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QUANTUM DOT HETEROSTRUCTURES FOR SEMICONDUCTOR DEVICES 

1,2,3Nikolay LEDENTSOV 

1VI Systems GmbH, Berlin, Germany, EU, nikolay.ledentsov@v-i-systems.com 

2Ioffe Institute of the RAS, St. Petersburg, Russian Federation 

3Academic University, St. Petersburg, Russian Federation 

Abstract  

“Quantum dot (QD)” or, other name, “quantum box”, represents an ultimate case of size quantization in solids, 
where the motion of the charge carriers is restricted in all three dimensions (3D). The critical condition for the 
formation of truly atom-like density states is a high quality of interfaces surrounding such nano-objects. Defects 
at interfaces and the related scattering and nonradiative recombination effects drastically reduce or even 
eliminate advantages of the 3D nanoobjects. Consequently, heteroepitaxial overgrowth became necessary 
before all the advantages of zero-dimensional electron spectrum in QDs were implemented both in core-shell 
colloidal QDs and in epitaxially-grown QD heterostructures.  

Keywords: Quantum dot, semiconductor heterostructure, laser diode, LED, silicon photonics, cryptography,  
         entanglement, nanoelectronics 

1. INTRODUCTION  

Size quantization effects in solids attracted a lot of attention already in 60’s of the last century. Such effects 
were studied first in thin films formed by vacuum deposition [1]. The films formed in this technology had a high 
density of surface states and defects and, even a lot of bright discoveries were made (such as size quantization 
of charge carriers, 2D Shubnikov-de Haas oscillations, …), industrial applications appeared to be hardly 
possible. In 70’s defect-free quantum well (QW) structures were realized [2] and multiple further fundamental 
discoveries were allowed (fractional Quantum Hall effect, phonon folding and confinement, exciton 
quantization, …). Multiple device applications followed as well. The advancement became possible when 
highly reproducible techniques of epitaxial growth with atomically controlled interfaces such as molecular beam 
epitaxy (MBE) and metal-organic chemical vapor deposition (MOCVD) were developed and applied.  

Like also in the case of thin films, the first quantum-size crystallites (CuCl) were realized in 1981 without surface 
or interface protection by applying nucleation and growth from oversaturated solid solutions is glass matrices 
[3]. The interfaces with the surrounding matrix suffered from a poor crystallographic quality. In the same way 
the surface states dominated the surface and interface properties of colloidal quantum dots (QDs), which were 
realized in 1983 [4]. Structures with reduced dimensionality were also targeted in traditional epitaxial 
semiconductor heterostructures. It was quickly recognized that lateral etching of QW structures to form QDs 
is not an optimal technology due to the high defect density formed at the etched surfaces and interfaces. To 
overcome the problem and realize defect free structures with reduced dimensionality heteroepitaxial growth 
was applied. Submonolayer deposition of narrow bandgap material on top of the monolayer-stepped vicinal 
surfaces resulted in the formation of isolated fractional monolayer domains of narrow gap material [5]. Such 
domains were then overgrown by the matrix material having a larger bandgap. However, in traditional III-V 
materials, small effective mass of charge carriers in combination with ultimately small thickness of the insertion, 
resulted in fairly weak electron and hole confinement by monolayer islands. Furthermore, the interface 
intermixing effects did not enable clear manifestation of the lateral size quantization effects, and the approach 
was abandoned for certain period. In the following, the concept was successfully applied to II-VI and III-N 
materials where large effective masses for charge carriers allow efficient localization of charge carriers already 

https://doi.org/10.37904/nanocon.2019.8446  
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at monolayer-thick islands of the narrow bandgap material. In the following research period vertically-correlated 
stacking of islands formed by sub-monolayer (SML) deposition of narrow bandgap material and separated by 
layers made of wide bandgap material allowed further bandgap manipulations and engineering of the 
polarization of luminescence recorded from the surface and the edge of the multilayer SML structures.  

As opposite, initially the formation of three-dimensional islands, which may appear during deposition of lattice-
mismatched material on top of a single crystalline substrate was hardly considered as suitable candidate for 
QD formation or any other high-quality epitaxial growth approach. Such phenomena were broadly studied at 
the initial phase of MBE and MOCVD technology development. It was concluded that the effect unavoidably 
results in a high concentration of macroscopic clusters and a generation of high density of dislocations ruining 
optical properties and potential device performance. 

2. THREE-DIMANSIONAL QUANTUM DOT HETEROSTRUCTURES 

With further progress in heteroepitaxial growth and development of advanced techniques such as 
submonolayer deposition and heteroepitaxial deposition at reduced temperatures and deposition rates, in 
combination with applying in-situ techniques for monitoring of epitaxial growth, such as reflection high-energy 
electron diffraction (RHEED), a much better understanding and control of epitaxial deposition in lattice 
mismatched systems became possible. Consequently, first defect-free three-dimensional QD heterostructures 
capable for lasing [6] were finally demonstrated.  An explosion of research activity in this field followed.  A first 
clear proof of atom-like electronic spectrum in a real QD was manifested [7]. Characteristic QD absorption 
features were revealed [7]. Nonequilibrium carrier relaxation processes in QDs became understood [7] and 
found to be fast enough, as opposite to the initial theoretical concerns. It was further shown that the lattice-
mismatched epitaxial deposition resulted, under certain range of technological parameters, in the formation of 
size- and shape ordered three-dimensional coherent epitaxial islands having a high degree of order [7]. Self-
organized growth of QDs, as formation of order from initially random distributions, was thus demonstrated.  

3D colloidal nanocrystallites, with properties initially dominated by surface states, also revealed their broad 
advantages, when core-shell heteroepitaxial technology [8] was implemented. The surface states of the active 
QD section became suppressed by an epitaxial wide bandgap protective cover surrounding the narrow 
bandgap core region. Highly efficient luminescence was demonstrated. 

3. PROOF OF ELECTRONIC QUANTUM DOTS 

Initially properties of InGaAs-GaAs nanostructures remained highly controversial. Until the beginning-middle 
of 90’s many researchers argued that the properties of these structures, such as photoluminescence, are 
governed by defects and not by the coherent electronic quantum dots. The situation changed in 1993, when 
the first lasing in self-organized three-dimensional QDs was demonstrated both at low and at room temperature 
(Figure 1a, according to [6]). 

The photoluminescence peak (PL) and the lasing spectrum of QDs at low temperatures were Stokes shifted 
with respect to the first feature revealed in the PL excitation (PLE) spectrum of the QDs. This effect was in a 
marked difference to the traditional QW structures where PL and PLE maxima and the lasing spectrum all 
overlap and the Stokes shift is minor for high quality structures. Such PLE and PL behavior later was 
understood [7] and further became a fingerprint of a 3D isolated quantum dot. The main reason of such 
behavior is: resonantly excited QDs at low temperatures into the ground state can emit only at the wavelength 
matching the excitation wavelength, as no scattering mechanism within the ground state of the QD exists. 
Such ground state emission is revealed in time-delayed PL studies, otherwise it is masked by the intensity of 
the excitation light. Only when the excited state of the QD is populated with the existing light, the ground state 
emission of QDs can be revealed in the PL and PLE spectra. 
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An advantage of the research at this stage was a coordinated research in different areas such as 
photoluminescence, electroluminescence, cathodoluminescence and calorimetric absorption studies on one 
side and a detailed characterization of structural properties on the other.  

   

                                    (a)                                                                                         (b) 
Figure 1 (a) Optical properties of a structure with InGaAs nanoislands (‘quantum clusters’ [6]) inserted into 
a GaAs waveguide layer confined by AlGaAs cladding layers. Photoluminescence (PL) and PL excitation 

spectra are shown. At high excitation densities, a broad emission peak is revealed in a structure with islands 
formed by 1 nm InGaAs deposition at 460°C. The same nominal InGaAs layer thickness at 430°C did not 

result in the formation of well-resolved 3D islands, and the PL peak was observed at 1.42 eV. Photo-pumped 
lasing in the direction parallel to the surface of the wafer was realized in the structure with the 3D islands at 

77 K and at 300 K at much longer wavelengths as compared to those for the layer-like distribution of InGaAs 
(according to [6], the paper submitted on December 29, 1993) (b) Plan-view weak beam transmission 
electron microscopy image of 3D quantum dots in the In-Ga-As material system on GaAs substrate. 

The QDs have a lateral size of 12 nm ±2 nm, having axes aligned parallel to [100] and [010]. Along these 
directions, most of the dots are aligned (according to [7]). 

Optical studies revealed unique properties of electronic quantum dots. Structural characterization of QDs 
formed by InGaAs-GaAs and InAs-GaAs deposition in optimized growth regimes evidenced a narrow size and 
shape distribution of coherent islands and their relative ordering along certain crystallographic axes  
(Figure 1b) 

It was found further, that even a moderate deviation from the optimal “window” of deposition parameters may 
indeed result in formation of defects and dislocated clusters. In the following work, however, it was shown that 
it is possible to eliminate the impact of such defects also in this case by (i) partial overgrowth of the QDs with 
the wide bandgap material and the following selective evaporation on the not-capped dislocated islands and 
larger QDs further followed by (ii) high temperature annealing of the capped QDs allowing healing of point 
defects and their associates and also size and composition manipulations of coherent QDs by partial interface 
intermixing 

Photon Energy (eV) 

50n
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Photoluminescence (PL), PL excitation and lasing spectra confirmed the formation of electronic QDs, even the 
impact of scattering could not be estimated in the initial studies.  Another bright achievement came through a 
high spectral and spatial resolution cathodoluminescence studies of QDs [7].  

 

                                               (a)                                                                       (b)       
Figure 2 Intensity distribution map in scanned spot-focus cathodoluminescence (CL) imaging of a sample 
with InAs QDs taken for particular wavelength within the CL spectrum (a). The spectrum recorded at the 

maximum intensity position (A) clearly shows a δ-function-like emission line originating at a single nanoisland 
(b). The size of the bright spot in the intensity map image is defined by the diffusion length of nonequilibrium 

carriers generated by the electron beam and the electron-hole pair generation volume (according to 
Reference [7]). 

Cathodoluminescence imaging of single QD became a clear proof of formation of truly electronic QD by clear 
evidencing sharp delta-function like features in the CL spectra (see Figure 2) and the correlation of these 
sharp features with local excitation areas revealed in CL imaging. Opposite to the case of bound excitons, 
such sharp features did not disappear with temperature increase. Coherent Lorentzian broadening of the lines 
at higher temperatures was demonstrated due to phonon-induced interactions. The discovery of sharp 
emission lines caused by single QDs [7] enabled in the following single photon QD emitters and allowed 
research and applications in quantum cryptography and entanglement. 

The nature of the discrete electron spectrum in QDs stimulated discussions on a fundamental problem of 
nonequilibrium carrier relaxation in QDs, the issue which was thought to result in severe restrictions for 
application of QDs in high speed photonic and electron devices. 

PL and PLE spectra of InAs nanoisalnds at low temperatures were studied and compared to the absorption 
spectrum of QDs [7], as presented in Figure 3. It was confirmed that the main inhomogeneously broadened 
QD PL emission peak is resonant to the feature revealed in the calorimetric absorption spectra (CAS). As 
opposite no feature at such wavelength was revealed in the PLE spectra. no-transport of nonequilibrium 
carriers between the QDs and within the forbidden gaps separating the discrete levels of the single QD is 
posssible. Phonon resonances were revealed in the PLE spectra of QDs having the same energy for the 
ground state transition- PLE spectrum was inhomogeneously broadened by the shape and size variations of 
QDs causing a variety of excited state energies for the QDs having the same ground state. Such enhanced 
broadening of the excited states in QDs was revealed in CAS. PLE features matched LO-phonon energies and 
their multiples and indicated that the exciton relaxation in QDs occurs faster, when the energy difference 
between the ground and the excited state in the QD matches the integer of the longitudinal optical (LO) phonon 
energy. Furthermore, the broadening of the phonon resonances was observed and explained by strain and 
composition gradients in a single QD, causing effective broadening of the phonon features and by the co-
existence of different kinds of phonons for the same QDs (phonons in binary and alloy regions of different 
composition and within composition gradients, strain gradients, contribution of phonons in wetting layers,…).  
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The contribution of interface-folded acoustic phonons further enables fast relaxation processes for excitons 
and non-equilibrium carriers in practical self-organized InGaAs QDs. Thus there is no need in the precise 
energy matching to particular bulk phonon energy to enable fast relaxation process even at low temperatures. 
A high temperatures homogeneous broadening of the QD levels further accelerates the carrier energy 
relaxation processes. 

 

Figure 3 Calorimetric absorption, PL and PLE spectra of 3D InAs QDs in a GaAs matrix  
(according to Reference [7]). 

Heteroepitaxial overgrowth with wide bandgap material was understood to be critical, as it allowed QDs to fully 
expose their advantages both for fundamental studies and for device applications. Similarly, 3D nanocrystalites 
revealed their advantages and unique optical properties, when core-shell heteroepitaxial technology [8] was 
implemented.  

4. DEVICE APPLICATIONS OF QUANTUM DOTS 

All modern QDs for advanced applications are based on the semiconductor heterostructure concept [9]. The 
major market-relevant applications are: 

(i) GaN-based light-emitting diodes (LEDs); where confinement of nonequilibrium carriers at InN-rich 
nanodomains allows realization of highly efficient LEDs even in case of defect-rich substrates. Control of size 
and shape of the compositional domains allows adjustment of the color without increase of the nominal InN 
composition in the heterostructure avoiding additional defects related to the lattice mismatch. 

(ii) QD displays based on core-shell technology enable excellent color gamut, high conversion efficiency 
and micro LED (µ-LED) applications including transparent and multi-plane displays. With a better size control 
of the QDs, different sub-colors in blue, red and green spectral ranges can enable volumetric multi-plane 
displays via wavelength division multiplexing (WDM) with diffraction grating WDM mirrors. 

(iii) QD biomarkers. 

Cd-free QDs enable multiple applications in biomarkers allowing multiple applications in medicine and bio-med 
research 

(iv) QDs in laser diodes. 

QDs enabled broad (~100 nm) spectral range multi-wavelength COMB-type lasers at ~1300 nm and ~1550 nm 
wavelengths suitable for multi-channel emission from a single chip. GaAs based high speed uncooled DFB 
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lasers are used for applications in passive optical networks (PON) enabling lasers having very low threshold 
current and transceivers at high energy efficiency. 1300 nm VCSELs on GaAs substrates (for a review see 
Ref. [10]) can be applied for optical interconnects in datacenters, and as hybrid light sources for highly 
integrated silicon photonics. QD VCSELs at 1300 nm can further replace DFB lasers in GPON and 10 GPON 
applications in upstream channels. QD heterostructure lasers [10] play a role in the extending of the spectral 
range from IR [10] to yellow [11] staying within the same GaAs-based material system and technology. Lasers 
for bio-med applications and displays, including light field displays with wavelength division multiplexing for 
multiplane images can be targeted.  

Among recent advances, one should refer to the realization of a GaAs-based laser emitting at wavelengths 
shorter than 600 nm (Figure 4). This indicates a high potential of the technology both in extending the 
wavelength range of QD lasers and in improving the performance of the existing bright-red devices.  

    

                                          (a)                                                                               (b) 

Figure 4 (a) in-plane xx strain distributions in the gain medium of the QD structure which contains four 
tensile strained nominally 4-nm thick In0.4Ga0.6P layers. Strain was extracted with respect to Ga0.21Al0.30In0.49P 
lattice with a 4-nm spatial resolution by applying moiré by specimen design technique (MoSD) in the (1-10) 

cross-section. Note column-like xx strain variation with the column width ~30 nm. Strain field propagate into 
the region above the QD area due to the stress-induced phenomena upon overgrowth by into the 

Ga0.21Al0.30In0.49P region. Similar columnar arrangement is observed in the (11-1) direction [10,11] (b) Room-
temperature injection lasing in the yellow-orange spectral range. QD based active region of the laser is 

presented in (a). 

For on-board and on-chip optical signaling and, also, for automotive applications, an extreme temperature 
stability of laser diodes is required. High speed (25 Gb/s and 50 Gb/s) operation is targeted in a new generation 
of automotive datacom standards, which address temperatures above 100 °C. QD lasers indeed enable 
operation at increased temperatures [12] and allow better reliability due to the confinement of nonequilibrium 
carriers within QDs, preventing nonradiative recombination induced generation and growth of dislocations. 
Such properties of QDs become of particular critical importance, when microscale light-emitting devices with 
etched interfaces (for example, microdisc lasers) are implemented.  

A TEM image of the QDs applied in the QD VCSEL structure, and an eye diagram at 25 Gb/s of the 850 nm 
QD VCSEL operating at elevated temperature (170 °C) is shown in Figure 5. 

Wavelength (nm) 
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(a)                                                                         (b) 
Figure 5 (a) Bright-field cross-sectional (1-10) Moiré image formed with g=-1-11 of InGaAs QDs in an 
AlGaAs matrix used as an active region in QD VCSEL; (b) Non-return-to-zero eye diagram of the high 

temperature [12] 850 nm QD VCSEL at 25 Gb/s measured at 170 °C chip temperature. 

Another application, which requires extreme temperature robustness of the laser, is on-board signaling. IEEE 
standard for data transmission at >100 Gb/s over the printed circuit board is due beginning of 2021 [13] and 
the demand for on-board optical interconnects will be further growing. 

(v) Quantum communication, sensing, metrology. 

A combination of a single QD [7,14], GaAs-based distributed Bragg reflectors (DBR), an oxide confined micro-
resonator and a photonic crystal technology enables a highly directional highly efficient light sources for 
generation of single or entangled photons suitable for coupling into a single mode fiber. 

(vi) QD nanoelectronics and memory devices. 

Long storage times for QD heterostructure memory cells are possible, when a proper combination of materials 
enable high potential barriers for charge carriers preventing their escape [15]. This fact, together with silicon 
industry reaching characteristic feature size of ~1 nm provides further opportunities for QD technology. 
Quantum memory, Coulomb blockade, quantum interference effects and quantum cellular automata enable 
novel, fast, energy efficient devices and their functional blocks for quantum nanoelectronics of the coming 
future. 

5. CONCLUSION 

QDs are already broadly applied in multiple key industrial areas and further applications are evolving. Success 
of QDs in displays and bio-med applications stimulates further acceleration of work in this field.  Further 
applications are in multiwavelength laser diodes, mode-locked lasers for optical synchronization, quantum light 
sources, telecom range lasers on GaAs, in microlasers. Color of the QDs can be tuned by local on wafer 
annealing allowing multiwavelength light sources on a single chip. Novel applications of QDs become 
particularly demanded for the development of novel architecture and concepts for nanoelectronics and on-chip 
signaling.  
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Abstract 

Lead sulfide (PbS) quantum dots (QDs) have been covalently attached to reduced graphene oxide (rGO). Thin 
films from a hybrid rGO-PbS nanomaterial have been formed by a Langmuir-Blodgett technique. We found 
that oleic acid on QDs surface induces self-organization of high-quality rGO-PbS films with a thickness of 1-2 
monolayer. To utilize these films in optoelectronic devices, post-deposition ligand exchange procedures have 
been applied. We found both high conductivity and light-sensitivity in EDT- and TBAI-treated rGO-PbS films. 
We have applied rGO-PbS hybrid films to enhance the performance of a hybrid and heterojunction QD-based 
solar cells.  

Keywords: Quantum dots, graphene, PbS, optoelectronics, self-organization  

1. INTRODUCTION 

Hybrid nanomaterials based on light-harvesting quantum dots (QDs) and highly conductive 2D nanosheets 
attract much attention for creation new optoelectronic devices [1]. Thanks to the quantum confinement effect, 
QDs allow precise tuning of an absorption band position by varying a QD size [2]. Depending on the 
semiconductor material of the QDs, the absorption spectrum can cover a wide spectral range from UV to NIR 
[3,4]. Near-infrared QDs (PbS, PbSe, CIS, AIS) attract enormous attention due to their possible application in 
solar energy harvesting, night vision and telecommunication systems [5]. The energy absorbed by a QD can 
be nonradiatively transferred to a 2D material by resonant energy transfer or charge transfer [6]. Possessing 
high carrier mobilities, 2D materials (such as graphene and transition metal dichalcogenides) provide good 
transport of extracted charge carriers between electrodes [7,8].  

For the successful utilization of such hybrid nanomaterials in optoelectronic devices, universal methods of 
creating nanostructures based on them with nanoscale control of their parameters are required [9]. Covalent 
bonding of QDs and graphene-related materials proved to be a good method for creation a hybrid material 
with desired and controllable distance between QDs and graphene. Short bonding molecules provide close 
distance between nanomaterials ensuring effective charge and energy transfer processes.  

