), 
which was subsequently used to monitor the interaction of living cells over time. However, weaker fibres may 
not be suitable for cell adhesion. There is a reason why was chosen a polymer solution from which formed 
homogeneous fibres with a diameter of around 3.5 μm, and the variability of fibre diameters was lowest than 
another solution. Solution B (12% PCL in pure chloroform) was used to prepare the microfibers grid. The 
created microfiber grid was fixed in a PMMA conical carrier (Figures 4A and B) and seeded with mouse 
fibroblast cells. During 72 hours, cell interaction was monitored by optical microscope Axio Vision (Figures 4C 

and D). 
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Figure 4 Preparation of a microfiber grid for cell interaction testing (A), detail of the microfiber grid before 
fixation on to the PMMA conical carrier (B), a picture of cells adhered to the fibres of the model system (grid) 

after 5 hours from seeded (C) and a picture of cells attached to the fibres after 72 hours from seeded (D). 
Red arrows indicate adhered cells on fibres. The scale bar is 200 μm. 

Figure 4C shows cells that adhered to the PCL fibres of the model system. The first image of the fibre grid 
with cells was taken approx. 5 hours after deployment. The cells are visibly still round. Figure 4D shows cells 
after 72 hours of interaction with PCL fibres. The number of cells has visibly increased. The shape of the cells 
here is somewhat elongated, and the cells surround the fibres of the grid. 

4. CONCLUSION 

As part of the experiment, the production of drawing fibres was optimised. The fibres were prepared on the 
laboratory equipment "Uarm swift pro" designed by Andrii Shynkarenko (KSA TUL). Different concentrations 
of PCL (Mn 80000) were tested in other solvent systems. A solution of 12% PCL in pure chloroform (solution 
B) was selected from tested solutions. The microfibers produced from this solution were homogeneous 
compared to the other solutions used, and the fibre drawing process was very stable. The diameter of the 
fibres was around 3.46 μm. This solution subsequently prepared a fibre grid as a model system for monitoring 
the interaction of living cells over time. The fibrous grid was seeded with 3T3 mouse fibroblasts, and cell 
interaction was observed for 72 hours. From the images in Figure 4D, it can be seen that after 72 hours, the 
cells adhered to the material (they have an elongated shape), and their number has visibly increased since 
seeded.  

This method is innovative precisely because it is unnecessary to monitor the cell interaction by affecting the 
cells with any fluorescent or other chemical for its visualisation. Cells are observed on polymer fibres only in 
transmitted light using phase contrast. The microfiber model system appears suitable for monitoring the 
interaction of living cells with polymeric microfibers over time. The model system can monitor the movement 
of cells along fibres. When using a higher concentration of cells and a more prolonged incubation with the 
materials, the model could be suitable for evaluating the time required for the growth of defined significant 
defects (distance of individual fibres to each other). 
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Abstract 

Controlled release of active compounds has been investigated in current medical research and there were 
developed many approaches, how to control it. For instance, complexation of active compound, encapsulation 
in matrix, or release from gels. However, there are still opportunities to improve its mechanisms. 

This contribution presents potentially promising method of controlled release, which is based on two 
modifications of standard mechanisms: i. release from nanostructured layered material, ii. release forced by 
capillarity. That mechanism allows us to design systems with gradual release of the active substance. 

The release of indigotin dye was performed from materials where layers of non-woven chitosan fabric alternate 
with gelatine layers. Active compound was incorporated in each layer. Gradual wetting of layers is caused by 
capillarity effect. The controlled release can be observed visually, e.g. by optical spectroscopy. In the future, 
the colour compound will be substituted by medical active substances, such as antibiotics etc. 

The final systems will be composed of natural and biocompatible materials, such as polysaccharides and 
proteins. The active compound will be in synergy with the chitosan matrix. Chitosan is a unique natural polymer 
with positive charge on the surface, it exhibits mucoadhesive and antibacterial properties. Gelatine was chosen 
because it is a protein with a negative charge on its surface, which forms a polyionic mixture with positively 
charged chitosan. 

Such material will improve the current practice in the field of medical materials. It will allow us to design patches 
treated with an active substance that could improve the therapeutic effect. 

Keywords: Chitosan, nanostructured gel, controlled release, capillary force, layered material 

1. INTRODUCTION 

The study of controlled release of active particles and drugs is gaining importance nowadays. This is because 
it can result in an optimal dosage of the drug in the desired location, not only for delivery over longer period of 
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time and one-time application [1]. A major problem here is primarily the burst effect, which is characterized by 
the rapid release of a certain amount of active substance from the structure in presence of a medium. 

This goal is to develop a material composed of nanolayers of non-woven fabric in combination with chitosan 
hydrogel for the controlled release of an active substance and the polypropylene non-woven fabric will control 
the release by two methods, the first is multilayer release and the second is by capillary force. 

A non-woven polypropylene fabric was used to prepare the layered material, which was glued together by 
using a collagen solution. Negatively charged indigotin dye was incorporated into this material, which was used 
to observe the release from the material. The polypropylene non-woven fabric [2] was chosen because it is a 
material with large pores (approximately10 μm), which exhibits excellent thermal and chemical stability, and 
at the same time retains its flexibility. 

Collagen [3] is a part of larger glycoprotein family, which consist of 27 types of collagen. This linear polymer is 
a component of extracellular matrices. In its primary structure occurs amino acid glycine in every third position. 
Higher structure consist of three polypeptide chains folded into triple helices. Gelatine [4] is a product of 
collagen hydrolysis. In the preparation of the nanolayered material, a gelatine solution is used, it connects the 
layers of the non-woven fabric by creating a hydrogel, where the individual fibres are connected by covalent 
bonds. 

2. PRINICPLE AND METHOD 

2.1. Preparation of layered material 

A non-woven polypropylene fabric was chosen for the preparation of the layered material. The initial, squares 
of non-woven fabric with a size of approximately 4×4 cm were cut out. A concentration series of the blue dye 
indigotin was prepared with the concentration of 50; 25; 12.5; 6.25; 3.1; 1.6 and 0.8 wt. %. The gelatine solution 
was prepared at a concentration of 3 wt. %. The layered material was assembled by applying the most 
concentrated solution of indigotin to one layer of non-woven fabric, followed by a layer of gelatine and two 
more layers of pure non-woven fabric, which were bonded together by gelatine.  

2.2. Release of the indigotin dye 

The layered material was treated by indigotin. It was hermetically sealed from water from side in order to 
prevent the diffusion from side. The diffusion is enabled only from the front. The release was observed to 
controlled amount of water. The release was observer during 96 hours, the release of the indigotin dye from 
the layered material into water environment. 

2.3. Diffusion through the layered material 

The diffusion of the dye through the layered material was also monitored using diffusion cells. Measurement 
using diffusion cells [5,6] is a very easy method for determining the diffusion coefficient through our layered 
material. The apparatus consisted of two cells, receiving and source, where one was filled with 60 ml of distilled 
water and the other with 60 ml of methylene blue solution (0.01 g/l). Prepared layered materials were inserted 
between these cells. Layered materials with the number of layers 1, 2 and 8 were prepared for this 
measurement. A methylene blue solution with a concentration of 0,01 g/l was prepared for diffusion through 
the material in the diffusion cells. The experiment ran for 24 hours, after which samples were taken from the 
receiving cells for absorbance measurement on a UV-VIS spectrophotometer. 

2.4. UV-VIS spectrophotometry 

By measuring UV-VIS spectrophotometry, the diffusion coefficient for layered materials with a different number 
of layers was determined. A Hitachi U-3900H Spectrophotometer was used. The measured wavelength range 
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was from 900 to 300 nm. First, the calibration curve of methylene blue solutions, which had concentrations of 
0.01; 0.007; 0.005; 0.003 and 0.001 g·dm-3. From these measurements, the absorbance measured at 665 nm 
was selected the values were related to the concentration and a graph and linear regression equation were 
plotted. Using the regression equation and the obtained absorbance values, the concentrations in the receiving 
and source cells were calculated, as well as the concentration of methylene blue retained in the layered 
material. The following equation was used to calculate the diffusion coefficient. 

 

             (1) 

 

Where: 

D - diffusion coefficient (m2·s-1) 

β - diffusion cell constant (m-2) 

csc - concentration in source cell (g·dm-3) 

crc - concentration in receiving cell (g·dm-3) 

2.5. Atomic Force Microscopy 

Atomic force microscopy (AFM) is a method belonging to the group of tunnelling microscopy, which is 
standardly used to image samples at the nano (micro) level [7]. The scanning principle is based on the 
measurement of attractive and repulsive forces that are applied between the measuring tip and the sample. In 
practice, atomic force microscopy is mainly used for imaging the surfaces of samples in aqueous environment, 
as well as in air. Another possible use is the measurement of the mechanical and adhesive properties of the 
samples. As a part of this project, this device will be used to investigate the structure of the layered material 
and at the same time to measure the mechanical and adhesion properties of the material. 

3. RESULTS AND DISCUSSION 

Subsequently, another layer of non-woven fabric was covered with a dye of a lower concentration. Next, the 
procedure was repeated up to the layers with the lowest dye concentration (Figure 1). 

 

Figure 1 Layered material of a non-woven polypropylene fabric with gradient of concentration of indigotin 

D ∙ � � � 1
� ∙ ln ��u�� � uW�%�u�� � =W�3� 
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3.1. Release of the indigotin dye 

During the next 96 hours, the release of the indigotin dye from the layered material into water environment 
was observed. In the first 25 minutes, a larger amount of dye as observed to be released from the lower layers 
of the material (Figure 2), this is so called burst effect. 

 

Figure 2 Released indigotin dye from layered material after 25 minutes 

Subsequently, the water was replaced with fresh water and the experiment continued. Further release of the 
dye continued at time intervals. Release of the dye was not as concentrated a in the beginning and each 
subsequent release was of approximately the same concentration every time (Figure 3). 

 

Figure 3 Released indigotin dye from layered material after 24 hours 

The total dye release time from the layered non-woven fabric was 96 hours. During this process, the dye was 
first released into the water from the lowest layers, where the concentration was highest. After a longer period 
of time, water penetrated into the higher layer of the material, thereby starting the diffusion of the dye through 
the layers of polypropylene non-woven fabric and chitosan into the lower layers. This caused an equalization 
of the lower layers of the material, thereby still releasing approximately the same concentration of dye. 

During the measurement of the release from the layered material with dye gradient, it was found that after a 
short time, a larger amount of dye is released from the material. This was caused by the release of the dye 
from the bottom layer that was not coated with the gelatin layer. The subsequent release was slowed down 
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because water had to penetrate the material first. Only then did diffusion through the material, the dye had to 
pass through the layers of the non-woven fabric, but the diffusion was influenced the most by the presence of 
the gelatin, which had much smaller pores. 

3.2. UV-VIS spectrophotometry 

The measurements revealed not only the diffusion coefficient (D) but also the concentration of methylene blue 
(cm), which remained retained in the layered material (Table 1). 

Table 1 Diffusion coefficient and concentration of methylene blue retained in layered material 

number of layers D (m2·s-1) cm (g·dm-3) 

1 6.9·10-10 2.6·10-3 

2 5.9·10-10 1.3·10-3 

8 9.9·10-11 1.2·10-3 

It was found that the diffusion coefficient decreases linearly with increasing number of layers. During the 
calculation of the concentration of methylene blue that remained in the layered material, it is possible to 
observe that only one layer of polypropylene non-woven fabric captured a larger amount of the used dye. The 
other two material used between the layers contained gelatin, the retention results were very similar. With the 
increasing number of layers, it is possible to observe that the concentration of the capture dye in the material 
decreases and, at the same time, the release time also increases. 

4. CONCLUSION 

This article deals with the solution of the problem of controlled release of active substances from the layered 
material of the non-woven polypropylene alternating with gelatin. So far, the release of active substances if 
mainly controlled by first-order kinetics, i.e. it is dependent on the concentration of the active substance from 
the material. There is above all a big problem in the so-called burst effect, during which a certain amount of 
active substance is quickly released from the material. The problem is solved here by releasing the indigotin 
dye from the layered material into the water environment. Furthermore, the penetration of methylene blue 
through the prepared materials is measured by diffusion cells and UV-VIS spectrometer. During the 
measurement, it was concluded that the so-called burst effect can still be observed in the material, but the 
gelatin in the material can slow down the release enough to last several days. Thanks to measurement on 
diffusion cells, it was found that the diffusion coefficient decreases with an increasing number of layers. At the 
same time, we can also observe that there is a absorption of the dye into the layered material. The result show 
that by creating a layered material with a sufficient number of individual layers, the release time of the active 
substance will be extended and at the same time the concentration retained in the material will be reduced. 
The advantage of this method will be material with the active substance that could be applied repeatedly, or 
two active substances at the same could be incorporated into it with gradual excretion. 
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Abstract  

Biodegradable nanofiber materials are widely used for biomedical applications such as tissue engineering.  
These materials are characterized by submicron fibre diameter, small pore size, and large specific surface 
area (surface to volume ratio), and this structure is very similar to the natural extracellular matrix and is 
a favorable environment for the growth of eukaryotic cells.  These days research focuses on other 
modifications of nanofiber structures for upgrades these structures or to create specific properties e.g. 
antimicrobial character. Fibre morphology and structure are able modified during their preparation, a suitable 
method for that is electrospinning technology and post-process modification. Electrospun materials with 
nanofiber backbone decorated with protruding periodic pattern of polymer crystals are termed nanofiber shish-
kebabs. The shish-kebab structure can be formed by post-process recrystallization in suitable liquids (dilute 
polymer solution, partial solvent, or a mixture of solvent and non-solvent, solvent or partial solvent, or dilute 
polymer solution evaporation. The crystal period can be controlled to be a few hundreds of nanometres. Partial 
enzyme-catalyzed degradation of electrospun nanofibers is another method to prepare a similar structure. 
In this case, amorphous parts of polymer nanofibers are preferentially degraded, and the remaining 
macromolecules form new structures, mainly crystal structures resembling nanofiber shish-kebab. The aim 
of this study was preparation, description, and characterization of mentioned structure.  

Keywords: Electrospinning, shish-kebab structure, post-process modification, recrystallization, 
polycaprolactone, enzymatic-degradation 

1. INTRODUCTION  

Biocompatible polymers are widely used materials for biomedical applications. [1,2] One of the main 
representatives is the biodegradable polyester polycaprolactone. Mainly due to its properties (biodegradability, 
cytocompatibility, low glass transition temperature and a melting point of 60 °C, availability, solubility, 
processability, etc.), it is applied in the areas of tissue engineering in the form of various types of scaffolds. [3] 
Much attention is focused on nanofibrous scaffolds. Technology suitable for the preparation of nanofibrous 
scaffolds is electrospinning technology. [4] 

Currently, research is focused on modifying the nanofibrous structure. By changing or modifying the structure 
of nanofibers, new properties can be achieved. For example, the creation of a more attractive environment 
for the restoration of damaged tissues or the antibacterial character of the material and many others. [5] 
Modification of fibre structure can be achieved in many ways. [6,7] One of them is post-process recrystallization 
in a suitable liquid (dilute polymer solution, partial solvent, or a mixture of solvent and non-solvent, solvent or 
partial solvent, or dilute polymer solution evaporation) Electrostatically spun nanofibers, decorated with 
periodically protruding patterns of polymer crystals they are called shish-kebab nanofibers. The shish-kebab 
structure, respectively the distance of the crystalline phases (kebabs) can be controlled. [8,9] Another way to 
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create a shish-kebab structure is the application of partial enzymatic degradation. Short-term exposure of 
nanofibrous polyester materials to enzymatic action causes hydrolytic cleavage of polymer chains and the 
restructuring of fibres. [8] 

2. MATERIAL AND METHODS 

2.1. Materials 

Polycaprolactone PCL 80 (Mn 80 kDa; Merck, Germany) was used for the preparation of nanofibrous layers. 
A mixed solvent was used consisting of chloroform and dimethylformamide (Penta, Czech Republic) in a ratio 
of 6:4 by weight. For post-process modification of nanofibrous materials was used a solution 
of Polycaprolactone PCL 45 (Mn 45 kDa; Merck, Germany) dissolved in chloroform (Penta, Czech Republic) 
and distilled water. Partial enzymatic degradation was performed by Lipase from Pseudomonas cepacia 
(specific activity 30 ≥ U∙mg-1; Merck, Germany). Sodium azide (NaN3) was obtained from Merck (Germany). 

2.2. Electrospinning 

The polymer PCL 80 was added to the mixed solvent and stirred at room temperature until the polymer was 
completely dissolved to generate 12 wt% solutions. The Nanofibrous layer was prepared using electrospinning 
technology (Nanospider™ 1WS500U, Elmarco, Czech Republic). The prepared polymer solutions were 
electrospun at a humidity of 40 % and temperature of 22 °C. The applied voltage was -10 kV (collector) 
and +30 kV (spinning string). The electrode distance was 180 mm, a carriage was 1 s, and the rewinding speed 
was 10 mm/min. The diameter of the string was 0.4 mm, and the size of the hole was 0.7 mm. After that, 
material was stored at room temperature until modification.   

2.3. Nanofiber modification  

Post-process recrystallization and partial enzymatic degradation were used for nanofibrous materials 
modification and preparation of the shish-kebab structure.  

Post-process recrystallization method (PPR) 

Nanofibrous material was cut to the samples (100x100  mm). Diluted PCL 45 solution was used for forming 
a shish-kebab structure on nanofibers. A mixture of good solvent and non-solvent created a suitable condition 
for forming a shish-kebab crystal structure. 1.5 wt% solution was prepared by dissolving polymer pellets 
in acetic acid as a good solvent for PCL on a magnetic stirrer at 70 °C. Distilled water as non-solvent for PCL 
was added in the next step. Solvents were in the ratio of 77:23 by weight. After that, the solution was cooled 
down at room temperature and then stored in the fridge at 4 °C until use. A prepared solution was applied to 
nanofibrous sheets without fixation by a wash bottle (spray). After that, were modified materials were placed 
on silicon paper and dried at room temperature in a laboratory digester. As the solvent evaporated, the shish-
kebab crystal structures formed.  

Partial enzymatic degradation method (PED) 

Nanofibrous material was cut into small samples (the weight of each sample was 50 ± 5 mg) and placed 
into 5 ml vials. Enzymatic catalyzed degradation was carried out at 37 °C for 24 hours. As a medium was used 
phosphate buffer solution (PBS with 0.02 % NaN3, pH 7.4) with enzyme Lipase (0.5 U∙ml-1) and non-modified 
material was incubated only in PBS. After degradation were materials washed twice with distilled water 
and dried at 25 °C in the laboratory dryer before further investigation.  

2.4. Morphological analysis 

Morphological analysis was performed by scanning electron microscopy (Vega Tescan 3, Tescan, Czech 
Republic) after sputter coating 12 nm of gold (Quorum Q50ES, Quorum Technologies, Great Britain). Samples 
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were analyzed at an accelerating voltage of 15 kV. The-as taken images 
were processed by using of software Image J. The average diameter and 
the diameter distribution were evaluated from 300 randomly measured 
values from 4-5 images.  Shish-kebab structure was evaluated by a 
measure of the periodic size of kebabs, size of kebabs, and shish 
diameters as defined in the schematic image in Figure 1. Respectively 
periodic size distances of kebabs were measured in 1-10 μm sections, and 
then divided by the number of pitches. 

3. RESULT AND DISCUSSION 

Post-process modification and creation of protruding periodic pattern of 
polymer crystal called shish-kebab at nanofibers were studied. Post-
process recrystallization by diluted solution and partial enzymatic 
degradation were used as two methods of modifying PCL 80 fibres.  

Figure 2 represents the results of SEM analysis for PCL 80 without 
modification and for PCL80 after individual modifications. It can be seen 
from the images that the formation of a shish-kebab structure occurs in 
both types of post-process treatment of nanofibers compared to the 
original structure of PCL80 nanofibers. However, the PPR method 
achieves a very regular shish-kebab structure, especially for fibres with a 
diameter of around 1 μm. Compared to the PPR method, the PED method 
does not achieve such results. The shish-kebab structure is very irregular 

and indented; it is observed 
mainly in fibres with a larger 
diameter. For fibres with smaller 
diameters, we observe fibre 
restructuring, defects and even 
complete fibre degradation. 

 

Figure 1 A schematic structure 
of shish-kebab 

Figure 2 SEM images of PCL 
80 (without modification) (a), 

PCL80 after post-process 
recrystallization by the diluted 
solution of PCL45 in AA/dH2O 

(77:23, w:w) (c) and PCL80 after 
partial enzymatic degradation 
(24 hours) (d). Scale bare 10 
µm. The image of PCL80 is 

appended by the histogram of 
fibre diameter (b). 
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The average periodic distance of 
kebabs for PCL80 after PPR 
modification was determined by 
measurement to be 0.46 ± 0.1 
μm, and the height of the kebab 
(kebab size) was determined to 
be 0.29 ± 0.09 μm. 
The regularity of the structure 
observable by SEM analysis can 
also be supported by histograms 
of the analyzed characteristics 
(distances of individual kebabs 
and kebab size), as shown in 
Figure 3. The average periodic 
distance of kebabs for PCL80 
after PED modification was 
determined by measurement  
to be 0.56 ± 0.15 μm. The height 
of the kebab was not due to the 
irregularity and fragmentation  
of the shish-kebab structure 
measured. An analysis of the 
diameter of the fibres in terms  
of the effect of degradation on 
the formation of the shish-kebab 
structure or the fragmentation 

and disintegration of the fibres was 
attached here. We observe (Figure 4)  
that a shish-kebab structure is formed for 
fibres of higher diameters (around 
3.00 μm ± 0.89 μm), while for fibres 
around 1.12 ± 0.32 μm, fibre restructuring, 
fragmentation and fibre degradation 
already occur. Finer fibres (below 0.9 μm) 
are observed sporadically. They were 
probably completely eliminated due to 
degradation. 

Figure 4 SEM image of the shish-kebab 
structure of PCL 80 nanofibres after 

partial enzymatic degradation (c-d). Scale 
bare 10 μm. A histogram of the periodic 

distance of kebabs (a) and graph of 
degradation influence to creation of shish-
kebab structure or fibre fragmentation (b). 

Figure 3 SEM image of the shish-kebab structure of PCL 80 
nanofibres after post-process recrystallization (scale bare 10 μm) (c-d); 
a histogram of observed structure characteristic: a periodic distance of 

kebabs (a) and size of kebabs (b). 
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4. CONCLUSION 

In the presented study, two methods of modification of PCL nanofibers were applied with the aim of creating a 
shish-kebab structure; the post-process recrystallization (PPR) method under the influence of a diluted solution 
of PCL45 in AA:dH2O (77:23, w:w) and partial enzymatic degradation (PED)) due to lipase (incubation 24 
hours). Two main characteristics of the shish-kebab structure of the modified materials, the periodic distance 
of the kebabs and the height of the kebabs (kebab size), were analyzed. Through morphological analysis, it 
was observed that a more regular shish-kebab structure was achieved by the PPR method. While the PED 
method creates a shish-kebab structure irregularly. Probably caused by a different rearrangement of the fibre 
structure. In PPR, there is a gradual formulation of kebab lamellas in the nuclei of crystalline areas in the fibres. 
[9], [10] While with the PED method, we observe the hydrolytic cleavage of chains primarily in amorphous 
regions, then the crystalline phases (remaining macromolecules) form a new structure - individual kebabs on 
nanofibres. Fibres of finer diameters can be fragmented or even degraded due to hydrolytic cleavage, and no 
shish-kebab structure is formed. [8] 
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Abstract  

Among widely electrospun biodegradable polymer materials are aliphatic polyesters: polycaprolactone, 
polylactide acid or a copolymer of caprolactone and lactic acid (PLCL). Many different modifications of 
electrospinning can be used to change the fiber structure and, therefore, to set optimal, especially 
morphological, material effects for application, testing, or treatment with these means. Structural or shape 
changes include not only fiber diameters, their distribution, but also fiber orientation, their interconnection, their 
smooth or rough surface, and also the significant arrangement of the internal networks of polymer chains 
represented, for example, by the degree of crystallinity. The process and material parameters of the production 
of nanofibrous materials must still be studied to ensure the resulting properties of the materials lead to 
predictable effects during its application. A general understanding of the effect of five different solvent systems 
and especially the effect of air humidity (from 20 to 50 % RH) during the needleless electrospinning process 
on the formation of nanofibrous materials from biodegradable polyesters copolymer (PLCL) is evaluated 
concerning the actual spinning process and the resulting morphology assessed by SEM. The internal chemical 
structure or arrangement evaluated using especially DSC, FTIR and GPC is necessary to ensure the 
reproducibility of the production of materials and thus their application results.  

Keywords: Electrospinning, biodegradable nanofibers, ambient conditions, air humidity 

1. INTRODUCTION 

Nanofibrous materials are widely used in medical applications nowadays and are currently produced mainly 
by electrospinning [1]. There is a whole range of modifications of electrospinning technology leading to different 
arrangements of fibers, their shape, and especially surface changes. Morphology change is an essential factor 
for biomimetic mimicry of the intercellular mass. Mastering the possibilities of structural changes in nano and 
microfiber materials is important for the repeatability of production and predicting the resulting properties of 
tissue engineering scaffolds or wound dressings. 

The PLCL copolymer belongs, like its homopolymers, to the group of biodegradable aliphatic polyesters. PLCL 
is characterized by its unique mechanical properties - relatively high flexibility compared to PLA homopolymer 
due to copolymerization with the much more flexible polycaprolactone. PCL, which has a very low glass 
transition temperature [2]. Of course, the mechanical properties and also biodegradation development will vary 
significantly depending on the chosen ratio of the monomers used. It was found that for statistical PLCL, 
crystallization occurs only in blocks of lactide chain segments, as they are long enough [3]. The glass transition 
temperatures Tg and melting temperatures Tm increase proportionally with a higher proportion of lactide units 
up to values similar to PLA alone. For comonomer ratio of 70:30 (L-lactide:ε-caprolactone), which is used in 
the study, Tg and Tm were around 16-35 °C and 137-158 °C, respectively.  