In the current study we demonstrate that covalently bonded reduced graphene oxide (rGO) and PbS QDs can 
form large-scale monolayered films. Being tightly attached to rGO by a silane linker, PbS QDs remains covered 
by long oleic acid ligands, which induce a formation of self-organized film at the water-air interface. Such a film 
can be simultaneously transferred to several substrates, and its properties can be tuned by a post-deposition 
ligand-exchange, keeping its uniformity. We demonstrate that they possess properties suitable for their 
utilization in optoelectronic devices. 

2. METHODS 

PbS QDs with diameter of 4.0 nm were synthesized by a hot-injection method [10]. rGO and 95% (3-
Mercaptopropyl) trimethoxysilane (MPTS) were purchased from Sigma-Aldrich. The hybrid nanomaterial 

https://doi.org/10.37904/nanocon.2019.8523 
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based on covalently bonded rGO and PbS QDs was prepared by slightly modified method proposed by Martín-
García et al [11]. MPTS linker is used to bond QDs to rGO surface as shown in a Figure 1.  

 
Figure 1 The hybrid nanomaterial consists of PbS QDs and rGO bonded by a silane linker 

MPTS-functionalized rGO and PbS QDs were mixed in a solution first. The mixture has been shaken for 2 
hours at 1500 rpm to provide better hybrid material formation, then the mixture was diluted with toluene in 1:2 
proportions and centrifuged at 9000 rpm. The supernatant with unattached QDs was removed and the 
precipitate was dissolves in chloroform with ultrasonication. The obtained solution was used for Langmuir-
Blodgett (LB) films preparation.  

3. RESULTS AND DISCUSSION 

First, we have paid additional attention to the precipitation procedure. Employing the Raman and time-resolved 
photoluminescence (PL) spectroscopy, we analyzed different paths to remove unreacted products. We have 
found that conventional washing with EtOH and centrifugation is less effective than washing with toluene. PL 
lifetime quenching indicates a formation of PbS-rGO hybrid, while longer PL lifetimes indicate unreacted QDs. 
The measured PL decay times are listed in a Table 1. PL decay time obtained for MPTS-treated PbS QDs 
was used as a reference. Using both toluene and EtOH for precipitation leads to separation of attached and 
unreacted QDs. However, according to obtained PL decay times, toluene allows to wash more unattached 
QDs and does not result in significant damage of the rGO-PbS hybrid. After the additional precipitation with 
EtOH afterwards, supernatant does not bring better efficiency. Because after an additional precipitation both 
supernatant and precipitate shown similar PL lifetimes, we can conclude that a second washing step lead 
exclusively to a separation of rGO-PbS complexes into two parts. Thus, we believe that a one-step toluene 
precipitation should be used for preparation of the hybrid inks. A formation of hybrid PbS-rGO complexes in a 
precipitate was confirmed by quenched PL decay from PbS QDs and Raman spectra from rGO. Raman spectra 
obtained for pure rGO and different precipitates are shown in Figure 2. After the washing and redispersion, 
few drops of a hybrid inks were placed onto an air/liquid interface. After compression, a dense film was formed. 
This LB film can be transferred onto a substrate at the dipping rate of 1 mm/min speed. 

Table 1 Calculated PL decay times after different precipitation 

Solvent used PL decay time percipitate (ns) PL decay time supernatant (ns) 

Toluele 145 395 

EtOH 170 340 

Toluene+EtOH 125 140 

Reference 440 
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Figure 2 Raman spectra obtained was a pure rGO and precipitates obtained after toluene and EtOH 
washing 

The used LB approach allows fabrication a high-quality hybrid films with a thickness of 10-20 nm that 
corresponds to 1 and 2 layers of rGO with PbS QDs attached at both sides. Figure 3 shows scanning electron 
microscopy images of PbS-rGO films transferred on a patterned ITO glass. As can be seen from the left panel, 
large scale and uniform film can be fabricated. To cover a pixelated ITO substrate for a device fabrication, a 
direction of dipping should be kept in mind. A right panel displays two pixels with a high quality rGO-PbS film 
(upper pixel) and an area where formation of the film started (lower panel).  

   

Figure 3 SEM images of the hybrid LB filmed from rGO and PbS QDs on a pixelated ITO substrate 

After deposition the film, native oleic acid ligands can be removed by post-deposition ligand-exchange 
procedures. Post-deposition ligand-exchange allows fabrication more compact QD film with better conductivity. 
Since the native ligands are long fatty molecules, a hopping transport of charge carriers cannot be realized. 
After post-deposition ligand-exchange QDs are covered by shorter molecules or even atoms, that allows 
effective hopping of a charge carriers between QDs. To improve electronic properties of rGO-PbS QD films, 
we performed post-deposition ligand-exchange with EDT (1,2-Ethandithiol) and TBAI (Tetrabutylammonium 
iodide) solutions. 
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To do the conductivity measurements, a 1.5 mm groove was etched in ITO layer on the ITO covered glass 
substrate, as shown in a Figure 4 (right panel). The groove and ITO sides were covered by a rGO-PBs film, 
and relation between current through and voltage across the film in the groove was measured. We used a 
four-wire connection by Keithley 2636B SourceMeter instead of the standard 4-probe method was not enough 
sensitive. The conductivity was calculated using cross-section area (11mm × 20 nm) and the width of the 
groove (1.5 mm) at 20V voltage. We observed that conductivity increased dramatically after the post-deposition 
ligand-exchange procedures. The largest increase was in the EDT sample and smaller in the TBAI-exchanged 
sample. But the conductivity of the first one reduced in twelve times for a day, while for the second one the 
reducing was much smaller (40%). It says that stability of TBAI films is much better. The data are listed in a 
Table 2. 

Table 2 The results of electrical measurements for LB rGO-PbS QDs film before and after post-deposition  
              ligand-exchange 

Sample Day Current (pA) Resistance, GΩ 
(@20V) 

Resistitivity, 
Ω×m 

Conductivity, 
Sm/cm 

PbS rGO LB 0 47 426 63000* 1.6×10-7* 

PbS-TBAI rGO LB 0 806 25 3670 2.7×10-6 

PbS-EDT rGO LB 0 1243 16 2347 4.3×10-6 

PbS rGO LB 1 54 370 45000* 2.2×10-7* 

PbS-TBAI rGO LB 1 500 40 5880 1.7×10-6 

PbS-EDT rGO LB 1 98 204 30000 3.3×10-7 

 
Figure 4 IV-curves for rGO-PbS QDs LB films with and without illumination (left). The ITO glass with an 

etched strip was used to estimate rGO-PbS QDs LB films conductivity (right). 

Importantly, the films demonstrate light-sensitive electrical response. Under illumination the films by halogen 
lamp (intensity 1.5 W/m2, so exposition was 0.77 µW on sample), we observed an increase of current for both 
TBAI- and EDT-treated films as shown in a Figure 4 (left panel). The observed increase of conductivity was 
about 60 % for the both samples. That indicates that PbS QDs absorb a radiation and transfer their carriers to 
rGO, which provides better conductivity between electrodes. 
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4. CONCLUSION 

To conclude, we demonstrated an optimized method for creation of hybrid films composed of PbS QDs and 
rGO with a monolayer thickness control. We showed that such films demonstrate excellent optoelectronic 
properties after the post-deposition ligand-exchange procedures. Strong interaction between QDs and rGO 
allows increasing current density in the film under light illumination. We believe that the method may be 
extended for other 0D-2D systems for creation of efficient phototransistors and photodiodes. 
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Abstract  

Laser surface processing is an established method to introduce surface functionalities on solid surfaces with 
the required throughputs for a commercial process. Fabrication of laser induced surface structures in an 
effective matter is done by laser interaction studies, which reveal the best processing parameters (laser 
wavelength, fluence, repetition, together with the processing speed and environment). Customized solutions 
are providing the best yields and they are being implemented faster than ever. However, the optics 
manufacturers are not being to keep up the pace with the new requirements, so they turn instead on older, but 
safer technology. In order to get a better understanding of optics capabilities, thorough testing is required. 
Common laser metallic mirrors, commercially available, are being rigorously tested using a nanosecond 
Yb:YAG laser and the results are compared with the vendor’s information. 

Keywords: Laser patterning, metallic mirrors, LIDT, nanosecond laser testing 

1. INTRODUCTION 

Development of laser-induced nano-structures for commercial use on metallic and dielectric surfaces faced a 
rapid growth in the last years [1-7], mainly due to development of powerful lasers, diffractive optics and high-
speed laser scanners. To decrease the cost of mass manufacturing, users are expecting “universal” laser 
systems that are able to treat a wide range of materials, from polymers to metals and dielectrics. This is not 
an easy task for the companies producing the laser systems, since they require different parameters 
(wavelength, pulse duration and repetition rate) for the multitude of surfaces that are to be treated. One solution 
is to create a base laser system where one can add modules, which would alter/tune the laser parameters [8] 
closer to the requirements of treated materials. This solution is to use powerful nanosecond laser systems, 
which can be later altered using higher-harmonics generation and pulse compression. The powerful 
nanosecond laser system would require high-quality optics, which would be able to withstand the energy 
densities with low maintenance. The other solution will be to use a more rigid laser architecture, where only 
one pulsed duration and wavelength could be used, using high-cost dedicated dielectric coatings for its optics 
The metrology of these components, the so called laser-induced damage threshold (LIDT) testing is starting 
to be very important from the application point of view since can provide additional information for lifetime 
expectancy of different optics. 

For the LIDT measurement, two commercial metallic mirrors were selected for their broadband reflectance, 
affordability and known structure (as opposed to dielectric). The mirrors were tested using a 1-on-1 and N-on-
1 methodology, according to ISO 21254-1:4, while Bivoj laser system (10 ns, 10 Hz, 1030 nm) [9]. The LIDT 
results were discussed for each methodology and compared with the producer’s information publicly available. 

2. EXPERIMENT SETUP 

The measurement was performed in Class 7 clean room, with controlled environment, in HiLASE centre [10], 
as described in the Figure 1. Samples were tested in accordance with the ISO 21254-1:4 protocols, using  
1-on-1 and S-on-1 procedure. Camera based damage detection was used in situ while a confocal laser 

https://doi.org/10.37904/nanocon.2019.8656 
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microscope performed the post mortem check. Damage threshold value was defined at zero damage 
probability level by linear extrapolation. 

 
Figure 1 Experimental arrangement for LIDT testing: HWP - half wave plate, TFP - thin film polarizer,  

FM - fast mirror (flipper), BD - beam dump, HR - high reflective mirror, BS - beam sampler, ND - neutral 
density filter, PD - fast photodiode, BP - CMOS-based camera for beam profiling 

a) b) c) 
Figure 2 Spatial profile of the laser beam: a) - 2D beam profile in the nearfield, b) - temporal profile  

and c) - Gaussian profile (color distribution) of the laser beam in the target plane 

Two metallic (Au and Ag) 2” mirrors, commercially available, which also had information related to the LIDT 
values, were selected for the task. Both mirrors are used in wide range of laser systems due to their low cost 
and wide reflectance range. The gold mirror is capable if reflecting in NIR (near infrared) and IR Ravg > 96 % 
from 800 nm to 20 μm which make it almost universal. The silver mirror has better characteristic in the visible 
part, being able to reflect almost down to UV region Ravg > 97.5 % for 450 nm - 2 µm which is very useful when 
using laser systems with higher harmonics generation. The IR reflectance was similar with the one of gold 
mirror Ravg > 96 % for 2 - 20 µm. Both mirrors came in “protected” version - a thin SiO2 overcoat was used to 
protect the soft metallic surfaces from scratches, which might appear during cleaning process. The vendor 
states LIDT values for the mirrors as 2 J/cm2 and 3 J/cm2 for gold and respectively silver mirrors. The specified 
test parameters are not complete, stating only the wavelength, pulse duration, repetition rate and beam 
diameter (1064 nm, 10 ns, 10 Hz, Ø 1.000 mm). Other important parameters such as number of pulses, 
distance between two irradiated sites was also not mentioned in the test details. 
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3. LIDT RESULTS AND DISCUSSION  

Our laser parameters are very close to those used by the manufacturer, 1030 vs 1064 nm same pulse width 
and repetition rate and smaller beam diameter 650 vs 1000 µm (Figure 2c). The exact test procedure used 
by the manufacturer was not available, so a wide range of test would be more relevant. The traditional 1-on-1 
testing gives the highest LIDT values, which are decreasing with the number of pulses. Our target was to use 
an N-on-1 procedure, where N = 1, 10 and 100 pulses (Figure 3) trying to cover as much as possible of the 
eventual measurement ranges. The LIDT results are very similar for both samples, but much lower than 
expected (Table 1). Even if we take the 1-on-1 testing, which achieved the highest LIDT value; our results are 
well below the 50 % of declared values. The particularity of the silver mirror can be seen in the results 
presented in Figure 3b, d and f where one can notice the scattering of the damage probability points. This is 
a characteristic mark of small damages which cannot be detected in situ by due to insufficient magnification of 
the objective, but are visible when the sample is scanned (post mortem) using the confocal microscope. A 
bigger testing surface would be required to provide better statistics, but that would deform de test results, since 
it is obvious that polishing and coating of bigger substrates poses greater challenges than smaller ones.  

  

a) Au mirror 1-on-1 b) Ag mirror 1-on-1 

  

c) Au mirror 10-on-1 d) Ag mirror 10-on-1 

  

e) Au mirror 100-on-1 f) Ag mirror 100-on-1 

Figure 3 Damage probabilities for gold and silver mirrors in regards to the pulse count 
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Table 1 LIDT results for gold and silver mirrors, compared with manufacturer’s declared value 

 
1-on-1 

(J/cm2) 

10-on-1 

(J/cm2) 

100-on-1 

(J/cm2) 

Manufacturer LIDT 

(J/cm2) 

Au protected mirror 0.86 0.67 0.60 2.00 

Ag protected mirror 0.81 0.83 0.57 3.00 

Looking at the damage sites morphology, we can see distinct patters for the two mirrors. On 1-on-1 test 
(Figure 4a), the gold mirror has well defined damage crater, with a visible SiO2 and Au thin films separation. 
This is a mark of dielectric removal. By increasing the number of pulses on the site, it is possible to see the 
gold film melting and removal up to the substrate (Figure 4 b-c). 

Crater morphology in silver mirrors (Figure 4e) shows a tendency to delaminate over wider ranges than 
irradiated. This could be a signal of stressed films, which are not managing the extra compressive wave of the 
laser. In Figure 4 e-f are visible delamination around the test site. It looks like the pressure wave creates a lift-
off effect on the nearby areas. Perhaps issues with silver adhesion needs to be solved during the 
manufacturing process. 

Trying to deeply understand the issue, we are looking at different manufacturers to see what their results are 
and we find out that another one is declaring 0.8 and 0.5 J/cm2 for gold and silver mirrors. Looking at the third 
vendor, the LIDT values are 0.9 and 1.8 J/cm2 for the same mirror type. It seems that there is an agreement 
on a value of 0.8 J/cm2 for protected gold mirror, similar with our findings. The silver mirrors seem not to be 
fully in agreement with our results, with values ranging from 0.5 to 1.8 J/cm2. Perhaps the oxidation/tarnishing 
of the silver coating has a higher impact than the quality of the thin film. All manufacturer recommends extra 
care when handling the silver mirrors, low humidity environment being preferred. Although our laboratory 
conditions are fulfilling those criteria (21 °C, RH < 40 %), during the storage and experiment, we cannot 
envisage the manufacturer’s storage and transport conditions. 

   
a) Au 1-on-1 b) Au 10-on-1 c) Au 100-on-1 

   
d) Ag 1-on-1 e) Ag 10-on-1 f) Ag 100-on-1 

Figure 3 Laser confocal microscopy images of the damaged sites  
(top row - gold mirror and bottom one silver mirror) 
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4. CONCLUSION 

The selection of quality optics for surface processing using laser beams is not a trivial task. It seems like a 
poor understanding of the LIDT standard, meaning of its values and conversion of those data into useful info 
for application area can create issues. It is not clear whether the all vendors are performing LIDT tests 
according to the ISO 21254-1:4 recommendations, since most of the tests details are not available. Care needs 
to be taken in account from the moment of optics delivery, where microscope inspection should be necessary. 
This step will eliminate any undesirable aging effects of certain components used for high-energy/high-power 
applications. Proper testing, using as much as possible a laser source similar if not identical to one intended, 
would eliminate much of the uncertainties, allowing for safer usage of laser systems and thus creating the 
context for smaller, highly ordered, fast produced surface nanostructure. 
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Abstract  

Term and concept of a new branch of science and technology, namely, “nanoionics”, were formulated in IMT 
RAS (1991-1992). It was the article "A step towards nanoionics". New area R&D devotes to nanoscale 
fundamentals of fast ionic transport (FIT) in solid-state materials, as well as to methods for design of FIT-
nanomaterials, for description of local FIT-space-temporal processes, for creation of devices with FIT on a 
nanoscale ("nanoionic devices"), etc. Main achievements of IMT RAS in nanoionics are: (1) new optically-
active nano-physical-chemical systems Ag(Cu)Hal -M, created in high vacuum (M are rare-earth/transition 
metals); (2) new classification of solid-state ionic conductors (it distinguishes for the first time a new class of 
solid state conductors - “advanced superionic conductors“, i.e., materials whose crystal structures are closely 
to optimum for FIT); (3) new scientific direction "nanoionics of advanced superionic conductors"; (4) a crystal-
engineering of heteroboundaries in FIT-materials and an invention of supercapacitors with coherent polarized 
heterojunction and record-high frequency-capacitance characteristics ("nanoionic supercapacitors"); (5) 
substantiation about possibility of using of nanoionic supercapacitors in deep-sub-voltage nanoelectronics; (6) 
definition of ways for heterointegration in supercapacitors of advanced superionic conductors and carbon 
nanostructures with a high quantum capacitance; (7) theory of a dynamic response of layered nanostructures 
with ionic hopping transport in a non-uniform potential landscape ("structure-dynamic approach of 
nanoionics"); (8) new fundamentals of electrostatics related to materials with FIT; (9) proposition of a non-
linear non-local dynamics for FIT-materials. Future nanoionic researches are analyzed in terms of the dynamic 
theory of information. 

Keywords: Nanoionics, nanoionic devices, advanced superionic conductors, structure-dynamic approach 

1. INTRODUCTION  

Term and concept "nanoionics" had been proposed in the Institute of Microelectronics Technology and High 
Purity Materials Russian Academy of Sciences (IMT RAS). It was the article "A step towards nanoionics" [1]) 
in which nano-objects with fast ionic transport (FIT) were characterized by the dimensionless parameter  

P = λ/L                                                (1) 

where L is an object size, λ is a characteristic length of localization of FIT-processes, for example, a localization 
of ionic space charge. Now, nanoionics is regarded as an interdisciplinary branch of science and technology, 
for example, as a division of solid state ionics [2], or, as a section of nanoelectronics [3]. 

According to the authors, nanoionics is defined by: 1) objects, i.e., nanostructures and nanosystems with FIT, 
for example, optically active nano-physical-chemical systems Ag(or Cu)Hal -M created in high vacuum (M is a 
metal in which the first ionization potential is smaller than one of Ag(or Cu) [4,5]; 2) properties, phenomena, 
effects and mechanisms of processes connected with FIT on nanoscale; 3) methods: design of nanomaterials 
and nano-objects with FIT [6-8], new theoretical system for description of dynamical response of layered 
nanostructures with 1D FIT in non-uniform on a nanoscale potential landscape (structure-dynamic approach 
of nanoionics, SDA) [9-12]; 4) dimensionless criterion of nanoionics λ/L ~ 1 [1]; 5) dimensional ri-factor for solid 
state ionic systems [11]; and 6) perspective applications, e.g., nanoionic supercapacitors for deep-sub-voltage 

https://doi.org/10.37904/nanocon.2019.8498 
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nanoelectronics, nanoionic memristors (i.e., “memory resistors” - two-terminal functional nanostructures, 
where conjugate ionic/electronic processes and electrical resistance change significantly at a changing of the 
polarity of external electric influence), etc. [13].  

In conditions of very limited available resources, our strategy for long-term R&D in IMT RAS was consisting in 
attempts of an expansion of borders of nanoionics in new directions. The main obtained results on nanoionics 
are listed in this report. A new theoretical system, i.e., structure-dynamic approach (SDA) of nanoionics, and 
a new optically-active nano-physical-chemical systems are considered in some details. The graph of R&D 
items (which were initiated in IMT RAS on nanoionics) is presented with some comments related to basics of 
dynamic theory of information.  

2. METHODOLOGY 

In this section, some challenges (in condensed matter/solid-state ionics) and methods of their solutions in 
nanoionics are discussed. A critical view on the interpretations of impedance spectroscopic data. 

The method of impedance spectroscopy is used everywhere in solid state ionics, however authors of the report 
call into question the standard interpretations of frequency dependences of impedance Z(ω) by means of using 
of constant phase elements, as well as the interpretations of the universal dynamic response (UDR) by means 
of RC-grids.  

UDR, i.e., the power law of conductivity, had been discovered by A.K. Jonscher in 1977 [14]: 

Re ( )* n,T                 (2) 

where σ*(ω, T) is the real part of the complex (thermally activated) conductivity, and n < ≈ 1. The law (2) holds 
in a wide frequency range. There has been no consensus until now on a standard theoretical explanation of 
the reasons and mechanisms of the physical averaging leading to the emergence of UDR in macroscopic solid 
ionic conductors. To date (the end of 2019), about 9,800 references had been made on two works by A. K. 
Jonscher devoted to UDR.  

In the literature, there are many ideas (interpretations) related to the law (2). According to [15], “Structurally 
disordered solid electrolytes, both crystalline and glassy, as well as ionic melts, exhibit a set of spectroscopic 
peculiarities for ionic conductivity that is at variance with the predictions of simple random‐hopping models”. 
The negation of simple hopping models means that the macroscopic behavior is defined by an existence of 
unknown complex transient states of mobile ions. However, the remarkable ‘universality’ (1) refers to the 
independence of UDR from physical and chemical structures also as from details of ion-ion interactions.  

According to [16] “The universal properties found suggest they originate from some fundamental physics 
governing the motion of the ions.”. This statement can be understood as the existence of an unknown 
fundamentality in condensed matter physics. However, the proposition by [17] is more applicable for the 
analysis of UDR in ionic conductors: “both conductive and dielectric dispersions are simultaneously important 
in the frequency region of interest.”. This proposition implies the existence of such well-known fundamentality 
as the Maxwell displacement currents in experimental samples. In our opinion, the law (1) is some result of a 
space-time averaging of interconnected currents, i.e., ionic hopping currents and Maxwell displacement 
currents on a nanoscale.  

Mainstream for the realization of the idea of interconnected “conductive and dielectric dispersions” is the 
presentation of processes by the method of complex impedance (Z) of an appropriate equivalent electric circuit. 
In this approach, results are presented in a manner like “The Z′ and Z″ versus frequency plots are well fitted to 
an equivalent circuit model. The circuits consist of the parallel combination of resistance (R), constant phase 
element (CPE), and capacitance (C). Furthermore, the frequency-dependent AC conductivity obeys 
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Jonscher’s universal power law” [18]. However, for a macroscopic sample, the physical sense of an equivalent-
electric-circuit appears if each unit of the circuit means an elementary process. In this case, the whole circuit 
mimics the result of physical averaging for a set of elementary processes. Note, constant phase elements 
(CPEs), are phenomenological macroscopic objects without standard physical interpretation. CPE itself needs 
a definition through elementary physical processes and mechanisms just like for UDR.  

Solid-state impedance spectroscopy gives roughly averaged experimental data, i.e., a large amount of 
information (which reflects interconnected local processes) gets lost. For clear interpretations of such data, we 
need theoretical approaches, which allow calculating the impedance Z through the state variables directly 
connected with local ionic hopping transport and local dielectric polarization.  

2.1. Structure-dynamic approach of nanoionics  

A new theoretical approach [9] addresses to the logic of elementary ion-transport processes on a nanoscale 
and emphasizes that solid-state ionic conductors are dynamical non-local non-linear systems. In such systems, 
key parameters (heights of barriers in potential landscape) depend on external influences. Dynamic behavior 
of an ionic space charge in parametric-dependent systems with long-range Coulomb interactions cannot be 
presented correctly by equivalent electric circuits where elements have constant parameters. These findings 
are obtained within the frame of SDA by computer experiments. Calculated data are in good concordance with 
results of impedance spectroscopy.  

SDA takes into account the main nanoscale features of crystal structures of all solid-state ionic conductors, 
namely, a non-uniform potential landscape in which mobile ions hop. SDA does not use the derivatives on 
spatial coordinates in a set of differential equations, because the differentiation on space coordinates is a 
doubtful operation on a nanoscale. It provides more correct interpretations for a dynamic response in ionics.  

In SDA, several theoretical innovations were proposed: method of effective uniform electrostatic field; new 
dimensional ri-factor; new notion “Maxwell displacement current on a potential barrier”; laws of spatial 
averaging of potential differences in solid-state ionic conductors [9-12]. 

2.2. New optically-active nano-physical-chemical systems  

Chemical reactions ways and final products can depend on conditions in which are located initial chemical 
components. Dimensional factors have to evince itself in solid-state chemistry. Therefore, the search for new 
solid-state optically-active physical-chemical nanosystems on the basis of haloids of Ag and Cu was carried 

out in [4,5]. Nanosystems of the Ag (Cu)I  M type (where M  La, Ce, Nd, Sm, Tb, Tm, Yb, Lu, Sc, Y, Al, etc.) 
were created (at 300 K) in high vacuum by method of deposition of M-films (5-10 nm thickness, the method of 
laser ablation) on the of β- Ag-(Cu)I with hexagonal structure of the wurzite and γ- Ag-(Cu)I with cubic structure 
of the blende (50-100 nm thickness). It was revealed, such nanosystems have state parameters, kinetics of 
ionic transport, unusual ways of synthesis and properties, which depend on dimensional factors. Works [4,5] 

show a possibility of synthesis in the Ag (Cu)I  M type physical-chemical nanosystems of a set new non-
stoichiometric compounds (with variable composition and structure) and materials. New objects of nanoionics 
differ by high concentrations (~1021 cm-3) of rare-earth (RE) and transition (TE) elements and, presumably, F-
centers (an electron in a vacancy of Hal).  

On the basis of generalization of the obtained experimental data, the criterion of insertion of a M-element in 
haloid was put forward: new compounds and materials are synthesized when 

Ag Cu M,                  (3) 

where φAg, φCu and φM - first potentials of ionization for Ag, Cu and M, correspondingly. All RE elements, all 
5f-actinoids (φactin ~ 500-600 kJ/mol <φAg, φCu), some 4d-elements: Zr (φZr = 660 kJ/mol), Nb (φNb = 664 kJ/mol), 
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Mo (φMo = 685 kJ/mol), Al p-metal (φAl = 577 kJ/mol), Bi semi-metal (φBi = 703 kJ/mol) and, for example, 
magnetic-active Mn correspond to the criterion (3). In Figure 1 (A and B), the spectra of optical density D for 
two new optically-active physical-chemical nanosystems β-AgI - Nd and β-AgI - Mn are presented.  

 

Figure 1 Spectra of the optical density D in two new physical-chemical nanosystems. (A) Nanosystem AgI-

Nd: a - initial thin film sample -AgI (50 nm thickness); b - the same sample after insertion of rare-earth Nd (7 
nm film); c - the beginning of recovery of initial structure in the same sample in the ambient atmosphere 

(formation of Nd oxide). (B) Nanosystem AgI-Mn: а - initial thin film sample -AgI (190 nm nm thickness);  
b - the same sample after insertion of Mn (19 nm film) at 300 K; c - the sample in new steady state (after 14 

days of an exposition in the ambient atmosphere). 

3. SOME PROSPECTS  

The beginning era of nanoionic devices demands a nonlocal non-linear theory of dynamic response of solid-
state ionic conductors. Nanoionics tries to describe, for example, diffusion and reactions, in terms, which have 
sense only on a nanoscale, e.g., in terms of a non-uniform potential landscape. Therefore, search for 
fundamental properties (which can be included in a future theory of ionic transport on a nanoscale) are very 
important. The theoretical system, i.e., structure-dynamic approach (SDA) of nanoionics, is a step on this way.  

The problem of high mobility of ions in ordered nanostructures is fundamental to various membranes and the 
hetero-systems of live organisms. Therefore, results of nanoionics have to be demanded in the new 
multidisciplinary BioElectronic Medicine/Semiconductor Synthetic Biology areas [19,20]. 

Information carriers with large masses (ions) are necessary for suppression of tunnel currents of leak in 
nanodevices of logic and memory of extremely small sizes. Therefore, research and development in the field 
of deep-sub-voltage nanoelectronics and design of nanostructures of AdSICs [13] can lead to creation of the 
hybrid highly functional electronic and ion devices combining quantum transport of electrons and the classical 
movement of ions. 

By insertion of various chemical elements into simple Ag- and Cu-haloids and their numerous derivatives, for 
example, such as advanced superionic conductors of RbAg4I5 family, a set of new materials and chemical 
compounds with high concentrations of optically/magneto-active elements and F-centers can be synthesized. 
It is possible to expect a discovery of unusual combinations of properties: electronic conductivity, FIT, optical 
and magnetic activity, etc. 
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Figure 2 R&D on nanoionics in IMT RAS 

Authors analyze results of development of a nanoionics in IMT RAS and prospects of further R&D in a 
foreshortening of fundamentals of "The dynamic theory of information" (the book of D.S. Chernavskii [21]) and 
from a point of view of influence of a strategic innovative management on achievements of applied science, 
see Figure 2. The analysis purpose - to establish compliance between methodological bases of scientific and 
technical searches and decisions on a choice of new directions of research in specific conditions. 

In terms of the dynamic theory of information [21,22], the nanoionics can be defined as a developing 
information system. Main objectives of such systems (capable to perceive, remember and generate 
information) are the preservation and an increase of own valuable information, a forecasting of behavior of an 
environment and an own behavior.  

4. CONCLUSION 

The analysis shows that a nanoionics grows as a self-developing information system. Long-term stability of 
process of generation of information in this system is provided by interference of knots of "thesaurus-purpose-
result" triad. For a further development of a FIT-theory on nanoscale and a deeper understanding of processes 
at a high-frequency response of nanostructures, the inclusion of local magnetic field in a FIT- theory is 
necessary. The obtained results, i.e., an expansion of ideas and approaches of a nonlinear dynamics (the 
section of modern theory of oscillations and waves) on the field of intersection of solid-state ionics and 
nanotechnologies, - can be considered as the initiation of new scientific direction "dynamical not-local non-
linear ionics". 
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Abstract  

This study addresses the effects of atmospheric-pressure plasma on the properties of methylammonium lead 
halide perovskite thin films. Plasma-treated films then were used to fabricate an inverted p-i-n perovskite solar 
cell. The plasma treatment employed a large-area plasma of extremely high-volume power density, up to 
100 W/cm3, capable of generating diffuse, homogeneous and cool plasma (<70 °C) in ambient air, as well as 
in other technical-grade gases including nitrogen, argon, methane, hydrogen, carbon dioxide and pure water 
vapour. Although the temperature of the plasma remained very low, the population of energetic states proved 
sufficient to induce both physical and chemical changes on the surfaces of perovskite films. The results 
demonstrate that plasma treatment leads to perovskite films with homogeneous surfaces. Photoluminescence 
measurement revealed that plasma treatment enhanced the intensity of peaks, a property that may be 
attributed to improved crystallinity. Most importantly, plasma treatment of perovskite films improved the 
performance of the perovskite solar cells. 

Keywords: Low-temperature plasma, plasma treatment, DCSBD, methylammonium halide, perovskite solar  
         cell 

INTRODUCTION 

Evaluation of the performance of perovskite solar cells (PSCs) has been the focus of considerable attention 
for the past 10 years. The power conversion efficiency (PCE) of PCSs has now achieved figures of over 25 % 
[1]. Of all the perovskite materials, the halide perovskites, CH3NH3X3 (X=I, Cl, Br), have emerged as key 
materials in the fabrication of high-efficiency solar cells [2]. Despite excellent improvements in efficiency, poor 
stability of PSCs under ambient conditions remains a significant challenge. Several strategies have been 
suggested for improving both the performance and stability of PSCs [3,4]. For example, some investigators 
have concentrated on replacing charge transport layers with new materials, while others have turned to 
alternative strategies such as solvent engineering, designing new kinds of solar cell structure, etc. Among all 
such studies, surface modification of the perovskite layers has proven a promising and effective method of 
tailoring the surface properties of perovskite films. Surface modification techniques can control surface 
morphology in such a way as to obtain homogeneous and highly crystallized perovskite layers. The 
enhancement of the surface morphology is revealed as a vital and viable approach to the fabrication of highly 
efficient PSCs of considerable durability [5,6].  

Plasma modification of perovskite layers is emerging as a promising method for treatment of perovskite films. 
For instance, Chen et al. [7], reported that plasma treatment of methylammonium lead iodide led to an 
improvement in the PCE of a perovskite solar cell, from 10.32 % to 14.29 %. Tsai el al. [8] showed that plasma 
treatment of perovskite film enhanced the power conversion efficiency of a PSC by 7.18 %, to 9.84 %. In this 
contribution, methylammonium lead halides (CH3NH3I3-xClx) were subjected to nitrogen plasma treatment. The 
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plasma was generated by diffuse coplanar surface barrier discharge (DCSBD), details of which discussed by 
Černák et al [9]. DCSBD has recently been investigated in the treatment of perovskite films and other 
nanolayers, such as TiO2 and Al2O3 [10-12]. This study focuses on the effects of plasma treatment on the 
morphological properties of perovskite films. These films were spin-coated onto quartz glass and 
measurements taken before and after plasma treatment. Inverted p-i-n structure PSCs were chosen to assess 
the effects of the plasma treatment on their performance.  

1. EXPERIMENTAL  

Methylammonium lead halide perovskite precursor was purchased from Ossila (UK). In order to study the 
effect of plasma treatment on the properties of perovskite, the precursor was spin-coated onto quartz glass 
(1×1 cm2) and then annealed on a hotplate at a temperature of 80 °C for 2 hours. Plasma treatment of the 
perovskite films was carried out by exposure to DCSBD plasma (RPS40, Roplass s.r.o., Czech Republic) in a 
nitrogen glove-box. A range of plasma treatment times were tested: 1 s, 2 s, 4 s and 8 s; it was observed that 
plasma treatment for 2 s resulted in the most homogeneous surface and the best PCE. Plasma treatment for 
longer than 8 s led to deformation of the surface. Optimum treatment time was therefore considered to be 2 s. 

Steady-state photoluminescence (PL) spectra in the visible wavelength were recorded using a RM1000 system 
(Renishaw, UK). Scanning electron microscopy (MIRA3 Tescan, Czech Republic) was employed to evaluate 
the surface morphology of the perovskite samples. The performance of the PSC devices was evaluated by 
using a system of AAA-certified Abet Sun solar simulator with an air mass (AM) 1.5G filter that simulated light 
intensity, adjusted to 1000 W/m2 with an NREL-calibrated Si solar cell.  

2. RESULTS AND DISCUSSION 

The quality of perovskite films is one of the critical parameters affecting the efficiency of PSCs. Surface 
morphology and coverage may significantly influence the performance of the finished device [13]. Figure 1 
presents the morphology of perovskite films before and after plasma treatment. Untreated perovskite film 
exhibited a non-homogeneous surface, with pinholes that might be attributed to the evaporation of solvent 
during thermal annealing. Plasma treatment led to larger perovskite grains and the surface became more 
homogenous compared with the untreated perovskite film. In addition, the number of pinholes significantly 
decreased after plasma treatment.  

 

Figure 1 SEM images of perovskite films before and after plasma treatment 

Figure 2 provides a comparative demonstration of the steady-state photoluminescence spectra of perovskite 
films. The untreated sample displays lower emission intensity, implying non-radiative recombination of excitons 
[14]. Plasma treatment led to a significant increase in PL intensity, which could imply an improved crystallinity 
of the perovskite film. In previous work, the authors observed that plasma treatment expanded crystal size and 
enhanced the crystallinity of perovskite films [10]. On the other hand, the full-width half-maximum (FWHM) of 
the peak remains constant, indicating that more generated excitons led to a stronger radiative recombination 
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[15]. Since photoluminescence intensity 
indicates the ratio between radiative and 
non-radiative recombination, it may be 
concluded that increased radiative 
recombination and improved surface 
crystallinity with plasma treatment decreases 
non-radiative recombination. 

Figure 3 demonstrates the J-V 
characteristics of the PSC device with 
plasma-treated film in comparison with the 
reference device with untreated perovskite 
film. The relevant parameters are listed in 
Table 1. The device with untreated 
perovskite film exhibited VOC 721.57 V and 
JSC 19.87 mA/cm2, which resulted in an FF of 
42.36 % and PCE of 6.08 %. Plasma 
treatment of the perovskite film removed 
surface contamination, which led to better 
electrical conductivity and consequently Jsc 
should therefore have improved. However, 
and surprisingly, the short current density fell (Jsc 18.23 mA/cm2) after plasma treatment. However, plasma 
treatment of the perovskite film increased VOC to 795.12 V and FF to 53.16 %. The increase in VOC and FF 
which could be attributed to reduction of carrier recombination after plasma treatment, was observed from PL 
measurement (above). This may suggest that plasma treatment of the perovskite film led to a reduction in 
charge recombination at the interface between the perovskite layer and the PCBM. The compensation between 
decreased Jsc and increased VOC and FF resulted in an improved PCE of the PSC device from 6.08 % to 
7.76 %.  

 
Figure 3 J−V curves of fabricated perovskite devices 

Figure 2 Steady-state photoluminescence spectra of 
perovskite films 
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Table 1 Performance parameters of PSCs 
 

Jsc 

(mA/cm2) 

Voc 

(mV) 

FF 

(%) 

Ƞ 

(%) 

Untreated 19.87 721.57 42.36 6.08 

Plasma-treated 18.23 795.12 53.16 7.76 

3. CONCLUSION  

The effects of low-temperature plasma treatment on the surface properties of lead halide perovskite films were 
investigated. Perovskite films became more homogeneous with fewer pinholes in the surface after short 
plasma treatment. It was observed that plasma treatment increased the photoluminescence intensity of the 
perovskite films. Plasma treatment of the halide perovskite films is revealed as a promising post-treatment in 
the quest for high-efficiency perovskite solar cells. The results demonstrate that plasma treatment of the 
perovskite films led to improvement in the open-circuit voltage and fill factor of the PSCs, which could be 
attributed to improved charge transfer at the perovskite interface treated by plasma. The improved VOC and FF 
resulted in an improvement in the efficiency of the PSC from 6.08 % to 7.76 %. 
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Abstract 

Prevailing modes of the manufacture of modern energy-harvesting systems and other electronics based on 
silicon fail to meet the requirements of the steps involved in low-cost fabrication. Rapid and low-cost roll-to-roll 
manufacture - the future of commercialization for flexible and printed electronics - requires flexible and low-
cost substrates such as polyethylene terephthalate, polyethylene naphthalate and, more recently, green 
materials such as nano-paper. The temperature at every single fabrication stage is crucial with such materials 
and cannot exceed a certain threshold, generally 150 °C or less. Low-temperature plasma, therefore can 
provide an excellent way forward for future manufacturing methods. 

This contribution presents a proprietary, large-area plasma of extremely high-volume power density, up to 100 
W/cm3, capable of generating diffuse, homogeneous and cold plasma (<70 °C) in the open air, as well as in 
technical-grade gases including nitrogen, argon, methane, hydrogen, carbon dioxide and pure water vapour. 
Although the temperature of the plasma is very low, the population of energetic states is sufficient to induce 
physical/chemical changes on the surfaces of a range of nanostructured materials and semiconductors, such 
as graphene oxide, titanium dioxide, perovskites, and others, resulting in various changes to crystallinity, 
optoelectronic, and wettability properties depending on the gas employed for plasma generation. The low 
temperature of the plasma and rapid treatment times, in the order of 1-10s, enables the integration of plasma 
processing into roll-to-roll manufacture, a significant step forward in commercial viability within the emerging 
field of flexible and printed electronics. This study provides an example of rapid (<1 min) low-temperature 
plasma processing of indium-tin-oxide electrodes as a replacement for time-consuming chemical treatment 
before deposition of PEDOT:PSS in a p-i-n perovskite solar cell.  

Keywords: Plasma treatment, atmospheric plasma, ITO electrode, indium-tin-oxide, perovskite solar cell 

1. INTRODUCTION 

Considerable progress has been made in perovskite photovoltaic technologies have over the past five years. 
The efficiency for a single-cell came to exceed 25 % in 2019 [1]. One of the key advantages of perovskite solar 
cells (PSC) is their compatibility with flexible substrates and thus with rapid and low-cost roll-to-roll (R2R) 
manufacturing [2]. On the other hand, the methods currently employed in the fabrication of PSCs are very slow 
and barely compatible with R2R. An example may be found in the pre-treatment/cleaning of transparent 
electron-transporting electrodes, the surfaces of which must be ultra-clean. Indium-tin-oxide (ITO) is a frequent 
choice for a transparent conductive oxide but its surface naturally contains large quantities of contaminants 
adsorbed from ambient atmosphere. The ITO is usually cleaned by a time-consuming and somewhat 
complicated sequence of chemical/ultrasonic baths, and the whole process takes 30 - 60 min. Such an 
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extended cleaning time is, however, incompatible with rapid R2R production, since any steps not directly 
involved in the deposition of materials must be completed in the shortest possible time.  