October 19 - 21, 2022 Brno, Czech Republic, EU 

 

 

206 

In the research studies devoted to nanofibrous electrospun materials [4-6], the most used PLCL is Purac PLC 
7015 with molar ratio L-lactide to ε-caprolactone 70:30 reported by the manufacture Corbion [7]. For the 
repeatable production of nanofibers using electrospinning technology, it is necessary to obtain a basic polymer 
source with repeatable properties, but it was found in [6] that the material may have different properties than 
those defined by the manufacturer (according to 1H NMR, a real molar ratio of 82:18). The type of copolymer 
is still in the research stage, but it is intended to be used mainly in tissue engineering as biodegradable 
scaffolds [6], for example, the absorbable tubes for guiding nerves [8], rotator cuff augmentation [9]; the 
production of vascular bandages [4] or bypasses [6]. Nanofibrous PLCL materials for medical applications are 
electrospun from polymer solutions with different solvent systems, for example: mixture of chloroform and 
dimethylformamide [5] or mixture of chloroform, ethanol and acetic acid [6]. Both needle [5] and needle-less 
[4,6] direct current electrospinning methods and even alternating current electrospinning method [4] can be 
used for production of PLCL nanofibers. But PLCL is still an understudied material from the point of view of 
electrospinning and the connection of process and material parameters. This study demonstrates the influence 
of the used solvent systems and especially of air humidity on the resulting structure and morphology.     

2. MATERIALS AND METHODS 

A copolymer of L-lactide and ε-caprolactone in a 70/30 (LA 67-73 %; CL 27-33 %.) monomer molar ratio 
(Purasorb® PLC 7015, Corbion [7]) was used here. The supporting materials was spunbond Pegatex S 
(PFNonwoven) nonwoven fabric with an area weight of 20 gm-2. The solvent dimethylformamide (DMF) was 
provided by VWR and formic acid (FA), 99.8% glacial acetic acid (AA), 96% ethanol (ETOH), acetone (Ac), 
dichlormethane (DCM) and chloroform (CF) were supplied by Penta. Five different solvent systems were used 
for electrospinning: (i) Ac/AA/FA 1:1:1 w/w (1:1:1); (ii) CF/ETOH/AA 8:1:1 w/w (8:1:1); (iii) CF/ETOH 8:2 w/w 
(8:2); (iv) CF/DMF 9:1 w/w (9:1); (v) DCM/DMF 7:3 v/v (7:3). Solutions of 10 wt% of PLCL were always freshly 
prepared immediately before electrospinning.  

The electrospinning took place on NS 1S500U & NSAC150 Nanospider™ production line and precisely 
controlled air conditioning unit (Elmarco). The flow of incoming and outgoing air from the spinning chamber 
was set to 90 m3h-1 and 110 m3h-1, respectively. The electrodes were 180 mm apart at an electric potential 
difference of 50 kV (40 kV on the spinning electrode in the form of a static wire with 0.2mm in diameter and -
10 kV on the collector in the form of static wire too) and the withdrawal speed was 30 mm/min. Electrospinning 
was carried out at 20%; 30%; 40% and 50% (±2%) RH. The velocity of the solution carriage was set to 1 s 
(approximately 500 mm/s). Metal insert orifice 0.7 mm in diameter was used for control of polymer solution 
layer on the spinning electrode. All spinning was carried out at a temperature of 22 ± 1 °C. The final nanofibrous 
layers were removed from the supporting fabric and prepared for further analysis.                                                                                                                              

Basic characterization of electrospun materials is analysis of the fiber diameters, which represents the 
morphology and structure. An electrically conductive layer of gold approximately 10 nm thick (Quorum Q150R 
Plus) was deposited on all samples, and 5 images were taken for each sample at appropriate magnification 
using a scanning electron microscope (SEM; Vega S3B, Tescan). Fiber diameters were measured by FIJI 
ImageJ. FTIR analysis (Nicolet iZ10, Thermo Fisher Scientific, ATR technique on a diamond crystal) 
determined chemical composition and microstructure after the dissolution and electrospinning of the 
copolymer. GPC analysis (Dionex Ultimate 3000 HPLC) studied the molecular weight of the chains in the fibers 
and granules. GPC was performed in triplicate dissolved in chloroform and tetrahydrofuran. The mobile phase 
of tetrahydrofuran flowed through the Phenomenex Phenogel 1E5 column at a temperature of 30 °C at a flow 
rate of 1 ml/min. Detection of molecular weights was performed using UV scattering. The result of the DSC 
analysis (Differential Sensing Calorimeter DSC 1/700, Mettler Toledo) is the enthalpies of the individual 
samples, which makes it possible to compare the arrangement of the copolymer chains. However, due to the 
absence of an enthalpy value for 100% crystallinity of PLCL, it was not possible to convert the enthalpies to 
the percentage crystallinity of the samples. Triplets of samples in a weight of 4-6 mg were first left at -20 °C 
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for two minutes and then heated at 10 °C/min to 160 °C. Nuclear magnetic resonance (NMR) analysis was 
used to measure the actual ratio of monomer units in PLCL copolymer of three different PLCL production 
batches used during electrospinning tests. Bruker Advance NMR Spectrometer using a high-resolution dual 
(1H, 13C) gradients probe was used. Whole monomer signal was calculated according [10]. 

3. RESULTS AND DISCUSSION 

Fiber diameter differences and different complete structure of produced materials can be measured and 
observed from SEM images, see examples in Figure 1. Material produced from solvent system DCM/DMF 
7:3(v/v) was not possible to separate from supporting nonwoven, thus it cannot be analysed completely. 

 

Figure 1 Scanning electrone microscope example images of fibrous materials electrospun from five different 
solvent systems at four different ambient air humidities. The scale bar represents 10 micrometers. 

The complete comparison of average fiber diameters is introduced in Figure 2a and of areal weights is shown 
in Figure 2b. FTIR, DSC and GPC analysis was done only for nanofibrous material electrospun under the limit 
ambient humidity thus at 20 and 50% RH. FTIR analysis of electrospun samples and granules disproved the 
assumption that the dissolution of the copolymer in individual solvent systems and the subsequent 
electrospinning of the polymer solutions at different air humidities could significantly affect the internal structure 
or chemical composition. The results in Figure 3 show that the chemical composition of the fibers electrospun 
at 20% and 50% RH was not significantly different from the PLCL granules. If the PLCL copolymer were to 
degrade in individual solvent mixtures or during electrospinning process, the molecular weight measured by 
GPC would decrease. Materials spun from the 8:2, 9:1 and 7:3 solvent systems had an average molecular 
weight Mw approximately the same as the PLCL granules at both relative humidities (Figure 4a). Thus the 
PLCL chains were not degraded in the given solvents. However, the molecular weight of the PLCL copolymer 
spun from mixtures 1:1:1 and 8:1:1 decreased significantly (Figure 4b). 
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Figure 2 Average fiber diameters (a) and areal weights (b) of PLCL nanofibrous layers electrospun from 
different solvent systems at different ambient humidity  

.  

Figure 3 FTIR spectra of electrospun PLCL nanofibrous materials from different solvent systems 

 

Figure 4 Average molecular weights of PLCL granules and electrospun materials at 50 and 20% RH 
measured by GPC (a); GPC average spectra for all measured materials (b)  

DSC analysis revealed that all the spun samples as well as the initial PLCL granules contain two endothermic 
peaks (maxima) with different enthalpies in their internal structure, see Figure 5. The first peak appeared for 
all samples around 55 °C and the second around 96 °C. For the PLCL granules, the first peak also formed 
around 55 °C, but the second maximum only around 111 °C, which is perhaps due to the more rigid chains 
and the thermal history from the copolymer production. From the DSC results, it could be inferred that both the 
PLCL samples and granules contain long enough segments of both ε-caprolactone and lactic acid to be able 
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to crystallize. The first peak could belong to the crystalline phase of the ε-caprolactone segments and the 
second maximum to the crystalline sections from both types of segments, since Tm is between the melting 
point of PLA and PCL. The PLCL copolymer studied in this work obviously contains sufficiently long stretches 
of ε-caprolactone that crystallize. Thus, the copolymer is typically not statistical, but rather block. From the 
enthalpy values, it is possible to estimate the degree of order of the chains in the individual fibers. According 
the table in Figure 5, the most ordered chains in fibers spun at 20% RH were in 1:1:1 and the least in 7:3. At 
50% RH, the most ordered chains are in 8:2, followed by 9:1 and 1:1:1, the least in 8:1:1. It should be noted 
here that the internal ordering in electrospun nanofibers may be related to diameters. It is noteworthy that the 
order of the ε-caprolactone sections (1st peak) does not necessarily mean the order of the lactic acid sections 
(2nd peak) and vice versa, which can be seen, when comparing the enthalpies for fibers prepared at 20% RH 
from solvent systems 9:1 and 8:1:1 For some samples, the fibrous layer is not homogeneous in terms of the 
arrangement of the internal structure. The higher the relative enthalpy error, the lower the homogeneity. This 
may be due to the different homogeneity of the distribution of comonomers in the copolymer within one layer 
caused by their different reactivity in the PLCL synthesis. 

 

Figure 5 Selected examples of DSC spectra in triplet measurements for 1:1:1/20%RH (a); 1:1:1/50%RH (b); 
7:3/20%RH (c); 7:3/50%RH (d) and table of enthalpies for all electrospun samples and PLCL granules 

 

Figure 6 H NMR spectra (a) and C NMR spectra (b) for PLCL granules from three different batches 

Side by side comparison of the three samples of PLCL by H NMR (Figure 6a) shows near identical spectral 
for all three materials, indicating a high level of consistency between production runs (batches). These result 
in a calculated monomer percentage for PLCL granules sample of 69.43 % L-lactide and 30.57 % 
caprolactone, within manufacturer specified ranges. C NMR (Figure 6b) of the 3 granules samples, which 
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have consistent spectra, with the only small variation around chemical shift of 78 ppm, attributed to the 
chloroform solvent. 

4. CONCLUSION 

The electrospinning of PLCL is very significantly influenced by the used solvent system and the ambient air 
humidity. It is obvious that the choice of solvent system, while maintaining constant process parameters, can 
have an effect on all fiber diameters; the productivity and internal structure of the resulting nanofib. The study 
of the influence of air humidity clearly indicates that some polymer solutions (especially 7:3) are more sensitive 
to its changes and some less so (for example 1:1:1). FTIR, DSC and GPC analyzes pointed to very interesting 
facts that need to be followed up in the development of electrospun materials from PLCL. The rate of 
degradation in solutions containing carboxylic acids needs to be further studied, but it was clearly 
demonstrated by GPC analysis that PLCL chains degrade in these solutions. DSC analysis suggests a block 
copolymer arrangement, which is probably due, among other things, to the different reactivity of the incoming 
comonomers during production. NMR analysis demonstrated the repeatability of the properties of PLCL 
Purasorb 7015 input granulate. The PLCL is interesting material mainly in medical applications in the form of 
electrospun nanofibers. Its use in this area is wide ranging from vascular bandages and replacements to wound 
coverings and scaffolds for the regeneration of many tissues. The internal polymer structure in the nanofibers, 
their morphology, representation of defects, porosity and other parameters can significantly influence the 
resulting unique properties for PLCL, especially mechanical properties, wettability, biocompatibility and 
biodegradability. These properties give sufficient reason for this copolymer to be further investigated.  
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Abstract 

Titanium layers doped with biogenic elements attract much attention due to their ability to enhance the 
biological integration of implant materials. However, the addition of biogenic elements to the coating/layer 
changes its composition, structure, properties, and surface morphology, which affects their application 
possibilities. Therefore, the research and surface characterization of such layers is needed. In the present 
work, the mixed titanium layers with calcium and phosphorus have been synthesized by a dual electron beam 
evaporation method. The effect of doping in these mixed-titanium layers on their surface morphology and 
mechanical properties has been investigated. Atomic force microscopy was used for morphological 
characterization and nanoindentation was used to measure the mechanical properties (indentation hardness 
and reduced modulus). The surface layers are characterized in connection by tuning the deposition conditions 
and increasing dopant content. 

Keywords: Titanium, doping, morphology, mechanical properties 

1. INTRODUCTION 

Titanium and its alloys stand out and are used in many engineering applications in the aerospace, chemical, 
and biomedical industries, due to their excellent strength-to-density ratio, biocompatibility, and high corrosion 
resistance in many environments [1-3]. Surface properties, not only for titanium and its alloys, depending on 
the structure, morphology, and chemical composition of their surface. Many methods exist to increase surface 
properties by changing the morphology and chemical composition of titanium. For example, advanced methods 
using accelerated ions, such as ion implantation, ion beam-assisted deposition, magnetron sputtering, and 
plasma-assisted chemical vapour deposition, can be used to improve these surface properties [4-7]. The paper 
is focused on the dual electron beam evaporation method. Using this method, a layer of titanium with calcium 
and phosphorus was deposited on commercially pure titanium grade 2. Previously, [8-9] showed an increase 
in the biocompatibility of titanium by adding phosphorus and calcium. Calcium phosphate and hydroxyapatite 
help to create chemical bonds with the human bone tissue and optimal bone integration of an implant. Implant 
fracture due to mechanical failure is related to biomechanical incompatibility. For this reason, biomedical 
implants require specific mechanical properties, such as hardness, Young´s modulus, elongation, or tensile 
strength, close to the mechanical properties of human bone. 

This work presents the effect of the applied layer with different concentrations of the mixture of titanium, 
calcium, and phosphorus on the morphology and mechanical properties. Surface morphology was monitored 
by atomic force microscopy (AFM), and indentation hardness and reduced modulus were investigated by 
nanoindentation. 

2. EXPERIMENTAL 

In this study commercially pure titanium grade 2 (CPTi) was used. Samples 5 mm in height and 14 mm in 
diameter were cut from the CPTi bar and then ground with silicon carbide abrasive papers with grain sizes 
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from 320 to 1000. The samples were mechanically polished using ChemoMet, a soft, porous, chemically 
resistant synthetic polishing pad, and non-crystallizing amorphous 0.02μm colloidal silica suspension 
MasterMet2 with a little bit of hydrogen peroxide. The mixed titanium layers with calcium and phosphorus were 
synthesized by a dual electron beam evaporation method. The scheme of deposition of layers with different 
concentrations of BTP was the same as in the previous experiment in [10], however, with a BTP target instead 
of a calcium target and deposition temperature of 500 °C without the assistance of oxygen. The BTP content 
was controlled by the deposition rate of targets. The TI 950 TriboIndenter® nanomechanical instrument with 
dynamical mode CMX was used for depth profiling of the deposited layers. Atomic force microscopy was used 
to characterize the surface morphology. AFM measurements were performed in contact mode. 

3. RESULTS AND DISCUSSION 

3.1. Surface morphology 

The morphology of the deposited layers was 
measured by atomic force microscopy (AFM). 
Figure 1 presents roughness measurements of 
BTP concentrations of 40, 60, 80, and 100 %. BTP 
concentrations of 40, 60, and 80 % were measured 
to have a roughness of around 14 nm. The lowest 
roughness of approximately 6 nm was achieved at 
a concentration of 100 % BTP. Morphological 
changes were also confirmed by AFM images, 
Figure 2. A change in morphology was 
documented for all BTP concentrations. The 
formation of a new similar characteristic 
morphological structure is typical for 40 and 60 % 
BTP concentrations. As the concentration 
increases, the structure changes, and the surface 
becomes smoother. 

  
Figure 2/1 AFM images of 40 % BTP (a), 60 % BTP (b), 80 % BTP (c) and 100 % BTP (d) 

Figure 1 Average roughnesses of different BTP 
concentrations obtained from AFM topographic 

measurements 
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Figure 2/2 AFM images of 40 % BTP (a), 60 % BTP (b), 80 % BTP (c) and 100 % BTP (d) 

3.2. Mechanical properties 

We measured the mechanical properties (indentation hardness and reduced modulus) of the deposited layers 
using the nanoindentation method. In both cases, the concentration of 40 % BTP achieved the highest values. 
The reduced modulus of the 40 % BTP layer was approximately 140 GPa and the indentation hardness was 
roughly 10.2 GPa. The results of measurements for 60 and 100 % BTP were roughly similar. The reduced 
modulus was 110 GPa and the hardness was approximately 6 GPa. The 80 % BTP concentration had 105 
GPa of reduced modulus and 5.5 GPa of indentation hardness. 

Figure 3 Average roughnesses of different BTP concentrations obtained from AFM topographic 
measurements 

4. CONCLUSION 

The influence of the BTP concentration on the surface morphology and mechanical properties has been 
demonstrated. The deposited mixed titanium layers with calcium and phosphorus create a new characteristic 
morphology that smooths out with increasing concentration. As the concentration of BTP increases, the surface 
roughness decreases. The lowest roughness of approximately 6 nm close to the previously polished surface 
has a concentration of 100 % BTP. A concentration of 40 % BTP conclusively achieves the highest values of 
hardness (approximately 10.2 GPa) and reduced modulus (approximately 140 GPa). 
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Abstract  

This experimental study aims to assess the effect of selected filler types on the longitudinal thermal expansion 
of composite systems. The studied issue concerns the dimensional stability or durability of white dental fillings, 
composite systems of photo polymerizing polymer with particulate fillers of micrometer and nanometer 
dimensions, mainly based on silica and zirconia. ChS Epoxy 455 epoxy resin cured with P11 hardener was 
used as the matrix of the composite systems on which the effect of selected filler types was evaluated. The 
fillers were particulate and fibrous materials of different chemical compositions, sizes, and combinations. 
Synthetic silica nanoparticles, cellulose particles, hybrid fillers derived from modified rice husk, and cellulose 
nanocrystals were used as fillers. The longitudinal thermal expansion of the prepared composite systems was 
evaluated in the temperature range of 20 ° to 40 °C, which corresponds to the temperatures to which dental 
fillings are usually exposed. The selected fillers fracture surfaces of samples were analyzed on a scanning 
electron microscope, and the longitudinal thermal expansion was measured on a thermomechanical analyzer. 
Based on the dimensions and chemical compositions of fillers used, the quality of the interphase, and the 
arrangement of the fillers in the polymer matrix, the contribution of these reinforcing elements to the potential 
influence of the thermal expansion coefficient was evaluated. In view of results obtained, the following 
experiments will focus on the study of material combinations of particulate and fibrous fillers, the evaluation of 
the influence of the environment on materials, and machinability. 

Keywords: Composite system, epoxy resin, micro-fillers, nano-fillers, dentistry 

1. INTRODUCTION  

Composite materials are currently widely used not only in technical applications but we can also find them in 
medical areas. A typical example is the composite materials used in dentistry as dental fillings. These fillings 
are a composite or nanocomposite system in which the matrix is a photopolymer, and the filler is a nanoparticle. 
Most often based on oxides - silicon dioxide, zirconium oxide, barium oxide, and aluminum oxide [1-4]. These 
fillers ensure the mechanical parameters of the filling, such as hardness, resistance to abrasion, toughness, 
and color, which is no less critical for these white fillings. Filtek, Ceram and Omnichrom are among the most 
widely used materials used as dental fillings. However, after a specific time, dental composite material ages. 
Even if the filling initially has good adhesion to the dentin or tooth enamel, it breaks off, and a micro gap forms 
between the tooth and the filling. The breaks are followed by the enlargement of the micro gap and the 
formation of secondary tooth decay. This process is observed over a long time and occurs approximately four 
to six years after applying a white filling. It is related to dental hygiene, diet, and immunity. The problem lies in 
the degradation of the composite system used, or instead in the shrinkage of the filling, as a result of which it 
will detach from the tooth [5-8]. 

From the theory of composite behavior, it is clear that the use of particle filler cannot provide the matrix with 
the same mechanical parameters as if fiber fillers were used. The use of fiber fillers in materials for dental 
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fillings is currently not adequately studied. Some undesirable phenomena could be avoided using suitable fiber 
fillers. Choosing the right fiber filler is also essential, as it is a material that comes into contact with humans [7-
10]. 

The present work aims to analyze samples based on epoxy resin filled with selected particle and fiber fillers 
and their combinations. In the first step, this analysis is intended to provide insight into the behavior of selected 
hybrid structures in the epoxy matrix. In the second step, use the chosen fillers or their mixtures, optimize the 
composition and proportions and transform these fillers into a photo-polymerizing material. 

2. EXPERIMENT 

The two-component epoxy resin ChS Epoxy 455 cured with hardener P11 (Districhem, s.r.o.) was used as a 
matrix of composite samples for this work. As fillers, synthetic nanoparticles of fumed amorphous silica Cab-
O-Sil LM-150 (CABOT, GmbH), cellulose particles known in practice as abrasive wood pulp (University 
Pardubice), purified rice husks (Cersum, s.r.o.), fibers from purified rice husks were used as fillers (Cersum, 
s.r.o.) and cellulose nanocrystals (TUL). Combinations of these materials have also been used. A scanning 
electron microscope TESCAN MIRA3 (TESCAN ORSAY HOLDING, a. s.) was used to evaluate the fracture 
surfaces, respectively, the interphase adhesion. A thermomechanical analyzer (Pragolab, s.r.o.) was used to 
determine the longitudinal thermal expansion. 

Due to the existing experience with dental fillings, which are composite systems with particulate fillers, the 
evaluation of the effect of selected fillers was designed to use particulate, fibrous, and their combination. 
Synthetically produced silicon dioxide in the form of nanoparticles, used in dental fillings in Filtek, Ceram, and 
Omnichrom products, were chosen as an inorganic particle filler. The so-called abrasive wood pulp was 
selected as an organic particle filler based on cellulose. Another type of filler was modified rice husks, provided 
by Cersum, s.r.o. These are composed of both cellulose fibers and nanoparticles of biogenic silicon dioxide, 
placing them in the hybrid organic-inorganic fillers group [11]. Fibers separated from treated rice husks were 
also used, provided by the company Cersum, s.r.o. [12] The last filler was cellulose nanocrystals, characterized 
by width in units of nanometers and a length in hundreds of nanometers [13]. 

The filler added to the base epoxy resin was chosen so that the effect of the different behavior of particle filler, 
fiber filler, and their mixtures, consisting of both fibers and particles, was noticeable. From a chemical point of 
view, a filler analogous to the typical filler used for dental fillings, i.e., nanoparticles of silicon dioxide, was 
used. Silica is also contained in rice husks and fibers from treated rice husks. For that reason, combinations 
of cellulose fibers, particles, nanofibers, and silica were designed and tested, and mixtures were prepared in 
which fiber and particle fillers were combined (Table 1). 

Mixtures were prepared by mixing epoxy resin with different fillers, and their combinations were cast into 
silicone molds and cured. Curing of the samples took place in a pressure vessel to remove inhomogeneities 
and bubbles at a pressure of 0.7 MPa, for 24 hours at a temperature of 23 °± 2 °C. The prepared samples 
were not further cured. Before the longitudinal thermal expansion determination, the samples were surface 
treated according to the requirements for measurement. 

3. RESULTS 

The results of the experiments were assessed both from the point of view of the measured values of the 
longitudinal thermal expansion (10 measured samples for every material composition) and from the point of 
view of the interphase of the designed composite systems (Table 1). Table 1 shows the composition of hybrid 
systems and the average values of longitudinal thermal expansion for individual groups of samples for the 
temperature interval 20 °C to 40 °C. From the fracture surfaces, it can be seen whether the particles and fibers 
are homogeneously distributed in the polymer matrix and, above all, the quality of the interphase adhesion, 
which is an essential condition for ensuring the desired behavior in composite systems. 
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Table 1 Composition of individual samples with the corresponding coefficient of thermal expansion α 

 Polymer matrix Inorganic filler Organic filler α (10-6·K-1) 

1 10 g ChS Epoxy 455 - - 72.93 

2 10 g ChS Epoxy 455 1.0 g silicon dioxide nanoparticles - 66.45 

3 10 g ChS Epoxy 455 - 1.0 g cellulose particles 77.52 

4 10 g ChS Epoxy 455 - 1.0 g modified rice husks  71.77 

5 10 g ChS Epoxy 455 - 1.0 g fibers from modified rice husks 69.14 

6 10 g ChS Epoxy 455 0.5 g silicon dioxide nanoparticles 0.3 g fibers from modified rice husks 67.48 

7 10 g ChS Epoxy 455 - 1.0 g cellulose nanocrystals 77.53 

8 10 g ChS Epoxy 455 1.0 g silicon dioxide nanoparticles 1.0 g cellulose nanocrystals 72.21 

   

Figure 1 Epoxy resin without fillers (left), epoxy resin with silicon dioxide nanoparticles (middle), and a 
detailed picture with a visible distribution of silicon dioxide nanoparticles (right) 

Figure 1 (left) shows the characteristic brittle fracture of epoxy resin without filler. In the other images of 
Figure 1, it is clear that there is a change after adding silicon dioxide nanoparticles, like the material's fracture. 
From the overview picture in Figure 1 (middle), it can be seen that the filler is more or less evenly distributed 
in the epoxy matrix. When viewing Figure 1 (right) in detail, it can be seen that the nanoparticles form larger 
or smaller clusters, and part of the matrix is not filled with them. Adhesion of nanoparticles can be considered 
reasonable. The measured values of the coefficient of longitudinal thermal expansion α are assigned to the 
mentioned images, which for a sample of pure epoxy resin reaches a value of 72.93·10-6·K-1, while for a sample 
with a high content of silicon dioxide nanoparticles, the value is 66.45·10-6·K-1 is the lowest average value 
measured in the entire series of prepared samples. 

Epoxy resin filled with cellulose particles of irregular shape (Figure 2 left) does not show good adhesion, the 
fracture of the surrounding resin is brittle, and the value of the coefficient of longitudinal thermal expansion α 
is 77.52·10-6·K-1 (Table 1). 

Purified rice husks (Figure 2 middle, right) are specific for their two-component structure (Figure 2 right), 
where it can be seen that the outer part of the husk is made up of a few-micrometer layer of silicon dioxide 
nanoparticles. In contrast, the inner part is built up of organic fibers. Purified rice husks do not show sufficient 
adhesion in epoxy resin (Figure 2 middle). Moreover, these are relatively large particles with a length and 
width of hundreds of micrometers. As a result, a considerable amount of the epoxy matrix is not affected by 
their presence, and the fracture is then fragile in these polymer parts (Figure 2 middle). The character of the 
particles and poor adhesion is also matched by the value of the coefficient of longitudinal thermal expansion 
of the prepared system, which is equal to the value of 71.77·10-6·K-1 and is thus practically at the level of the 
value of longitudinal thermal expansion of unfilled epoxy resin (Table 1). 
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Figure 2 Epoxy resin with cellulose particles (left), epoxy resin with treated rice husk particles (middle), 
detailed pictures of rice husk particles interfacial adhesion with typical silicone dioxide part and cellulose part 

(right) 

  

Figure 3 Epoxy resin with treated rice husk fibers in epoxy resin (left), detailed picture of fibers with silicon 
dioxide nanoparticles on the surface (right) 

Cellulose fibers obtained from purified rice husks (Figure 3) have a diameter of about 10 micrometers. The 
length is usually many times greater [12]. On the surface of the fibers, there are residues of nanoparticles of 
biogenic silica (Figure 3 right), which are primarily formed in rice husks during their growth, and which were 
not completely removed during their treatment. The surface of the fibers is finely structured. As seen from the 
picture (Figure 3 left), the adhesion between the fibers and the matrix is not very good. The fracture of the 
surrounding epoxy resin is brittle. The value of the coefficient of longitudinal thermal expansion α of this 
composite system is 69.14·10-6·K-1 (Table 1). 

Cellulose fibers obtained from purified rice husks and synthetic silica nanoparticles provide good adhesion to 
the epoxy matrix. The fibers are well coated with resin, the silicon dioxide nanoparticles are more or less 
homogeneously distributed (Figure 4 left), and the fracture of the composite system is not fragile. Similar to 
the case of the epoxy resin-silica nanoparticles system, there are visible parts of the resin that is not filled with 
nanoparticles (Figure 4 right). The value of the coefficient of longitudinal thermal expansion α of this hybrid 
organic-inorganic composite system is equal to the value of 67.48·10-6·K-1 (Table 1). 



October 19 - 21, 2022 Brno, Czech Republic, EU 

 

 

220 

  

Figure 4 Epoxy resin with treated rice husk fibers and silicon dioxide nanoparticles - adhesion between 
fibers and epoxy resin (left), distribution of silicon dioxide nanoparticles in epoxy resin (right) 

  

Figure 5 Epoxy resin with cellulose nanocrystals (left), epoxy resin with cellulose nanocrystals and silicon 
dioxide nanoparticles (right) 

Due to their chemical composition, cellulose nanocrystals form spherical structures of larger or smaller 
dimensions (Figure 5 left). These clusters of nanocrystals do not break down into smaller nanostructures in 
the epoxy resin, so this filler functions only as a particulate filler. The particles have inferior adhesion to the 
epoxy matrix, free spaces are visible in the electron microscope images where they are present, and the 
material shows a brittle fracture (Figure 5 left). Bad adhesion corresponds to the highest ever average 
measured value of the coefficient of longitudinal thermal expansion α 77.53·10-6·K-1, comparable to the value 
obtained using cellulose particles or abrasive wood (Table 1). The cause is free spaces between the filler and 
the binder. 

The epoxy resin system filled with cellulose nanocrystals and, at the same time, silicon dioxide nanoparticles 
(Figure 5 right) shows similar behavior as in the previous case, which corresponds to the coefficient of 
longitudinal thermal expansion α 72.21·10-6·K-1 (Table 1). However, there is a noticeable influence of the 
present nanofiller based on silicon dioxide, which stands against the non-functional particles of cellulose 
nanocrystals. As in all previous variants, the silicon dioxide nanoparticles are more or less well distributed in 
the matrix and change the character of the fracture from initially brittle to tough. 



October 19 - 21, 2022 Brno, Czech Republic, EU 

 

 

221 

4. CONCLUSION 

Based on the measurement of the values of the coefficient of longitudinal thermal expansion and comparison 
with the character of the fracture surfaces and the quality of interfacial adhesion, it is clear that particle fillers 
with micrometer dimensions - modified rice husks, cellulose particles, and at the same time also cellulose 
nanocrystals forming compact units - have a minimal effect on the longitudinal thermal expansion of the 
system, which has minimal adhesion to the epoxy matrix. The maximum impact leading to a reduction in the 
coefficient of longitudinal thermal expansion was achieved using nanoparticles of synthetic silicon dioxide. 
However, it is clear from the available literature and practical experience that particulate fillers will not ensure 
the functionality of the dental composite system for many years. The experiments showed a significant 
reduction in the coefficient of longitudinal thermal expansion occurs in the case of a combination of organic 
and inorganic filler-micrometer cellulose fibers from treated rice husks with residues of biogenic silicon dioxide 
nanoparticles on their surface and synthetic silicon dioxide nanoparticles. These organic-inorganic fibers are 
very well incorporated into the polymer matrix, and the value of the coefficient of longitudinal thermal expansion 
with its value is close to the lowest value achieved when using silicon dioxide nanoparticles. Because of the 
achieved results, a comprehensive evaluation of the longitudinal thermal expansion coefficients for other 
material ratios of organic fibers and silica nanoparticles in different polymer matrices will follow. 
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Abstract  

Over the last decade, drug delivery systems for wound management have undergone a significant evolution 
as novel nano-based dosage forms and wound dressing pads for active wound management have been 
developed. Significance of these materials is based on increasing demand for active wound dressing able to 
battle infection and inflammation in contaminated and slow-to-heal wounds. Nanofibres represent 
nanomaterial able to act simultaneously as wound dressing protecting the wound and drug delivery system for 
in situ drug release. Bioavailability of the drug and its release kinetics strongly depend on the drug nature, 
nanofibrous matrix characteristics and mechanism of drug incorporation. In bacterial infection treatment, fast 
reaching of minimal inhibitory concentration (MIC) is crucial and can be achieved by mediated surface drug 
adsorption. In this work, we explored interactions of electrospun silica nanofibres with five model antibiotics 
from tetracycline family (tetracycline, tetracycline hydrochloride, oxytetracycline hydrochloride, 
chlortetracycline hydrochloride and doxycycline hydrochloride) in order to evaluate robustness of this novel 
nanofibrous drug delivery system. The drug adsorption was mediated by surface functionalization with amino 
groups. Drug functionalized nanofibres were studied in terms of morphology and total drug content. 
Antibacterial activity against bacteria E. coli was tested in vitro. Overcoming the MIC value was achieved for 
all tested antibiotics. Biocompatibility was tested and confirmed on human dermal fibroblasts in vitro. Presence 
of all tested antibiotics led to increased cellular metabolic activity. Based on these results we assumed that 
silica nanofibres represent a robust system able to bind and release variety of tetracycline antibiotics for 
contaminated wounds management.   

Keywords: Silica, nanofibres, drug delivery, antibiotics, wound healing 

1. INTRODUCTION  

Development of contaminated non-healing wounds, ulcers and decubitus ulcers represents one of serious 
issues related to deceases of affluence - diabetes mellitus primarily. According to statistics, the risk of 
developing foot ulcers is 25 % and leads to one lower limb amputation every 30 seconds among diabetic 
patients around the world. It is estimated that of all amputations (diabetes related), 85 % are contributed by 
foot ulceration which further deteriorates to chronic infection and severe forms of gangrene. Overall, the 
prevalence rate of diabetic foot ulcers is estimated to 5.1 % in Europe with cost demand increasing every year 
[1]. In 2005, for instance, the average cost of contaminated foot ulcer treatment in Germany was $ 2,957 [2]. 
This cost doesn´t involve the social impact or any emotional effects on the patient. Under given circumstances, 
if the ulcer formation can´t be avoided, the most suitable therapy is demanded to prevent the amputation and 



October 19 - 21, 2022 Brno, Czech Republic, EU 

 

 

224 

to minimize the long term impact on patient. The in situ therapy seems to be the most effective and the most 
sensitive treatment and application of a nanofibrous dosage form may bring further benefits in form of wound 
protection and stimulation [3,4]. Among all materials used for nanofibres production, silica shows unique 
properties including fast biodegradation [5] and active wound stimulation [6]. Silica nanofibres combine 
traditional properties of nanofibres such as small fibre diameter and high porosity with unique properties given 
by their bioactive nature. Silica and organosilane nanofibres formed by sol-gel method and subsequent 
electrospinning were confirmed as suitable matrix for enzyme conjugation for active wound debridement [7], 
able to suppress bacterial colonization [8], and stimulate wound healing [9]. Their easy-to-modify surface can 
be grafted with functional groups introducing surface charge for further drug of choice adsorption. In the era of 
personalized medicine approach, robustness of such active wound dressing is required in order to meet the 
needs of individual patients and their specific bacterial profile [10,11].  

2. MATERIALS AND METHODS 

Tetracycline (TET), tetracycline hydrochloride (TET.HCl), oxytetracycline hydrochloride (OxyTET), 
chlortetracycline hydrochloride (ChlorTET), doxycycline hydrochloride (DOXY), tetraethyl orthosilicate (TEOS) 
and (3-aminopropyl)triethoxysilane (APTES) were purchased from Sigma-Aldrich (CZ). The remaining 
chemicals (acetic acid, ethanol, isopropyl alcohol) were supplied by Petr Švec - Penta (CZ). Cell culture media 
components and TSA agar were purchased from Fisher Scientific (CZ) and iBiotech (CZ). Biocompatibility 
testing was performed on adult normal human dermal fibroblasts (aNHDF) purchased from ATCC (USA). 
Escherichia coli (K-12 CCM 7929) was obtained from Czech Collection of Microorganisms (Brno, CZ).  

2.1. Nanofibres manufacturing and functionalization  

Spinning solution was synthetized by sol-gel method in water/ ethanol mixture from TEOS as a precursor. 
Silica nanofibres was obtained by subsequent needle-less electrospinning on NanoSpider NS 1WS500U 
device (Elmarco, CZ)) and thermal stabilization (180 °C). Surface silanization was realized in 3 % APTES 
solution in water and ethanol mixture with pH adjusted to 4.5 - 5.5. Modification was performed overnight under 
constant shaking at laboratory temperature. Excess of the silanization solution was washed out and nanofibres 
were dried at 110 °C for 30 min. Antibiotic immobilization on the surface of APTES treated silica nanofibres 
was performed in 0.5 % antibiotic solution in ethanol or water for 2 hours in sealed container and under 
constant agitation (50 rpm). Subsequently, nanofibres were removed from the solution and dried in dark at 
room temperature.     

2.2. Characterization of antibiotic functionalized nanofibres 

Morphology of silica nanofibres prior and after the antibiotic immobilization was analysed using scanning 
electron microscopy (SEM) on device Vega3 (Tescan, CZ). Fibre distribution was performed based on 100 
fibre diameter measurements for each sample. Absolute quantity of antibiotic immobilized per sample area 
was analysed spectrophotometrically using Multi-Mode Microplate Reader (BioTek Instruments, USA). Discs 
of nanofibres (12 mm diameter) were dissolved in 0.2 M NaOH. Each antibiotic was quantified by its specific 
absorption maximum values and calculation from calibration curve.  

2.3. Biocompatibility and antibacterial activity evaluation 

Antibacterial activity of functionalized nanofibres was tested by diffusion test according to the standard AATCC 
Test Method 147-2004 using Escherichia coli as model bacterial strain. Bacterial suspension (10,000 bacteria 
per ml) was seeded on trypton soya agar (TSA) plates. Nanofibrous discs (10 mm in diameter) were placed 
on the agar in triplicates and incubated for 24 hours at 37 °C. After the exposition period, size of diffusion zone 
inhibiting bacterial growth around samples was measured and photo documented. 
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Biocompatibility of antibiotic functionalized nanofibres was tested in compliance with ISO 10993-5 on adult 
NHDF cells. Cell suspension in concentration 10,000 cells per ml was seeded on 24 well plate (10,000 cells 
per well) and pre-cultured for 24 hours prior the test. After this period, nanofibrous discs (6 mm in diameter) 
were placed to each well into direct contact with cell population, covered with fresh medium, and incubated for 
24 hours (5 % CO2, 37 °C). After the exposition, cellular viability was tested using MTT assay. 1 mg/ml MTT 
solution in serum-free medium was placed into each well and incubated for 2 hours in 37 °C. In this widely 
used assay, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) is converted by active 
oxidoreductase present in living cells onto its insoluble form MTT formazan. After incubation period, unreacted 
MTT solution was discarded and produced MTT formazan was solubilized in isopropyl alcohol. Produced MTT 
formazan was quantified spectrophotometrically by absorbance intensity measuring at 570 nm (and 650 nm 
for background). Cell viability was calculated as percentage share of living cells exposed to the sample in 
comparison to living cells present in untreated cell control (CC). DMSO solution (8 %) was used as positive 
control (PC). Each sample was tested in four repeats.  

3. RESULTS AND DISCUSSION 

3.1. Nanofibres morphology and immobilized antibiotic quantity 

 

 

Figure 1 Morphology of SiO2 nanofibres A. prior the treatment and treated with B. Tetracycline, C. 
Tetracycline hydrochloride, D. Oxytetracycline hydrochloride, E. Chlortetracycline hydrochloride and F. 

Doxycycline hydrochloride (Scale 5 μm) 

Morphology of silica nanofibres prior and after the silanization procedure and antibiotic immobilization is shown 
in Figure 1. The silica nanofibres show broader fibre diameter distribution in comparison to conventional 
nanofibres electrospun from commercial synthetic linear polymers. This effect is caused by chain branching 
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and binding at the beginning of sol-gel transition. Comparison of fibre distribution histograms presented in 
Figure 1 shows that silanization procedure and subsequent antibiotic immobilization have no significant impact 
on fibre diameter. For all the samples, the most populated histogram classes lie between 150 nm and 250 nm. 
All SEM micrographs show opened porous structure without loss of porosity or significant change in fibrous 
morphology. Functionalization in ethanol or aqueous solution didn´t cause changes in fibres structure, swelling 
or breaks. This proves good stability of silica nanofibres in variable solvents (except of strong bases), which 
gives opportunity for functionalization under various conditions and with various molecules. Treatment of 
nanofibres with 0.5 % antibiotic solution led to homogenous distribution of all model drugs over individual 
nanofibres.  

Quantification of adsorbed antibiotics 
showed differences in their quantity 
suggesting differences in interactions 
between the silanized nanofibres surface 
and antibiotics molecules. The highest 
average amount was obtained in the 
case of doxycycline 244.22 μg/cm2. The 
lowest amount was demonstrated in the 
case of chlortetracycline (51.36 μg/cm2) 
and then tetracycline hydrochloride 
(77.39 μg/cm2). All the obtained results 
are shown in Figure 2.   

 

Figure 2 Quantity of tetracycline antibiotics immobilized in silanized silica nanofibres (mean ± S.D.) 

3.2. Antimicrobial activity 

All the tested tetracycline antibiotics immobilized on silica nanofibres proved antibacterial efficacy against E. 

coli monoculture on TSA substrate. Obtained results are shown in Figure 3. Each sample was able to form 
diffusion zone inhibiting bacterial growth around the nanofibres, The biggest zone was observed in the case 
of oxytetracycline (33.33 mm) and the smallest zone in the case of chlortetracycline (20.67 mm). These results 
correlate only partially with the absolute quantities of immobilized antibiotics. This discrepancy can be 
explained by different specifity and MIC values of tested antibiotics against E. coli. This bacterial strain was 
only used as model bacteria, which is commonly found in contaminated wounds and further investigation 
against multiple bacterial strains is needed.  

 

Figure 3 Diffusion zone diameters on E. coli monoculture expressed as graph (mean ± S.D.) and 
photographs of selected samples 
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3.3. Biocompatibility 

Investigation on biocompatibility proved that exposition of human dermal fibroblasts to all the tested samples 
didn´t result in cell viability drop below 70 %. Therefore, all the tested samples can be declared as 
biocompatible in compliance to ISO 10993-5. Exposition to silica nanofibres with immobilized antibiotics led to 
increased metabolic activity compared to cell control (CC). All results are shown in Figure 4. Even though the 
results are presented as cellular viability, it is not possible to determine clearly if presence of antibiotics leads 
only to increased metabolic activity in NHDF cells or if number of cells increased. Such effect could be very 
beneficial for wound healing progress after contamination elimination and further instigation is needed.  

 

Figure 4 Normal human dermal fibroblasts (NHDF) viability after 24 hours exposure to silica nanofibres with 
immobilized tetracycline antibiotics in vitro (mean ± S.D.) 

4. CONCLUSION 

In this paper we presented results on initial study of silica nanofibres evaluation as potentially robust system 
for antibiotics immobilization and in situ release for contaminated wounds therapy. Silica nanofibres 
immobilized with five model antibiotics from tetracycline family were proven be antibacterial against E. coli and 
biocompatible to human dermal fibroblasts in vitro. The immobilization procedure in ethanol and aqueous 
solution didn´t cause changes in the fibrous morphology. Therefore, silanized silica nanofibres represent an 
interesting candidate for broad range antibiotics immobilization and potential application in personalized wound 
therapy. To confirm this assumption, further investigation will be needed.   
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Abstract 

The article deals with the toxic effect of nanotextiles as waste from respirators and face masks. The article is 
focused on ecotoxicology and basic ecotoxicological tests according to available European standards and 
Czech legislation. Article describes the production and other characteristics of the nonwovens that were tested.  
Part of article concludes with a review of foreign studies that have also dealt with the testing of microplastics 
and nanoplastics on various organisms. The experimental results presents specific experimental 
characteristics of the textiles and then presents individual tests. Tests on seeds of Sinapis alba L. plants 
growing and Lemna minor L. were performed. In all cases, the tested non-woven fabrics had a non-toxic effect 
on the organisms, but it cannot be confirmed that there is no reaction. Further tests will be carried out to clarify 
the effects of the nonwovens on the test organisms. 

Keywords: Nanotextiles, non-woven fabrics, respirators, ecotoxicity 

1. INTRODUCTION 

Nonwovens are formations of textile fibres, filaments or yarns which are interconnected by techniques other 
than weaving, knitting, bobbin-making, plaiting and tufting. However, the production and handling of nanofibres 
cannot completely eliminate their release into the environment or the working environment. This can occur in 
four ways, namely during the manufacturing process of the nanofibres that make up the textiles, during the 
processing of the materials containing the nanofibres (which also results in release to the working environment 
and exposure of workers), during the use of the nanofibres (as the fibres are mechanically stressed and thus 
further released to the environment) or during the disposal of the textiles already used, when the nonwovens 
are discarded freely into the environment and its components, water and soil, where the undesirable effect of 
adsorbed pollutants trapped during use or absorbed into the layers of the nonwovens may be manifested, 
which may lead to a change in toxicological properties [1]. Three types of materials were selected to be tested 
in the tests carried out. These are personal protective equipment used for respiratory protection, which were 
widely used during the spread of the Covid-19 viral disease. Specifically, they are unlaminated PP-PVDF 
(polyvinylidene fluoride laminated on one side with a polypropylene layer), laminated PP-PVDF-PP, which is 
similar to the first material mentioned, but this time laminated on both sides, and the last material is a specific 
type of Nanovia mask (all of them are shown in Figure 1), respectivelly. The ecotoxicity of these three materials 
was tested on two different organisms - mustard seeds in a range of concentrations of aqueous leachates, 
following the OEDC methodology, and perch leaves, also in a range of concentrations of aqueous leachates, 
following the standard EN ISO 20079 (2001) Water quality - Determination of toxic effects of water and 
wastewater constituents on perch (Lemna minor L.) - Perch growth inhibition test. [2]. 
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Figure 1 Photographs of materials before preparation of aqueous leachates (from the left Nanovia 
facemask, unlaminated PP-PVDF, laminated PP-PVDF-PP) 

2. EXPERIMENTAL PART AND RESULTS  

The basis of the experimental part is the production of polymer nanofibres - these can be prepared in several 
different ways, some of which can only be discussed in the laboratory for the time being. Others, however, 
have already been improved to such a level that they can be used in large-scale production - for example, 
electrospinning or nanospiderTM. Other methods include centrifugal force spinning (Force Spinning) or the Melt 
- Blown method, which is based on the melt blowing principle. The requirements for product properties and 
production speed are then a decisive factor in the production of the technology. However, the most widely-
used production method is undoubtedly electrospinning, the essence of which is the use of the effect of an 
electrostatic field on a charged viscoelastic liquid (usually a polymer solution), whereby thin filaments of 
different lengths are formed when given conditions are met [3-6]. 

2.1. Specification of nonwovens and aqueous leachates 

Aqueous leachates were prepared using 100 g of material (nanotextile) and 1000 mL of distilled water. The 
prepared leachates were shaken on a shaker for 24 hours, then filtered through a 0.40 μm pore membrane. 
The stock solution of the test substance and dilution solution were also diluted according to ISO 7346 [7,8]. 
The first two materials used were laminated PP-PVDF and unlaminated PP-PVDF, being multilayered 
polypropylene fabrics produced either by the spunbond (S) method, where a small volume of ambient 
temperature air is used, thus achieving coarser textiles with larger diameters and higher tensile and 
compressive strengths, or by the meltblown (M) method, where high velocity (100-500 m/s) hot air is used to 
produce smaller fibres with more diameter options. The fibres produced in this way are not very strong, but 
have excellent filtration properties, which is why both methods are most often combined: a multi-layer structure 
is used (SM for PP-PVDF, SMS for PP-PVDF-PP). Another option is to combine both methods with 
nanotextiles to achieve better filtration properties [1,9]. The production itself is then carried out as follows - 
PVDF nanofibers, which were obtained from a dimethylacetamide solution, are subsequently deposited on the 
multilayered structure using the electrospinning method. If the aim is to obtain a laminated PP-PVDF-PP 
material, another non-woven PP fabric (S) is laminated onto the multi-layer structure to form a sandwich trilayer 
[1,9]. The fabrication of Nanovia Mask 99.97 nanofibres is similar to the two materials mentioned above, i.e. 
by joining polypropylene fabrics produced by spunbond technology, on top of which lies another layer of fabric 
produced by the meltblown method, and finally a PVDF nanofibrous structure. Another polypropylene 
spunbond layer is bonded to the bottom of the PVDF layer using an ethylene vinyl acetate adhesive [9]. 

2.2. Ecotoxicological test procedure 

The first test was to test Sinapis alba L. seeds using a concentration range of aqueous leachates of all selected 
materials to observe the effect of increasing concentrations on the resulting root length compared to the 
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control. The procedure is based on the methodology of the Ministry of Environment for the determination of 
ecotoxicity of wastes. The basis of this test is to pipette a specified amount of solution (2.5 mL) at different 
concentrations (10, 20, 50, 100, 200, 500 and 1000 mL/L) and to place 20 seeds (4 rows of 5 seeds = 20 
seeds) on a soaked filter paper. The procedure described above, including the formula for calculating root 
growth inhibition, is then followed. Potassium dichromate at concentrations of 1.25; 2.5; 5; 10; 20; 40; 80; 160 
and 320 mL/L was used as a reference substance, which gave results corresponding to the standard results - 
with increasing concentration, the root length of Sinapis alba L. decreased [2]. First, Petri dishes and filter 
papers are prepared, then the solution is pipetted, always 2.5 mL, (the 1st concentration is always for the blank 
solution) and a number of seeds (20 in this case) are sown. Finally, the petri dishes are placed in an unlit place 
where the temperature is constant at (20±1) °C. After 72 hours, a root growth reading is taken and the values 
obtained are entered into the formula. The percentage of root inhibition can then be calculated. The second 
test carried out was a semichronic toxicity test on lesser perch, a monocotyledonous plant that often covers 
the surface of standing water [10,12]. The test procedure is based on the standard EN ISO 20079 (2001) Water 
quality - Determination of toxic effects of water and wastewater constituents on perch (Lemna minor L.) - Perch 
growth inhibition test and lasts for 7 days, during which the perch grows in a nutrient solution to which different 
concentrations of the substances whose ecotoxicity is to be determined are added. The result of this semi-
chronic toxicity test is the effect of the substance on the growth rate, which varies based on how the number 
of leaves changes with different concentrations of the test substance. 8 stock solutions of precisely defined 
concentrations are to be prepared to serve as stock solutions and these 8 solutions are to be mixed in a 2-litre 
flask. The solution and its pH must be stabilised before the test begins. The procedure for the preparation of 
the aqueous leachates is given in Section 2.1. The concentrations of the filtrates of each material were then 
adjusted so that the resulting concentrations of the aqueous leachates were 200 ; 500 and 1000 mL/L (100 
g/L), all concentrations being prepared in parallel determinations A and B. However, prior to the actual 
deployment of the perch, the pH of all filtrates had to be adjusted so that the pH was between 5 and 6. Once 
the filtrates were adjusted and prepared, four two-leaf and four three-leaf perch colonies were carefully 
transferred into these beakers. In total, there were therefore 20 leaves. Tweezers, a spoon and possibly a 
glass rod were used for the transfer. Once the perch had been moved into all the beakers, the entire tray was 
covered with clear food-grade foil and placed in a culture chamber for 168 hours. During this time, the humidity, 
temperature, and amount of light were set constant [11]. 

Total growth inhibition for Lemna minor L. was calculated according to the following formulas: 

a) growth rate μ 

The growth rate indicates the final number of petals per unit time the test was run, calculated for each single 
concentration and also for blanks according to the following formula, where N0 is number of petals at the 
beginning of the test, Nk is number of petals at the end of the test and tk is duration of the test [11]: 

� �   ! B�� ! B�
%�                                                                                                                                                   (1) 

b) inhibition (stimulation) of Iμi growth  

The inhibition or stimulation of growth indicates the relative comparison in percent of the growth rate of the 
blank (number of leaves, per unit time the test was run) to the growth rate of each concentration tested. It is 
calculated according to the following formula, where μc is growth rate of the blank (number of leaves per unit 
time of test) and μi is growth rate of each concentration (number of leaves per unit time of test) [11]: 

��� �  ��� ��
�� � 100                                                                                                                                                (2) 
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2.3. Evaluation and discussion of results 

A semichronic toxicity test was conducted on Sinapis alba L. seeds using a concentration series of aqueous 
leachates of Nanovia, PP-PVDF-PP and PP-PVDF materials. The calculation of root growth inhibition is in the 
measurement of root length (root elongation) after the test according to the calculation relationship: 

�= �  ��� ��
�� � 100                                                                                                                                                (3) 

where IC is the root growth inhibition concentration in %, (in case of negative inhibition it is stimulation), Lc is 
the arithmetic mean of the root length in control in mm, Lv is the arithmetic mean of the root length in the test 
solution in mm [2,7,8]. 