Electrical plasmas can provide an excellent means of integration into R2R lines; the plasma has the capacity 
to remain cool and simultaneously contains energetic particles that gently remove the contaminants from the 
surfaces without negative effects on the bulk structure. In the author’s previous work, diffuse coplanar surface 
barrier discharge plasma has been used to clean and activate ITO surfaces [3]. It was disclosed that plasma 
treatment of ITO is a relatively simple and efficient method for ITO cleaning; the water contact angle decreased 
from 84° to 13° in just 1 second of plasma treatment. As the plasma was generated in an open-air atmosphere 
and on a large scale, such an approach finds highly appropriate application in sheet-to-sheet or R2R 
production of devices that require cleaning of ITO in the minimum possible time. Also recently published have 
been accounts of the plasma treatment of flexible PET/ITO surfaces in various oxygen-nitrogen atmospheres, 
including synthetic air [4,5]. 

2. EXPERIMENTAL 

2.1. Materials 

Perovskite solar cells with p-i-n architecture (Figure 1a) were fabricated using CH3NH3PbI3-xClx perovskite 
films. These films were created from a formulation of methylammonium iodide (MAI), PbCl2 and PbI2 at a 
molar ratio of 1:1:4 (PbCl2:PbI2:MAI) in a DMF solvent obtained from Ossila (I201, Ossila Ltd., UK). The 
deposition of the perovskite layers was performed in a nitrogen glove box. The materials used for the 
fabrication of the p-i-n solar cells were: glass/ITO electrode (S101, Ossila), spin-coated poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) (Heraeus Clevios P VP AI 4083), spin-coated 
Perovskite (I201, Ossila Ltd., UK), spin-coated PCBM (M114, Ossila Ltd., UK), and an evaporated Au counter-
electrode. 

2.2. Chemical treatment of ITO 

The ITO substrates were chemically pre-cleaned by a four-step procedure: 1) 20 min ultra-sonication in 
deionized water with detergent; 2) Drying in air; 3) 20 min ultra-sonication in isopropyl alcohol; 4) Drying in air, 
30 min in UV chamber (ELG100S, 40 W, 253 nm, Dinies Technologies GmbH, Germany). 

2.3. Plasma treatment of ITO 

Low-temperature atmospheric-pressure ambient-air plasma was generated by an RPS40+ (Robust Plasma 
Systems - Roplass s.r.o., Czech Republic) equipped with dielectric barrier discharge integrating a coplanar 
arrangement of the electrode system - a device also known as a diffuse coplanar surface barrier discharge 
(DCSBD) plasma unit (Figure 1b). The width and inter-electrode distance between the coplanar electrodes 
were 0.5 mm and 0.5 mm, respectively. The area of the RPS40+ plasma was 50 × 25 mm and power input 
into plasma was 40 W. Areal power density was 3.2 Wcm-2 and volume power density was 160 Wcm-3. The 
temperature of the alumina ceramics did not exceed 60 °C. The plasma treatment was performed in a nitrogen 
atmosphere, directly simple procedure in a nitrogen glove-box. 

2.4. Solar cell characterization 

Power conversion efficiency (PCE) measurements were taken under standard conditions by solar simulator 
with a 1.5G air-mass (AM) filter. The simulated light intensity was adjusted to 1000 W/m2 with an NREL-
calibrated Si solar cell. A shadow mask with an active area of 0.045 cm2 was used during the measurements. 
All the prepared perovskite solar cells were measured in reverse scan sequence, starting at 1.2 V. 
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a) 

 
b) 

Figure 1 a) Structure of p-i-n perovskite solar cell with indication of plasma processed ITO layer  
and b) Robust Plasma System 40+ (RPS40+) manufactured by Roplass s.r.o. (Brno, Czech Republic)  

3. RESULTS AND DISCUSSION 

Both chemical treatment and plasma treatment 
were employed to clean the ITO electrode prior 
to deposition of PEDOT:PSS. The wettability of 
PEDOT:PSS on the ITO surface was measured 
in terms of the contact angles of PEDOT:PSS 
droplets deposited on the ITO surfaces. The 
untreated ITO surfaces exhibited a 
PEDOT:PSS contact angle of 92.3° ± 1.9°. After 
chemical treatment, the contact angle 
decreased to 75.3° ± 2.9°. Plasma treatment 
proved far more time-efficient. After very brief 
exposure to plasma, the contact angle 
decreased to approx. 75.2° ± 3.5°, a result that, 
while similar to that of chemical treatment, was 
achieved in a mere 0.25 s, as against the 60 min 
(approx.) required for the chemical approach. 
Plasma treatment times longer than 1 s yielded 
contact angles of lower values, and after 
plasma treatment for 16 s the contact angle of PEDOT:PSS decreased to 42.1° ± 2.1°. Plasma treatment for 
64 s, the maximum time tested, led to a contact angle of 25.6° ± 3.0°. This constitutes clear evidence that 
atmospheric pressure plasma treatment leads to a far superior effect on the wettability of ITO electrodes prior 
to deposition of PEDOT:PSS.  

The chemically-treated and plasma-treated ITO surfaces were tested in p-i-n perovskite solar cells. The j-V 
curves of a number of samples with the ITO electrode treated chemically or in plasma, for various times, appear 
in Figure 3a. A summary of the short-circuit current (jSC), open-circuit voltage (VOC), fill factor (FF) and power 
conversion efficiency (PCE) for all the samples tested appears in Table 1. ITO which had not been cleaned, 
with a contact angle of 95°, was not functional in the PSC since PEDOT:PSS could not wet its surface. The 
results for the PSC with chemically-treated ITO were jSC 16.22 mA/cm2, VOC 867.23 mV, and FF 62.72. Power 

Figure 2 PEDOT:PSS contact angles on ITO surfaces 
treated in plasma for 0.25 s - 64 s 
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conversion efficiency was 8.64%. The figures for the perovskite ink used in this study (I201, Ossila) were, 
according to the manufacturer, a maximum PCE of 11.83%, with jSC 16.51 mA/cm2, VOC 0.91 V, and FF 78 %. 

The PSC with an ITO treated in plasma for 0.5 s exhibited considerable improvement in wettability (Figure 2), 
similar to that of chemically-treated ITO. However, the jSC, VOC, FF, and PCE were much lower than in the 
PSC with a chemically-treated ITO. The development of the PCE with the plasma treatment over time appears 
in Figure 3b. Prolonging the plasma treatment time to 2 s led to significant improvement in the jSC, VOC, FF, 
and PCE, which then achieved 16.14 mA/cm2, 842.11 mV, 64.61, and 8.78%, respectively. The PSC with a 2-
s plasma-treated ITO electrode gave very similar figures to those of the PSC with chemically-treated ITO. 
Figure 2 shows that prolonging the plasma treatment time led to improvement in the wettability of the 
PEDOT:PSS on the ITO surface. However, extending the plasma treatment time to 16 s had no further impact 
on PSC properties; the jSC, VOC, FF, and PCE remained at the same level as that of the PSC with ITO treated 
in plasma for 2 s. Thus, a water contact angle of 60° - 70° proved adequate for good wettability of the 
PEDOT:PSS. Further improvements in the wettability are not required and had no effect on the properties of 
the PSC. 

Table 1 Photovoltaic conversion parameters of fabricated p-i-n perovskite solar cells 

p-i-n PSC with ITO electrode cleaned in plasma for various times 
jsc 

(mA/cm2) 

Voc 

(mV) 

FF 

(%) 

Ƞ 

(%) 

Not cleaned Poor wettability of PEDOT:PSS on ITO 

Chemically cleaned 16.22 867.23 62.72 8.64 

0.5-s plasma 11.32 746.88 53.84 4.45 

1-s plasma 14.34 790.13 61.80 7.05 

2-s plasma 16.14 842.11 64.61 8.78 

4-s plasma 16.12 889.29 63.21 9.06 

8-s plasma 15.63 861.56 62.45 8.39 

16-s plasma 15.57 857.65 62.99 8.42 

  

Figure 3 a) j-V curves and b) PCEs for PSCs with ITO electrode chemically treated and plasma treated for 
various times 



  Oct 16th - 18th 2019, Brno, Czech Republic, EU 

 

 

47 

4. CONCLUSION 

This study demonstrates that time-consuming chemical treatment of ITO electrode in PSC easily be replaced 
by time-efficient, low-temperature nitrogen plasma treatment. The RPS40+ plasma system can be operated 
simply in a nitrogen glove-box, which makes manipulation of the samples easy and efficient. The currently-
widespread processing of ITO electrodes by chemical procedures involves a sequence of chemical/ultrasonic 
baths, rendering the preparation of ITO surfaces in PSCs long and impractical. In sharp contrast, plasma 
treatment of the ITO surface takes only two seconds and the overall parameters of a PSC with plasma-treated 
ITO, including FF and PCE, stand at around the same values as those for a PSC with a chemically-treated 
ITO. The clear benefit of plasma lies not only in saving valuable time; it is revealed as a new methodology for 
integration into fast roll-to-roll manufacturing of flexible devices with ITO electrode systems.  
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Abstract  

Advanced superionic conductors (AdSICs) have the best ion-transport properties. These properties are 
determined by the AdSIC crystal structure that is close to optimal for fast ionic transport (FIT). The structure 
represents a close-packed cubic lattice of motionless ions penetrated by a 3D-network of uniform FIT-tunnels 
in which mobile ions move by hopping mechanism. The descriptors, based on a symmetry group of an 
immobile rigid sublattice and a local symmetry interconnected interstitial sites through which mobile ions move, 
are revealed. A new geometry and packing of FIT-tunnels inside the unit cell are presented. Some unusual 
properties of AdSICs are discussed. It is shown that the specific crystal structure of AdSICs may serve as a 
basis for searching and 3-D designing new solid ionic materials with high ion-transport properties. 

Keywords: Advanced superionic conductors, structural descriptors, tunnels of fast ionic transport, universal  
        dynamic response, 3-D structure design 

1. INTRODUCTION 

At extremely small sizes ionic devices for information storage and processing have a huge advantage over 
electronic devices concerning tunnel leakage currents which are connected with mass of charge carriers (m), 

as 1/exp(m1/2). Another area of perspective applications of solid-state ionic materials is impulse storages of 
charge and energy. The uniqueness of these devices is a high concentration of mobile ions (1022 cm-3) and a 
fast ionic transport (FIT). It allows realizing charge accumulation in extremely thin double layer with high current 
density on ionic/electronic heteroboundary. The heterojunctions are the main working parts of new devices 
because interfaces can often control the final performance. Both interfacial engineering and new solid-state 
ionic materials with FIT and low activation energy of ion movement (Ea) should be essential components for 
designing novel devices with high ion- transport characteristics, e.g. thin film impulse supercapacitors [1]. The 
purpose of this work is to present a substantiation of the term ”an advanced superionic conductor” (AdSIC). 
The task is to reveal distinctive unique structural properties of AdSICs and to propose on this basis the ways 
and potentialities for searching and designing new ionic conductors and the creation of efficient devices with 
FIT on nanoscale. 

2. CLASSIFICATION OF IONIC CONDUCTORS. ADVANCED SUPERIONIC CONDUCTORS 

The majority of ionic solids usually have a very low ionic conductivity (i) at room temperature (RT), usually, it 
is less than 1 microS/cm. However there are some families of compounds based on H+, Li+, Cu+, Ag+, F- and 

O-- ionic conductors which have i of ~0,001 to 1 S/cm at RT or moderately high temperatures (considerably 

lower than the melting temperatures). Among them are solid electrolytes, with e<<i (e is electronic 

conductivity) and mixed conductors, with noticeable e. The classification of ionic conductors in the co-

ordinates i - e [1-2] introduced into a field of solid-state ionics a new class of conductors AdSICs. They have 

the best ion-transport properties, such as a high i > 0.1 S/cm at RT and a low Ea about 0.1 eV. These 

properties are connected with AdSIC crystal structure, optimal for FIT. The i depends on several factors, but 

the most important are the heights of potential barriers () which moving ions should overcome on their path 

https://doi.org/10.37904/nanocon.2019.8502 
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by the hopping mechanism from one potential well to the next. The highest potential barrier on pathway of 

ionic transport defines value of Ea. The examples of AdSICs are cubic crystals such as -AgI (Im3m) with Ea 

~0.09 eV, i is about 1.2 S/cm at 147 оС and compounds of -RbAg4I5 family (P4132) with record high ionic 

conductivity at RT (-RbAg4I5 with i ~0.35 S/cm; - Rb4Cu16I7Cl13 with i ~0.5 S/cm, Ea 0.1 eV). 

The i - e plot allows to distinguish a new class of «hypothetical superionic conductors» with higher i as 
compared with AdSICs. Ionic solids with such characteristics have not been found in nature, but structure 
fragments with “hypothetical” ion-transport characteristics are known. E.g., the studies on the structure and 
phase transformations in minerals of the pearceite-polybasite group with the general formula (Ag, Cu)16M2S11, 
(M= Sb, As) [3] revealed the superionic phase with a trigonal symmetry and Ea ~0.16 eV at temperatures close 
to RT. In this phase, there are "rings" with a diameter of an order of 8 Å, where Ag+ ions move with a very low 
Ea (~15 meV). Modern methods of material engineering allow manipulating processes at the molecular and 
atomic levels during materials synthesis, to create fundamentally new architectures, new metamaterials and 
structures with unique characteristics and functionality. Therefore, search for natural and creation of artificial 
superionic conductors (SIC) with Ea ~kT at RT can be expected in future. 

3. STRUCTURAL FEATURES AND DESCRIPTORS OF ADSICS 

Sunandana C.S. in [4] has formulated a short formula for the SIC (or fast ionic conductor) structure: 

A fast ionic conductor = frame sub-lattice + partial basis + disordering 

The formula emphasizes that SIC structure is described by two sub-lattices, one of which (frame), formed by 
motionless ions, has a certain basis, and the other, a «liquid-like» sub-lattice of mobile ions, has no basis.  

 

Figure 1 Structure of AdSIC -AgI, (a) The rigid sub-lattice of large iodine anions. Within the I−-sub-lattice, 
there is a set of interconnected tetrahedral-interstitial sites (T-sites, little balls), which forms a 3D network 

of FIT- pathways in the unit cell (truncated octahedron). (b) Possible pathway (FIT-tunnel, it is shown 
by arrows) of mobile Ag+ ions through T-sites in external electrical field E. The schematic FIT- tunnel 

presents a chain of deformed iodine tetrahedrons conjugated by faces (one of this tetrahedrons is shown) 

Solid superionic phases are formed at phase transitions when a co-operative excitation of mobile ions is 
initiated, the ions pass from the normal positions of initial phase to interstitial sites of new SIC phase that leads 
to the Ea decrease. For example, for AgI compound there are two low temperature phases γ-AgI (zincblende 

F-432) and β-AgI (wurtzite Р63mc) with a distinct crystal basis and without noticeable i. The high temperature 

superionic phase -AgI has basis (Im3m) only for lattice of immobile iodine ions and i of -AgI is 6-7 orders 

higher than i of γ/β-AgI phases. As the temperature rises, the Ag-I bond becomes weaker and collapses at 

147 °С, it stimulates the formation of the close packed -AgI phase of higher density as compared with the γ/β 
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- phases existing at RT. In -AgI, the iodine ions form a close packed bcc lattice, where Ag+ ions occupy 
interstitial sites. According to neutron diffraction data [in 4], the preferential pathways for mobile Ag+-ions pass 
through tetrahedral interstitial sites (Т-sites, which are separated from each other by low potential barriers) in 

the cubic lattices of -AgI and -RbAg4I5. In -AgI unit cell, the number of T-sites is 6 times larger than that of 
the Ag+ mobile ions. These T-sites form a 3D percolation network of FIT-tunnels (truncated octahedron) for 

Ag+ mobile ions in the unit cell of -AgI (Figure 1a). Figure 1b shows possible pathway of mobile Ag+ ions 
through T-sites in external electrical field E. This pathway can be presented as a net of similar deformed 

tetrahedrons conjugated by faces. The deformation of tetrahedron for -AgI (Im3m, a = 0.5067 nm) is ~13.5 % 

for tetrahedron edges and || ~10° for tetrahedron angles. Among close-packed Bravais lattices, only bcc 

has the percolated net of T-sites. The i of -AgI at 147 оС is about 1.2 S/cm with Ea ~0.09 eV (in γ/β-AgI, Ea 
~0.6 eV). The Ea of bcc structures was estimated for rigid iodine lattice depending on the radius of a mobile 
ion and was shown [5] that the minimum of Ea corresponds to the Ag+-ion. The AdSICs of mixed type, such 

as -Ag2S and -Ag2Se also have the bcc structure. 

 

Figure 2 Structure of AdSIC -RbAg4I5. (a) 2x2x2 supercell in {100} projection and some FIT-tunnels 
perpendicular to {100}, composed by T-sites, are marked by rings (large balls are iodine ions, middle balls 

are Rb+- ions and little balls are interstitial sites through which mobile Ag+- ions hop); (b) another orientation 
of FIT-tunnels after structure turning; (c) dense cubic 3D-packing of rods in elementary cell, where each rode 

represents a FIT-tunnel with low potential landscape for mobile ions movement. 

The cubic structure with the space group P4132 is characteristic of AdSICs -RbAg4I5-family with record high 

i at RT. The arrangement of the iodine ions is similar to the arrangement of atoms in the β-Mn (P413) structure 
[6], whereas Rb+-ions of the rigid lattice occupy 4 (a) positions in the distorted iodine octahedrons. Within 
iodine frame there are 56 deformed tetrahedrons (T-sites) which are conjugated by faces, thus creating 

diffusion pathways (FIT- tunnel) for Ag+ ions. The analysis of all possible positions of FIT-tunnels for -RbAg4I5 
(Figure 2) leads to a new geometry, namely 3-D dense packing of rods. According analysis the basic features 
of AdSIC’s structure are: (1) high concentration, ~1022 cm--3, of mobile ions; (2) a rigid close-packed lattice of 
immobile ions inside which the mobile ions hop through interstitial crystallographic sites of definite symmetry; 
(3) a percolation 3D-network of interconnected interstitial low-energy sites (T-sites) which form FIT-tunnels 
with shallow potential landscape. It is characteristic of a cubic symmetry; (4) an optimum FIT-tunnel with low 
Ea composed by atomic tetrahedrons conjugated by faces; (5) certain relations between the sizes and 
polarization of mobile and immobile ions in the FIT-tunnels to achieve a barriers distribution with low value of 
Ea. 

The dense 3D packing of FIT-tunnels exists inside cubic lattice of immobile ions. The 3D network of 
topologically uniform FIT-tunnels formed by conjugated by faces tetrahedrons is characteristic feature of the 

AdSIC’s unit cell. This property is the basic descriptor of Im3m (-AgI) and P4132 (-RbAg4I5) space groups. 
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4. THE “ANOMALY” IN FREQUENCY BEHAVIOUR OF CONDUCTIVITY IN ADSICS 

Along with unusual phase transformations AdSICs reveal a new distinctive property such as the absence of 
the universal dynamic response (Jonsher’s law [7]), which used in materials science as standard method of 
the characterization of solid ionic materials. The law establishes interrelation between a real part of complex 
conductivity (Reσ*) and frequency (ω) of external electric influence for materials with hopping conductivity.  

 1n
Reσ * (ω) ω n <                                            (1) 

The creation of new impulse devices with FIT demands testing methods based on the advanced theory of ionic 
transport on nanoscale. We have offered a new theoretical system - «structure-dynamic approach of 
nanoionics» (SDA) [8], which allows to make computer experiments and to describe the interconnected ion-
transport and dielectric-polarization processes in model SE-nanostructures. Main components of SDA are: (1) 
The layered model of a nanostructure with 1D-geometry of FIT tunnels, which combines a set {Xj} of parallel 

crystallographic planes Xj separated by potential barriers ηj,j+1. Each Xj plane corresponds to minima in a 

potential landscape and normal to Xj oriented along FIT-tunnels as well as along direction of effective 
electrostatic field Feff. (2) The method of dynamic “hidden” variables ni(t) which are concentrations of mobile 
ions on {Xj} planes. (3) The physic-mathematical formalism, i.e., detailed-balance relations and a system of 
kinetic differential equations which operate with a set {ni(t)}. (4) The method of a uniform effective electrostatic 
field Feff of Xj plane. (5) The new notion - “Maxwell displacement current on a potential barrier”. 