Table 1 Resulting inhibition of mustard seeds for a concentration range of aqueous leachates of all materials 

Nanovia PP-PVDF-PP PP-PVDF 

Leachates 
concentration 

[mL/L] 

IC [%] Leachates 
concentration 

[mL/L] 

IC  [%] Leachates 
concentration 

[mL/L] 

IC [%] 

10 8.48 10 22.51 10 6.92 

20 -4.56 20 8.19 20 1.91 

50 -9.96 50 13.78 50 2.89 

100 -1.62 100 3.19 100 -16.72 

200 -5.74 200 20.26 200 7.41 

500 5.74 500 23.31 500 0.15 

1000 25.55 1000 -2.01 1000 -3.09 

All concentration series results shown in the tables are averages of several parallel determinations. The 
obtained inhibition results can be easily summarised as they are almost completely different from each other. 
In all cases there were very low inhibitions or very low stimulations, with none of the inhibitions reaching even 
30 % (the highest was 25.55 %). Thus, no EC50 (IC50) value can be determined for any of the materials, and it 
can be reasonably stated that these materials do not appear to be ecotoxic in this type of test, and do not meet 
the HP 14 property.The results of the semichronic toxicity tests on lesser spotted bass are shown in Table 2. 

Table 2 Inhibition of periwinkle growth after 168 hours for all materials in parallel determination 

 

Material 

Leachates 

concentration 
[mL/L] 

Number of leaves 
for parallel 

determination (A/B) 

Average number of 
leaves 

Inhibition [%] 

0 28/34/44 35.3 0.0 

 

Nanovia 

200 30/32 31.0 23.0 

500 31/34 32.5 14.6 

1000 32/36 34.0 6.8 

 

PP-PVDF-PP 

200 38/32 35.0 1.7 

500 41/40 40.5 -24.0 

1000 40/39 39.5 -19.6 

 

PP-PVDF 

0 51/51/55/51 52.0 0 

200 74/58 66.0 -24.8 

500 70/56 63.0 -19.7 

1000 55/54 54.5 -4.4 
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Throughout the experiment, necrosis often appeared on the leaves, and chlorosis was rarely seen. For the 
first two materials, the growth rate was equal to 0.0813 petals per day, and for the PP-PVDF material was 
equal to 0.1365 petals per day. It was not possible to trace a trend among the results to confirm that inhibition 
also increased with the increasing leachate concentration, and in neither case could IC80 or IC50 be determined. 
It was only possible to determine IC20 for the Nanovia drape sample, where inhibition was exactly 23.0 % for 
a leachate concentration of 200 mL/L. Negative numbers in the inhibition column then indicate that more than 
half of the samples had leaf growth stimulation, indicating that the concentrated leachate from the materials 
used created a more acceptable growth environment for the periwinkle than the standardised nutrient solution 
alone. The highest stimulation occurred in the unlaminated PP-PVDF sample at a concentration of 200 mL/L, 
where the value reached -24.8 %, while another high stimulation was observed in the laminated PP-PVDF-PP 
sample, where the stimulation was -24.0 %.Thus, for the selected concentration range of the selected materials 
Nanovia, PP-PVDF-PP and PP-PVDF, it can be stated that the leachates were not toxic to lesser celandine 
leaves, thus not possessing the hazardous property HP 14. However, although the results did not exceed the 
limit values required to label the tested materials as ecotoxic, organism reactions to the toxic substance did 
occur, as the leaves were abundantly covered with necrosis and chlorosis. Similar results were obtained in 
foreign studies [13,14], where, for example, the effects of polyethylene on leaf growth, chlorophyll content, 
number and length of roots and root cell condition were investigated, with no significant negative or positive 
effects on any of the above parameters. The second study also tested microplastics and their effect on perch; 
this time 6 different sources of microplastics were chosen. Attention was focused on the growth rate, root 
length and chlorophyll a content, which was measured at wavelengths of 662.4 and 648.6 nm. The 
experimental results showed that growth rate was not negatively affected by microplastics. The same was true 
for chlorophyll a content. As in the first study, the only parameter affected was root length, which was reduced 
by 10-40 %. However, this inhibition is explained by the mechanical action of microplastic particles on the test 
organisms, namely their rough surface, sharp edges and particle size. [13,14] 

3. CONCLUSION 

Based on the ecotoxicity tests performed on mustard seeds and the aquatic perch plant, it was shown that the 
test substances (Nanovia drape, laminated PP-PVDF and unlaminated PP-PVDF) do not meet the limit values 
for being toxic to the selected organisms. However, in no case can the effects of the test materials on the 
selected organisms be completely excluded. Testing a concentration range of aqueous leachate materials on 
seeds gave good results, with none of the materials tested acting as an overly large inhibitor or stimulant on 
mustard seeds. The maximum inhibition achieved was around 25.0 %, while the highest stimulation was 
15.0 %. This was the first test on the basis of the results of which it can be stated that aqueous leachates from 
the materials tested are not ecotoxic, whether the leachate is dilute or maximally concentrated. The 
semichronic toxicity test on lesser knapweed was aimed at monitoring inhibition (or stimulation) of leaf growth 
per unit. The results were as follows - the inhibition of leaf growth of the Eurasian watermilfoil occurred 
essentially only in the Nanovia sample, with the highest inhibition (23 %) occurring when using a 200 mL/L 
aqueous leachate concentration. From this value, IC20 = 276.5 mL/L was subsequently calculated. Which 
means that at this concentration just 20 % of the test specimens will be inhibited (IC50 and IC80 could not be 
determined because such inhibition values were not achieved). The other inhibitions were then only lower 
(14.6 and 6.8 % for Nanovia, 1.7 % for PP-PVDF-PP). Across the other samples, there was always stimulation, 
with the highest stimulation achieved in the PP-PVDF sample, when it was close to -25.0 %.The summary of 
all the experiments performed can be made relatively simply, since in none of the cases were the threshold 
values reached to make it possible to label the tested materials Nanovia, laminated PP-PVDF-PP and 
unlaminated PP-PVDF as ecotoxic. At the same time, however, the results show that interactions between 
organisms and materials are there - both positive and negative. Further tests will be carried out in the future in 
order to specify and explain this interaction; at present, even the literature outputs do not agree on explanations 
in all cases. 
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Abstract  

The toxicity of two iron-based nanoparticles: nFe3O4, and nZVI were assessed on freshwater microalgae, 
Chlamydomonas reinhardtii CC-5325. Microalgae response (total chlorophyll/carotenoids content, 
photosystem II efficiency, cell shape and total viable cell numbers) to the nanoparticles exposure (100 mg/L) 
was monitored up to 120 hours. Based on phytochrome and photosystem II analysis performed, almost no 
significant impact was found. However, microscopic analysis and the total viable cell numbers revealed a 
certain degree of inhibition effect showing altered cell shape, and higher number of dead cells after the 
exposure to both nanomaterials. The dead cell numbers increased within one hour after the exposure to 
nFe3O4, while nZVI caused rather slow inhibition effect and persisted until 48 h with the highest dead cell 
number. In a series of experiments performed, the results may justify that exposure of these two NPs initially 
slightly inhibited C. reinhardtii, however the culture was able to recover towards the end of the study, because 
of new cell generation and nZVI oxidation.  

Keywords: Metal oxide nanoparticles, nZVI, algae, physiological effect 

1. INTRODUCTION 

Nanoscale zero-valent iron (nZVI) is a strong reducing agent which has been used for more than a decade 
mainly for environmental remediation to clean up polluted aquifers [1-3] and was also suggested for elimination 
of harmful cyanobacterial blooms (REF) [4]. Potential application of nanoscale magnetite (nFe3O4) could be 
used as drug delivery system, contrast agent for magnetic resonance imaging, or hyperthermia agent in cancer 
treatment [5]. To date, the toxicity of iron nanoparticles have been evaluated on numerous cell lines and 
microorganisms [6-8]. Although different parameters were measured, they were mostly interested in describing 
the effect of different nanoparticles concentrations rather than in establishing mechanistics links between the 
measured functions. Thus, in this study, effect of two differernt iron nanoparticles (i) reactive nZVI and (ii) non-
reactive nFe3O4 was assessed on Chlamydomonas reinhardtii which is a model organisms used in many 
toxicological studies [9]. In particular, several phenotypic effects of C. reinhardtii were studied upon these NPs 
exposure, such as photosystem II efficiency, cell shape and total viable cell count. 
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2. MATERIALS AND METHODS 

2.1. Preparation of nZVI and nFe3O4 

The supplied NANOFER STAR powder (nZVI) (CAS no: 7439-89-6, size 10-150 nm) and nanoscale magnetite 
(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% NPs suspension were done according to 
producer guidelines for 48 h [10].  

2.2. Culture condition of C. reinhardtii and experimental setup 

Chlamydomonas reinhardtii CC-5325, was obtained from the Chlamydomonas Resource Center University of 
Minnesota (USA). 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) [11]. A preculture of algae in HSM 
was started 48 h before addition of nanoparticles (-NPs). At time point t = 48 h in (-NPs), the pre-cultured algae 
were then harvested from batch culture during mid-log exponential growth (at an initial cell density of 6.026 × 
106 cells/mL), then added to a flask containing NPs, which is labelled as (+NPs). Three different experimental 
conditions were set up, namely the: i) unexposed C. reinhardtii (control), ii) C. reinhardtii with 100 mg/L of 
nFe3O4 and iii) C. reinhardtii with 100 mg/L of activated nZVI.  

Three replicates for each condition were conducted in 550 mL of HSM, starting with 45 mL of pre-grown algae 
culture. Total nanoparticle-algae exposure hours were up to 120 h from t = 0 h in (+NPs), under 
photoautotrophic conditions as mentioned above. Cultures (15 mL) were sampled every 24 h before +NPs 
exposure (up to 48 h, from -NPs pre-grown culture) and after the start of +NPs exposure at 0, 1, 4 h and 
thereafter every 24 h up to 120 h for microscopy, viable cell count, chlorophyll and carotenoids and 
photosystem II analysis. All the measurements were done in three technical replicates per biological sample 
for each time point and averaged prior to data analysis. 

2.3. Phenotypic analysis 

2.3.1. Light microscopy, and viable cell count 

Algae cell distribution was imaged under optical microscopy (Motic BA310, Motic, China) to assess the 
substantial physical interaction, NPs aggregation and calculation of cell number. The cell number was 
determined by manual cell counting using a Neubauer haemocytometer (Superior Marienfeld, Germany).  

2.3.2. Chlorophyll quantification and fluorescence analysis  

The extraction of photosynthetic pigments (total chlorophyll and carotenoids) were carried out with 90% 
methanol as described by Lichtenthaler [12] and calculated according to Wellburn [13].  

2.3.3. Photosystem II efficiency 

Photosystem II efficeincy was measured in a 48-well flat bottom plate using a closed FluorCam FC 800-C 
Video Imager (Photon Systems Instruments, Czech Republic). Before the measurement, samples were dark-
adapted for at least 15 min. The parameters Fv/Fm, non-photochemical quenching (NPQ), PSII photochemistry 
were calculated as described by Murchie [14]. 

2.3.4. Statistical analysis 

Statistical analysis was performed using Prism (GraphPad, USA). The mean differences of the treatment 
groups were compared against a C. reinhardtii control respectively by two-way ANOVA and Dunnett’s multiple 
comparison test. The differences were considered statistically significant at *P< 0.05, **P < 0.001, ***P < 
0.0001. 
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3. RESULTS AND DISCUSSION 

3.1. Morphology changes of algae upon NPs exposure 

The light microcopy images (Figure 1) show different cell stages and interaction between algae cells and NPs. 
The cells in the control had intact plasma membrane closely attaching to the cell wall with two flagellar tails 
(Figure 1, A1-A3), and new cells started to divide after 24 h (Figure 1, A4). A strong NPs attachment on algae 
was observed from time zero (Figure 1, B1, C1), and cells were slightly deformed or lysed which was observed 
from 48 h (Figure 1, B5, C5) or cell lost their chlorophyll pigments leaving empty cells/cell debris behind 
(Figure 1, C2). Such a cell alteration also appeared in a previous study [7]. At immediate exposure, there was 
small degree of chlorophyll lost in nFe3O4 indicated by the yellow arrows which was not seen in nZVI exposure.  

 

Figure 1 Microscopic imaging of C. reinhardtii exposed to nFe3O4 and nZVI up to 120 h. (A) Untreated 
C. reinhardtii; (B) C. reinhardtii exposed to 100 mg/L nFe3O4 (C) C. reinhardtii exposed to 100 mg/L 

nZVI. Scale bar = 15 μm. 

3.2. Phenotypic responses of algae upon NPs exposure 

The overall phenotypic responses of C. reinhardtii was not statistically signicant until 24 h (Figures 2A-2D), 
except NPQ (Figure 2E). In the nZVI (indicated by red line), the NPQ value was the lowest comparing three 
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exposure conditions and was significantly affected within 1 h, and these NPQ values continued to decrease 
until 48 h, and thereafter increased sharply by 120 h, suggesting that cells may be at stress from the initial 
NPs exposure while were able to recover from the NPs stress after several days. Phenotypic results 
summarized in (Figure 2) display almost no detrimental effect of NPs to C. reinhardtii, as their values are 
similar to control condition (green line). Furthermore, the smaller fluroescence intensity of photosystem II 
observed in both NPs treatments could be partly due to the shading effect of NPs (Figure 2F), whereas C. 

reinhardtii almost regained its photosystem II after 120 h. Exposure to NPs would also caused oxidative stress 
or DNA damage in cells, due to the oxidation of nZVI and generation of hydroxyl radical [15]. Standard toxicity 
endpoints are depending mostly on the phenotypic responses of microorganisms such as growth inhibition, or 
oxidative stress formation. To comprehend the underlying stress beneath the cell membrane on how the cell 
would defend oxidative insults, more toxicity endpoints are needed for evaluation, such as transcriptomic 
analysis to better reveal hidden pattern of cell defense [16,17]. 

 

Figure 2 Phenotypic responses of C. reinhardtii exposed with nZVI and nFe3O4 in HSM. (A,B) Phytochrome 
content (Total chlorophyll and carotenoid); (C,D,E) Photosystem II efficiency (Fv/Fm, non-photochemical 

quenching parameters, PSII photochemistry), (mean ± SD; n = 3); (F) Light intensity of chlorophyll 
fluorescence imaged under FluorCam FC 800-C Video Imager. *= level of significance changes were 

compared to untreated exposure medium containing only C. reinhardtii (C. reinhardtii, solid green line),  
(*P< 0.05, **P < 0.001, ***P < 0.0001). Note: different scales for the y-axis. 
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3.3. Viable cell numbers of algae upon NPs exposure 

The effect of both NPs on C. reinhardtii cells was assessed by counting the viable cell (intact cell) and dead 
cell (cell lost its pigment/plasmolyzed cells) and the results are shown in (Figure 3). Both NPs inhibited the 
algae cell as observed by the reduction of cell viability, however, in a different pace of action. The cell viability 
in the control was stable with more than 80 % viable cells during the whole experiment (Figure 3A). nFe3O4 

caused a decrease in viability by 10 % comparing to the control - approximately 69 % viable cells were recorded 
after one hour and this proportion persisted until the end of the study (Figure 3B). Effect of nZVI was rather 
slow and the highest proportion of dead cells occured after 48 h - 30 % decrease in viability comparing to 
control (Figure 3C). 

 
Figure 3 Total viable intact cell and dead cell, determined by manual counting using haemocytometer 

under light microscope. Values were expressed in percentage, (mean; n = 3). 

4. CONCLUSION 

Iron NPs caused minor negative effect to C. reinhardtii during the initial hours of exposure, while the culture 
was able to recover towards to the end of the study, probably due to nZVI oxidation, harmless iron oxides and 
new cell generations. This study amends the current knowledge about the potential risks of nZVI application 
in the environment.  
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Abstract 

A large part of composite components undergoes a finishing machining process before assembly. Composite 
systems - carbon fiber/epoxy resin behave differently than metals during machining. The released polymer 
particles, particularly the carbon fiber segments, can affect human health. The presented study deals with the 
release of fibers from the composite materials - the formation of chips and their destruction or breaking into 
shorter segments related to the machining process. Composite samples with recycled carbon fibers and 
carbon roving were subjected to selected machining processes. The scanning electron microscope was used 
to characterize the carbon fibers used in both types, especially to study the destruction of fibrous structures 
formed during machining processes. Based on the study, it was found that at the ends of the carbon fibers, 
there is a cleavage of microscopic fragments whose dimensions range from 2 to 3 μm, which is the WHO limit 
size for particles that can be inhaled. Dimensions of separate surface layers are micrometers in terms of 
length/width and the sub-micrometer level in terms of their thickness. Layers separated from the surface of the 
carbon fiber were found both in the case of the use of new carbon fibers and recycled carbon fibers. 

Keywords: Machining, composite systems, carbon fibers, epoxy resin 

1. INTRODUCTION 

Composite material components have become commonly used technical elements in recent decades. 
Advanced composites with carbon fiber reinforcement in roving or fabrics find application from the aerospace 
and automotive industries to objects of everyday use. The significant expansion of these systems is due to 
their physical and mechanical parameters, which are responsible for the carbon fibers used, which provide the 
products with high strength, stiffness, resistance to dynamic stress, low density, corrosion resistance, and 
maximum dimensional stability [1]. No matter where these products are finally used, it is impossible to do 
without some of the finishing machining operations associated with the growing production of composite parts. 
However, unlike metal parts, composite systems behave differently during machining due to their material 
composition. Chips and dust are formed based on short carbon fibers, most often stored in epoxy or polyester 
resins [2,3]. The machining method, the type of tool, and the process conditions affect the nature of the 
resulting chip or the length of the broken carbon fibers, the fiber fracture surface, and whether they remain 
connected to the matrix or are released as individual fibers or composite segments. The destruction or splitting 
of the fibers along their axis is related to the type of fibers, their production method, and used material. The 
potential toxicological hazard is conditioned by the internal structure of carbon fibers, the nature of the fiber 
structures formed during machining processes, and the number of particles generated in a given volume over 
a given period selected by the technology [4]. The issue of machining composite systems is currently well 
described. However, new studies are still emerging that deal with the issue of tool wear, optimization of 
machining conditions, fiber pulling, and the nature of the machined surface [5-10]. Less work deals exclusively 
with the issue of chip formation and dust particles released from composite materials based on carbon 
fiber/polymer matrix, which is formed in connection with the machining process, or other related operations 
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and their conditions and arrangement of fiber reinforcement. Already the work of 1978 states that a small 
number of particles can be inhaled, of which only less than 1 % are fibrous particles [11]. The particles that 
can be inhaled have a diameter ranging from 1 to 2.5 μm and a length of up to 15 μm. Further work shows that 
the mechanical chopping of new fibers produces a significant number of particles or fiber segments with sharp 
edges, which have the character of particles and the dimensions of inhaled particles [12]. Particles or 
fragments with a diameter of fewer than 3 micrometers can be inhaled as expressed by WHO [13]. Other 
published works also addressed the environmental impact and impact on human health in terms of the size of 
released segments during machining and the possibility of splitting carbon fibers along the axis, which can be 
very undesirable [14,15,16]. It is necessary to seriously address the toxicological and environmental impacts 
of working with carbon fibers and recycled carbon fibers and the waste generated by them, especially in terms 
of the potential risks they may cause in the short and long time. 

2. MATERIALS AND METHODS 

The two-component low molecular 
weight epoxy resin ChS-EPOXY 520 
(Districhem a. s., Czech Republic) was 
selected as a matrix for the production of 
composite samples. Hardener T0492, 
added in a weight ratio of 100:26 
(Districhem a. S., Czech Republic), was 
used to cure the resin. Carbon fibers 
were used in two forms as short, 
recycled fibers Carbiso TM MF (Easy 
Composites Ltd., Great Britain) with 
diameters of 7-8 μm and an average 
length of 100 μm (Figure 1a) and 
carbon roving 3700 tex 50K (HAVEL 
COMPOSITES CZ, s.r.o.) with fiber diameters 8 μm (Figure  1b).  

Both types of composite samples with recycled carbon fibers and carbon roving were identically subjected to 
selected machining processes, namely milling and grinding. In the case of models with parallel arranged 
carbon roving, milling and grinding in the direction parallel to the fibers and the direction perpendicular to the 
fibers were used. 

Milling was performed as a face milling machine on a universal cantilever milling machine FNG 32 (TOS 
Olomouc, Czech Republic). A cylindrical end mill Ø 25 mm with replaceable inserts TNGX 100404SR-F, Grade 
M6330 (Pramet Šumperk, Czech Republic) was used for milling the samples. The cutting conditions for the 
selected milling were as follows: speed n = 1000 [min-1], depth of cut ap = 1 [mm], feed rate vf = 75 [mm. min- 1]. 
Milling was performed in the absence of process fluid. 

Grinding was performed on a BPH 320 A surface grinder (Junker, Germany). A corundum grinding wheel 
(Tyrolit, Austria) T1 250x32x76 98A 60 K 9 V 40 was used for grinding. Cutting conditions of the selected 
grinding were as follows: cutting speed vc = 35 [m.s-1], depth of cut ap = 0.05 [mm], feed rate vf = 10 [m.min-1], 
grinding was performed in the absence of process fluid. 

The TESCAN MIRA3 scanning electron microscope was used to characterize the carbon fibers used in both 
types, especially to study the destruction of fibrous structures formed during machining processes. The fiber 
diameter and length, the fiber surface morphology, the fiber surface character, and the fibers' adhesion to the 
matrix used were evaluated. Samples surfaces were sputtered with a Pt-Pd layer (Quorum Q150R ES) with a 
2-4 nm thickness. 

a)  b)  

Figure 1 (a) Recycled carbon fibers, detailed image of the fiber 
surface and selected fracture area. (b) Carbon fibers roving, 

detailed image of fibers surface. 
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3. RESULTS 

When milling a recycled carbon fibers sample, fibers are shortened. The average length of fibers is 100 μm 
but fibers size of 20 to 40 μm were identified. In the images (Figure 2), fibers with perpendicular fracture and 
angles of 40° to 60° fracture were identified. Perpendicular fracture fibers can be released from the polymer 
matrix in the milling process without destroying fibers. Fracture at an angle of 40° to 60° (Figure 2b) is typical 
for the machining process [10]. Figure 2b observed that a thin layer of sub-micrometer size was broken from 
the fiber surface. Figure 2c shows a fiber end jagged break. This type of break was not a unique case, so it 
may occur in recycled fibers and composite materials. It is evident (Figure 2c) that uneven fiber destruction 
resulting fragments released from the fiber surface. These layers reach dimensions at the sub-micrometer 
level. 

a)  b)  c)  

Figure 2 Chip formed after milling a composite sample with recycled carbon fiber. (a) Chip overview image.; 
(b) Detailed image of chipped fiber surface layer.; (c) Detailed image of the fiber end. 

When milling the sample perpendicular to the distribution of carbon fibers in the sample, a coarser chip is 
formed with a length in units of centimeters and a width in hundreds of micrometers (Figure 3a). This chip 
breaks down into individual segments with dimensions in the tens to hundreds of micrometers (Figure 3b), 
which are made of a heterogeneous material - carbon fibers joined by an epoxy matrix. It is evident (Figure 3b 

and Figure 3c) that the fibers are shortened to tens of micrometers in length, the break at the end of the fibers 
not being perpendicular but at an angle, similar to the previous case. The surface of the fibers is smooth, 
without any residual resin. Tiny polymer particles formed during milling adhere to the surface. 

a)  b)  c)  

Figure 3 Chip formed after milling a composite sample with carbon fiber in the transversal direction. (a) Chip 
overview image.; (b) Chip segments with a noticeable connection of fibers and polymer.; (c) Detailed image 

of the fracture at the end of the carbon fiber. 

When milling the sample in the longitudinal direction to distribute the carbon fibers in the sample, both more 
delicate and coarser chips are formed. The coarser and larger parts contain long carbon fibers that come loose 
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during the milling process (Figure 4a and Figure 4b). Residues of the polymer matrix are visible on the carbon 
fibers (Figure 4b and Figure 4c). The refraction of the carbon fibers was both perpendicular and at an angle 
to the direction of the axis fiber. 

a)  b)  c)  

Figure 4 Chip formed after milling a composite sample with carbon fiber in the longitudinal direction. (a) Chip 
overview image.; (b) Carbon fibers are released during the milling process in the longitudinal direction to the 

fiber-bearing axis.; (c) Detailed image of carbon fiber with epoxy resin residues on its surface and the 
refractive character of the fiber. 

A fine chip with a dust character is formed when grinding a sample with recycled carbon fibers (Figure 5a). 
This dust is created by loose carbon fibers connected to the polymer matrix or fibers alone. The average length 
of used recycled fibers is 100 μm. Fibers with a size of about 20 micrometers were identified in the samples of 
the collected chips. Figure 5b shows a chipped segment at the lower end of the fiber. Figure 5c shows the 
chipping of the surface layer at the left edge of the fiber, the chipped fragment of micrometer dimensions can 
be seen at the right edge. According to the WHO, carbon fiber fragments are approaching dimensions that are 
considered potentially dangerous, according to the WHO [13]. 

a)  b)  c)  

Figure 5 Chip formed during grinding a composite sample with recycled carbon fiber. (a) Chip overview 
image.; (b) Snapshot of the fiber with the broken end.; (c) Image of a fiber fragment with a chipped surface 

layer and a fragment. 

a)  b)  c)  

Figure 6 Chip formed during grinding of a composite sample with carbon fiber in the transverse direction. (a) 
Chip overview image.; (b) Overview image of chips with different lengths of carbon fibers.; (c) Detailed image 

of the fracture surface of carbon fiber. 
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When grinding the sample in the direction perpendicular to the distribution of carbon fibers, a delicate chip with 
millimeter particle dimensions is formed. The ground resin particles agglomerate and adhere to the surface of 
the fibers. The chip samples contain fibers with lengths of tens to hundreds of micrometers. The fiber fractures 
are at an angle of about 40° to 60°. 

a)  b)  c)  

Figure 7 Chip formed during grinding of a composite sample with carbon fiber in the longitudinal direction. 
(a) Chip overview.; (b) Chip overview with loose long carbon fibers.; (c) Detailed image of carbon fiber end 

with a fracture surface and a chipped surface layer. 