According to SDA, the Jonsher’s law holds for solid-state ionic conductors in the frequency range depending 

on the heights  and the heights difference () of potential barriers in the crystal structure. At sufficiently high 

values of  and  always there are spatial areas with the local Maxwell displacement currents ID j, j+1 and ionic 
currents Ij,j+1 of comparable values, that leads to the universal response. The absence of Jonsher’s law in 
AdSIC polycrystals at RT indicates that in a frequency range up to ~1010 Hz, ID j, j+1 << Ij, j+1. Computer 
calculations have shown that frequencies on which Maxwell displacement currents ID j, j+1 on a potential barrier 

become comparable or exceed ionic currents Ij, j+1 depend on barrier height . For a barrier with energy 0.2 eV 

it is  about 107 Hz. According to [9], at 300 К in polycrystals of AdSIC -RbAg4I5 the Jonsher’s law is absent 
up to frequencies 109-1010 Hz. A comparison of experimental data with computer calculations leads to a 

conclusion, that in AdSICs heights  are not above 0.2 eV and   0.1 eV and the response has an ohmic 

character, i.e., does not depend on . If to consider that the basic changes of potential landscape  occur 
near grain boundaries (GBs), evidently, processes of structural self-organization and formation of low-energy 
coherent GBs for AdSICs are characteristic phenomena. 

5. ADSIC’S STRUCTURE AS A GUIDE FOR SEARCHING AND DESIGNING NEW IONIC 

MATERIALS  

The best ion-transport properties of AdSICs (i > 10-1 S/cm at 300 K, Ea 0.1 eV) are characteristic of space 
groups Im3m and P4132. The main descriptor of AdSICs is the 3D - network of homogeneous FIT-tunnels for 
mobile ions, existing on the level of unit cell of cubic symmetry. Close-packed structures with the hcp and fcc 
coordination prevail over those with the bcc structure. According to [10], the difference in Ea for ions hopping 
between Т-Т positions in the bcc structure and between T-O-T positions in the hcp and fcc structures at RT 

correspond to large changes of i. Examples of rigid anionic lattices which have FIT tunnels basically with T-

sites for mobile ions are scarce. High i of solid-state ionic conductors, i.e. a low Ea, requires along with high 
concentration of mobile ions a shallow energy landscape along the migration pathway (in FIT-tunnel). It is 
possible to assume that presence in structure of FIT-tunnels composed by crystallographic T-sites can form 
the basis for revealing high ion-transport properties. In [10,11] the bcc lattice has been used as a descriptor to 
search for some new Na+ and Li+- fast ionic conductors.  
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The 3D-nets of ion low energy pathways play pivotal role in FIT. The more FIT- tunnels in structure, the higher 

i. The higher symmetry of point group, the more symmetrically and, therefore, energetically equivalent sites 

can be generated. An increase of i in ionic systems needs to be considered in the context of structure design. 

The design provides additional possibilities for achievement of record high i at RT. Synthesis of 
nanostructures with a 3D network of FIT-tunnels is an important task of solid-state ionics.  

 

Figure 3 A 3D-net of FIT-pathways for solid-state ionic conductors on the different scale levels, (a) atomic 

scale: AdSIC -AgI; (b) mesoscopic scale: ordered domain structure in SIC (FIT- pathways are lines)  

(c) microstructure scale: 3D-net of GBs with higher i along GB in solid electrolyte 

Different levels of such 3D-network organization are possible (Figure 3): (a) atomic scale, i.e. inside unit cell 
of AdSIC; (b) mеzо-scale as an ordered ”domain structure” with additional FIT-pathways (domain boundaries) 

forming a 3D-network of FIT- pathways (e.g., the Li0.33La0.56TiO3 SIC structure with the highest i among the 

oxide ionic systems [13]); (c) microstructure scale as a 3D-network of grain boundaries (GBs) with a higher i 

along GB (as compared with the bulk) making the ion-transport characteristics of the system much higher. 

Such properties of GBs are usually characteristic of materials with rather low bulk i. 

The interfacial design for many types of materials is in the focus of attention of many researches [1,2,4,11-15]. 
However, influence of homo- and heterophase boundaries with different structures on blocking or enhancing 

i in various classes of ionic conductors is now the open and debatable question [14]. For example, GBs in 

high purity AdSICs polycrystals (with micron sized grains) practically do not influence on i (absence of the 
universal dynamic response) in large frequency interval. Evidently, processes of structural self-organization 
and formation of low-energy coherent GBs [13] with shallow potential landscape in the GB’s area is a 
characteristic property of AdSICs. The coherency for AdSICs means not only a continuity of crystallographic 
planes across GB, but also preservation of FIT- tunnels [2].  

As shown, the 3D network of topologically uniform FIT-tunnels (formed by conjugated by faces tetrahedrons) 
exists in AdSIC’s structure on the level of the unit cell. It seems the determination of transitivity from unit cells 
of periodic crystallographic groups and nets of interstitial sites {polyhedral} inside them to structure description 
of unit cells as a rod (cylinder) packing [15], where rods are FIT tunnels can serve as an effective way for the 
selection and design of new high-performance ionic materials. 

6. CONCLUSION 

Currently, the materials science, using methods of generalized crystallography, becomes more and more 
mathematically focused. Transition to the nano-world leads inevitably to the necessity of combining various 
structural units and modules in 3D space. For example, chains and rings of atomic tetrahedrons conjugated 
by faces are observed in crystal-like and liquid-like, inorganic and organic ionic materials, denoting their 
stability. This can give extremely ordered, but not necessary periodic structures. Analysis of such 
configurations is based on ideas of "new geometry" [15]. It allows approaching the answer to the question: 
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"how the long-range order (not necessarily periodicity) evolving from local principles of atomic ordering", 
changes our insights into phase transitions and opens "new nature codes". 

In this work, a new geometry of dense packing of FIT-tunnels in advanced superionic conductors has been 
revealed. The main descriptor of AdSIC’s structure is a 3D -percolation network of uniform low energy FIT-
tunnels inside elementary cell of a rigid lattice of immobile ions. Each FIT-tunnel presents a chain of atomic 
tetrahedrons conjugated by faces, where tetrahedrons are interstitial low energy T-sites through which mobile 

ions move. The anomaly in frequency behavior of i in AdSIC polycrystals compared with other solid-state 
ionic conductors is explained based on theory of fast ionic transport in non-uniform potential landscape (SDA). 
The deep understanding of the structure and properties of AdSICs is a guide for purposeful searching and 
designing new solid-state ionic materials and devices. 
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Abstract  

A novel two-step pathway towards sulphur-doped graphitic carbon nitride (CN) was hypothesized and 

practically tested. As a result of that, three new materials with the different content of sulphur (up to 0.023 wt.%) 

were synthesized. These materials were characterized by X-ray diffraction (XRD), X-ray fluorescence (XRFS), 

Fourier transform infrared (FTIR) and Raman spectroscopy and UV-Vis diffuse reflectance spectroscopy 

(DRS) all of which were compared with materials coming from procedures known in literature. Furthermore, 

photocatalytic properties of gained materials towards the decomposition of acid orange 7 (AO7) were tested 

and compared to known materials as well. All of three materials show less S-enrichment than CN (SCN) 

obtained by established procedures from thiourea, on the other hand, they bear a remarkable photocatalytic 

properties in photodegradation of AO7. 

Keywords: Catalysis, graphitic carbon nitride  

1. INTRODUCTION 

Doped graphitic carbon nitrides have attracted an attention of researchers in past decade for several of their 

remarkable shifts in physico-chemical properties tuning already interesting properties of g-C3N4 itself. Superior 

photocatalytic properties of doped CN have attracted a lot of attention [1-3]. Non-metallic elements having 

accessible d-orbitals, such as sulphur and phosphorus are known to tailor electronic, Lewis and Brønsted 

acidobasic as well as photonic and optoelectronic properties of the material in favor of catalytic properties of 

the material [2]. Especially sulphur-doped CN catalysts were used multiple times in successful 

photodegradation of several organic dyes or model organic pollutants such as rhodamine [4], methyl blue [5], 

UO2+ dyes [6], bisphenol A [7] etc. 

There are several methods of synthesis of SCN. The first set of methods in the pyrolysis of compounds 

containing sulphur, carbon and nitrogen in one molecule. Thiourea [5] is the most prolific example of such 

precursors. Despite remarkable results of such materials there is a lack of accordance about detailed structure 

of resulting S-enrichment of CN, moreover the possibilities of direction of such synthesis in favor of one 

particular kind of S-enrichment is very limited (there is still a lack of detailed knowledge which kind of the S-

enrichment is beneficial to a target application). The other set of methods is combined pyrolysis of known CN 

(urea, cyanuric acid, melamine or dicyandiamide) precursors and sulphur containing compounds - sulphur 

precursors. The mixture of melamine and elemental sulphur (S8) is known not to provide any SCN [8], only 

structurally altered CN is yielded. The interesting material is reported by co-polymetration of melamine and 

trithiocyanuric acid which is believed to be a sort of S-doped CN [4]. On the other hand, the aforementioned 

method suffers for the similar shortcomings as the thiourea pyrolysis. 

With this knowledge, we decided to investigate a novel strategy to gain S-doped CN. We hypothesized that 

the pre-treatment of melamine with a reactive sulphur-containing compound may yield a chemical complex or 

https://doi.org/10.37904/nanocon.2019.8763 
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mixture of compounds with pre-made bonds between CN-precursors (melamine) and sulphur dopants. In our 

abstraction, it would increase the chance of sulphur to end up in the structure of a resulting material. As the 

dopant, the compounds consisting mostly of sulphur and nitrogen were sought. Hydrogen and oxygen were 

taken into account as elements whose presence in the dopant is possible, metallic salts of all kind were avoided 

due to the concerns of possible yielding combined metal-sulphur doped materials. Considering these 

conditions ammonium polysulphide ((NH4)2Sx) was chosen as i) meeting all of the conditions mentioned above 

and ii) being a N- and S-containing compound not often considered as a sulphur dopant for such materials. 

In this contribution we describe the results of our initial experiments with potentially sulphur-doped graphitic 

carbon nitride coming from the two-step process using (NH4)2Sx as a pre-pyrolysis agent and source of sulphur. 

The resulting materials were characterized and the screening for the photocatalytic properties of them was 

carried out.  

2. EXPERIMENTAL  

A two-step process was used to prepare the S-doped CN (SxCN) materials. The first step consists of 

preparation of precursors, a powder mixture of ammonium polysulfide and melamine (section 2.1.). The second 

step consists of pyrolysis of precursors in a furnace (section 2.2). The methods of characterization of resulting 

materials are provided in section 2.3. and an initial assessment of their photocatalytic properties was made by 

a reaction of AO7 and is described in section 2.4. All of the measurements were compared with CN and SCN. 

2.1. Precursors preparation 

Ammonium polysulfide (25% aqueous solution, Fluka) and melamine (Aldrich) were purchased from particular 

vendors and used without further adjustment. All used chemicals were of analytical-reagent grade.  

In a typical procedure, melamine (10 g; 79 mmol) was placed in a 250 ml beaker containing a stirring bar 

located in an oil bath on the hotplate of a magnetic stirrer. The solution of ammonium polysulfide (1 ml, 10 ml 

and 100 ml) was added to a mixture portion-wise (in dependence on the amount of ammonium polysulfide). 

Such obtained mixture was heated up to 120 °C (oil bath temperature), while vigorously stirred, until a yellow 

powder (precursor) was formed. Reaction mixture tended to heat itself spontaneously and obviously gasses 

of a smell of hydrogen sulfide have been formed during the course of the reaction. Resulting precursors were 

labeled according to portions of both substrates as [1:10]P for those coming from 1 ml of polysulfide and 10 g 

of melamine, respectively, [10:10]P coming from 10 ml of polysulfide and 10 g of melamine and [10:1]P (coming 

from 100 ml of polysulfide). They were used in a next step (section 2.2) without further adjustment or analyses. 

2.2. Synthesis of materials 

Precursors [1:10]P, [10:10]P and [10:1]P were placed in a ceramic crucible with a lid and heated in a furnace 

up to 550 °C (onset 3 °C.min-1, duration 4 hours). After the pyrolysis period, samples were removed from the 

furnace and left to cool to an ambient temperature. The resulting materials were grounded in a mortar to a 

neat powder. Such gained photocatalysts were labelled SxCN-A (coming from [1:10]P), SxCN-B (coming from 

[10:10]P) and SxCN-C (coming from [10:1]P) and submitted for characterization and tested on photocatalysis. 

Samples CN and SCN were prepared by a calcination of 10 g of a precursor (CN - melamine, SCN - thiourea) 

under same conditions as mentioned above for SxCN samples. 

2.3. Characterization of photocatalysts 

The photocatalysts SxCN-A, SxCN-B and SxCN-C were characterized by X-ray powder diffraction, infrared 

spectroscopy, and Raman spectroscopy. The sulphur content was determined by X-ray fluorescence 

spectroscopy. Photonic properties were determined by diffuse reflectance spectroscopy. 
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XRD patterns were recorded on diffractometer Miniflex 600 (Rigaku) equipped with Co tube and 1D detector 

D-Tex and were carried out in a range 10 - 90 °2Theta. The crystallite size was calculated using Scherrer's 

equation 

� =  �∙�
�∙�	
 �                                                                                                                                                     (1) 

where L is the crystallite size (nm), λ is the wavelength of the X-rays (0.17889 nm),  is the peak width in the 

half of maximum height of given diffraction peak (rad), K is the constant related to the crystallite shape (0.9), 

θ is the Bragg's angle (rad or degree). 

UV-Vis diffuse reflectance spectra were recorded with a Shimadzu UV-2600 (IRS-2600Plus) 

spectrophotometer at room temperature in a range of 220-800 nm. 

The IR spectra were collected by a Fourier transform infrared spectrometer Nexus 470 (ThermoScientific, 

USA) with a DTGS detector using KBr pellets technique. Exactly 1.0 mg of sample was grounded with 200 mg 

of dried KBr. Pellets were pressed with a pressure corresponding to 8 tons for 30 seconds under vacuum. The 

measurement parameters were following: a spectral region 4000-400 cm-1, a spectral resolution 4 cm-1; 64 

scans; and Happ-Genzel apodization. The treatment of spectra: polynomial (second order) baseline, 

subtraction spectrum of pure KBr. 

 The Raman spectra were measured at a dispersive Raman spectrometer DXR SmartRaman 

(ThermoScientific, USA) with a CCD detector. A 180° degree sampling was used as a measurement technique 

of the Raman spectroscopy. The measurement parameters were as follow: the excitation laser 780 nm, a 

grating 400 lines/mm, an aperture 50 μm, exposure time 1 second, a number of exposures was 1000, a spectral 

region was 1800-50 cm-1. An empty sample compartment was used for background measurements. The 

spectra were treated with fluorescence correction (6th order). 

The XRFS sulphur content determination was made on a XEPOS energy dispersive spectrometer (Spectro, 

Germany). Samples were measured using plastic cell in protective atmosphere (He). A method calibration was 

made based on mixtures of g-C3N4 and thiourea (Lachema, Czech Republic). 

2.4. Photocatalytic experiments 

A photocatalytic decay of AO7 was selected. AO7 (for microscopy (Hist.); Sigma-Aldrich) was diluted in 

demineralized water (purified on Aqual® 25 reverse osmosis column) to concentration 25 mg.l-1 and this 

solution (150 ml) was put into a vessel. Under dark conditions, 10 mg of each photocatalyst was added. After 

taking the intial samples (taken in 0) a lamp (368 nm, 0.94 mW.cm-2) was turned on and reaction was let to 

proceed while stirring. Samples of 2 ml were taken each 20 min up to the time of 120 min. All of the samples, 

including the 0 ones were measured on UV spectrometer (ThermoSpectronic, Heios) at the wavelength 485 

nm (absorption maximum of AO7).  

3. RESULTS AND DISCUSSION 

The section 3.1. deals with the results of solid state analyses of SxCN-A, SxCN-B and SxCN-C section 3.1. The 

following section 3.2. summarizes the results of the catalytic experiments and observed photocatalytic behavior 

of the materials. Comparison with known materials CN and SCN is also provided. 

3.1. Characterization of photocatalysts 

XRD patterns and crystallite sizes (Figure 1, Table 1) suggest the crystal structure of SxCN-A, SxCN-B and 

SxCN-C is basically similar as both the CN and SCN. The 002 reflection (2θ = 32°) connected to g-C3N4-like 

materials is clearly visible in both samples and standard CN and SCN. Crystallite sizes suggest new materials 
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seem to have closer to the CN (7.0 nm) than to SCN (4.9 nm). This is in accordance with the XRFS 

determination of sulphur content. A content of sulphur in the SXCN-A and SxCN-B was below detection limit of 

0.0002 %, which means the materials had no or very insignificant sulphur doping. The SxCN-C on the other 

hand showed higher amount of sulphur (0.023 %), which is still one order less than in SCN (0.22 %). Similar 

information is provided by both IR and Raman spectra where the spectra (S)CNs and SxCNs (Figure 2) are 

virtually indistinguishable. Notable differences between SxCN-A, SxCN-B and SxCN-C and CN cannot be seen 

also in the DRS spectra (Figure 3 left) where curves of new samples and standard are overlapped within the 

margin of experimental error. Noticeably, the DRS spectrum of SCN is the only one showing a distinction. The 

similarity of optical behavior of materials may further be demonstrated by values of forbidden bandgap all of 

which lay between 2.62 eV and 2.67 eV (Table 1). 

 

Figure 1 XRD patterns of prepared materials SxCN-A, SxCN-B and SxCN-C, comparison with CN and SCN 

 

Figure 2 Comparison of IR absorbance (left) and Raman spectra (right) of CN, SCN and SxCN-A 

Table 1 Survey of measured properties of CN, SCN and SxCNs, where L means crystallite size, Eg is energy  

             of forbidden gap and S is content of sulphur 

Material CN SCN SxCN-A SxCN-B SxCN-C 

L (nm) 7.0 4.9 6.8 7.3 6.0 

Eg (eV) 2.64 2.62 2.66 2.67 2.67 

S (wt%) < 0.0002 0.218 < 0.0002 < 0.0002 0.023 
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Figure 3 DRS spectra of prepared samples (SxCN-A, SxCN-B and SxCN-C) and CN and SCN (left). 

The kinetic curves of photocatalytic experiments for the photocatalysts (right), where c and c0 are the 

concentrations at time = t min and time = 0 min, respectively.  

3.2. Photocatalytic properties  

Both solid state analyses and DRS spectra draw a very blurred line between new materials and CN and SCN. 

Surprisingly, the photocatalytic behavior of SxCN-A, SxCN-B and SxCN-C tells a different story. From  

Figure 3 (right) showing the AO7 decomposition pattern under catalysis of both samples (CN and SCN) and 

new materials (SxCN-A, SxCN-B and SxCN-C) a clear distinction can be made between the CN and SCN and 

new ones. A slight increase of the decomposition first order rate constants (6∙10-3min-1 for SxCN-A and 7∙10-

3min-1 for SxCN-C vs. 3.5∙10-3min-1 for SCN and 4.4∙10-3min-1 for CN) can be viewed. The biggest distinctions 

are final conversions of AO7 after 2 hour where SxCN-C (52 %), SxCN-B (42 %) and SxCN-A (47 %) 

conversions are significantly higher, than those of CN (37%) and SCN (33 %). 

4. CONCLUSIONS 

A novel method meant to be an alternative preparation of a new sulphur-doped CN yielded limitedly sulphur-

doped material SxCN-C. Though, all of three resulting materials SxCN-A, SxCN-B, SxCN-C do exhibit an 

unusual photocatalytic behavior in the decomposition of AO7. The explanation may lay in similar altering of 

CN properties by its synthesis in flux of sulphur [8]. Either way, a detailed structure of new materials as well 

as a source of their outlaying photocatalytic properties will be a matter of our follow up works, which are 

currently underway. 
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Abstract 

ZnO nanorods have attracted increasing interest in recent years due to their potential in optoelectronic 

applications. The lack of p-type ZnO emphasizes the importance of rectifying junctions realized on other p-

type materials. SiC is a good candidate to create hybrid heterojunctions with ZnO due to its wurtzite crystal 

structure and a small lattice and thermal mismatch. The ZnO/SiC heterojunctions have a potential to show 

intense UV electroluminescence. We investigate morphology and electrical properties of a single vertically-

oriented ZnO nanorod on a SiC substrate. The current-voltage measurements are performed directly in the 

vacuum chamber of a scanning electron microscope. The contact to a single nanorod is obtained by a 

nanoprobe, which allows for the measurement of the current-voltage characteristic of a single nanorod 

heterojunction of choice. The influence of ZnO growth parameters and post-growth treatment of ZnO/SiC 

structures are studied with the aim to minimize the density of structural/interfacial defects and to create low-

dimensional hybrid heterojunctions with the potential to show intense UV electroluminescence. 