When grinding the sample in the longitudinal direction to distribute the carbon fibers in the model, a delicate 
chip is formed (Figure 7a). There is a considerable amount of loose carbon fibers with a length of up to several 
hundred micrometers (Figure 7b). The ground resin adheres to the surface of the carbon fibers (Figure 7c). 
The fracture surface is seen at the end of the carbon fiber. Figure 7c shows the destruction of the end of the 
fiber at an angle at which, however, there is no longitudinal splitting of the fiber. On the surface, the separation 
of the surface layer is visible as in the previous cases. 

4. DISCUSSION 

Based on the study, it was found that at the ends of the carbon fibers, there is a cleavage of microscopic 
fragments (Figure 5b and Figure 5c), whose dimensions range from 2 to 3 μm, which is the WHO limit size 
for particles that can be inhaled [13]. In several cases, it has been observed that part of the surface layer of 
the fiber separates at the ends of the fracture surfaces of the carbon fibers (Figure 2b, Figure 2c, Figure 5c, 

Figure 7c). Dimensions of separate surface layers are in micrometers in terms of length/width and the sub-
micrometer level in terms of their thickness. Separated layers from the ends of the carbon fibers are practically 
impossible to identify in the surrounding material formed during the machining process. However, by 
comparing the ends of the fibers before and after machining, it is clear that the layers separate. The explanation 
of the layer separation in the above description lies in the nature of the internal microstructure of the carbon 
fibers. The internal microstructure depends on the raw material used and the production process. During the 
process, fibers with a diameter of 7 to 8 μm are formed, but they are also internally structured. The internal 
structure consists of graphite layers, which are more or less arranged and parallel to the fiber axis, thus 
providing the fibers with high values of mechanical parameters [18,19]. 

The bonds in the graphite layers are strong, in contrast to the bonds between the graphite layers, which are 
relatively weak. There may be an explanation of the layer separation/splitting above described under 
mechanical loading by machining processes. Assuming that the used tool hits directly into the carbon fiber, 
both its destruction in the fiber axis and the chipping of the surface layer will occur (Figure 7c). The similar 
nature of the fragmentation described in the present study has been discussed in the work of other authors 
[12,16,20]. 

Identified microscopic fragments analogous to, for example, (Figure 5c) with sizes from 2 to 3 micrometers 
were observed in half of the analyzed samples. Placed sub-micrometer surface layers from the carbon fiber 
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end as in the images (Figure 2, Figure 5, Figure 7) were in one-third of all evaluated samples. Due to the 
large number of small dimension particles generated during the machining of composite samples, it is clear 
that the number of particles of these dimensions is considerable and should be adequately monitored. 

5. CONCLUSION 

The experimental study aimed to monitor the fracture surfaces of the carbon fiber ends, reinforcing a composite 
system with an epoxy matrix. It was found that there are standard types of carbon fiber fractures with the 
selected machining methods realized under the given conditions. In these processes, small fiber pieces with 
dimensions of 2 to 3 μm are split simultaneously at the ends of the fibers. Sub-micrometer surface layers 
separate on the surface of the fiber ends. Comparing the fiber ends before and after machining makes it clear 
that the separation of layers and segments occurs during the process. 

The reason for this study was to assess the possibility of generating micrometer and sub-micrometer fragments 
due to machining processes, which are currently implemented in many workplaces where finishing operations 
are performed on composite components. Small parts of the fragmented carbon surface layers may be similar 
to graphite layers in which the interlayer bonds are not significant, and they are identical to nanocarbon 
structures. So, it is necessary to address this issue in more depth and assess the potential hazards of these 
wastes in further studies and steps to eliminate them. 
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Abstract  

Exposure to particulate air pollution has been associated with a variety of health problems. One of the main 
sources of metal-rich airborne particulate pollution in roadside environments are brake-wear emissions. The 
scanning electron microscopy (SEM) and transmission electron microscopy (TEM), Mössbauer spectroscopy 
(MS), X-ray powder diffraction (XRD) was used to a make quantitative evaluation of wear particles in two 
samples. Sizes, morphologies, oxidation state, and trace element compositions of wear particles were 
investigated using combination of several methods revealed high concentrations of Fe species and phases, 
often associated with carbonaceous material. SEM and TEM observations show that brake wear particles with 
a size of tens to hundreds of nm mainly form particle agglomerates. However, ultrafine (<100 nm) particles are 
likely to pose a health threat after inhalation and/or ingestion. 

Keywords: Wear particles, analysis, TEM, iron oxides, metallic particles 

1. INTRODUCTION 

Exposure to airborne particulate matter (PM) has been related to some health problems. In particular, exposure 
to fine (2.5-0.1 μm) and ultrafine (<0.1 μm) particles is associated with deterioration of cardiovascular and 
neurological health or impaired of pulmonary [1,2]. The airborne PM suspended in air can be of both natural 
and anthropogenic origin. Anthropogenic PM reaches to the atmosphere due to industrial activity, heating and 
automobile traffic. The brake emissions account for one of the major sources of airborne ultrafine particles 
(UFP) in the roadside environment [3,4]. Some works [5,6] reported that brake wear PM contributes to the total 
PM10 mass by approximately 11 % - 21 %. 

The iron is dominant metal in brake-wear particles. Iron chips and/or Fe-containing compounds are one of the 
many components that brake pads commonly contain [7,8]. However, wear particles are released from the 
brake pads and at the same time from the brake disc made from cast iron. This is the reason, why Fe-bearing 
particles often constitute about 50 % of the total mass of particles emitted from brake systems [9]. The various 
forms of iron inclucing oxides or hydroxides, carbides and or metallic Fe (α-Fe) can be found in Fe-bearing 
particles in brake emissions. The knowledge of the oxidation state of Fe, particle size distribution and 
concentration of each Fe-phases may be particularly important [10] in the context of human health hazard as 
well as a potential association with neurodegeneration and Alzheimer’s disease. 

From the point of view of studies dealing with braking emissions and the composition of wear particles, we can 
find two main directions of research. Part of the works is focused on studying the effects of braking conditions 
on PM production [11]. Others are focusing on particles in the air in the context of selected localities or 
population groups [12,13]. In our study we use a combination of scanning (SEM) and transmission (TEM) 
electron microscopy together with X-ray powder diffraction and Mössbauer spectroscopy analysis to obtain 
chemical and phase composition and morphology of wear particles from automotive brake systems.  
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2. MATERIALS AND METHODS 

Wear particles (debris) were collected by sweeping brake pads obtained from passenger car services. Two 
samples of wear debris, labelled as F and R, were analysed using combinations of analytical and microscopic 
techniques.  

A TESCAN LYRA 3XMU FEG/SEM scanning electron microscope equipped with an XMax80 Oxford 
Instruments detector for energy dispersive X-ray analysis (EDX) was used to follow the chemical composition. 
For the SEM study, the wear particles were captured to an aluminum stub by a double-sided sticky carbon 
tape. The secondary electron (SE) images and energy dispersive X-ray spectra (EDS) were obtained at 12 kV 
and 15 kV accelerating voltage, respectively.  

A Jeol JEM 2100F HRTEM with a Schottky cathode operating at 200 kV was applied for study the finest fraction 
of wear particles. For the TEM study, part of samples was placed in a 1.5 ml Eppendorf tube filled with 1 ml 
pure ethanol, and mix for 2 minutes. Then a drop of the finest fraction was placed onto a copper TEM grid 
coated with a lacey carbon film and left to dry. The conventional TEM mode were used for bright-field (BF) 
images, scanning transmission (STEM) mode were applied for high-angle annular dark-field (HAADF) images 
and EDS elemental maps. 

The phase compositions studies were carried out with Empyrean diffractometer (Panalytical) in the Bragg-
Brentano geometry with CoKα radiation (λ = 0.17902 nm) at room temperature (RT). The analysis of patterns 
was realized by HighScore® software and the ICDD (PanAnalytical) database. 

The 57Fe Mössbauer measurements were carried out at RT using a 57Co(Rh) source in transmission geometry 
with detection of 14.4 keV gamma radiation (MS) using a standard Mössbauer spectrometer. A pure α-Fe foil 
was used as a calibration standard for the velocity scale. The computer processing of the spectra was done 
using CONFIT program package [14]. 

3. RESULTS AND DISSCUSION 

The scanning (SEM) and transmission (TEM) electron microscopy were used to obtain independent 
information on the composition, structure, morphology and particle size of the brake-wear particles. Overview 
of prevalent size of brake-wear particles shows SEM image on Figure 1. The main fraction of wear particles 
was around 1 μm in size. The larger, sharp-edged particles were also observed in both samples. Agglomerates 
composed of different sizes particles were noted.  

  

Figure 1 SEM images of brake wear particles obtained from sample F(left) and R (right) 

All particles, agglomerates but also larger grains, have similar elemental composition typical of brake 
emissions. The dominant elements are Fe, C and O, and Cu, Al, Si, S, Mg, Mn, Zn, and Ca are present to a 
lesser extent. According to EDX analysis is possible to say that the wear particles predominantly contain iron. 



October 19 - 21, 2022 Brno, Czech Republic, EU 

 

 

251 

The TEM images show that the agglomerates comprise prolific numbers of particles ~10 nm in size (Figure 2, 
right). The elemental analysis using EDX in STEM mode showed the presence of Fe, O and C, with lower 
concentration of other elements analogous to result SEM/EDX analysis. However, the distribution of these 
minor elements is not uniform throughout the agglomerates. The influence of the original material of the brake 
pads is also evident, when the composition of samples F and R were different. The finest fraction of brake 
products from sample F contain carbon structures with some degree of crystallographic order (Figure 2, left). 
Interplanar distances of this carbon structures are approximately 3.3 Å, similar structures observed Gonet [15] 
in agglomerates of ultrafine brake-wear particles. Nanoparticles were trapped in the carbon structure. 

Compared to that only agglomerates of nanoparticles without any carbon matrix were observed on sample R 
(Figure 2, right). High concentration of carbon in the form carbon matrix (sample F) can be probably connected 
with type of resin used for production of this brake pads.  

  

Figure 2 TEM images of brake wear particles. Matrix with trapped nanoparticles in sample F (left) and detail 
of agglomerate found in sample R (right). 

Table 1 The phases composition of wear particles (weight percent) according XRD measurements.   

Phase Formula Sample 

  R F 

Hematite Fe2O3 46 52 

Goethite FeO.(OH)  22 

Magnesium diiron (III) diodixe (MgFe2)O4 42  

Iron / ferite α-Fe  11 

Manganese iron carbide (Mn4Fe3)C3 8  

Iron (II) Iron (III) aluminium hydroxide sulfate hydrite Fe2(Fe0.76Al0.24)).(OH)6(SO4)0.5(H2O)2.4 2  

Chalcopyrite CuFeS2  1 

Zhanghengite CuZn  1 

Quartz low SiO2  13 

Calcite CaCO3 1  

Carbon / graphite C 1  
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The phase composition of wear particles samples determined by XRD shows that the wear particles contain 
80 or more weight percentage of iron-containing compounds. Various iron oxides and iron hydroxides had 
been noted. The phase composition of wear particles samples is present in Table 1. Our previous study [7] 
was targeted the possible pollution caused by brake pads. The brake disc was determined as a source of the 
most of particles. The iron oxides, hydroxides and carbides are product of friction and thermal interaction of 
brake pads and mainly disks. On the contrary, the other minerals, sulphides and carbon, come from brake 
pads. 

Due to high iron content the Mössbauer spectroscopy (MS) was used for more detailed identification of wear 
particles. Spectra analysis yields the relative contents of individual Fe-containing phases in atomic fraction of 
iron (A) and corresponding hyperfine parameters of phases: isomer shift (IS), quadrupole shift (QSh) and 
quadrupole splitting (QSpl), and hyperfine induction (Bhf). In view of the fact the similar content of individual iron 
phases, spectra of the same appearance were expected. As the main component of the spectra, a doublet 
representing the paramagnetic phase was present in both samples (Figure 3) [16]. In the sample F comprises 
was contents of paramagnetic phase in atomic fraction of iron atom equal 1. The spectrum was constituted 
only by doublet. Compared to that in the spectra of R sample minor sextets can be observed, except dominant 
doublet. 

 
Figure 3 Mössbauer spectrum of the sample R (left) and sample F (right). 

The several groups were identified on the basis of corresponding hyperfine parameters for components and 
attributed to the following phases: (i) Fe based oxides particles with magnetic splitting, (ii) metallic particles of 
iron, (iii) iron carbon Fe3C, and (iv) paramagnetic particles. Their contents are reported in Table 2. 

Table 2 Mössbauer spectroscopy results; Contents of phase groups in atomic fraction of iron atoms for  
             samples measured at RT. 

Sample Fe based oxides Fe Iron carbon Paramagnetic particles 

R 0.37 0.16 0.10 0.37 

F    1.0 

A combination of MS, XRD and TEM results demonstrated that the paramagnetic fraction can be attributed to 
the presence of fine nanocrystalline particles (≤ 10 nm). The composition of paramagnetic particles of sample 
F according to the next MS experiments roughly corresponds with phases observed by MS in the sample R. 



October 19 - 21, 2022 Brno, Czech Republic, EU 

 

 

253 

The iron-bearing particles containing metallic iron and iron carbides that originate from interaction brake pads 
with brake disc made from cast iron.  

4. CONCLUSION 

The wear particles originating from brake pads have been studied using a combination of scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM), Mössbauer spectroscopy (MS), X-ray powder 
diffraction (XRD). Wear particles are mainly formed by various iron oxides and hydroxides. Based on MS 
experiments, the presence of the following phases can be defined: (i) Fe-based oxide particles with magnetic 
cleavage, (ii) metallic iron particles, (iii) iron carbon Fe3C and (iv) paramagnetic particles. The paramagnetic 
fraction observed during MS experiments at RT corresponding with presence of fine nanocrystalline particles 
(≤ 10 nm). The expected particle size in the nm range was confirmed by the TEM results.  

Based on current knowledge, it is possible to say that emissions of particles generated by the wear of brake 
pads/discs can be probably influenced by adjusting the composition of the brake pads. However, great care is 
needed so that these modifications do not lead to an even greater threat to health and environment. 
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Abstract  

The usage of pharmaceuticals increases worldwide every year. The residues of these substances are excreted 
by the human or animal bodies and thus come into direct contact with the environment, mainly soils and ground 
water. The accumulation of pharmaceuticals in natural ecosystems may be problematic in the future therefore 
the knowledge of their behaviour, transport and interactions in the ecosystems is essential for their treatment. 
The most reactive substances in soils are humic as well as fulvic substances. Two fulvic acids stand as the 
model reactants with different pharmaceuticals in this study. These reactive compounds contain several kinds 
of active functional groups, such as hydrophilic hydroxylic or carboxylic groups, and also diverse hydrophobic 
structures. The interactions between fulvic acids and solutions of pure drugs were studied by isothermal 
titration calorimetry. The aim of the study was to observe the heat effects of the interactions and to describe 
the intensity of the binding process. 
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1. INTRODUCTION 

Soils can be contaminated by pharmaceuticals [1-3]. It has been documented [4-6] that pharmaceuticals are 
not entirely removed from wastewater in wastewater treatment plants. As a result, pharmaceuticals 
contaminate surface and ground waters [4,7]. Municipal and hospital wastewater is the main sink of human 
pharmaceuticals, which are in the end predominantly degraded through processing in sewage treatment 
plants. However, balances of the input and output of pharmaceuticals into sewage sludge after technological 
treatment usually reveal that many pharmaceuticals are recalcitrant to biological and abiotic degradation and 
are therefore not removed quantitatively, thus entering the environment where they represent a risk for both 
aquatic and terrestrial ecosystems [8-10]. Introduction of drugs to the environment via irrigation is a highly 
relevant exposure route in semiarid zones where recycled wastewater is an important source of irrigation water 
[10,11]. Highly mobile drugs have the potential to leach to the groundwater, whereas strongly sorbing 
pharmaceuticals can accumulate in the top-soil layer. These compounds can subsequently affect the soil 
microbial community and may be taken up by plants [10,12]. Dissolved organic matter can affect transport and 
sorption of organic compounds in soils [10,13]. Dissolved organic matter can increase the solute’s apparent 
solubility and therefore enhance its mobility. Alternatively, dissolved organic matter can reduce mobility due to 
sorption to the soil solid phases. These processes are controlled by the binding affinity of the contaminant to 
organic matter [10,13].  

The most important constituents of organic matter are humic substances [14,15]. There is a growing interest 
in the investigation of their interactions with different types of pollutants [1-3,14-16]. Limited research has been 
conducted to determine the occurrence and direct health risks of primary drugs, environmental degradation, 
transformation, and the fate of pharmaceuticals are poorly understood [17]. Recently published studies are 
focused mainly on adsorption processes and determination of parameters of different adsorption isotherms, 
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e.g. [2,8,17]. Some authors calculated thermodynamics parameters (as G°, S° etc.) on the basis of 
experimentally determined adsorption characteristics [18-20]. Thermodynamic parameters reflecting 
interactions of drugs in soils have been determined indirectly, usually batch sorption techniques performed at 
various temperatures. There are no direct, calorimetric studies. On general level, there is a very little knowledge 
on the thermodynamic consistency and true relevance of indirectly determined parameters. We hope that the 
thermodynamic parameters have high impact for the behaviour of drugs in nature, their mobility and 
immobilization ability in soils. However, our approach is different. This contribution is focused on direct 
determination of the thermodynamic parameters by means of microcalorimetry (similarly as in ref. [21]). The 
directly determined changes in Gibbs energy, enthalpy, and entropy can provide true values characterized 
interactions between humic substances and used pharmaceuticals. 

2. MATERIALS AND METHODS 

Standards of fulvic acids (FA1 - Fulvic acid Nordic Aquatic 1R105F, FA2 - Fulvic acid Pahokee Peat 2S103F) 
were purchased from the International Humic Substances Society, USA. The pharmaceuticals diclofenac and 
ibuprofen were purchased from Sigma-Aldrich, Germany. Stock solutions of fulvic acids were prepared by 
dissolving the precise amount of its powder in pure water (ELGA PURELAB flex), molar concentrations of both 
acids were 8.56 mM. The solutions of pharmaceuticals were prepared in pure water (diclofenac 6.75 ⋅10-5 M, 
ibuprofen 24.2 mM) as well and all the solutions were stirred overnight. 

The calorimetric experiments were performed using the microcalorimeter PEAQ-ITC, Malvern Instruments, at 
25 °C. The method is based on the titration of one solution with higher concentration from the syringe (40 l) 
into the second solution of lower concentration filled in the measuring cell of the instrument (200 l) under 
constant temperature. The heat effects (exothermic or endothermic) occurred during the experiment after each 
injection are observed as separated peaks on the raw signal of the heat flow detected as the temperature 
difference between the sample and reference cell of the instrument. The solution of FA was filled in the 
measuring cell in the case of ibuprofen and filled in the syringe in the case of diclofenac. Experimental setup: 
19 aliquots, titration interval 150 s.  

3. RESULTS AND DISCUSSION 

This study was based on the 
determination of the thermodynamic 
parameters and on the comparison of 
two different fulvic acids (they have 
different origin) from the calorimetric 
point of view. The obtained results were 
evaluated in the instrument software 
according to the standard procedure. 
The signal of the blank experiments was 
subtracted from the real experiment data. 
Then, in the first step of the data 
evaluation from the enthalpogram 
(Figure 1) the peaks were integrated to 
obtain the enthalpies for every single 
injection.  

Figure 1 Raw titration data for the interaction of ibuprofen and FA2. DP stands for differential power (heat 
flow), after the baseline correction, at 25 °C. Initial concentration of ibuprofen in the syringe was 24.2 mM 

and FA2 in the measuring cell 8.56 mM. 
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Further, the dependence of the 
enthalpy change was plotted 
versus molar ratio of the 
reactants or concentration as 
presented in Figure 2 and 
Figure 3. The experimental 
conditions should be set as 
good as to get the S-shape 
curve suitable for fitting in the 
software. Without the 
satisfactory shape of the fitting 
curve there are no reliable 
parameters determined. 

 
Figure 2 Calorimetric titration curves at 25 °C obtained after the raw data integration, titration of fulvic acid 

(initial conc. 8.56 mM) into diclofenac (initial conc. 0.0675 mM). Exothermic binding process, higher enthalpy 
change observed for interaction between diclofenac and FA2.  

The main aim of this study was 
to observe and compare the 
behaviour of the soil organic 
matter with the pharmaceuticals 
and describe the basic 
parameters of these interactions, 
mainly the intensity of the 
binding process. As shown in 
Figure 2 and Figure 3, there are 
significant differences between 
the intensities of the binding 
process when compared two 
selected pharmaceuticals. 

 
Figure 3 Calorimetric titration curves at 25 °C obtained after the raw data integration, titration of ibuprofen 
(initial conc. 24.2 mM) into fulvic acid (initial conc. 8.56 mM). Extremely low heat effects observed, different 

shapes of the curves occurred in comparison to behaviour with diclofenac. 

The obtained thermodynamic parameters for diclofenac are summarized in Table 1, they were calculated 
automatically in the software after the data fitting process. 

Table 1 Thermodynamic parameters of interactions between both fulvic acids and diclofenac 

 
H  

(kJ/mol) 
G 

(kJ/mol) 

FA 1 -16 -23 

FA 2 -15 -22 

The results of the titration of ibuprofen into the solution of fulvic acids are presented in Figure 3. It was quite 
complicated to fit the data for ibuprofen because of the presence of the minimum around 1.5 mM. This unusual 
shape can be evaluated using another fitting model (two sets of sites). 
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We observe different shapes of the curves in both figures which is caused by the variety of functional groups 
of the pharmaceutical molecules. Diclofenac shows more intensive interaction with both fulvic acids. Moreover, 
the enthalpy of binding FA2 with diclofenac is almost ten times higher than with ibuprofen which might be 
caused by better reactivity of FA2 (higher amount of reactive functional groups in FA structure) or better 
combination of those functional groups with diclofenac.  

4. CONCLUSION 

This paper describes the interactions between widely used pharmaceuticals ibuprofen and diclofenac with soil 
organic matter, standards of two different fulvic acids. The interactions were studied by a microcalorimetry 
technique isothermal titration calorimetry to obtain main thermodynamics parameters such as enthalpy or 
Gibbs energy of the binding process. The concentrations of pharmaceuticals used in this study was set 
according to the previous preliminary results of our research team as well as the knowledge of the possible 
concentration in the soils or wastewater. This study provided the basis for the subsequent research in this 
topic. 
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Abstract 

The Plasma-Assisted Vapour Thermal Deposition (PAVTD) is thin-film deposition technique utilizing a classical 
polymer as a source of material. The polymer is heated to fragmentation/evaporation under low pressure. The 
released fragments (effective a "monomer") with molar mass of 102 to 103 g/mol are then repolymerized in the 
rf plasma. The high molar mass of the film building blocks offers an opportunity to tune the structure and 
properties of the films in an exceptionally broad range for a plasma polymer, effectively bridging the gap 
between classical polymers and PECVD films.  

Currently, the PAVTD method has several drawbacks compared with PECVD. The deposition must be done 
as a batch process, governed by the capacity of the crucible. The thermal release of the precursor fragments 
is highly temperature-and history- sensitive. The resulting fluctuations in deposition rate make retaining good 
reproducibility of the process rather tricky. To overcome these technical limitations, a modification of the setup 
utilizing a filament for FDM 3D-printing fed into a modified filament heater/extruder was made.  

In this paper, overview of the possibilities of PAVTD using PLA as the source material will is given along with 
the first results obtained using an improved deposition setup with continuous material feed. Significant 
improvements in deposition rate and control of stability of the deposition are presented.  

Keywords: Plasma polymer, plasma assisted vapour thermal deposition, continuous process, polylactic acid 

1. INTRODUCTION 

Plasma polymerization (PECVD) is well-established method for the preparation of organic highly crosslinked 
thin films [1,2] for applications such as protective or barrier coatings [3,4], in packaging, wettability control [5,6] 
or in the biomedical field [7-9]. 

Typical plasma polymerization methods utilize volatile precursor, which is fragmented and repolymerized in 
the plasma zone. Necessity of volatile precursors limits PECVD to use only low molar mass monomers. As the 
result of fragmentation and subsequent repolymerization are semi-random structures, the final molecular 
structure if the film is typically quite different from the original precursor [10]. This significantly limits the ability 
of PECVD to prepare chemically complex materials. To overcome this issue, plasma-assisted vapour thermal 
deposition (PAVTD) has been developed [11]. 

Since heavy molecules have low volatility, PAVTD uses high molar mass oligomers obtained in-situ from 
thermal degradation/evaporation from a solid polymer as a precursor. The subsequent process of plasma 
polymerization is the same as for classical PECVD. As the evaporated fragments are typically much larger 
than single monomeric unit of the original precursor the resulting product of plasma polymerization preserves 
much better the original chemical structure of the precursor, while still being crosslinked. Recently, as model 
case of the molecular structure, polylactic acid (PLA) was chosen, since it exhibits interesting properties 
dependent on its molecular structure, like biodegradability and hydrolyzability [12-14]. Using PAVTD, it was 
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clearly demonstrated that the PLA structure can be retained in a plasma polymer thin film and controllably 
modified, allowing for control of the film properties in an usually broad range [15,16].  

The main advantage of PAVTD (usage of high molecular precursor) is also the main disadvantage of the 
process as it brings the complexity of polymer evaporation into consideration. The macromolecules do not 
have well-defined boiling point and vapour pressure. The evaporation process of polymers is rather driven by 
the thermal decomposition of the large macromolecules into shorter fragments that are volatile. Due to the 
changing parameters inside of the evaporation crucible (temperature, actual amount material, process history, 
etc.), it is quite challenging to stabilize the deposition process. Unstable deposition rate leads to low 
reproducibility [17] as the product of the process is mostly dependent on power to precursor mass flow ratio 
i.e. Yasuda scaling law [18,19]. 

To overcome this issue, we propose a modification of the original batch PAVTD process into a process with a 
continuous feed of the material into the evaporation crucible. Having all the time only a small amount of material 
in the crucible is expected to improve the control over the process. 

2. EXPERIMENTAL 

The continuous feed version of PAVTD setup was strongly influenced by the Fused Deposition Modelling 
(FDM) 3D printing technology, both in used components and polymer material form. Since PLA is one of the 
most common 3D printing materials, it was possible to compare the films prepared using older batch (powder-
filled) and a new continuous feed (filament-fed) setup. 

2.1. Deposition setup 

The original batch PAVTD setup was already described elsewhere [11,15]. The difference between batch and 
continuous feed setups is schematically shown in the Figure 1. The main difference is the feed system itself. 
It utilizes mostly off-the-shelf FDM 3D printer components with zero or minimal modifications (heater/heating 
block, heat break, extruder, stepper motor), the water-cooling being the main difference from the common 3D 
printing parts. The system is controlled by a proprietary Arduino-based circuitry.  

The crucible had diameter of 20 mm and height of 30 mm. The centre of the circular (diameter 60 mm) rf 
electrode was 40 mm and the sample plane (with vacuum load-lock system) was 120 mm above the top of the 
crucible. The whole PAVTD setup was placed in a steel vacuum chamber with 500 mm height and 330 mm 
diameter with diffusion pump backed by a rotary pump.  

 

Figure 1 Scheme of the experimental setup for PAVTD a) batch setup b) continuous feed setup 
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2.2. Materials 

As a source of the material, PLA printing filament (“natural”, Gembird) with standard 1.75 mm diameter was 
used. As substrates, glass, one-side polished silicon and gold-coated glass were used. Argon was used as a 
carrier gas. 

2.3. Deposition conditions 

The heater (65 W) temperature for PLA filament was kept in the range of 320-350 °C, where the deposition 
rate can be controlled directly by the feed rate from the storage spool (10-50 g of the PLA filament). During 
testing of the setup, the filament material feed rate was varied between 0.3 g/h and 15 g/h. The sample series 
prepared to demonstrate the discharge power dependence of the film composition was prepared at the filament 
feed rate of 7 g/h. The chamber was fed with argon gas flow of 4.5 cm3STP/min to maintain working pressure 
0.35 Pa. The discharge power (rf, 13.56 MHz) was varied from 0 W (pure thermal deposition) to 16 W. 

2.4. Characterisation of the process and thin films 

The deposition rate of the film was monitored by quartz crystal microbalance (QCM) sensor placed 60 mm 
above the substrate. In-situ QCM measurements in Hz/s were calibrated to nm/s by ex-situ film thickness 
obtained with spectroscopic ellipsometry (J. A. Woollam M-2000 DI). Chemical composition of the films was 
characterized using infrared spectroscopy (FTIR, Bruker Equinox 55 in reflection-absorption mode on gold-
coated glass substrates) and X-ray photoelectron spectroscopy (XPS, Specs Phoibos 100). 

 
Figure 2 Comparison of deposition stability and duration of PAVTD process measured by QCM in  

a) batch in high-deposition rate mode (data: Z. Krtous, thesis, 2020) b) continuous feed variant. 

3. RESULTS AND DISCUSSION 

3.1. Stability of the deposition 

The stability of deposition was studied both in terms of the short- and long-term fluctuations.  
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Repeated experiments did not reveal any fundamental limitation in the deposition length. Several experiments 
with run time of over 6 hours were performed. The deposition time was limited only by the amount of filament 
stored inside the vacuum chamber, which can be easily upgraded. Since the PAVTD operates at about 100 °C 
temperature higher than a 3D printer for the same material, limits of the deposition rate were found to be mostly 
caused by blockages of the feed system both at low and high end of deposition rate ranges (caused by heat 
creep and material overflow, respectively). The deposition rate inside these limits was found to be proportional 
to the feed rate. This makes the control much simpler than in the case of the batch process, where the 
fluctuations of over 50 % of the mean value were observed at high deposition rates (Figure 2a), so in most 
experiments, deposition rates had to be kept below 0.08 nm/s. The continuous feed setup was possible to 
operate at nearly 10 times higher value (Figure 2b). The stability at deposition rate levels comparable to those 
of the batch setup is also significantly better. 

 
Figure 3 FTIR spectra (normalized to C=O peak) of PLA-like films prepared using PAVTD at the deposition 

rate of 7 g/h at varying discharge power 

3.2. Chemical composition of the deposited thin films 

The chemical composition of the film was found to be very similar to the films prepared previously using batch 
setup [15-17], as expected.   

The infrared spectra of the films correspond well to the PLA structure. With increasing discharge power, the 
spectra show signs of slightly more disordered/fragmented structure of the films, exhibited by broadened 
peaks. The shift and shape change of the carbonyl peak (~1750 cm-1) can be explained by the presence of 
more carbonaceous moieties (like C=C, ~1650 cm-1). This is supported by the XPS data, where a significant 
decrease of the O/C ratio was observed in film prepared at higher discharge powers. This effect was also 
observed previously in the films prepared in the batch setup. 

Table 1 Changes in the elemental composition of PAVTD PLA-like films with the discharge power (note: O/C  
 ratio of original PLA is 0.66) 

Discharge power (W) C (XPS at. %) O (XPS at. %) O/C ratio 

0 62.5 37.5 0.60 

4 64.6 35.4 0.55 

8 67.7 32.3 0.48 

16 71.1 28.9 0.41 
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4. CONCLUSION 

The plasma-assisted vapour thermal deposition setup with a continuous material was developed. The chemical 
properties of the PLA-like films prepared in this setup correspond well to the films prepared in the earlier batch 
variant of the method. The good control of the properties of the films is reproduced in the continuous process.  

The continuous feed setup allowed to increase the deposition rate more then by one order of magnitude. At 
the same time, the total running time of over 7 hours was demonstrated (limited only by the filament storage) 
while maintaining much better deposition rate stability. This makes the continuous-feed PAVTD both an 
interesting tool to study classical polymer - plasma polymer transition and a practical deposition method. 
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Abstract  

The fine control of mono- or bi-metallic nanoparticles‘ (NPs) chemical composition is one of the most critical 
concerns in nanomaterial manufacturing; however, when metals holding dissimilar characteristics form bi-
metallic NPs, this becomes an unresolved matter. Herein we present the successful control of doping two 
different magnetic elements - nickel and iron- into bismuth to produce magnetic NPs with optical characteristics 
of semiconductors. For this, we have employed reactive laser ablation in liquids (RLAL) employing a magnetic 
foil (either nickel or iron) as the ablation target, which was immersed in an acetone solution with a hard-to-
dissolve Bi(NO3)3 salt.  

The employment of various Bi(NO3)3 concentrations showed that values between 0.01 and 1 mM are optimal 
for manipulating the doping degree on the NPs, which was verified by scanning electron microscopy. Moreover, 
their magnetic manipulation testing and inspection by ultraviolet-visible spectroscopy allowed assessing that 
the magnetic NPs formed by Bi doping of Fe display the most appropriate optical properties towards the 
material exploitation in photocatalysis. Furthermore, the minimal Bi salt employment resulted in chemical waste 
suppression verified by inductively coupled plasma spectroscopy. Since room conditions and no hazardous 
reducing agents were required for this synthetic procedure, the introduced alternative represents an up-and-
coming practice for producing magnetic NPs doped by Bi. 

Keywords: Nanoalloys, magnetic nanoparticles, bismuth compound, laser ablation in liquids, acetone 

1. INTRODUCTION 

By the end of the 20th century, nanotechnology had become a rapidly expanding field, continuing unabated 
over the years [1]. As a result, newly developed nanomaterials started to be employed in real applications 
outperforming the bulk materials from which they originated. This trend, moreover, did not end there; when 
nanomaterials formed by multiple elements started to be explored, it became evident that the arising new 
properties would be able to face the most demanding challenges our society faces. Therefore, a global effort 
began toward creating multi-element nanomaterials, which, by connecting multiple useful properties, gave rise 
to precious materials [2]. A clear example of this is NPs made up of two different metals, each providing a 
different type of particle behavior, like photonic and magnetic, which can be helpful in critical fields, such as 
photocatalysis. This widespread field has long been searching for recyclable materials that could be activated 
by the ubiquitous source of energy on our planet, sunlight radiation. In the past, magnetic Fe3O4/TiO2 core-
shell NPs were most often used for this purpose because they showed a suitable band gap and the possibility 
of being magnetophoretically recovered [3]. However, the main drawback of these magnetic NPs with a TiO2 
shell was, as in the case of pure TiO2, the rapid recombination of photo-induced charge carriers and the 
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promotion of catalytic reactions only by the ultraviolet (UV) part of the solar spectrum [4], representing only 
4 % of the solar irradiance spectra. For this reason, the search for these recyclable materials with a bandgap 
capable of being activated by radiation falling in the solar irradiance visible (Vis) region, which is up to 10 times 
more abundant than the UV region, is crucial [5]. The state-of-the-art materials address such an issue by 
doping the TiO2 side by plasmonic materials, which can transfer photo-induced charge carriers to TiO2, 
expanding the material’s ability to get activated by a broader part of the solar irradiance spectrum [6]. 

Although this is by itself an up-and-coming solution to overcome the TiO2 optical limitations, TiO2 is not the 
only photocatalyst under exploration. Other photocatalysts, like bismuth oxides also display wide band gaps, 
yet their slower charge recombination rate makes them even more interesting than TiO2 [5]. Besides, unlike 
the TiO2 case [3], doping bismuth-based photocatalysts' surfaces by transition metals as Ni or Fe can be of 
great benefit [7]. Specifically, by reducing the recombination rate of electron-hole pairs, thus, the photons used 
in photocatalysis remain available for the catalytic process longer. 

Herein, we present a facile methodology to dope Ni or Fe by Bi oxide, which besides improving its electronic 
effects, expands its optical properties by narrowing its band gap, thus allowing it to utilize the sunlight irradiation 
spectrum more efficiently. Moreover, the ferromagnetic nature of the doped NPs provides it with 
magnetophoretic motility, which can serve for their reusability in photocatalytic reactions, preventing it from 
becoming waste after the first catalyst saturation, thus, making its use more sustainable [7]. Besides, to ensure 
complete materials sustainability, this work explores the synthesis of these doped NPs by RLAL, an eco-
friendly laser-mediated route for multielement NPs preparation. In contrast to current multielement NPs 
synthesis techniques, RLAL enables their production without ligands and avoids hazardous chemicals usage, 
while ambient synthesis conditions are employed [8]. Thus, considering that this process enables the eco-
friendly creation of NPs combining great optical and magnetic performance, we believe that the presented 
study will be of great importance in stimulating the generation of recyclable and sustainable photocatalysts 
with tailored optical properties. 

2. EXPERIMENTAL  

The NPs production consisted of irradiating a magnetic foil (nickel with > 99.98 % Ni, iron with > 99.99 % Fe, 
both from Sigma-Aldrich) immersed in a 40 mL acetone solution by pulsed laser radiation (Onefive Origami 
XP-S; output power 5.1 W, pulse duration < 400 fs, central wavelength 1030 nm). To get different elements' 
stoichiometries between Bi and the different magnetic elements within NPs, the Bi(NO3)3 · 5H2O salt  
(> 99.999 %, Sigma-Aldrich) was dissolved in acetone at various concentrations (0, 0.01, 0.1, 1 mM), which 
range was based on a previous study conducted in aqueous media [9]. Note that larger concentration values 
were disregarded due to a massive laser beam scattering, which disabled production of magnetic NPs. The 
irradiation process followed the scheme displayed in Figure 1. In brief, a galvanometric mirror system 
(intelliscan 14; moving at a 2 m/s speed) was employed to move the focused laser beam by an F-Theta Lens 
(160 mm focal length) over the entire surface of the metallic foil while the Bi solution was magnetically stirred 
at 100 rpm. The employed laser and irradiation parameters were selected to maximize the NPs production 
rate (maximal average power: 5.1 W, optimized repetition rate: 0.7 MHz, optimized irradiation time: 20 min, 
scanning pattern: spiral). Note that the acetone volume was decreased on average by about 10 % to 36.1 mL 
due to the solvent heating-evaporation process caused by 20 min irradiation, which slightly influenced Bi salt 
concentration in the acetone during the NPs synthesis. 

After the NPs preparation, the samples were cleaned of residual salt using a centrifuge (Centrifuge MiniSpin 
plus) for 15 minutes at 14500 rpm. The sediments obtained from the process were re-dispersed in Eppendorfs 
with fresh acetone by an ultrasonic cleaner (SONOREX DIGITEC DT 510 H, 35 kHz, 9.7 L). After the 
homogenization of samples, the magnetic NPs were collected on one side of Eppendorf using a neodymium 
magnet. The remaining non-magnetic material was removed. Then, the centrifugation followed by magnetic 
separation processes were done twice to ensure proper NPs cleaning. 
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Figure 1 A) RLAL of an acetone-based solution of Bi(NO3)3 · 5H2O and magnetic foil consisting of B) laser 
irradiation of a foil immersed in a solution, C) creation of the plasma from metal species and dissociated 
liquid molecules, D) cavitation bubble evolution, from which are E) formed bimetallic NPs released after 

bubble‘s collapse.  

After the cleaning process, the samples‘ element composition was analyzed by an inductive-coupled plasma 
mass spectroscope (ICP-MS; NexION 3000D, Perkin Elmer) and optical emission spectroscope (ICP-OES; 
Optima 2100Dv, Perkin Elmer). Besides, the samples' morphology, size distribution, and chemical composition 
were then determined using a scanning electron microscope (FE-SEM; UHR Carl Zeiss Ultra Plus, Jena) 
equipped with an energy dispersive X-ray detector (EDX; Oxford X-Max 20). Finally, the optical features of 
samples were assessed by a UV-Vis spectroscope (PerkinElmer Lambda 35, Perkin Elmer) in a wavelength 
range from 230 to 800 nm and at a wavelength resolution of 1 nm. 

3. RESULTS AND DISCUSSION  

3.1. ICP-MS and ICP-OES 

The NPs element compositions obtained after simple purification by centrifugation and after the entire cleaning 
process, including the magnet, can be found in Table 1. For simplicity, the samples are marked as S1-S8 
according to the table. The results showed that, in general, the mass fraction of each element in the 
synthesized particles is proportional to the concentration of the Bi salt solution, while all or most of the salt is 
consumed in the synthesis. At the same time, the magnetically cleaned samples displayed a slightly higher Bi 
content. It is, at first sight, non-intuitive due to the possible formation of NPs with no or low magnetic element 
content or to the incomplete separation of redundant Bi salt during the centrifugation process. Since the 
location (not just the amount) of bismuth in the structure of NPs can play a crucial role in their magnetic 
response, further analysis of the NPs' internal structure is needed. Moreover, although there is a material loss, 
after magnet-assisted purification, minimally 93 % of NPs were recovered, indicating most of the material holds 
the desired magnetic properties. This result is especially significant in the case of Fe-based samples, in which 
>99 % NPs recovery rate indicates a better Fe doping by Bi. Although, according to the Hume-Rothery rules 
[10], neither Bi-Fe nor Bi-Ni are element combinations able to produce substitutional alloys, Bi and Fe share a 
property that may help them form a more stable system; both elements can be arranged in a cubic crystal 
centered in the body. This can enable a more efficient Bi allocation in the crystal formed by Fe, thus, leading 
to better element doping without compromising the inherent Fe magnetophoretic motility properties, which can 
be beneficial, for instance, for the magnetic recovery of NPs after their use in catalysis. 
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Table 1 Chemical composition of laser-prepared colloids. Average weight percentage of Bi, Ni, Fe in the no-
magnetically purified and magnetically purified samples determined by ICP-MS, ICP-OES. 

Sample No Foil 

No-magnetically purified Magnetically purified Magnetically 
recovered NPs 

(%) 
Salt 
(mM) 

Bi 
(wt%) 

Ni/Fe 
(wt%) 

Salt 
(mM) 

Bi 
(wt%) 

Ni/Fe 
(wt%) 

S1 

Ni 

0 0 100 0 0 100 - 

S2 0.01 2.7 97.3 0.01 3.3 96.7 97.5 

S3 0.1 13.8 86.2 0.1 19.4 80.6 98.0 

S4 1 88.6 11.4 1 94.2 5.8 92.9 

S5 

Fe 

0 0 100 0 0 100 - 

S6 0.01 2.8 97.2 0.01 4.2 95.8 99.0 

S7 0.1 18.6 81.4 0.1 19.8 80.2 99.3 

S8 1 66.5 33.5 1 72.2 27.8 99.1 

3.2. SEM  

The SEM micrographs displayed in Figure 2 show a significant morphological difference in the Fe- and Ni-
based NPs (samples S4 and S8 were selected as their difference is most evident). As anticipated by ICP data, 
there is a lower mixing of Ni and Bi, where, as indicated by EDS mapping, Bi is in fact found in the form of 
separated NPs clusters accompanied by residues of the Bi salt. In contrast, the element mapping of the Fe-
based sample exhibited a homogeneous distribution of both elements, indicating an excellent mixture. 
Although its micrograph reveals an agglomeration of NPs with similar average size, there are large-looking 
NPs decorated by smaller ones as well. This is a result that, even when it can be further corroborated by TEM 
analysis, largely agrees with the previous observation that in nanoalloys with segregated phases, the element 
more affine to the solvent used in the synthesis tends to migrate to the outermost part of the NPs [11,12]. In 
our case, the acetone represents a solvent, which can enable the separation of Bi to the desired outermost 
part due to the Bi(NO3)3 affinity to acetone [13]. 

 

Figure 2 Representative SEM (left side - S4, right side - S8), A) micrograph, B) magnetic element and C) Bi 
EDX mapping with D) corresponding spectrum, and E) NPs size histogram fitted with the log-normal 

distribution. 

3.3. Optical properties 

Based on the solar irradiance spectra comparison with the samples‘ band gap, which was calculated according 
to the Tauc plot [14,15], the most promising sample was S8. This sample exhibited a unique band gap position 
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at 2.6 eV (Figure 3), approaching the blue (Vis) part of the solar irradiance, which is the most intensive part of 
spectra during sunny days and the noon daylight illumination [16]. 

Moreover, the sample displays a secondary band gap at 3.7 eV, which is typical for Bi oxide forms used in 
photocatalysis [17]. According to the NPs morphology revealed by SEM analysis, this double band gap 
behavior can be a consequence of the NPs surface alternating between Fe and Bi elements. Thus, providing 
the NPs with the possibility to be activated by either visible or UV light, expanding the capabilities of Bi-based 
photocatalysts for using the sunlight radiation more efficiently. 

 

Figure 3 Comparison of Sun spectral irradiance during periods of moderate solar activity [18] with Tauc plot 
of S8 sample showing the proximity of Sun irradiance maximum and band gap position of synthesized NPs 

(red line), while the remaining Bi-related band gap (orange line) present in S8 meets the UV part of the solar 
spectra. 

4. CONCLUSION 

The current study reveals that RLAL methodology enables the production of Fe- and Ni-based magnetic NPs 
doped by Bi. Moreover, the control of Bi precursor concentration directly affects the doping degree found in 
the NPs, where Fe shows the best affinity for the allocation of Bi. Since these two elements forming a phase 
segregated nanoalloy are also found as alternating in the NP's surface, the produced NPs are capable of 
displaying two band gaps, one at the Vis region and one at the UV region of the sunlight radiation spectrum. 
This implies that the doping of Fe by Bi not only leads to the production of a semiconductor with the ability to 
be activated by visible and UV radiation, but its magnetophoretic motility inherited from Fe turns it into a 
recyclable, and because of this, a very valuable alternative towards photocatalysis. Finally, since the current 
synthesis approach largely minimizes chemical waste production, it is considered that the current results will 
be of fundamental importance for the future development of potent and magnetically recyclable photocatalysts.  
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Abstract  

We present the surface lifetime characterization of the textured silicon surface for the application in solar cells. 
The measurement by the Sinton WCT-120 PL lifetime tester is compared with the simulation by the Silvaco 
TCAD software to get possible values of the surface recombination velocity. The n-type silicon textured surface 
wafers were used as the substrate. In the first experiment, the carrier lifetime was measured and simulated of 
the pure textured surface. The second experiment was done after deposition of aluminum oxide by the Atomic 
Layer Deposition on the textured surface. The thermal method was used with TMA as a precursor. The two-
dimensional TCAD calculation was realized on the silicon structure with textured surface. The surface profile 
was determined by the AFM measurement. Two electrodes were placed on both sides of the structure to 
calculate the current flow generated by the light pulse. The real Sinton optical source spectrum was 
approximated by the five beams in the range 690 - 830 nm with different intensities. The current decrease 
connected with the decay of the optical intensity was simulated. The comparison of experimental results with 
the TCAD simulation gives the possibility to distinguish between the bulk carrier lifetime and surface 
recombination velocity. The coincidence of the measured and simulated graphs by the fitting the simulation 
parameters result in the realistic value of the surface recombination velocity. It can be used for the classification 
of the silicon surface passivation influence on the solar cells’ efficiency.  

Keywords: Surface recombination velocity, carrier lifetime, textured silicon 

1. INTRODUCTION  

The knowledge about the surface recombination velocity (SRV) and charge carrier lifetime of silicon is 
necessary for an analysis of the semiconductor material quality and the efficiency of the work power of solar 
cells. [1]. Charge-carrier lifetime can be described as the characteristic time τ describing how long an excess 
charge carrier remains in a conductive state before becoming immobilized due to trapping or recombination. It 
is clear that τ is of essential importance for electronic and optoelectronic devices because the performance of 
these devices is mainly determined by the efficiency of the transport of excess charge carriers injected by light 
or contacts [2]. Surface recombination can affect devices in two ways: by increasing saturation currents 
(decreasing output voltage) and by decreasing short circuit currents [3]. The surface recombination velocity S W 
is defined as the number of carriers recombining on the surface per unit area per unit time of excess carriers 
at the surface or interface [4]. For extremely pure Si samples, the bulk lifetime τ k is so high that surface 
recombination dominates the effective lifetime. However, for lower quality, i.e., low resistivity or solar grade 
silicon wafers, the lifetime is lower and both τ k and  S W must be determined. Photoconductance decay, surface 
photovoltage, and quasi-steady state photoconductance are widely used for characterizing the minority carrier 
lifetime and diffusion length. Separation of bulk and surface recombination is possible by varying the sample 
thickness or by evaluating the initial decay modes of photoconductance decay [5]. The overall goal of this work 
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was to find reasonable efficiency values for effective carrier lifetime and surface recombination velocity by 
comparison of Silvaco TCAD simulation results and compare them with the experimental part measurement 
of carrier lifetime by Sinton WCT 120 photo-conductance lifetime tester. All simulations and experiments are 
carried out on randomly textured silicon wafers with a thickness of 140 μm and approximately 1 ms bulk carrier 
lifetime. We measured wafers with a 9.6 nm deposited passivation layer of Al:O1 [6] applied via the Atomic 
Layer Deposition machine Sentech Si 500 and without a passivation layer for comparison. 

2. EXPERIMENTAL 

The first step of the experiment started with characterising the pure wafer’s surface with 2.5 Ω·cm base 
resistivity via Atomic Force Microscopy (AFM) and using these pictures to observe the roughness of the 
textured wafer surface and how to is the surface deposited by Al:O1 affected as shown in Figure 1. These 
images were used to determine the dimensions of pyramids and to get the average size for one shape to apply 
to the simulation for the next steps. Deposition of Al:O1 was executed by thermal ALD using TMA precursor 
and 120 deposition cycles. The layer thickness per cycle is 0.8 Å. The aim of the deposition was to create an 
additional thin sheet which has a passivation role on the surface. The effective carrier lifetime was measured 
by the Sinton lifetime tester immediately before and after the deposition of the passivation layer. The results 
are in Table 1. 

 

Figure 1 AFM picture of pure silicon surface (left), and silicon surface with passivation layer (right)  

Table 1 Comparison between Sinton WCT-120 PL lifetime tester results before and after deposition of the  
 passivation layer to the surface 

 Maximum value of 
photoconductance 

(siemens) 

Minority carrier 
lifetime (μm) 

Minimum minority 
carrier density 

(����) 

Maximum minority 
carrier density 

(����) 

Before 0.0026 1.16 8.88e+12 6.82e+14 

After 0.0082 3.26 6.68e+13 2.14e+15 

3. MODELING 

The simulation was based on creating a part of the silicon model (20000 μm x 140 μm) and adding two 
electrodes for both sides of it to apply a small voltage to see the current drop produced by carrier recombination 
during the illumination drop. We measured the optical spectrum of the Sinton optical source by means of the 
spectrometer Ocean Optics USB 2000 (Figure 2) to acquire the wavelengths and intensities of five optical 
beams (Table 2) to approximate the real spectrum. These beams in the range 690-830 nm at different 
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intensities we applied in a perpendicular direction to the wafer surface. Turning off the light with an exponential 
decrease of light power during 0.015 ms time was simulated on the pure and passivated wafer surface. We 
calculated the relative beam intensities and for the final beam intensity we used the definition that 1 sun is 
equal to 0.1 W/cm: [7]. The constant voltage of 0.1 V was applied between side electrodes during transient 
simulation to obtain the resulting photocurrent decay. We kept a constant bulk lifetime for both electrons and 
holes (10-3 s) and mainly focused on calibrating for the near value of SRV to get an accurate graph for both 
minority and majority carriers. 

Table 2 Used intensities of beams with different wavelength according to Figure 2 

Wavelength (nm) 690 714 735 763 830 

Intensity (a.u.) 250 350 380 450 700 

Relative intensity (%) 0.12 0.16 0.18 0.21 0.33 

The simulation and experiment give us only the effective lifetime: 

�
���� � �

�� � �
��              (1) 

where the surface carrier lifetime τ� can be replaced by the surface recombination velocity S W where W is the 
wafer thickness and D is the diffusion constant of the minority carriers (in cm:s��) [8]: 

( � �
:�� ��

¡[¢
£ `8¤              (2) 

 

Figure 2 The spectrum of Sinton optical source measured via spectrometer Ocean Optics USB 2000 

Our other goal was to optimize the SRV value and to obtain the simulated photocurrent curves most close to 
the experimental ones. 