Keywords: Chemical bath deposition, current-voltage characteristics, SEM, ZnO nanorods, ZnO/SiC  

                    heterojunctions 

1. INTRODUCTION 

Zinc oxide (ZnO) with its wide band gap of 3.37 eV and high exciton binding energy of 60 meV is a promising 

material for electronic and photonic applications. ZnO offers several advantages over other wide-bandgap 

materials: a low cost and wide availability, environmental safeness, high thermal stability, and possibility to 

form different kinds of nanostructures by a variety of growth techniques. As-grown ZnO is intrinsically n-type 

semiconductor and reproducible p-type doping is difficult to be achieved. Therefore, the advantageous 

properties of ZnO for light-emitting devices are frequently investigated in the form of heterostructures with other 

materials [1,2]. 

Silicon carbide (SiC) is another promising wide bandgap semiconductor material with a high thermal 

conductivity, high breakdown voltage, low response time, excellent mechanical properties, and good chemical 

stability. SiC is a good candidate to create hybrid heterojunctions with ZnO due to its wurtzite crystal structure 

and small lattice (~5 %) and thermal (<1 %) mismatch [3,4]. 

Chen et al. reported ZnO/SiC heterojunctions that were deposited by metal-organic chemical vapor deposition 

on n-6H-SiC [5]. The isotype heterojunctions showed rectifying characteristics with the reverse current in the 

picoampere range, the on/off ratio ~107, and the ideality factor ~1.23. The native SiO2 layer on SiC surface 

was reported to have impact on the morphology of the deposited ZnO and consequently on the electrical 

properties of ZnO/SiC heterojunctions. Felix et al. reported that the heterojunctions formed by thermally 

deposited ZnO thin films on n-4H-SiC had excellent electrical properties with the leakage current lower than 

1 nA and the rectification ratio ≈105. The larger than unity ideality factor was ascribed to the thickness and 

composition variation of interfacial layer [6]. Taube et al. studied the electrical properties of ZnO/SiC 

heterojunctions created by atomic layer deposition of ZnO layers on n-4H-SiC and p-4H-SiC substrates. The 

https://doi.org/10.37904/nanocon.2019.8639 



  Oct 16th - 18th 2019, Brno, Czech Republic, EU 

 

 

61 

isotype heterojunction diodes showed better electrical properties than the anisotype diodes. In particular, lower 

values of ideality factor, series resistance, capacitance and built-in voltage were reported. The lower resistance 

and capacitance are especially important for the increase of the response time of UV photodetectors. Due to 

the absence of donor-acceptor pair transitions in n-type 4H-SiC, the isotype ZnO/4H-SiC heterojunctions 

showed lower response to visible light while keeping UV light response at the same level as observed for 

anisotype heterojunctions [7]. Rebaoui et al. reported on the effects of polytypes and doping nature on 

electrical properties of ZnO/SiC heterojunctions. The ZnO/SiC diodes based on n-type 4H-SiC polytype 

showed the best electrical performance. It was found, that the ZnO/n-4H-SiC heterojunctions had 40 times 

lower leakage current than the ZnO/p-4H-SiC heterojunctions and two times higher rectifying ratio than the 

ZnO/n-6H-SiC heterojunctions. The excellent performance of ZnO/n-4H-SiC heterojunctions was ascribed to 

high vertical a-axis electron mobility, higher heterojunction barrier, and suppressed trap assisted tunneling [8]. 

The excellent rectifying properties of isotype ZnO/SiC heterojunctions considered above were explained in 

detail by Zhang et al. using x-ray photoelectron and Auger electron spectroscopies of ZnO layers deposited 

on 6H-SiC substrates by molecular beam epitaxy from which the band alignment for the isotype ZnO/SiC 

interface was calculated. Significant band offsets were suggested to be the reason for high rectification ratios 

of isotype ZnO/SiC structures. Together with the significant band offsets, the absence of chemical interactions 

and additional interfacial layers on the abrupt MBE-ZnO/SiC interface was considered as the reason for highly 

rectifying isotype ZnO/SiC structures [9]. On the other hand, Mu et al. reported the presence of the zinc silicate 

species at the ZnO/SiC interface prepared by the radiofrequency magnetron sputtering. He suggested, that 

the interface species significantly affect the electronic structure of the ZnO/SiC interface [10].  

To summarize, the 4H polytype of SiC is more attractive for the device application due to its wider bandgap 

and higher mobility than other polytypes. Moreover, it is widely believed that the isotype n-ZnO/n-SiC 

heterojunctions are more suitable for optoelectronic devices than the anisotype n-ZnO/p-SiC heterojunctions. 

As was mentioned above, ZnO easily forms several types of nanostructures that are suitable for the 

manufacturing of vertically stacked devices (e.g. ZnO nanorods/SiC LEDs). However, further downscaling to 

nanoelectronic devices requires a deep understanding of electrical properties of nanoscale heterojunctions 

below a single nanorod. In this work, electrical properties of a single ZnO nanorod on n-4H-SiC substrates are 

investigated by measuring the current-voltage (I-V) characteristics. The contact to a single nanorod is obtained 

by a nanoprobe in the chamber of a scanning electron microscope (SEM), which allows for the measurement 

of the current-voltage characteristic of a single nanorod heterojunction of choice. 

2. EXPERIMENTAL METHODS 

Conventional chemical bath deposition (CBD) method was used to synthesize ZnO nanorods on n-4H-SiC 

substrates [11]. Commercially available nitrogen doped 4H-SiC substrates with a thickness of 350 mm and an 

electron concentration of n=1017 cm-3 were used for the fabrication of the ZnO/SiC junctions. The substrate 

was sequentially cleaned in H2SO4:H2O2, NH4OH:H2O2:H2O (1:1:5) at 70°C, HF:H2O (1:20) and H2O:HCl:H2O2 

(6:1:1) at 70 °C. After each step, the substrate was rinsed in deionized water and dried with nitrogen. A 

backside ohmic contact was created by thermal evaporation of 150 nm of Ni and subsequently annealed at 

950 °C for 10 min in Ar atmosphere [12]. 

The 5mM aqueous solution of zinc nitrate hexahydrate, which is a source of Zn2+ ions, and 

hexamethylenetetramine, which is a source of OH- ions, was used for the CBD of ZnO nanorods. To activate 

the reaction, the temperature of the solution was elevated to 95 °C for 2 hours. 

The morphology of ZnO nanorods was observed using Tescan Lyra 3 GM FIB/SEM system. The I-V 

characteristics of the nanoscale heterojunction formed by a single ZnO nanorod on SiC substrate were 

measured in the chamber of the same FIB/SEM system (Figure 1). 
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Figure 1 Schematic illustrations of the current-voltage measurements of: (a) freestanding ZnO nanorods 

on n-4H-SiC substrate and Ni/n-SiC contacts; (b) W-probe on a reference n-type ZnO bulk substrate 

A tungsten needle of a SmarAct nanoprobe served as a top ohmic contact. The tip of the needle was cleaned 

using the focused ion beam to remove native tungsten oxide. The bottom metal contact was deposited on pre-

cleaned SiC substrate by vacuum evaporation of a 150nm layer of Ni with subsequent annealing of the 

substrates. The I-V characteristics were measured by applying a linear voltage sweep to the top needle contact 

while the bottom contact was grounded. The ohmic behavior of the metal contacts was confirmed by additional 

measurements (electrical circuits “IV-2” in Figure 1a for the bottom contact, electrical circuit “IV-3” in Figure 1b 

for the top contact). 

3. RESULTS AND DISCUSSION 

Figure 2 shows SEM images of individual nanorods grown on the n-4H-SiC substrates. The nanorods were 

grown randomly and their lengths and diameters had a significant dispersion. Before the electrical 

characterization, the samples were carefully examined in SEM to select the nanorods with equal dimensions: 
typical values of the length and diameter of ZnO nanorods were L = 14 μm, d = 1.8/3.5 μm (top/bottom), 

respectively. 

 

Figure 2 Top view and 55° tilted view SEM images of a single ZnO nanorod grown on n-4H-SiC substrate 

Figure 3 shows representative current-voltage characteristics (i) of the bottom Ni/SiC contact before and after 

thermal annealing, (ii) of the top W/ZnO contact measured on the reference bulk hydrothermally grown ZnO 

substrate, and (iii) of the single n-ZnO nanorod/n-4H-SiC heterojunction. 
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Figure 3 Experimental current-voltage characteristics. (a, b) Ni contact on SiC before/after annealing,  

(c) tungsten probe on the surface of the bulk ZnO, (d) a single nanorod ZnO/n-4H-SiC heterojunction 

Table 1 The parameters extracted from the experimental current-voltage measurements 

Ion/Ioff at ± 2V 
(unitless) 

Von (forward) 
(V) 

RW/ZnO, 
(Ohm) 

RNi/SiC, 
(Ohm) 

≈40∙103 1.6 ≈106 ≈20 

The I-V measurements between two as-deposited Ni contacts show the presence of two back-to-back Schottky 

diodes. However, after the thermal annealing, a clear ohmic behavior of Ni/SiC contact was observed. The top 

W/ZnO contact also demonstrates almost linear 

behavior. Therefore, we can suggest that the diode-

like I-V characteristics of n-ZnO nanorod/n-4H-SiC 

heterostructures are determined by the charge 

transport through the ZnO/SiC interface rather than 

by the metal contacts. The parameters extracted from 

the current-voltage measurements are summarized in 

Table 1. 

 

Figure 4 Schematic energy band diagram for the 

n-ZnO/n-4H-SiC heterojunction. The unit is eV in all 

cases 
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To explain the rectifying behavior of n-ZnO/n-4H-SiC heterojunctions, in the first approach, the Anderson 

model was used to construct the n-ZnO/n-4H-SiC heterojunction band diagram (Figure 4). The electron 

affinities of ZnO and of 4H-SiC were taken as XZnO = 4.35 eV and XSiC=3.24 eV, and the bandgap energies of 

ZnO and SiC as Eg, ZnO = 3.37 eV and Eg, SiC = 3.29 eV, respectively. 

The conduction band offset is therefore ΔEC = XZnO-XSiC = 1.1 eV, while the valence band offset is 

ΔEV = (XZnO+Eg, ZnO)-(XSiC+Eg, SiC) = 1.19 eV. Adjustment can be made to account for the position of the Fermi 

level relative to the conduction band in each material. The positions of Fermi level below the conduction band 

edge Ec-EF is taken from the Boltzmann’s statistics assuming that all dopants are fully ionized: 

� − �� = −�� ln ��
��

,              (1) 

where, k is the Boltzmann constant, T is the absolute temperature, ND is the donor concentration and NC is the 

effective density of states in the conduction band [13]. 

Figures 5 shows the experimental and theoretically fitted forward bias I-V characteristic of a single nanorod 

n-ZnO/n-4H-SiC isotype heterojunction in semilogarithmic scale. The proposed equivalent circuit of the 

nanoscale heterojunction (the inset in Figure 5) takes into account the current flow through the potential barrier 

at the n-ZnO/n-4H-SiC interface; the current limited by the space charge region; the leakage current that 

bypasses the junction region; and the excessive serial resistance of the contacts and neutral regions of the 

semiconductors. 

 

Figure 5 Experimental and theoretically fitted forward bias I-V characteristics of a single nanorod 

n-ZnO/n-4H-SiC isotype heterojunction 

In the frame of the proposed model, the current flowing through the potential barrier is given by: 

�� = ��(�
�

���( !"#$%&') − 1)             (2) 

where I0 is the reverse bias saturation current of the junction, n is the ideality factor of the junction, q is the 

electron charge, k is the Boltzmann’s constant, T is the temperature and Rser is the serial resistance [13]. 

At higher biases, when the impact of potential barrier is negligible, the current is limited by the conductance of 

the space charge region. In general case the space charge limited current (SCLC) is given by: 

�* = +(, − �*-./0)�              (3) 

where A is a coefficient that is related to the length and conductivity of the current flow path and β is a scaling 

exponent of the power-law current-voltage dependence, which should be equal to 2 in the case of trap-free 

space charge limited current, or >2 in the case of traps distributed over the bandgap [14]. 
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The leakage current that bypassed the heterojunction follows the Ohm’s law: 

�1 = (, − �1-./0) -.2⁄              (4) 

where Rsh is the shunt resistance of the leakage path.  

According to the Kirchhoff's rule, the total current injected to a single nanorod n-ZnO/n-4H-SiC heterojunction 

is:  

� = "#"4
"#5"4

+ �1                (5) 

The I-V curve modelled using Equations (2) - (5) fits well experimental I-V characteristics of the single 

nanorod n-ZnO/n-4H-SiC heterojunction. The fitting variables are summarized in Table 2. 

Table 2 The parameters extracted from the fitting of the forward bias I-V curves for the single nanorod 

  n-ZnO/n-4H-SiC heterojunction 

n 
(unitless) 

I0 
(A) 

β 
(unitless) 

Rsh 
(Ohm) 

Rser 
(Ohm) 

3.9 4∙10-14 4 2.5∙1012 4∙104 

The ideality factor larger than unity, relatively high saturation current I0, and the power law exponent larger 

than two allow us to consider the trap assisted tunneling process through the interface states distributed over 

the band gap as the main transport mechanism for the single nanorod n-ZnO/n-4H-SiC heterojunction. The 

leakage current determined by the shunt resistance is on the order of 1 pA, which is the noise level of our 

measurement setup. Taking into account the experimental I-V characteristics measured on the reference bulk 

ZnO substrate (Figure 3c), a large serial resistance is ascribed to the resistance of the top W/ZnO contact and 

of the ZnO nanorod. 

4. CONCLUSIONS 

In summary, nanoscale heterojunctions between a single free-standing n-type ZnO nanorod grown on 

n-4H-SiC substrate were obtained by chemical bath deposition. Using the nanomanipulator mounted in the 

scanning electron microscope, the current-voltage characteristics of individual n-ZnO nanorod/n-4H-SiC 

heterojunctions were measured. Heterojunctions showed diode-like characteristics with a high rectification 

ratio and low leakage current. The equivalent circuit of the isotype n-ZnO/n-4H-SiC heterojunction was 

proposed. The parameters of the heterojunctions were extracted from the experimental current-voltage 

characteristics using a proposed fitting model. We believe that the method of characterization of a single 

nanorod-based heterojunction proposed in this paper opens door for a detailed analysis of charge transport in 

a variety of nanoscaled optoelectronic devices. 
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Abstract  

In this work, a stable suspension recipe and the optimal mode for EPD process are presented. The possibility 

of precision control of the thermite material composition in electrophoretic deposition technology is considered. 

The wave combustion reaction occurs in the composition range from 17 % to 53 % wt. CuOx content in 

deposited layer. The obtained Al-CuOx samples show high density of the released energy: 2407 J/g in air 

atmosphere and 1954 J/g in argon atmosphere measured by DSC. The velocity of combustion wavefront 

propagation determined by high-speed video camera reached 3.5 m/s. 

Keywords: Thermite materials, powder mixtures, electrophoretic deposition, Al-CuO, wave combustion 

1. INTRODUCTION 

Thermite materials due to their energy properties demonstrate considerable research interest as a local heat 

source for different purposes of micro - and nanoelectronics: MEMS, micro jet engines, micro-initiators, 3d 

assembly of microelements, gas generator, information protection and much more [1-7]. Material’s energy 

properties determined not only by the chemical composition but also by the geometric and morphological 

parameters. At present, thermite materials can be divided into two large groups: powder mixtures and 

multilayer structures [8]. Multilayer structures in most cases fabricated by magnetron or ion sputtering, and 

using an electron beam. The main disadvantages of these methods are the high cost of equipment and low 

process performance. On the other hand, powder mixtures can be quite simply obtained in large quantities, 

however, there is a problem related to the formation of these materials in the form of a thin layer on the 

substrate surface. One of the promising ways to resolve this problem is electrophoretic deposition (EPD) 

technology - a simple method that allows the deposition of multicomponent compositions on the conductive 

substrates surface from suspensions. The main advantages of this room-temperature technology are the 

forming of coatings with precisely controlled composition and the feasibility of local deposition onto patterned 

electrodes. This paper presents the features of electrophoretic deposition of Al-CuOx nanosized thermite 

materials. Parameters that influence the combustion characteristics of the material and methods for their 

control using EPD technology were reviewed. The thermal effects and combustion properties of the prepared 

materials were studied using differential scanning calorimetry and high-speed video recording. 

2. EXPERIMENTAL  

In this work chemically pure isopropyl alcohol (99.8%), nanopowders of Al with an average particle size of 90 

- 110 nm and CuOx with an average particle size of 50 - 80 nm were used for the suspension preparation. The 

CuOx nanopowder contains phases CuO and Сu2O phases, the content of other elements is not more than 

0.05 wt. %. 100 μm thick titanium foil was used as a substrate, which was preliminarily chemically etched in 

HF:HNO3:H2O (1:1:4 by volume) solution to remove the impurities and titanium oxide layer. Then the 

substrates were thoroughly washed in deionized water and dried in vapor of isopropyl alcohol. 

https://doi.org/10.37904/nanocon.2019.8628 
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To prepare suspension nanopowder materials in a certain weight ratio were added to isopropyl alcohol. The 

nanopowder loading in all cases was 1 g/l and the total suspension volume was 50 ml. The prepared 

suspension was sonicated for 40 minutes at a temperature below 22 °C. 

EPD process was carried out in a potentiostatic mode in the electrophoretic cell, consisting of a reservoir with 

suspension, electrodes, and a DC source. Electrodes were fixed vertically at distance of 1 cm and deposition 

occurred on the anode (titanium foil). Stainless steel was used as a cathode.  

The deposit mass was calculated by weighing the electrodes before and after deposition. Surface morphology 

and composition of received layers were controlled by scanning electron microscopy and energy dispersive  

X-ray analysis. Simultaneous studies of differential scanning calorimetry (DSC) and thermogravimetric (TGA) 

analysis were performed on TA Instruments Q 600 derivatograph. For these studies deposited Al-CuOx 

material was separated from the substrate using a sapphire scraper and placed in a ceramic crucible (Al2O3). 

The minimum weight of the material for DSC and TGA study was 3 mg. Heating was performed in argon and 

air atmospheres at a heating rate of 10 °C/min in the range from room temperature to 800 °C.  

The velocity of combustion wavefront propagation was measured using a high-speed camera at 15000 fps. 

The combustion initiation in all cases was carried out using a low-power piezoelectric element. The specific 

density of thermite material samples for the combustion characteristics study was 0.9 mg/cm2 surface area. 

The sample was fixed in the vertical direction and the combustion was initiated in the lower region of the 

material. The wavefront propagation velocity is calculated from the known distance and measured time 

intervals. 

3. RESULTS AND DISCUSSION 

The successful deposition result depends on the suspension composition development and the selection of 

optimal process mode. The EPD process should be carried out from a stable suspension, which implies a well-

dispersed system. The deposition of dispersed (not agglomerated) particles will occur when the particles in 

the suspension are electrostatically stabilized. Proper solvent selection plays an important role in the stability 

of the suspension. The most important factors of 

solvent media are liquid dielectric permittivity, 

conductivity and viscosity. Also, the addition of 

various additives such as dispersing and charging 

agents can contribute to system stability. In the works 

[9-11], the deposition results of Al-CuOx thermite 

materials from a suspension based on ethyl alcohol 

are presented. The authors increased the suspension 

stability by adding a small amount of water, however, 

this adversely affected the deposit quality due to 

hydrolysis [10]. This work presents the deposition 

results from a stable suspension based on isopropyl 

alcohol without adding any additives. 

In the first set of experiments, the voltage 

dependence that helps to choose the optimal mode 

of the deposition process was established. Surface 

morphology, density and mass of deposited material 

can be adjusted by changing applied potential and 

deposition time. For the test experiments deposition from suspension with Al:CuOx = 1:2 weight ratio was 

carried out. Dependence of the deposited layer mass on the applied potential to the cell at the same deposition 

time (5 min) is presented in Figure 1. 

Figure 1 The Dependence of the deposited layer 

mass on the applied potential to the cell 
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Dependence indicates an increase in the deposition rate with increasing applied voltage, however, it is not 

linear. Due to the rapid flow of particles to electrode at a higher electric field a deposit layer forms with high 

porosity. This effect leads to material adhesion lowering; therefore, some deposit part can be desorbed both 

during the deposition process and during sample extraction from the suspension. In our case, it was visually 

observed that the applied voltage of 70 V corresponds to the most uniform depositing layer over the entire 

area. Figure 2 shows elemental mapping over the sample surface of Al-CuOx material deposited at a voltage 

of 70 V. 

       

Figure 2 Elemental mapping of Al-CuOx material 

The EDX analysis demonstrates uniform distribution of elements over the entire area. To assess the 

suspension stability the deposition of 6 samples sequentially from one suspension at 70 V and 15 min was 

performed. The results of this study are shown in Figure 3.  

 
Figure 3 Change in deposit mass during sequential deposition from a suspension 

The graph shows a gradual decrease in mass after each deposition cycle. During the deposition of the first 4 

samples a change in the mass value by 5 % was observed, and then the deposited layer mass down 25 %, 

which is explained by a decrease in the particles concentration in the suspension and, therefore, a decrease 

in the deposition rate (solid loading in suspension is reduce down 20 %). The total process time was more 

than 120 minutes, taking into account the time delay for electrodes replacement. While it was previously noted 

that suspension stability period is limited by after 30 minutes [10].  