4. RESULTS 

The experimental results (Figure 3) show approximately 3.1 times increase in the maximum value of 
photoconductance between the clean surface and the surface with deposited passivation layer. The optimized 
simulation results have almost the same amount of increase as shown in Figure 4.  
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Figure 3 Photocurrent dependence during the turning off the light according to results of Sinton WCT 120 
photo-conductance lifetime tester. The surface without Al:O1 (left), with Al:O1 (right)  

 

Figure 4 Photocurrent dependence during the turning off the light by means of Silvaco TCAD  

 

Figure 5 Minority carrier density (holes) during the turning off the light. The surface without aluminum oxide 
(left), with aluminum oxide (right) 
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During photocurrent change, we tried to keep the same values for minority carrier densities compared with 
experimental results as shown in Table 1 by calibrating surface recombination velocity for both minority and 
majority carriers for passivated and pure surfaces. We found the near-optimal values for surface recombination 
velocities for electrons and holes is 3.45 .104 cm/s for the pure surface, and 6.79 .103 cm/s for surface with the 
passivation layer. The results are shown in Figure 5.  

5. CONCLUSION 

The comparison of the Sinton WCT lifetime measurement with the Silvaco TCAD simulation allowed us to 
obtain unknown values for surface recombination velocities for both electrons and holes. The ability to 
distinguish between the bulk lifetimes and surface recombination velocities would help to improve the efficiency 
of solar cells. It can be used for optimizing the choice of the different materials for the surface passivation and 
for the shape of the surface.  
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Abstract 

Biomedical applications of nanomaterials depend on the size and morphology of nanoparticles and their 
biocompatibility. However, the armory of trusted protocols usually includes reducing agents, including sodium 
borohydride, methoxy polyethylene glycol, potassium tartrate, etc., and capping agents, such as sodium 
dodecyl benzyl sulfate, polyvinylpyrrolidone, etc., which are usually toxic. The unavoidable presence of toxic 
compounds in nanocolloid systems limits the use of nanoparticles for biological systems. This study aims to 
synthesize non-spherical gold nanoparticles using plant extracts and characterize their properties for 
biomedical applications. Gold nanoparticles were obtained through the direct interaction of Au3+ cations with 
aqueous extracts of selected plants (elderberry and peppermint) under different synthetic conditions. 
Ultraviolet and visible spectroscopic measurements confirmed the response of the obtained Au nanocolloid 
solutions to near-infrared radiation. This response opens the prospect of using the obtained nanoparticles in 
nanomedicine for antitumor therapy, targeted drug transport, diagnostics, or drug delivery systems. The 
position of the maximum near-infrared radiation can be adjusted by the synthetic conditions (extract 
composition, concentration, reagent ratio, pH, and temperature). Transmission electron microscopy and 
atomic force microscopy showed the formation of a mixture of circum-spherical Au nanoparticles and non-
spherical Au nanoparticles: nanotriangles with sizes from 20 nm and nanohexagons with sizes > 100 nm. 

Keywords: Plasmonic nanoparticles, phytosynthesis, non-spherical nanoparticles, biocompatible 
nanoparticles 

1. INTRODUCTION 

Nanomaterials have become an important branch of modern science due to their unique chemical and physical 
properties. Due to their unusual optical, electric, magnetic, and catalytic properties, nanomaterials were 
recognized as new and efficient components that can be used for the creation of novel advanced materials. 

Biocompatibility and optical properties (surface plasmon resonance, SPR) of noble metal nanoparticles (NPs) 
open the possibility of their applications in modern nanomedicine, which is currently being actively developed. 
Typically, the NPs of noble metals, especially gold (Au NPs), are employed to deliver therapeutics and mediate 
heat and light to specific types of tissues [1]. The structure, composition, size, and shape of metal NPs define 
the optical and electronic properties which can be adjusted for utilization for advanced photothermal therapy 
[2] and controlled drug release systems [3]. 

Au NPs with their excellent chemical stability and biocompatibility are suitable for biomedical applications. 
However, Au NPs with reasonably small size (< 60 nm) exhibit their surface plasmon resonance in the range 
of 510-560 nm, far beyond the biological transparency window of 650-1350 nm. This region is divided into two 
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optical near-infrared ranges, at λ = 650-850 nm and 950-1350 nm, respectively. The effective utilization of Au 
NPs for photothermal therapy due to the deeper penetration of long-wave radiation requires NPs with a 
response in the second near-infrared range [4]. This is the reason, why the significant interest of scientists is 
focused on the synthesis of Au NPs with different shapes - spheres [5,6], nanorods [7], nanoshells [8], 
nanostars [9], nanoprisms [10], nanotriangles [11], and nanohexagons [12,13]. 

Various methods for synthesizing metal NPs were developed in recent decades: hydrothermal synthesis, co-
precipitation, microemulsion, inert gas condensation, ion sputtering scattering, microwave, pulse laser 
ablation, sol-gel, spark discharge, sonochemical, and biological synthesis. Physical methods usually require 
the utilization of highly expensive equipment and do not provide the control over parameters of final 
nanoparticles (size and shape). From this point of view, traditional wet chemistry methods are preferable. 
However, the most efficient protocols involve the use of toxic reducing and capping agents which remain in 
the resulting nanocolloid solutions. As result, such as Au NPs show high cytotoxicity towards living organisms 
and are unsuitable for application in biomedicine. Biological synthetic methods, including the application of 
biological materials, e.g., plants, fungi, and bacteria, can be considered to be a prospective alternative. Such 
methods are also economical and time-effective and environmentally friendly [14,15]. One of the routes for 
obtaining biocompatible non-spherical Au NPs in the greenest manner is phytosynthesis - the use of plant 
extracts and natural surfactants [16]. Despite the extensive studies, the wide application of photosynthetic 
protocols is limited because the plant extracts are complex systems and the knowledge of the formation 
mechanism of non-spherical Au NPs is limited [17]. 

This study aims to consider the current state in the development of phytosynthesis protocols for the preparation 
of Au NPs with optical activity in the near-infrared region. 

2. EXPERIMENTAL 

2.1. Preparation of nanoparticles 

Au NPs were synthesized using aqueous extracts of elderberry (Sambucus nigra) and peppermint (Mentha 

piperita) according to protocols [6] and [18], respectively. Syntheses were performed at an ambient laboratory 
temperature (20-25 °C) by the direct interaction of the plant extracts with 1 mM of HAuCl4 aqueous solution 
under continuous stirring. 

2.2. Characterization of nanoparticles 

The obtained nanocolloid solutions were characterized by UV-Vis spectroscopy using Shimadzu UV-1800 
spectrophotometer with matched 1-cm quartz cells. Transmission electron microscopy (TEM) imaging was 
conducted with a JEOL JEM-2100F microscope. TEM specimens were prepared by dropping a sonicated 
aqueous suspension of Au nanoparticles on a carbon-coated copper grid and followed by drying it under the 
infrared lamp. TEM images of different magnifications were captured at a maximum acceleration voltage of 
200 kV. 

3. RESULTS AND DISCUSSION 

UV-Vis spectroscopy was applied to follow the formation of the Au NPs through the observation of the SPR 
peak position and shape (Figure 1). The collected UV-Vis spectra of Au NPs prepared using different extracts 
are different in principle. To the best of our knowledge, the presence of the SPR peak maximum can be seen 
in the spectral range from 530 to 570 nm. This SPR peak is true evidence of the formation of spherical Au 
NPs, as confirmed by the literature [5, 6]. Besides, we should notice that in rare cases, the second maximum 
can be seen in the near-infrared range of the recorded spectra. 
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Figure 1 UV-Vis spectra of Mentha piperita mediated Au NPs prepared with different concentrations of Au3+: 
1 - 0.0250; 2 - 0.1250; 3 - 0.3125; 4 - 0.3750; 5 - 0.5000; 6 - 0.5625 and 7 - 0.7500 mM compared with the 

first and second therapeutic windows (TW). Spectra in scale but shifted along y-axis for better view 

The size and shape of Au NPs have a real influence on the position of SPR absorption maximum. In many 
cases, the growth of the spherical Au NPs leads to a small shift of absorption maximum in the infrared range, 
however, this dependence for non-spherical Au NPs is very different [19]. 

 
Figure 2 Dependencies of the positions of first and second absorption maxima for Au nanocolloids prepared 

with different initial concentrations of Au3+ 

Here slight changes in the size or in the aspect ratio, which is a geometrical presentation of shape deviation 
from an ideal sphere, results in a considerable shift of the SPR absorption maximum in the near-infrared 
spectral range [20]. On the basis of UV-Vis spectra, show that, depending on the composition, almost perfect 
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spherical Au NPs (Sambucus nigra extract) [6] and non-spherical Au NPs (Mentha piperita) can be obtained 
from the extracts. And although in the second case, a mixture is formed, it is possible to adjust the adsorption 
and position to a maximum in the NIR. 

Figure 2 shows that two surface plasmon resonance (SPR) peaks form in all samples. The first SPR peak, at 
528 nm, corresponds to the contribution of the spherical Au NPs, definitely, its position is unchanged. The 
second SPR peak is formed because of the presence of non-spherical Au NPs in nanocolloid solutions. When 
increasing the concentration of Au3+ in the reaction mixture, Au NPs can increase in size, which is manifested 
a rapid shift of the maximum in the IR range, and the concentration of larger newly formed Au NPs increases. 

Figure 3a shows the synthesized spherical Au NPs with an average diameter of 6.6 ± 1.2 nm. A TEM image 
shows a solitary spherical Au nanoparticle with size of 7.7 nm (Figure 3b), and one can see here the 
morphology of the seed, with an interplanar spacing characteristic of the {111} plane in face-center cubic Au 
structure. Based on TEM images, one can suggest that the composition of extracts impacts the morphology 
of the resulting Au NPs. 

   

Figure 3 TEM images of Au NPs prepared using polyphenolic fraction of Sambucus nigra extract (a, b) 
and aqueous extract of Mentha piperita (c, d) 

Whereas in some cases almost perfect Au nanospheres are produced (extracts of Sambucus nigra), in other 
cases, a mixture of spherical and non-spherical Au NPs (extracts of Mentha piperita) is formed. Moreover, 
depending on the amount of Au3+ ions in the reaction mixture, the formation of thin Au nanotriangles and also 
thin Au nanohexagons are registered. The contribution of the latter shifts the absorption maximum of SPR 
further into the near infrared spectral range. Besides, it should be noticed that the spherical Au NPs are not 
quite spherical but with ribs, which indicates a presence of a special organic substance, which probably, under 
optimal conditions, could increase the yield of non-spherical Au NPs. Separation by centrifugation or 
electrophoresis could be principal methods for the preparation of mono-disperse irregular shape Au NPs from 
the multicomponent colloidal solutions of gold. Spherical Au NPs are among the well-studied nanoobjects 
considering their synthesis and characterization; their surface usually is modified extensively with ligands. The 
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affinities of extract components to the surface of spherical Au NPs cause the translation of the affinity into the 
final morphology of particles when different phyto-organics were used. Typically, the extract components with 
low binding affinity can support stabilization of large spherical Au NPs in colloidal solutions. In such conditions, 
the polyphenolic fraction of Sambucus nigra extract enables just a growth of gold seeds to bigger spherical Au 
NPs, without influencing their shape. We should point out that when using the extract of Mentha piperita, a 
mixture of crystallographic habits is usually obtained, including single-crystalline, mono-twinned, and 
pentatwinned populations of pseudospherical Au NPs. In fact, seed-mediated growth of non-spherical Au NPs 
is strongly dependent on the crystal structure of the seeds, which are mono-twinned or multiplies twinned. The 
pseudo-spherical single-crystalline seeds may produce triangles or hexagons (Figure 3c), in good yields. 
Increasing the negative charge on the Au seeds at the presence of excess amount of reducing agent can be 
a reason for the migration of Au atoms to low-energy facets, for example, to {111}. Conversely, at low 
concentrations of reducing agents, a slower process of Au3+ reduction takes place, resulting in penta-twinned 
gold intermediates which are appropriate for the growth of the six-branched Au NPs. These results strongly 
suggest that while crystalline defects may be necessary for such branching anisotropic growth, such twinning 
can be both induced and specifically tuned by dosing one of reactants. So, it is not surprising, that we can also 
capture the Au NPs with truncated tetrahedral morphology, as well as the Au NPs decahedral with additional 
tetrahedral growth and with icosahedral morphologies (Figure 3d). 

4. CONCLUSION 

Based on the results of our studies, we have considered the optical characteristics in the region of SPR and 
the morphological characteristics of Au NPs, both spherical and specific irregularly shaped Au NPs, prepared 
by using green protocols. It was found that the use of extracts of some plants (Sambucus nigra) leads to the 
formation of almost perfectly spherical Au NPs. The details of the types of defects observed by the TEM method 
are presented. According to the obtained data, we do not rule out the possibility of obtaining the required non-
spherical Au NPs with a response in the near-infrared range using extracts of selected plants, for example, 
Mentha Piperita. The synthesis of Au NPs makes it possible to obtain biocompatible metal NPs for biomedical 
purposes; however, there are still quite complex issues related to the mechanisms of growth of non-spherical 
particles. Herein, we have proposed a view of the growth of such particles, considering the formation of 
twinning and multi-twinning planes of Au seeds. 
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Abstract 

Properties of hydrogels that define their application potential (e.g., stiffness, mechanical strength, transport 
properties) are primarily based on the morphology of the internal structure. Accurate analysis of the 
ultrastructure of hydrogels is therefore important for understanding the parameters affecting the functionality 
of hydrogels. Accordingly, this work was focused on the optimization and testing of methods suitable for the 
analysis of the nanostructure of hydrogel materials with a focus on determining the pore size. Conventional 
porosimetry methods (DSC thermoporometry), direct visualization methods (SEM, cryo-SEM, and AFM) as 
well as rheology, turbidimetry, and DLS microrheology were chosen as methods for structural analysis. 
Hydrogels based on polyvinyl alcohol (PVA) were chosen as representative hydrogel systems for testing these 
methods. The results obtained by the individual methods were compared. 

Keywords: Hydrogel, polyvinyl alcohol, structural analysis 

1. INTRODUCTION 

Hydrogels are natural or synthetic polymeric materials with a three-dimensional internal structure that evinces 
versatile chemical, physical, and biological properties. Their structure is formed by physically or chemically 
connected polymers creating a spatial network. The properties of these materials are unimaginably diverse 
and applicable in many practical directions. Their great advantage is the ability to absorb a large amount of 
water into their internal structure for a long period. In this way, they resemble human tissues to a large extent. 
Obtaining detailed information on the morphology of the internal structure of gels, focusing on the pores, and 
understanding how they can be modified depending on the desired properties is crucial for preparing these 
materials for specific applications. 

The main goal was to find a method or a set of methods that would be able to precisely define the internal and 
surface structure with a focus on porosity in materials with a high-water content i.e., hydrogels. Determining 
the internal structure of hydrogels is crucial to understanding the relationship between the structure and 
properties of these systems. A significant problem with most of the used methods consists in their sample 
dehydration prior to the analysis. When converting hydrogels into xerogel form, the microstructure inevitably 
collapses. Based on the experience with these materials, it could be said that PVA hydrogels show very good 
mechanical properties from the point of their viscoelastic properties, and therefore should resist growing ice 
crystals at higher molecular weights and should even limit their growth during the lyophilization process. This 
assumption is partially true; however, it is necessary to consider that even a small change in experimental 
conditions can affect the process of ice crystal growth to such an extent that it can disrupt the resulting structure 
of the hydrogel. 
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2. MATERIALS AND METHODS 

In this work, PVA polymers with different molecular weights but the similar degree of hydrolysis were selected 
to restrict the variation of the structure and material properties among the tested gel solely to the PVA chain 
length. All polymers used in this work were purchased from Sigma-Aldrich (polyvinyl alcohol (PVA) CAS: 9002-
89-5). Concentration series of stock PVA solutions were prepared. The exact amount of PVA polymer was 
transferred together with the required amount of deionized water into a reagent bottle. First, these mixtures 
were mixed for 30 minutes at laboratory temperature, and then this suspension was transferred to a water bath 
in which it was mixed at 95 °C for 3 hours. Subsequently, the polymer dispersion prepared in this way was 
poured into prepared molds, in which it was subjected to a cross-linking process under different conditions. All 
samples of PVA hydrogels were prepared by the freeze-thaw method at two freezing speeds. Table 1 refers 
to the parameters of the various freezing conditions. 

Table 1 Conditions of the freeze/thaw method during the preparation procedure of hydrogels 

 Temperature 
(°C) 

Freezing time 
(min) 

Melting time 
(min) 

The average 
number of 

freeze/thaw cycles 

Laboratory freezer −20 to −15 ~135 
~15 to 30 

5 

Salt ice bath −2 to 0 ~315 9 

A wide portfolio of methods was selected to determine the internal porous structure, which should cover the 
most frequently used methods that are used for these purposes. 

3. RESULTS AND DISCUSSION 

3.1. DSC thermoporometry 

The literature [1,2] provides a high-quality mathematical apparatus for many porosimetric methods. Among 
them, determination of the pore size via monitoring a decrease in the melting temperature of intraporous ice 
by DSC (differential scanning calorimetry) represents a simple and widely available experimental option [1]. 
For any DCS experiment, there is a certain correlation between the heating rate of the experiment and the 
resolution of the signal, which provides information on the pore size. During the evaluation, it is necessary to 
determine the decrease in the melting temperature that corresponds to the intrapore water. In the case of 
microporous solids, the signal is often represented by the separated melting peak that occurs at the subzero 
temperature. The measured PVA hydrogels (using TA Instruments, Q 2000) do not have even a hint of a 
separate peak that would define the porous phase and therefore it is not possible to characterize the pore size 
in the quantitative manner. Despite this, it is possible to extract somewhat interesting qualitative information 
from the measured data. With the additional TGA measurement (using TA Instruments, TGA 5500), it is 
possible to determine the amount of freezable bound water. Based on the detected amount of water and the 
values measured by DSC, it is possible to evaluate that the onset temperature of the hydrogels shifts to lower 
temperatures as the molecular weight of the polymer increases. It indicates that the greater amount of freezing 
water, the more the normal and stable form of water is disturbed. Therefore, the higher the freezing water 
content, the larger the pores in the hydrogel. 

3.2. Direct visualization methods 

In the evaluation of methods focused on direct visualization of the gel ultrastructure, atomic force microscopy 
(AFM; Bruker Corporation, NanoWizard 4 XP BioScience), scanning electron microscopy (SEM; Carl Zeiss 
AG, EVO LS 10), and cryogenic scanning electron microscopy (CryoSEM; Thermo Fisher Scientific, Magellan 
400) were used. 
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AFM is fundamentally different from other types of microscopes since the resulting image is not created by 
focusing light or electrons on the surface of the sample. Using AFM, the sample is spatially mapped based on 
the atomic forces between the sample and a sharp probe consisting of a tip (probe), which is located at the 
end of the beam (cantilever). Therefore, the samples could be measured in their native swollen state and the 
structure of the sample could not be destroyed by artifacts created during sample preparation for measurement 
(e.g., freezing). A big advantage of AFM images (Figure 2A) compared to SEM images is their homogenous 
illumination and contrast. The images taken of PVA hydrogels did not have as well discernable polymer 
network structure as we have previously found for macroporous gels, e.g., agarose (data not shown). Most 
likely this was caused by the fact that we are two to three orders of magnitude lower than the agarose 
hydrogels. The resulting pore sizes confirm the trend (Figure 1) of decreasing pore size with increasing PVA 
concentration, as described in [3]. Even these values for the lower molecular weight sample match the values 
reported in this paper. 
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Figure 1 Histogram of the distribution of pore sizes obtained from AFM measurements and image analysis 

for PVA hydrogels (results of image analysis provided by Particle analysis tool in ImageJ as described 
previously [4]) 

Compared to AFM, samples for SEM measurements were converted into xerogel form. This modification of 
the sample is likely to create artifacts that can disrupt the internal structure of the samples. No measurement 
using this method produced adequate results and these results showed (Figure 2B) a distorted structure. 
A possible solution to this problem could be measurement under cryogenic conditions using the CryoSEM 
technique. 

 

Figure 2 PVA sample (110 kDa and 10 wt.% of polymer) visualized by AFM (A), SEM (B), and CryoSEM (C) 
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The results obtained with CryoSEM show similar nanostructures (Figure 2C) as with AFM, except that the 
AFM images are displayed at a scale almost 10 times larger. CryoSEM shows a lower contrast, which could 
increase with further modification of the samples, however, these results cannot yet be used for image 
analysis. Compared to classic SEM a swollen structure can be analyzed, this structure could be considered 
as real, however, it is necessary to take into account all modifications that could alter the sample structure 
during sample preparation for analysis. 

3.3. Rheology 

The mechanical properties depending on the internal structure of the fully swollen hydrogels were 
characterized using a rotational rheometer (TA Instruments, Discovery Hybrid Rheometer (HR-2)). Since 
hydrogels are viscoelastic materials (i.e., they exhibit both viscous and elastic behavior), rheology (the 
measure of flow and deformation behavior of liquids and solids) is an appropriate method for characterizing 
hydrogel mechanical properties. The sample is placed between the plates with a defined gap, and the upper 
plate performs an oscillating movement. All hydrogels showed a common plateau in the frequency sweep, i.e., 
the elastic moduli were frequency independent in the range from about 0.1 to 10 rad/s. Therefore, these 
hydrogels exhibit a soft rubbery behavior. Polymers with lower concentrations of PVA and molecular weights 
show lower values of elastic moduli, and their plateau has a relatively narrow range. In contrast, hydrogels 
with higher mass concentrations and molecular weights have the opposite trend. The change in toughness or 
stiffness of these hydrogel networks can therefore be correlated with their composition and internal structure. 

The mesh size of the hydrogels was calculated based on 
the rheological data using the rubber elasticity theory [2]. 
In hydrogels, the crosslinking density increases with 
increasing polymer concentration. This leads to the 
increase in the elastic modulus and at the same time to 
the decrease in the molecular weight of the chain 
between the two nodes. Hydrogel networks with a higher 
concentration and molecular weight of the polymer show 
a smaller average mesh size. In a wide range of 
concentrations, the trend of decreasing porosity with 
increasing concentration and molecular weight of PVA 
was well reproducible, as you can see in Figure 3. 

 
 

Figure3 Dependence of the input parameters of the PVA polymer on the resulting pore sizes; hydrogels 
prepared in a laboratory freezer 

3.4. DLS microrheology 

The DLS (dynamic light scattering) measurement is based on observing the movement of tracer particles with 
defined particle size in the sample via monitoring the intensity of the light scattered by these particles. The 
selection of suitable particles for microrheological measurements can critically affect the measurement results. 
Based on theoretical knowledge [3] of the framework pore size in the selected PVA hydrogels, polystyrene 
(PS) particles with an average size of 50 nm, which are larger than the predicted meshes of the polymer 
network, were selected. If the selected particles were smaller, their free passage through the mesh would 
occur and the method would not provide an accurate rheological response. Furthermore, if the particles were 
much larger, there would be complex interactions of the particles with the entire network. Micrometer-sized 
particles also begin to exhibit non-Brownian behavior with thermal fluctuations reduced below realistically 
measurable levels. The measured data (using Malvern Panalytical, ZetaSizer Nano ZS) of the MSD curves 
were transformed into the form of viscoelastic moduli using complex mathematical apparatus. The subsequent 
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evaluation was based only on the middle part of the average elastic moduli, the so-called plateau. To evaluate 
this part of the modules, we decided to use the mathematical apparatus of inverse derivation. The results of 
these measurements provide data that are almost correlated with the values discussed in the literature [3]. 

3.5. Turbidimetry 

Polymer networks creating pores in hydrogels are responsible for the turbidity of final hydrogels. Measuring 
the loss of intensity of transmitted light caused by the light scattering due to this turbidity can offer information 
about the internal structure. The turbidimetric measurement (performed using UV-VIS spectrophotometer: 
Hitachi High-Technologies Corporation, U-3900H) of PVA hydrogels was carried out based on an article [5] in 
which the author dealt with agarose hydrogels. To evaluate the measured data, the part of the spectrum that 
corresponds to the shape of the scattering spectrum without radiation interference was selected. The part of 
the spectrum in which the interference occurred was fundamental to the final calculation and the limitation of 
the correlation curve was based on the wave exponents associated with this part. Therefore, it was not possible 
to calculate the exact pore sizes. Nonetheless, it was possible to determine the predicted trends regarding the 
porosity of these hydrogel materials. According to the directions of the individual curves, a decreasing trend 
can be confirmed depending on the increasing molecular weight, e.i., the trend that was observed for all 
previous methods. For ordinary comparison of set of samples, this method is suitable and simple to perform. 

4. CONCLUSION 

This work focused on the optimization and testing of methods suitable for the analysis of the microstructure of 
hydrogel materials with a particular focus on the determination of pore size. Each method tested has specific 
advantages and disadvantages (summarized in Table 2).  