Next, a series of experiments to investigate the effect of the suspension composition on the deposited layer 

composition was produced. The set of suspensions with the same powder load, but with different components 

ratios (from oxidizer-poor to oxidizer-rich) was prepared. Further, the deposition process was carried out at  
70 V and 10 min. Figure 4 shows the dependence of the deposit composition in the weight equivalent, which 

was determined by EDX analysis on the initial suspension composition. 

O K0.2 mm Cu L0.2 mm Al K0.2 mm Ti K0.2 mm
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Figure 4 Dependence of the deposit composition on the CuOx content in initial suspension 

The graph shows a deviation from the linear correlation between the suspension and deposit compositions, 

which is explained by the higher electrophoretic mobility of aluminum particles in isopropyl alcohol. This graph 

allows to determine the suspension composition for material deposition with the required components ratio. 

The same set of obtained samples was exposed to a low-power piezoelectric element. The initiation of the 

wave combustion occurs in the composition range from 17 % to 53 % wt. CuOx content in deposit.  

Figure 5 shows the combustion process storyboard of the Al-CuOx material formed from 60 % wt. CuOx 

suspension, which corresponds to 23 % wt. CuOx content in the deposit. The combustion wavefront propagates 

uniformly over the sample entire area at the same speed. The velocity of combustion wavefront propagation 

was 3.5 m/s, which is quite high for a given weight value compared to previously published work [11]. 

 

Figure 5 Storyboard of combustion process of the Al-CuOx material with 23 % wt. CuOx content 

Thermite materials with 23 % wt. CuOx content were studied by DSC and TGA. The DSC and TGA results in 

argon and air atmosphere presented in Figure 6. 
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Figure 6 DSC and TGA curves for the Al-CuOx material with 23 % wt. CuOx content received in argon and 

air atmosphere 

One main exothermic peak in the range from 550 to 650 °C was detected on the curves, which corresponds 

to the chemical reaction of the material components. TGA study results in air atmosphere show that in this 

temperature range the sample mass increased by 10%. This phenomenon can be explained by the interaction 

of aluminum with oxygen from the atmosphere. Despite the fact that the peaks differ in intensity, their position 

is the same, which indicates that chemical interaction between aluminum and copper oxide takes place 

according to the same mechanisms in air and argon atmosphere. The values of the thermal effects in air and 

argon atmosphere differ by only 20 % (2407 and 1954 J/g respectively). It can be assumed that the combustion 

self-propagating reaction of the material can occur in an airless space or in an inert environment, which can 

significantly expand the range of potential applications. 

4. CONCLUSION 

In this work, it was found that the porosity of the deposited material increases at high values of the applied 
potential to the EPD cell, as a result, adhesion decreases and some deposit part can be desorbed. Based on 

these results, the optimal voltage for the process was selected. Optimization of the suspension composition 

allowed to increase the time of the suspension stability for nonstop deposition up to 60 min. The possibility of 

precision control of the thermite material composition by changing the suspension content was demonstrated. 

The composition range of thermite materials in which wave combustion occurs has been determined (from 17 

% to 53 % wt. CuOx content in deposit). The results of high-speed video recording showed that the combustion 

wavefront propagates uniformly over the sample entire area at the same speed. DSC and TGA results showed 

an insignificant change in the total heat release measured in air and argon atmosphere. This opens up 

additional possibilities for using Al-CuOx thermite materials obtained by the EPD method in an airless or inert 

environment. 
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Abstract 

The development of electronic technologies and the requirement for high-speed electronic systems and 

devices have led to an increased improvement in the performance of electronic and telecommunication devices 

(mobile phones, wireless or navigation systems etc.). Long-term exposure to electromagnetic (EM) fields 

poses serious risks to human health (EM pollution). EM shielding materials like traditionally-used metals need 

to be replaced with lighter materials, which also achieve the sufficient mechanical strength and resistance. 

This work deals with the topical problem of developing non-metal composites (geopolymer composites) with 

the aim to increase their EM shielding capabilities. Geopolymer composites consist of carbon or basalt fiber 

grids (size 1612; 2222 or 3434 mm) and nanoparticles of MgO (concentration 0.0; 5.0; 7.5 or 10 %) 

incorporated into the matrix. Carbon (CF) and basalt fibers (BF) from roving were soaked in various different 

solutions (distilled water, calcium hydroxide, sodium water glass, and potassium water glass) for two weeks, 

six weeks and three months, and their tensile strength was examined. 

The shielding efficiency (SE) of sheet materials (with different fillers) was evaluated in the 30 MHz - 1.5 GHz 

frequency range. The electromagnetic SE was 5 dB for the pure geopolymer material (without any modification) 

and reached up to 32 dB for the geopolymer material with CF grids. Moreover, the modified composite material 

achieved different SE for altered frequencies. The results reveal the possibility to use the composite 

geopolymer material in the production of shielding coatings with lower costs and with environmental 

considerations.  

Keywords: Electromagnetic shielding efficiency, geopolymer composite material, carbon fiber, basalt fiber, 

MgO nanoparticles. 

1. INTRODUCTION 

The importance of electromagnetic (EM) pollution is increasing as a consequence of increased levels 

of emitted electromagnetic radiation [1]. Long-term exposure to EM fields represents a considerable risk 

to human health [2]. Electromagnetic shielding (EMS) means the blocking of EM radiation. A decrease in EM 

waves involves the absorption and/or reflection of the incident radiation. [3] The shielding effectiveness (SE) 

is a widely used parameter expressed in decibels (dB). A wave reduction of 30 dB is considered adequate for 

most industrial and consumer applications; 40 dB are required for making electronic housing and for electronic 

appliances; values higher than 100 dB imply that the material is essentially impenetrable. [1]. 

Materials that can be used for EM shielding include steel, copper, aluminum, and nickel; however, they are 

heavy and mostly corrosive. Cement-based composites such as geopolymers notably with modified properties 

https://doi.org/10.37904/nanocon.2019.8548 
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can be used to absorb electromagnetic waves (EMW) [4]. Geopolymers are alumina-silica based binder 

materials (green concrete), which consume small amount of energy and release small amounts of carbon 

dioxide during production. The starting materials for geopolymer production are waste or recycled byproducts 

(metakaolin, fly ash, glass waste etc.). [5] Geopolymers offer excellent mechanical and thermal properties, 

high durability, chemical stability, corrosion resistance, low density, low permeability, and freeze-thaw 

resistance. However, they still have a disadvantage of being brittle similar to conventional Portland cement. 

Therefore, reinforcing materials are usually added to the geopolymer matrix to enhance its toughness and 

other specific properties like shielding efficiency against EM waves. [6] 

The reinforcing materials can be either particles or fibers. The fibers are advantageous for civil engineering 

applications regarding cost-effectiveness, and ease of handling and production [7]. There has been much 

research about geopolymer composites reinforced with cotton fiber, polyvinyl alcohol, polyvinyl chloride, 

polypropylene, CF or BF [8]. The fibers can improve the mechanical properties of geopolymer composites 

[9,10], such as compressive strength, flexural strength, and toughness (with an appropriate concentration) 

[6,11]. They can also be effective as an EM radiation absorber that renders them an effective shielding tool.  

The mutual use of CFs or BFs with metal particles (e.g., nickel, copper, steel, Fe3O4) [2-4] in the same 

composite is also effective due to the electrical conductivity and magnetic character of metals. Magnesium 

oxide (MgO) is physically and chemically stable at high temperatures, and it has high thermal conductivity and 

low electrical conductivity. MgO is fire resistant, termite resistant, moisture resistant, mold and mildew 

resistant, and is strong, which is useful especially for construction materials. 

In this paper, we prepared geopolymer composites consisting of CF or BF grids and the nanoparticles of MgO 

incorporated into the matrix as an effective material for shielding electromagnetic radiation. 

2. MATERIALS AND METHODS 

2.1. Description of the used fibers and their preparation into solutions 

The first part of the experiment describes the change of the mechanical properties of basalt and carbon rovings 

due to the long-term effect of chemical substances. Carbon and basalt rovings are the material basis to 

produce geo-meshes, which are known as grids. Grids are used as a reinforcement for technical purposes, 

especially in construction. In this research, carbon and basalt grids were used as a reinforcement in 

geopolymers of composite materials. Table 1 summarizes the specifications of the rovings used. 

Table 1 Specification of the rovings used 

 Producer 
Filament 

diameter [μm] 
Fineness (tex) Density [g/cm3] E-Module [GPa] 

CF Toho Tenax Co., Ltd. 7 3200 1.77 250 

BF DBF GmbH 13 2400 2.6 - 2.8 84 

The CFs and BFs of the rovings were prepared to a length of 50 cm and were divided into groups of five 

samples and a reference (to compare the differences). The experiment was carried out in the following steps: 

(1) Preparation of chemical solutions and immersion of the rovings into solutions for two weeks, six weeks and 

three months. The following solutions were prepared: distilled water (DW), calcium hydroxide Ca(OH)2, sodium 

water glass Na2SiO3 (WGNa) and potassium water glass K2SiO3 (WGK). The prepared solutions were poured 

into closable containers, into which the BFs and CFs from the rovings were added. (2) After two weeks, six 

weeks and three months the samples were removed from the solutions, washed thoroughly with distilled water, 

immersed in distilled water (1.5 h), and dried in an oven at 105 °C for 24 h. 
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2.2. Experimental evaluation of mechanical properties of fibers after 2, 6 weeks and 3 months 

The experiment continued with the preparation of samples for tensile tests, which were based on the standards 

ASTM C1557, ASTM D3822 and ASTM D4018. The individual rovings were glued into a paper frame with 

dimensions 200×70 mm, with hole size 100×50 mm, and the rovings were stretched through a hole. In total 

there were 30 groups of rovings, each group containing ten samples for the tensile tests. 

The tensile tests were performed on a TESTOMETRIC instrument. The clamping length was set to 100 mm 

and the fiber stretching speed was 10 mm/min. The instrument evaluates the highest values of strength, 

Young's modulus and work and fiber elongation upon breaking. Part of the experiment included the creation 

of a graphical record of the course of each test. 

2.3. Method of preparation of the geopolymer mixtures 

Samples of the geopolymer material, into which the CF and BF grids were built, were prepared for evaluation 

of the electromagnetic radiation (see Figure 1). 

  

Figure 1 Preparation of forms (left) and samples (right) for evaluation of electromagnetic  

radiation 

The following amounts of materials was used to prepare a single sample measuring ø 150 mm × 5 mm: 50 g 

of Baucis cement, 45 g of an activator, 3.75 g of silica fume SiO2, 9 g of BFs (as a filling for the geopolymer 

composites), 50 g of silica sand (labelled ST 03/08) and 0.75 g of an aluminum powder. The total weight of the 

samples was 158.5 g. 

The test samples were prepared by adding carbon and basalt networks to the geopolymer matrixes with grid 

sizes of 16×12; 22×22 and 34×34 mm. For the other samples, a geopolymer matrix with a grid size of 

16×12 mm was prepared, and MgO nanoparticles with concentrations of 0.0; 5.0; 7.5 or 10.0 % were added. 

2.4. Method of evaluation of the EMS of the composite materials 

The shielding efficiency (SE) of the prepared samples was evaluated according to ASTM standard 4935-10, 

which is intended for the evaluation of sheet materials. This standard works with the assumption of the impact 

of a plane wave on a shielding partition in the near zone of the electromagnetic field for a frequency of 30 MHz 

to 1.5 GHz. The measuring fixture consists of a coaxial specimen holder (manufactured by Electro-Metrics, 

Inc., model EM-2107A), whose input and output are connected to a perimeter analyzer. A Rhode & Schwarz 

ZNC3 circuit analyzer is used to generate and receive electromagnetic signals. 
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3. RESULTS 

3.1.  Influence of the prepared solutions on fiber resistance after 2, 6 weeks and 3 months 

Figure 2 shows BFs from a roving in the original state (Figure 2, left) and after six weeks in sodium water 

glass (WGNa) Na2SiO3 (Figure 2, centered) and potassium water glass (WGK) K2SiO3 (Figure 2, right), by 

SEM. 

   

Figure 2 The original state of BFs (left), after six weeks in sodium water glass (WGNa) Na2SiO3 (center) 

and potassium water glass (WGK) K2SiO3 (right) 

The thinning of the BFs due to the sodium and potassium water glass is very evident in the figure. Unlike BFs, 

after six weeks of the experiment, no change in the diameter was observed for the CFs (images not shown). 

The observed tiny particles on the surface of the fibers that were immersed in the different types of water glass 

(especially WGNa) are likely due to imperfect washing of the fibers. 

The experiments with the basalt and carbon rovings show that CFs are more resistant to both WGNa and 

WGK than BFs. So, they will probably also be more suitable for the production of geopolymer composites. 

3.2.  Change of mechanical properties of fibers after 2, 6 weeks and 3 months 

Table 2 shows the average maximum strength values (10 measurements) for the investigated fibers after 2, 6 

weeks and three months. Ten maximum strength measurements were made for each group of samples. 

Table 2 Average values of maximum strength of CFs and BFs and their standard deviations [N] 

 CFs BFs 

Time 
ref. 

sample 
DW Ca(OH)2 WGNa WGK 

ref. 
sample 

DW Ca(OH)2 WGNa WGK 

 699±25     759±87     

2 w - 617±96 611±73 777±54 721±82 - 478±85 345±99 231±78 239±51 

6 w - 529±31 630±98 793±34 668±68 - 404±64 318±72 35±25 151±50 

3 m - 622±99 693±61 775±33 719±53 - 390±83 346±73 - 98±15 

The carbon roving Tenax J STS40 48K (3200 tex) is a compact bundle of elementary carbon fibrils. The 

maximum strength of the carbon roving without the influence of chemical solutions was measured in the range 

of 662 - 745 N. Due to the effect of the solutions, drying and subsequent handling during the sample 

preparation, the roving was loosened, and evaluation deviations were subsequently registered. In the case 

of the carbon roving, it is possible to state that the individual solutions do not have either a short or long-term 

effect (for example, after three months) on the mechanical properties of the carbon roving. 

The basalt roving (2400 tex) is a bundle of elementary BFs; the bond strength of the bundle is lower than that 

of the carbon roving. The maximum strength of the basalt roving without the influence of chemical solutions 

was measured in the range of 539 - 861 N. The effect of the chemical solutions, especially the different types 
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of water glass, was clearly demonstrated in this type of fiber. In the case of WGNa, the fibers completely 

decomposed after three months and in the case of WGK the average value of the maximum strength 

decreased by 60 % (see Table 2). The acidic environment damaged the BFs, which in the long run led to their 

complete decomposition. 

3.3. Shielding efficiency of electromagnetic radiation 

The prepared samples of the geopolymer composites consisted of CFs or BFs grids (size 16×12; 22×22; 

or 34×34 mm) and nanoparticles of MgO (concentration 0.0; 5.0; 7.5 or 10 %) incorporated to the matrix. The 

shielding properties of electromagnetic radiation were first compared between a non-additive geopolymer 

composite and a composite with carbon and basalt grids with distinctive grid sizes (Figure 3). 

  
Figure 3 Geopolymer composites with carbon (left) or basalt (right) fiber grids (size 16 × 12; 22 × 22 

or 34 × 34 mm) incorporated into the geopolymer matrix 

The geopolymer composite with no filling had a very low ability to shield the EM field especially at higher 

frequencies (SE < 5 dB for f > 600 MHz). The electrically conductive carbon grid, added to the geopolymer 

composite, increased its EMS ability (Figure 3); the lower the dimensions of the meshes, the higher the EMS 

ability of the sample. This phenomenon can be explained by two facts: (a) the carbon mesh with the lower 

dimensions brings a more conductive component into the geopolymer composite, (b) the lower dimensions of 

the mesh do not allow penetration of the electromagnetic wave at higher wavelengths (lower frequency). 

A filling in the form of a BF grid does not provide any benefit to the composites with respect to their EMS ability, 

regardless of the dimensions of the grid, due to its very low electrical conductivity. 

For the prepared composite samples, a carbon grid with a grid size of 16 × 12 mm (Figure 4, left) and a basalt 

grid with a grid size of 16 × 12 mm (Figure 4, right) were prepared, and MgO nanoparticles having 

a concentration of 0.0; 5.0; 7.5 or 10 % were added to the composites. 

  
Figure 4 Geopolymer composites with carbon (left) or basalt (right) fibers grids (size 16 × 12 mm) 

and MgO NPs with concentrations of 0.0; 5.0; 7.5 or 10 % 
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In both cases, the addition of MgO nanoparticles with different concentrations has almost no effect on the EMS 

ability (Figure 4). The variations in the SE of CFs filled by MgO NPs composites were probably caused by 

inconsistent preparation, or the inconsistent geometrical dimensions of the geopolymer samples.  

4. CONCLUSION 

The degradation capacity of CF and BF was determined by tensile strength testing; no significant differences 

were found in CFs. The mechanical properties of basalt rovings in water glass significantly decreased 

compared to fibers in water and in the CaOH2 solution, where the decrease in the mechanical properties is not 

significant. The decrease in the measured values of the mechanical properties of the fibers is partly caused by 

manipulation with the rovings (soaking, drying, sample preparation for the tensile strength test). 

The addition of a conductive component into the geopolymer composite can increase its electrical conductivity, 

which causes an increase in EMS ability. Pure geopolymer composites have a relatively low shielding ability 

(SE < 5 dB for f > 600 MHz), which decreases with increasing frequency. In the case of the use of a carbon 

mesh with dimensions of 16 × 12 mm, 22 × 22 mm, 34 × 34 mm, the SE was 20 dB, 10 dB and 8 dB, 

respectively at a frequency of 1.5 GHz, which means that a mesh with lower dimensions provides higher SE. 

It was further confirmed that the addition of BF and MgO NPs had no statistically significant effect on the EM 

shielding ability of the composites, which is probably due to their very low electrical conductivity. 
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Abstract 

The relation between plasma temperature and properties of graphene nanosheet layer deposited on Si/SiO2 

substrate by decomposition of ethanol in microwave plasma torch discharge at atmospheric pressure was 

investigated in dependence on delivered microwave power and gas flow rates. Plasma modelling was carried 

out using COMSOL Multiphysics software with delivered microwave power, gas flow rates and experimental 

reactor geometry as input parameters. Results of the heat flow and fluid dynamics modelling were compared 

with substrate temperature measured by thermocouple integrated in quartz tube substrate holder. The 

graphene nanosheets layer was characterized by SEM, Raman spectroscopy and 4-point probe method. The 

layers were severals tens of μm thick and their sheet resistance varied from 2 to 40 kΩ/sq. The properties of 

individual graphene nanosheets, 2D/G and D/G Raman band ratio, as well as the sheet resistance of their 

conductive network were correlated with the increase of plasma temperature with increasing microwave power. 

The substrate temperature increased linearly with delivered microwave power and the layer sheet resistance 

was decreasing with increasing microwave power and saturated at 2 kΩ/sq and D/G ratio of 0.6. 

Keywords: Graphene, microwave plasma, temperature, dielectric substrate  

1. INTRODUCTION 

Microwave plasma decomposition of ethanol is single-step, environmentally friendly way of producing 

graphene in the form of powder. This method was first published by Dato [1] and further investigated by 

Tatarova and Tsyganov [2]. It was shown that ethanol and dimethyl ether have the ideal ratio of C, H and O 

atoms for controllable graphene synthesis. Tsyganov's theoretical model of this synthesis process could 

simulate and experimentally map the particle and thermal fluxes in the plasma reactor.  The model is based 

on a set of nonlinear differential equations describing plasma thermodynamics and chemical kinetics. The 

model showed that high temperature atmospheric microwave plasma, with temperatures 4000 K and higher, 

leads to formation of CO and H2, and assembly of solid product from acetylene molecules which get 

decomposed to C and H atoms. C2 molecule was determined to be the main plasma species responsible for 
graphene growth. Recently, Bundaleska et al. showed that use of methane with appropriate plasma conditions 

(gas flows, power) can lead to formation of graphene nanosheets as well [3]. Similarly carbon nanotubes and 

graphene nanosheets could be prepared in TIAGO torch by group of Rincon and Melero without use of catalyst 

[3], [4]. We have recently studied synthesis of graphene nanostructures in dependence on plasma conditions 

using dual-channel microwave plasma torch at atmospheric pressure [5] and showed that plasma dynamics 

and plasma properties (temperature, carbon species concentration) strongly influences prepared material. We 

have also showed that depending on deposition conditions carbon nanotube layer with height up to 200 μm 

could be prepared directly on the dielectric substrate using Fe catalyst [6].  