Table 2 Comparison of discussed methods 

 Advantages Disadvantages 
Economic 

demands of 
operation 

DSC 
thermoporometry 

small amount of material; both 
dried and hydrated samples can 

be measured 

poor results for aqueous solvents, better 
results with organic solvents $$$ 

SEM topography measurement 
impossible to measure hydrated samples; 

deformation of the sample during 
preparation 

$$$$ 

CryoSEM measurement of the samples in 
the hydrated state 

possible sample deformation during 
cryofixation or sublimation $$$$$ 

AFM 

universal method; allows 
obtaining qualitative and 

quantitative information about 
physical parameters, 3D 

low scan speed; both the sample and the 
cantilever can be damaged during the 

measurement; prolonged optimization of 
new materials 

$$ 

Rheology 
quick and easy method; samples 

are measured in the hydrated 
state 

it is not always possible to prepare a 
sample of the same size $$ 

DLS 
microrheology 

small amount of material; fast 
method with higher measurement 

ranges 

complex sample preparation; selection of 
a suitable probe for measurement $ 

Turbidimetry the simplest of the commented 
techniques 

complex sample preparation; there is no 
mathematical apparatus connecting the 

issues for a wider range of materials 
$ 

The AFM method shows admirable and, in our opinion, the most reasonable results, which, however, are 
redeemed by relatively complex measurements and optimization for each measured sample. Therefore, it 
would be advisable to combine this technique with the simpler technique for a faster determination of e.g., 
rheology, microrheology, turbidimetry, or DSC. The optimization of the combination of these two chosen 
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methods should be carried out on a wide range of different materials and should try to find a connection 
between the results, thanks to which it should be possible to subsequently use a simpler and faster variant in 
the routine porosity-mapping assays. However, the limitations of individual methods and the dynamic nature 
of hydrogel polymer networks must still be considered. 
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Abstract 

Petroleum-based products as Linear low-density polyethylene (LLDPE) are most commonly used in packaging 
of products like food, pharmaceuticals, cosmetics and detergents because of his low cost, good mechanical 
properties, easy processing and flexibility. However the lack of LLDPE as non-degradable packaging material 
has a major impact on environmental pollution. During the last few decades, petroleum-based products 
because of improper management and disposal practice cause serious environmental pollution problems that 
could persist for centuries. This has raised growing concern about degradable polymers and promoted develop 
of new synthetic plastics with plants (biopolymers) which can be biodegradable and may replace currently 
used plastics at least in some of the fields. Rice husk (RH) is one of the major agricultural residues produced 
as a byproduct during the rice milling process and it can be widely used due to its properties. The incorporation 
of RH into polymer matrices provides advantageous characteristics, such as biodegradability, low cost, light 
weight, toughness, and resistance to weathering. The aim of this study was to examine the influence of the 
RH content and mTiO2 on the thermal properties of LLDPE. In addition to RH, rutile (mTiO2) was added due 
to its antibacterial and photocatalityc properties as well as resistance to high temperatures. LLDPE/RH/mTiO2 
biocomposites were prepared by mixing RH in content of 10, 20, 30, 40 and 50 wt % and 5 wt % of mTiO2 in 
the neat LLDPE in a Brabender mixer. By DSC techniques phase transitions, TGA technique the thermal 
stability while by DMA technique viscoelastic properties of the LLDPE/RH/mTiO2 biocomposites were obtained 
with the respect of RH content and addition of mTiO2. According to DSC results for LLDPE/RH/mTiO2 
biocomposites changes in the melting (Tm) and crystallisation (Tc) temperature indicated that there was some 
degree of interaction between LLDPE, RH and mTiO2. The TGA results show that the LLDPE is more thermally 
stable with addition of mTiO2. The viscoelastic properties were improved with the addition of mTiO2.  

Keywords: Linear low density polyethylene, rice husks, mTiO2, biocomposites, thermal properties 

1. INTRODUCTION 

During the last few decades, polymer composites because of their superior properties such as high strength 
to weight ratio, good electrical insulation, ability to transfer load, and easy and inexpensive processing have 
been of interest to industry and academia. However, petroleum-based products creates ecological and 
enviromental problems due to non-biodegradable polymers which release harmful chemicals and toxic gases. 
This results in synthesis of polymers for the production of biodegradable polymers by inexpensive and 
renewable resources such as cellulose, starch, lignin, proteins and vegetable oils has attracted the attention 
of scientists around the world and has shown a promising path to the sustainable development of new products. 
Biodegradable polymers/fibers are biocompatible and degrade in the surounding enviroments without causing 
any environmental pollution. Natural fibers such as banana, rice husks, jute, sisal and hemp have advantages 
such as low cost, less weight, easy to process and bio-degradable compared to the synthetic fibers.1 
Because of that natural fibers can be used an alternative material to conventional synthetic fibers such as 
glass, carbon, boron and kevlar fibers. Most natural fibers consist of cellulose, hemicelluloses, lignin and other 
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low molecular weight compounds. Over the last years, remarkable attention has been paid to eco-friendly, 
sustainable materials for various applications. In this context, rice husks (RH) was used as reinforcing element 
in green polymer composites. RH is characterized by its abundance, renewability, low-price, low density and 
high strength to weight ratio. Polymer composites incorporating fillers can result in materials with improved the 

different properties such as mechanical, thermal, flame retardancy and water absorption behaviour 2. The 
improvement of mechanical and thermal properties can be achieved by the addition of inorganic filler namely 
titanium dioxide (TiO2). TiO2 is a versatile material with interesting characteristics biocompatible, chemical 
stability, high reactivity, antibacterial properties, electrochemical properties, low cost, and safe production. 
Thermal analysis (TA) is one of the group of techniques, which is used in the characterization of polymeric 
materials to give information, which are often unavailable via using other techniques. Therefore, thermal 
analysis is a perfect and versatile tool for characterizing composite materials in a wide temperature range. In 
this work thermogravimetry (TG), differential scanning calorimetry (DSC) and dynamic-mechanical analysis 
(DMA) were used to characterize the influence of RH and microsized TiO2 on the thermal and dynamic-
mechanical properties.In the aim to develop biocomposites with better biodegradation properties RH particles 
were added in the LLDPE polymer. For expect is that the RH particles will stimulate biodegradation process 
of synthetic LLDPE polymer. This study is the preliminary for the further investigations which will be directed 
on the determination of photocatalytic effect of mTiO2 in the LLDPE/RH biocomposites and biodegradation 
process. 

2. EXPERIMENTAL 

2.1. Materials 

Linear low density polyethylene (LLDPE) (LLDPE-EFDA 7047), with a MFR of 1. 0 g/10 min at 190 °C and 
density of 0.918 g/cm3 was supplied from Equate Pertrochemical Company, Kuwait. The rice husk (RH) was 
donated from rice factory in Kocani, Macedonia, and the rice cultivar was 'Sant Andrea' (Oryza sativa L. 'Sant 
Andrea'), Italy. Microsized TiO2 (Aeroxide P25, Titania, Titanium dioxide) in the form of white powder, 
molecular weight 79.87 gmol-1 and density of 3.9 g cm˗3 was purchased from Sigma-Aldrich Chemistry. 

2.2. Preparation of biocomposites  

In this work, two series of biocomposites formulation of LLDPE reinforced rice husk without and with TiO2 
incorporation were prepared. LLDPE biocomposites containing RH (content 10-50 wt%) and 5 wt% of 
microTiO2 were prepared by the melt-mixing in the Brabender kneading chamber at 155 °C for 5 minutes 
(screw rotation speed was 60 rpm). The RH were chopped to small size in IKA-WERKE M20 mixer and dried 
in an air-circulating oven at 105 °C for 24 h to remove any residual water prior to mixing with LLDPE. The 
biocomposites were pressed in a hydraulic press Fontune, Holland (SRB 140, EC 320x320NB) at the 
temperature of 160 °C and a pressure of 25 kPa for 5 min.  

2.3. Characterization 

The viscoelastic properties (storage modulus E‘ and loss modulus E‘‘ ) of the LLDPE and LLDPE/RH 
biocomposites without and with mTiO2 were measured using a dynamic mechanical analyser (DMA 983, TA 
Instruments). The measurements were performed at a frequency of 1 Hz and at a oscillation amplitude of 0.2 
mm. The temperature range was from -100 °C to 120 °C at a heating rate of 3 °C/min. The specimen 
dimensions were 20 x 13 x1 mm. The samples were cooled to -100 oC using liquid nitrogen. 

DSC analysis was carried out using a differential scanning calorimeter DSC Mettler Toledo 822e. The 
measurements were carried out in the temperature range from -100 to 150 °C at a heating rate of 10 C/min, in 
two heating/cooling cycles and inert atmosphere of nitrogen. Samples of 9-10 mg were placed into aluminium 
pans with a lid and were hermetically-sealed. Thermal parameters such as melting temperature (Tm), 
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crystallization temperature (Tc), heat of melting (ΔHm) and the percentage of crystallinity (Xc), of the studied 
biocomposites were analyzed. 

Thermogravimetric (TG) and Differential Thermogravimetric (DTG) measurements were performed with 
TA Instruments Q500 system analyzer to obtained the thermal stability of the neat LLDPE and LLDPE/RH 
biocomposites without and with mTiO2. Samples of approximately 10 mg was heated from 25 °C to 600 °C at 

a heating rate of 10 °C /min under a nitrogen atmosphere (60 ml/min). 

3. RESULTS AND DISCUSSION 

3.1. Dynamic Mechanical Analysis (DMA) 

Dynamic mechanical analysis (DMA) has become a widely used technique for the determination of the loss 
modulus, E'', storage modulus,E', and tan. Generally, the DMA properties of a composite material depend 
presence and content of the additives like filler,compatibiliser, and the mode of testing.The storage modulus 
E' of the neat LLDPE and LLDPE/RH biocomposites without and with TiO2, shown in Figure 1. 

 

   

Figure 1 Storage modulus (E‘) as a function of temperature of the neat LLDPE and LLDPE/RH 
biocomposites without and with TiO2 

The values of (E') at 25 °C for the neat LLDPE and LLDPE/RH biocomposites without and with mTiO2 are 
reported in Table 1 and Table 2. As can be observed, the E' values increased with the increase of the RH 
content in the biocomposites without and with mTiO2, due to the reinforcement imparted by the fillers that 
allowed greater stress transfer at the interface. 

 

Figure 2 Loss modulus (E‘‘) as a function of temperature of the neat LLDPE and LLDPE/RH biocomposites 
without and with mTiO2 
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Figure 2 shows the temperature dependence of the loss modulus, E" of the neat LLDPE and LLDPE/RH 
biocomposites without and with mTiO2. For all biocomposites two relaxations are clearly observed in this 
temperature range. The low-temperature peak is related to the glass transition (Tg) of the amorphous LLDPE 
fractions. The high-temperature peak corresponds to the αh transition related to the LLDPE crystalline fractions 
[3]. The E'' values corresponding to the Tg increased with incorporation of the mTiO2 (Table 2). It may be 
attributed to the presence of mTiO2 can enhance interaction between LLDPE matrix and RH in the 
biocomposites. A good interfacial interaction can be evaluated based on capability of mTiO2 particles in 
restricting the mobility of polymer chain. As it is seen, that the αh transition peak is significantly shifted to higher 
temperatures by the addition of RH (Table 1) and mTiO2 (Table 2). Sirotkin et al. [4] suggest that in 
polyethylene αh relaxation temperature increases with the lamellar thickness, irrespective of grade or 
crystallinity and is associated with c-shear within the crystalline lamellae. 

Table 1 DMA results of the neat LLDPE and LLDPE/RH biocomposites without mTiO2  

Sample LLDPE100/0 
LLDPE/RH 

90/10 
LLDPE/RH 

80/20 
LLDPE/RH 

70/30 
LLDPE/RH 

60/40 

LLDPE/RH 
50/50 

 

Tg(
oC) -16.4 -18.9 -16.3 -16.8 -16.5 -10.0 

h (
oC) 12.5 24.9 34.0 44.2 51.5 48.5 

E'25
o

C(GPa) 0.876 1.086 1.264 1.333 1.600 2.725 

Table 2 DMA results of the neat LLDPE and LLDPE/RH biocomposites with mTiO2  

Sample 
LLDPE/TiO210

0/5 
LLDPE/RH/TiO

2 90/10/5 
LLDPE/RH/TiO

2 80/20/5 
LLDPE/RH/TiO

2 70/30/5 
LLDPE/RH/TiO

2 60/40/5 

LLDPE/RH/TiO

2 50/50/5 

 

Tg(
oC) -12.70 -15.38 -16.20 -14.90 -14.00 -7.08 

h (
oC) 25.75 24.31 30.42 53.92 46.76 56.87 

E'25
o

C(GPa) 0.5600 0.6500 0.8325 0.7210 1.0270 1.1250 

3.2. Thermal behaviour of biocomposites 

Differential scanning calorimetry (DSC) was used to investigate the effect of the RH and mTiO2 filler on the 
thermal properties of biocomposites. The DSC curves of 2nd heating and cooling cycles of the neat LLDPE 
and LLDPE/RH biocomposites without and with mTiO2 are shown in Figure 3 and Figure 4, respectively. 

 

Figure 3 DSC curves of 2nd heating cycle for the neat LLDPE and LLDPE/RH biocomposites without and 
with mTiO2 

The effect of RH content and introduction of mTiO2 on Tm for the LLDPE/RH biocomposites is presented in 
Table 3 and shows no significant changed in Tm for the biocomposites. The DSC curves of the neat LLDPE 
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and LDPE/RH biocomposites without and with mTiO2 during the 2nd cooling cycle are shown in Figure 4. The 
determined crystallization temperature, Tc, values are listed in Table 3 and Table 4. The Tc of the 
biocomposites had slightly shifted to a higher temperature compared to the neat LLDPE with the incorporation 
of RH and mTiO2. A change in crystallization temperature in the presence of fillers reflects changes in the 
nature of relaxation processes occurring in thin layers at the polymer-phase interface. A low shoulder observed 
in the low point of temperature side of the cooling peak of the LLDPE indicating paracrystalline structure. 

 

Figure 4 DSC curves of 2nd cooling cycle for the neat LLDPE and LLDPE/RH biocomposites without and 
with mTiO2 

Table 3 DSC results after 2nd heating/cooling cycle of the neat LLDPE and LLDPE/RH biocomposites without  
             mTiO2 

Sample LLDPE100/0 
LLDPE/RH 

90/10 
LLDPE/RH 

80/20 
LLDPE/RH 

70/30 
LLDPE/RH 

60/40 

LLDPE/RH 
50/50 

 

Tm (
oC) 120.8 122.5 124.0 123.4 123.6 123.7 

Tc (
oC) 104.2 105.5 104.3 105.1 105.5 106.1 

ΔHm (Jg-1) 118.41 113.80 105.01 92.99 75.02 63.36 

χc (%) 40.4 43.2 44.8 45.3 42.7 43.2 

Table 4 DSC results after 2nd heating/cooling cycle of the neat LLDPE and LLDPE/RH biocomposites with  
              mTiO2 

Sample 
LLDPE/TiO2

100/5 
LLDPE/RH/TiO2 

90/10/5 
LLDPE/RH/TiO2 

80/20/5 
LLDPE/RH/TiO2 

70/30/5 
LLDPE/RH/TiO2 

60/40/5 

LLDPE/RH/TiO2 
50/50/5 

 

Tm (
oC) 121.3 122.1 124.0 123.6 121.6 122.6 

Tc (
oC) 104.9 105.8 104.3 105.8 107.6 105.4 

ΔHm (Jg-1) 125.4 120.6 119.94 94.6 76.16 60.9 

χc (%) 42,8 48.1 53.9 48.6 45.6 44.0 

The crystallinity of LLDPE and LLDPE/RH biocomposite without and with mTiO2 (c %) was calculated 
according to Equation (1). A increase of the crystallinity can be observed when the mTiO2 are incorporated in 
the LLDPE/RH biocomposites (Table 4). These results can be explained by the strong nucleation ability of the 
mTiO2 on LLDPE.  
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where: 
ΔHm0 - the value of melting enthalpy read from the surface of melting endotherm (Jg-1)  

ΔHm100 - the melting enthalpy of 100 % crystalline LLDPE (293,0 Jg-1). 

3.3. Results of Thermogravimetric Analysis (TGA) 

A TG analysis was very useful tehnique to determine quantitatively the degradation behavior, the composition 
of the materials and thermal stability. In this study the thermal stability of the neat LLDPE and LLDPE/RH 
biocomposites without and with mTiO2 was investigated. The TG and DTG curves of LLDPE/RH biocomposites 
without and with mTiO2 are represented in Figure 5 and Figure 6, respectively. 

 

Figure 5 TG and DTG curves of the neat LLDPE and LLDPE/RH biocomposites without mTiO2 

 

Figure 6 TG and DTG curves of the neat LLDPE and LLDPE/RH biocomposites with mTiO2 

Table 2 shows the initial degradation temperature (Tini.), the temperature corresponding to final temperature 
of thermal degradation (Tend) and the residual mass of the biocomposites at 600 oC. As can be seen from the 
DTG curve LLDPE degrades in one degradation stage while the both LLDPE/RH biocomposites series 
degrades up to three degradation stages. The first two stages corresponding to those of RH (due to the loss 
of water in RH and to the thermal decomposition of hemicellulose, cellulose and lignin in RH) and the third one 
was due to thermal degradation of LLDPE. As expected, the area of the first two peaks in the DTG curves 
increases with the RH content, whereas the area of the third peak decreases with it. The increase in RH content 
in the LLDPE/RH biocomposites decreased the thermal stability of biocomposites. This is due to the lower 
thermal stability of the RH. In addition, the weight loss starts at the higher temperature for biocomposites with 
mTiO2. It shows that thermal stability of LLDPE/RH biocomposites was significantly improved by the 
incorporation of mTiO2. The value of the residual at 600oC of LDPE/RH biocomposites increase with increasing 
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RH content and it was mainly related to the silica content of RH (96 %). It can be seen that the residue of 
LLDPE/RH/mTiO2 biocomposites is a little higher than that of LLDPE/RH biocomposites.  

Table 5 TGA results of the neat LLDPE and LLDPE/RH biocomposites without mTiO2 

Sample 
LLDPE10

0/0 
LLDPE/RH 

90/10 
LLDPE/RH 

80/20 
LLDPE/RH 

70/30 
LLDPE/RH 

60/40 
LLDPE/RH 

50/50 

 

Tini. (
oC) 439.8 352.9 329.4 324.4 310.6 308.1 

Tfin. (
oC) 484.1 480.7 481.3 520.2 516.5 517.6 

Residue at 600ᴼC 0.515 3.8 7.7 11.1 15.2 22.3 

Table 6 TGA results of the neat LLDPE and LLDPE/RH biocomposites with mTiO2 

Sample 
LLDPE/TiO2

100/5 
LLDPE/RH/Ti

O290/10/5 
LLDPE/RH/Ti

O2 80/20/5 
LLDPE/RH/TiO2 

70/30/5 
LLDPE/RH/Ti

O2 60/40/5 
LLDPE/RH/TiO2 

50/50/5 

 

Tini. (
oC) 467.6 467.9 467.8 468.2 475.1 457.5 

Tfin. (oC) 513.7 515.7 467.8 522.4 525.0 512.6 

Residue at 600ᴼC 4.1 6.2 12.2 15.7 18.5 22.2 

4. CONCLUSION 

In this study we prepared the LLDPE/RH biocomposites with different content of RH particles and withouth 
and with the addition of TiO2 with the aim to investigate the effect of RH and mTiO2 on the phase transitions, 
viscoelastic properties and thermal stability. For expect is that the RH particles and mTiO2 will improve thermal 
properties important in the application of this biocomposites as packing materials. By adding and increasing 
the content of RH the storage modulus (E’) for the LLDPE/RH biocomposites was higher than that of the neat 
LLDPE, because of the increasing stiffness of the biocomposites. The incorporation of mTiO2 as filler to 
LLDPE/RH biocomposites, the Tg increases  due to the reduced segmental mobility of LLDPE. On the other 
side the presence of the RH and mTiO2 does not affect Tm of the LLDPE/RH biocomposites. DSC results 
indicate that the addition of mTiO2 favors the nucleation process; thus, the Xc values of the LLDPE/RH/mTiO2 
biocomposites are higher than those of LLDPE/RH biocomposites. On the bases of TGA measurements the 
incorporation of the mTiO2 gives rise to a considerable increase of the thermal stability of LLDPE/RH 
biocomposites. 
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Abstract 

Surface Enhanced Raman Spectroscopy (SERS) is an important method for characterizing different materials 
and chemical analytes at low concentrations. The Raman signal plasmonic amplification is strongly dependent 
on the surface nanostructure. The filter paper could be used as the substrate for the chemical analysis of 
organic materials. We investigated the influence of different TiO2 thicknesses deposited on the ashless filter 
paper surface on the signal efficiency. TiO2 is hydrophilic and biocompatible. High-surface area TiO2 on the 
filter paper will help create 3D heterostructure to collect more analyte molecules. We used Sentech SI 500 
thermal Atomic Layer Deposition (ALD) System with 10, 20, and 50 growth cycles and the TTIP precursor. 
Surface structure was investigated by Atomic Force Microscopy (AFM). The silver (Ag) colloid solution was 
dropped on the filter paper before standard R6G biomarker solutions were deposited. The Raman signal 
measured by In Via Renishaw spectrometer was compared for the different samples. TiO2 ALD-20 cycle gave 
the highest enhancement factor (~2.3 X 105) compared to other ALD-coated samples. Interestingly, the TiO2 
ALD coating generally results in an enhancement factor more than 20 times higher than the reference sample 
(namely filter paper without the ALD coating). SERS mapping results suggest the uniformity and reliability of 
SERS measurements across a large area (40 x 40 um2). The finding paves a new direction for preparing 
simple, flexible, and biocompatible SERS substrates, which could be readily applied in detecting various 
biomolecular or organic analytes in our coming works.  

Keywords: Surface enhanced Raman spectroscopy, filter paper, titanium oxide, atomic layer deposition 

1. INTRODUCTION 

Surface-enhanced Raman scattering (SERS) is a non-destructive sensing technique in which inelastic light 
scattering by molecules is enhanced in comparison with clasical Raman scattering by the orders of magnitude 
when the molecules are adsorbed onto corrugated metal surfaces such as silver or gold nanoparticles (NPs). 
The enhancement is produced by localized field of the plasmonic oscilations between the nanoparticles. SERS 
enables the examination of small numbers of molecules. SERS has increasing number of applications in 
several different directions, including electrochemistry, catalysis, biology, medicine, art conservation, materials 
science, and others [1-3]. SERS substrates are produced mainly by metallic nanostructures on glass 
substrates or silicon wafers. However, three-dimensional (3D) structures are more suitable because they 
enlarge both the interaction volumes and total interaction surface areas between the localized field and the 
molecules to be detected. But the complexity of the fabrication and low-flexibility of the substrates, limit the 
practical application of these SERS devices. The new methods of the preparation of 3D SERS substrates use 
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polymer nano-fibers or paper fiber networks as the frame for the plasmonic nanostructures [4]. Particular 
advantages attributed to filter paper-based SERS are the ability to create greater hotspot sites and to 
concentrate analyte. Filter paper based SERS substrates have recently shown strong capability in detecting 
trace amount of small molecules [5]. The crystalline TiO2 with Ag NP or silica-titania fibers obtained by sol-gel 
and electrospinning processes were also successfuly used for SERS substrate preparation [6,7]. Rhodamine 
6G (R6G) is often used as a model molecule in the SERS spectroscopy with resulting EF up to 108 on 
roughened nano-Au films or detection limit of 10-13 M R6G on urea and formaldehyde (UF) microsphere with 
Ag NP [8 - 11]. Here we report a study of the properties of the Ag NP covered ashless filter paper with different 
TiO2 coverage and the resultant surface enhanced Raman scattering (SERS) activity using R6G as a analyte. 

2. EXPERIMENTAL 

Several samples were prepared for the Raman and SERS measurement. The reference samples were placed 
on the silicon substrates. SERS samples were prepared on the ashless filter paper by two methods: The first 
with the synthetized rutile TiO2 and Ag NP, the second with the thin TiO2 layers prepared by 10, 20 and 50 
cycles of the thermal Atomic Layer Deposition (ALD) SI 500 Sentech covered again by the Ag NP. The rutile 
TiO2 was synthetized by mixing of 0.75 M of urea (99.5 %) and 1 M of TiCl4 (99.9 %) in an autoclave by 200 °C 
for 2 hours. TiO2 nanoparticles were obtained by centrifugation, washing, and drying in the vacuum oven at 
80 °C overnight. The filter paper surface has been characterized by the optical and Atomic Force Microscopy 
(AFM) as shown in Figure 1. The paper fiber diameter is approximately 10 μm and the filter paper structure 
creates gaps with dimensions of several tens of μm where the analyte could be accumulated. Resulting 
samples were inspected by the Scanning Electron Microscopy (SEM). In the Figure 2 the R6G molecule and 
the surface of the sample with synthetized rutile TiO2 and Ag NP are shown. The ALD covered sample if shown 
in the Figure 3 with different scales. The diameters of the Ag NP are in the range 40 - 120 nm. 

 

Figure 1 The AFM and optical microscope (insert) picture of the filter paper surface 
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Figure 2 SEM picture of R6G molecule (left) and rutile/Ag NC surface (right) 

  

Figure 3 SEM picture of ALD TiO2/Ag NC surface in microscale (left) and in nanoscale (right) 

3. RESULTS 

First, the Raman spectra of 10 mM and 1 mM R6G on silicon were performed (Figure 4). All measurements 
were done on Renishaw In Via Raman spectrometer. We used the 633 nm laser with 10 % intensity and we 
compared the signal at Raman shift on the 1364 cm-1 peak. SERS enhancement factor (EF) is defined as the 
ratio of SERS intensity contributed by each surface molecule to the ordinary Raman intensity contributed by 
each free molecule: 

 

where ISERS and IRaman are the SERS and ordinary Raman intensities, respectively. CSERS and CRaman are the 
concentrations of molecules probed by SERS and ordinary Raman. For the samples with synthesized rutile 
TiO2/Ag NC layer we obtained the height for 1 mM R6G 452286 a.u as shown in Figure 5. In comparison with 
the height of reference peak for 10 mM R6G on the silicon wafer (451 a.u.) we obtained EF 104. For the 1 μM 
of R6G on the ALD TiO2/Ag NC surface we measured the samples with different thicknesses of ALD TiO2  layer 
using 10, 20 and 50 growth cycles on Sentech SI 500 thermal ALD with the TTIP precursor. Resulting SERS 
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spectra are shown in Figure 6. The highest peak 10591 a.u. of 1 μM R6G at1364 cm-1 was observed for the 
20 cycles of ALD (TiO2 layer thickness 0.4 nm). Resulting EF is 2.3 x 105. 

  

Figure 4 Raman spectra of 10 mM (black) and 1 mM (red) R6G on silicon with 10 % power of 633 nm laser 

 

Figure 5 SERS spectra of 1 mM and 1 μM (insert) R6G (insert) on rutile TiO2/Ag NP 
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Figure 6 SERS spectra on ALD TiO2/Ag NP 

The SERS signal homogeneity was measured as well by the Raman mapping (Figure 7). The 1364 cm-1 peak 
showed good homogeneity in the area of several tenths of μm. 

  

Figure 7 SERS mapping on droplet 50 ALD cycle for 1364 cm-1 (left) and   for 1511 cm-1 (right). 

4. CONCLUSION 

The Raman spectra of the R6G analyte on the pure silicon substrate in comparison with SERS spectra on TiO2 
coated filter paper with Ag NP show the enhancement factor larger than 105. Low costs, thin, and flexible 
devices are the main advantages of the presented SERS substrate over the conventional 3D designs. The 
samples with thin ALD TiO2 coverage have 10 times higher enhancement factor than the samples with 
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sythetized pristine TiO2. It probably follows from the retained filter paper 3D structure due to very thin oxide 
coverage. 
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