In our work we couple gas dynamics and heat transfer model of our reactor with substrate temperature and 

show that electrical conductivity of graphene nanosheets layer deposited on dielectric substrate is correlated 

with intrinsic plasma properties.  

https://doi.org/10.37904/nanocon.2019.8455 
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2. EXPERIMENTAL 

The graphene nanosheets were synthesized by ethanol decomposition in microwave plasma torch at 

atmospheric pressure. The microwave discharge was ignited inside reactor formed by quartz tube (80 mm 

diameter, 200 mm length) terminated by dural flanges. The discharge electrode was hollow nozzle (Figure 1) 

with central channel  used for introduction of working gas - argon (360 - 920 sccm)  and subsequent ignition 

of plasma and secondary channel (annulus with outer radius 8.4 mm and inner radius 7.7 mm)  was used for 

introduction of carrying gas - argon (500 - 1400 sccm) with precursor (ethanol 2-25 sccm) vapours into the 

plasma environment.  Synthesized nanopowder was collected from the reactor wall or on the Si/SiO2(92 nm) 

substrates fixed in the holder Figure 2. More details about the experimental setup can be found in [5].  

Raman spectroscopy was carried out using HORIBA LabRAM HR Evolution system with 532 nm laser, using 

100x objective and 25 % ND filter in the range from 1000 to 3200 cm-1. Samples were imaged with TESCAN 

scanning electron microscope (SEM) MIRA3 with Schottky field emission electron gun equipped with 

secondary electron (SE) and back-scattered electron (BSE) detectors as well as Oxford Instruments EDX 

analyser. Sheet resistance was measured by homemade 4-point probe system, probe distance d 1.06 mm, 

equipped with Keithley Keysight 34465 multimeter. Substrate temperature was measured by K thermocouple 

with compensation line JUMO 901250/32-1043-1.5-300-48-2500. Substrates used were 15 x 15 mm one-side 

polished Si (100) P type, 525 mm thickness wafers from ON Semiconductor s.r.o. (Czech Republic) with 92 nm 

thermally oxidized SiO2. Ethanol p.a. 99.8% from Penta was purchased from Verkon (Czech Republic). Pure 

gas, argon 99.998%, was purchased from Messer Technogas, s.r.o. (Czech Republic).  

               

           Figure 1 Plasma nozzle scheme        Figure 2 Substrate holder and sample heating during deposition 

3. DESCRIPTION OF THE MODEL  

We employed a coupled model between gas dynamics and heat transfer. The model was solved on 

unstructured mesh grid using COMSOL Multiphysics based on the finite element method. The geometry of the 

simulated reactor was approximated by 2D axially symmetric domain. The steady state turbulent fluid flow was 

described by the Reynolds-averaged Navier-Stokes equations (RANS) and describes the gas dynamics and 

mixing of argon and ethanol. The heat equation describing the neutral gas consider the heat source due to the 

elastic collision with electrons as well as endothermic and exothermic reactions in the plasma. The temperature 

field was validated with experimental measurements to further refine of the simulation results. 

4. RESULTS AND DISCUSSION 

Microwave plasma temperature strongly influenced deposition process of graphene nanosheets in microwave 

plasma torch discharge at atmospheric pressure. While plasma dynamics was mainly influenced by carried 

gas and precursor flow rate [5], the plasma rotational temperature - neutral gas temperature was mainly 
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influenced by delivered microwave power (Pw) Figure 3. This dependance then caused dependence of the 

substrate temperature on delivered microwave power Figure 4.  

    

Figure 3 Dependance of plasma temperature       Figure 4 Substrate temperature comparison of  

     on microwave power Pw    model and measurement 

This dependence was compared with the result of our plasma model in COMSOL Multiphysics software. First 

we investigated the influence of gas flow rate on gas dynamics in our reactor and position of substrate in the 

discharge axis i. e. distance from the plasma nozzle Figure 5. As can be seen the introduction of substrate 

into reactor disturbed the laminar gas flow and in consequence also formation of graphene nanosheets 

conductive network on the substrate. This effect was further amplified by heat flow in the plasma reactor and 

changed the shape of the discharge with increasing the gas velocity in the vicinity of substrate. The geometry 

of the reactor also caused gas recirculation as can be seen in Figure 5. 

    

Figure 5 Velocity of the gas flow with normalized velocity field in log scale in the chamber without the 

substrate (left) and with the substrate (right) 

We compared the temperatures measured by the thermocouple in contact with the substrate with results of 

the model (Figure 4) and the obtained values were in good agreement except the lowest Pw. This difference 

was caused by contraction of the discharge length which increased the distance between the discharge and 

the substrate and led to decrease of the substrate temperature during the experiment. Placing the substrate 

in an appropriate distance and choosing correct deposition conditions (Qc/Qs flow rate) resulted in 
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homogenous deposition of graphene nanosheets with given properties, 2D/G and D/G Raman band ratio [7]. 

Such a deposition led to the formation of conductive carbon network on dielectric substrate.  

We used 15x15 mm Si/SiO2 wafers placed 10 cm from the plasma nozzle to deposit graphene nanosheet 

layer. During the deposition, the deposition time was 5 minutes, whole substrate was covered with graphene 

nanosheets layer with thickness (t) varying from 10 to 40 μm and small variation of thickness along the sample 

edges. Giving the thickness of the layer being much smaller than sample size (t≪l) and probe distance (t≪d), 

we used sheet resistance Rsq [Ω/sq] values for electrical characterization of the layers [8]. The substrate 

temperature was dependent on the delivered plasma power and was 300 °C and 550 °C for 140 W and 350W, 

respectively. It is also possible to regulate the substrate temperature by changing the distance between the 

plasma and the substrate, but it was not used in this work. To ensure that the substrate temperature was not 

influencing deposited material, we compared the material collected on the reactor wall and the substrate and 

the results of the Raman spectroscopy agree with each other. The results of the measurement are summarized 

in Figure 6 and Figure 7, which showed the relation between the nanosheet layer resistivity and delivered 

microwave power. As can be seen the same correlation was observed with neutral gas temperature during the 

decomposition of ethanol and also with C2/C species ratio determined by optical emission spectroscopy. 

Conductive carbon layers play an important role in possible future applications such as flexible electronics and 

displays [9] or sensors [10]. In our case the conductive network of graphene nanosheets was created only in 

the case of thicker, several μm, layer of deposited material. Such layer was not suitable for transparent 

electrode application but could be used for various gas and electrochemical sensors. The sheet resistance of 

the graphene nanosheet layer varied from 2 to 40 kΩ/sq depending on the quality of synthesized graphene 

nanosheets. The sheet resistance decreased with increasing 2D/G peak ratio and decreasing D/G peak ratio 

and increasing sp2 content in prepared nanostructures i.e. increase of plasma power. This can be understood 

in terms of presence of higher amount of defects in the nanosheet structure (high intensity of Raman D band 

and higher sp3 content) which caused higher resistance for electrical current flow through the nanosheet layer. 

This dependence saturates around D/G of 0.6 and Rsq of 2 kΩ/sq where influence of conductive network 

structure exceeded that of nanosheets. 

    

Figure 6 Sheet resistance dependence  

on Qc/Qs and Pw   

Figure 7 D/G Raman band ratio dependence  

on Pw 

5. CONCLUSION 

The layers of carbon nanosheets were successfully deposited on the Si/SiO2 substrate in microwave plasma 

torch discharge without influencing the synthesis process. The sheet resistance of such prepared layers 
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decreased, from 40 to 2 kΩ/sq, with increase of microwave power i.e. lower amount of defects in the nanosheet 

structure and increasing substrate temperature. The modelling of gas dynamics and heat transfer in the 

discharge reactor showed strong influence of the substrate on the velocity of the gas in the vicinity of the 

substrate. The observed increase of substrate temperature with increased delivered microwave power was in 

good agreement with discharge model. 
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Abstract 

Scanning electron microscopy was used to determine physical properties of microwave plasma synthesized 

graphene nanosheets such as size and shape under various electron beam parameters (accelerating voltage, 

electron beam current, working distance). The stability and amount of defects of graphene nanosheets 

structure was investigated in dependence on these parameters and the results were compared to data 

obtained by TEM and Dynamic light scattering (DLS). Electron beam irradiation lead to change of nanosheets 

topography and defect formation was observed as well. The amorphization of the carbon nanostructure led to 

increase of intensity of D band (1360 cm-1) in Raman spectra. Contrary to electron beam irradiation damage 

the high temperature annealing, up to 800 °C, in Ar led to no observable changes. 

Keywords: Graphene, electron microscopy, irradiation, structure 

1. INTRODUCTION 

Carbon forms several allotropes with predominantly sp2 bond structure such as fullerenes [1], carbon 

nanotubes [2] and graphene [3]. These nanostructures can be prepared by wide range of methods including 

laser and arc discharge evaporation of carbon electrodes in He atmosphere [4] and plasma enhanced chemical 

vapour deposition using hydrocarbon or alcohol precursors in argon [5-6]. The stability of these structures is 

highly dependent on the amount of defects and overall sp2/sp3 bond ratio and strongly influences thermal 

stability and chemical reactivity of the material. Recently, high energy beam irradiation-induced damage to 

graphene has been investigated experimentally. The effects of plasma treatment, electron beam irradiation 

and low energy ions were studied in controlled way on graphene sheets to assess the influence of crystal 

structure and graphene properties with defects. Most studies deal with the low and medium energy electron-

beam irradiation in the eV to keV energy regime [7-8]. In this energy regime the interaction regime of electrons 

and ions is dominated by elastic collisions, and the damage is due to nuclear collisions between impacting 

charged particles and carbon atoms [9].  

Similarly, the choice of electron beam parameters can lead to enhanced contrast, but also damage the 

observed nanostructures deposited on dielectric substrate. Huang et al. [10] showed that by choosing 

appropriate acceleration voltage and working distance (WD) can lead to strong enhancement of image contrast 

and lower the noise level of imaged graphene sheets. This can be used not only to differentiate between 

substrate and graphene but also make distinction between graphene sheets with different thickness and 

features such as wrinkles and contaminants.These wrinkles and edges of carbon nanostructures can lead to 

field emission of electrons [11-12] and influence the quality of obtained image. Further decrease of acceleration 

voltage using cathode lens in STEM to tens of eVs [13-14] can be used to distinguish freestanding single layer 

graphene from thicker areas of the sample and topological defects. In this work we study the influence of 

https://doi.org/10.37904/nanocon.2019.8453 
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electron beam parameters during scanning electron microscopy on contrast between graphene nanosheets 

and SiO2 substrate and on their properties.  

2. EXPERIMENTAL 

The graphene nanosheets were synthesized by ethanol decomposition in microwave plasma torch at 

atmospheric pressure. The microwave discharge was ignited inside reactor formed by quartz tube (80 mm 

diameter, 200 mm length) terminated by dural flanges. The discharge electrode was hollow nozzle with central 

channel  used for introduction of working gas - argon (360 - 920 sccm) and subsequent ignition of plasma and 

secondary channel (annulus with outer radius 8.4 mm and inner radius 7.7 mm) was used for introduction of 

carrying gas - argon (500 - 1400 sccm) with precursor (ethanol 2-25 sccm) vapours into the plasma 

environment. Synthesized nanopowder was collected from the reactor wall or on the Si/SiO2 (92 nm) substrates 

fixed in the holder Figure 1. More details about the experimental setup can be found in [15]. 

The thermal stability study was carried out by samples annealing in quartz glass tube (100 cm long, inner 

diameter 45 mm) placed in the centre of cylindrical horizontal furnace (40 cm length, hot zone length of 15 cm) 

terminated with flanges. The temperature inside the furnace was measured by the type S thermocouple and 

controlled by electronic unit. The gas flow rates were controlled by electronic flow meters and the whole system 

was evacuated by a turbomolecular pump. The graphene nanosheets powder was put into a quartz boat and 

placed in the middle of the furnace. The annealing was done in the following sequence. The whole 

experimental setup was flushed by Ar flow (2.5 lpm) for 5 minutes to avoid the air impurities during the 

annealing. The sample was heated to its target temperature (350 - 800 °C, 25 °C/minute) under chosen 

atmosphere Ar (1000 sccm) or air and kept there for 15 minutes. The sample was then rapidly cooled by 

shifting the oven with regard to sample position by 30 cm and cooled down under Ar flow 1000 sccm to the 

room temperature. 

Raman spectroscopy was carried out using HORIBA LabRAM HR Evolution system with 532 nm laser, using 

100x objective and 25 % ND filter in the range from 1000 to 3200 cm-1. Samples were imaged with TESCAN 

scanning electron microscope (SEM) MIRA3 with Schottky field emission electron gun equipped with 

secondary electron (SE) and back-scattered electron (BSE) detectors as well as characteristic X-ray detector 

Oxford Instruments EDX analyzer. Transmission electron microscopy was carried out using JEOL JEM-2100F 

microscope. Size distribution of prepared graphene nanosheets were determined also by means of dynamic 

light scattering using colloidal analyser Zetasizer Nano ZS (Malvern Pananalytical Ltd.). 

3. RESULTS AND DISCUSSION 

3.1.  Determination of graphene nanosheets size 

Electron microscopy was used as primary technique to determine the size of graphene nanosheets. In general 

the nanosheet shape was rectangular but their edges are often curled and rolled up which led to their 

deformation and difficulties in determination of exact size. Therefore, least deformed and clearly visible, not 

aggregated, nanosheets were selected for image analysis. The size of nanosheets determined from SEM 

images had length (176 ± 11) nm and width (101 ± 16) nm - see Figure 2. This is in agreement with size 

determined from TEM micrographs Figure 3 (length (178 ± 16) nm and width (128 ± 6) nm. To compare the 

obtained value with independent technique, the samples were analyzed by DLS. The obtained distribution of 

particle sizes can be seen in Figure 4. The size distribution function is skewed to the larger values with the 

average particle size (459 ± 6) nm. The particle size uncertainty refers to three independent measurements of 

average particle size. This significant shift can be attributed to the formation of dimers or trimers in dispersion 

and presence of solvation layer around the analysed graphene nanosheets, which overestimates the 

measured size in DLS measurement in comparison to SEM and TEM.  
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Figure 1 SEM image of as deposited nanosheets Figure 2 Determination of nanosheets size by SEM 

         

Figure 3 TEM image of graphene nanosheets Figure 4 DLS size distribution of graphene 

nanosheets 

3.2.  Enhancement of imaging contrast of graphene nanosheets on SiO2 substrate 

To improve imaging and determination of areas of overlapping nanosheets and curled edges we investigated 

the influence of working parameters on image contrast. In comparison with Huyang, we tried to change the 

image parameters to obtain the best contrast for graphene nanosheets. The nanosheets are small, hundreds 

of nm, so we need to get an image with the best resolution. This requirement leads to the choice of higher 

values of acceleration voltage and short working distance. However, as Huang has shown, it is far preferable 

to choose a rather long working distance to obtain a high contrast between the substrate (SiO2) and graphene. 

Better contrast values (CV), similarly to work of Huang et al. [10] were based on longer working distances. The 

reason was minimization of the contribution of electrons of type SE3 (originate form backscatter electron 

colliding with chamber walls and other interior components). Because the escape area of these electron is 

large (tens to hundreds of nanometers), the resolution increases as the number of these electrons decreases. 

Contrary to Huang our contrast was negative, we obtained the light graphene on the dark silicon dioxide. The 

reason could be due to a poorer conductive connection of the individual graphene nanosheets to the substrate, 

which increased nanosheets charging. In dependence on WD and acceleration voltage we investigated CV 

between carbon nanosheets and Figure 5.  
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Figure 5 The comparison of the resolution and contrast (CV) for working distance 5 mm (above) and 40 mm 

(below), acceleration voltage of 20 kV 

In this way, we could use enhanced CV to determine boundaries between two overlapping sheets and their 

edges - Figure 6.  

      

Figure 6 Enhanced contract in SEM between two graphene nanosheets and their edges WD 20mm, 

acceleration voltage 20 kV 

3.3.  Influence of electron beam irradiation on nanosheet imaging 

To investigate the influence of the electron beam on the stability of graphene nanosheets, we applied different 

electron beam current, acceleration voltage, and different exposure time for nanosheet analysis. The beam 
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current was varied from 90 pA to 100 pA, acceleration voltage from 5 kV to 30 kV to reach varying dose (energy 

per area). The acquisition time was 32 s, so the electron beam stays 35 microseconds on one pixel (2.7 x 

2.7 nm) and the pixel obtains the dose about 50 pikoJ. The first total dose absorbed by the imaged nanosheet 

was 8.5 microjoule. The second absorbed dose was 30.7 microjoule Figure 7. The highest dose led to 

amorphization of the structure which was also observed in Raman spectra by increase of D band (1360 cm-1) 

intensity. 

These results are consistent with the work of Teweldebrhan et al. [7] which showed that graphene lattice is 

strongly influenced by electron beam of energy between 5-20 kV and leads to strong enhancement of D band 

(1345 cm-1) in Raman spectra and leads to amorphization of carbon material. While this process results in 

graphene damage it can be used to create various features such as nanopores, slits and gaps in graphene 

sheets as shown by Fischbein et al. [8]. 

a)  b) c)  

Figure 7 The same nanosheet a) as deposited b) after 8.5 μJ dose and c) after next 30.7 μJ dose 

3.4. Influence of high temperature annealing on nanosheet structure 

High temperature annealing in vacuum, Ar and oxygen containing atmosphere was carried out in temperate 

range of 350 to 800 °C. In the case of vacuum and Ar atmosphere annealing, no significant changes were 

observed in the structure of the annealed material in whole temperature range as observed by SEM and as 

shown by Raman spectroscopy analysis. Intensity and ratio of  D (1360 cm-1), G (1580 cm-1) and second order 

2D (2690 cm-1) bands, ID/IG of 0.5 and I2D/IG ratio of 0.6 remain the same up to 700 °C and  ID/IG ratio decreased 

and I2D/IG ratio increased at 800 °C suggesting removal of defects in the structure. In the case of oxygen 

containing atmosphere the trend was opposite and above 650 °C the material started to oxidize and was burnt 

out above 700 °C. The increasing ID/IG ratio could be understood in terms of increasing number of defects due 

to the reaction of carbon atoms with oxygen and further disintegration of graphene nanosheet. 

4. CONCLUSIONS 

Influence of electron beam parameters in scanning electron microscope on imaging and properties of graphene 

nanosheets was investigated. The size of nanosheets determined from SEM was slightly smaller than size 

determined from TEM analysis. This result was partially caused by fuzzy image contrast of SEM especially in 

case of nanosheets edges. Therefore, we optimized our imaging setting to enhance contrast between 

substrate and nanosheets. Deformation of nanosheets was investigated in dependence on electron beam 

irradiation and high temperature annealing. While high temperature annealing in vacuum and argon 

atmosphere had no observable effect on nanosheets size and structures, as determined by SEM and Raman 

spectroscopy, the high intensity electron beam irradiation, above a few microjoule per nanosheet, led to 

modification of graphene edges and change of shape of observed nanostructures. 
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Abstract  

On the basis of arc metal deposition process the technology for carbon nanotubes (CNT) addition to metal 

was developed. It uses extruded metal rods with CNT’s as additional material. For this study the developed 

technology was used for modification of metal Al-5Mg alloy. Comparison of macro- and microstructure for 

metal obtained with developed technology with CNT’s and without it shows no strong difference for modified 

and not modified metal. Nevertheless CNT’s were observed in modified metal with use of SEM and analysis 

of microhardness showed that addition of CNT increases microhardness in upper layers of deposited metal.  

Keywords: Carbon nanotubes, metal matrix composites, Al-5Mg alloy, modification, extrution 

1. INTRODUCTION 

Carbon nanotubes (CNT) and their mechanical properties have been closely investigated since the late 1990‘s. 

Theoretical and experimental work [1-3] have indicated their extraordinary stiffness and strength. In recent 

years, CNT‘s are extensively used to reinforce aluminum alloy matrices [4,5]. In study [6] it was observed that 

a 1.0 wt.% CNT‘s reinforced aluminum 6061 composite fabricated through ball milling exhibited an 

enhancement of 47% in the flexural strength compared with the reference aluminum 6061 sample. Wang et 

al. [7] reported that the tensile strength of 0.3 wt.% graphene nanosheets /Al composite was improved by about 
62 % compared with the unreinforced aluminum matrix. 

Gas metal arc welding (GMAW) is used in various industries, such as automotive, shipbuilding, construction, 

etc. The use of this method of joining for aluminum alloys generally leads to a decrease in the mechanical 

properties in the weld. This is due primarily to grain growth, as well as porosity formation during welding. 

Reinforcement of a filler wire aluminum matrix with carbon nanostructures in the GMAW process can positively 

affect the mechanical properties in the weld [8,9,10]. 

The aim of this work is development of the method for CNT addition to the GMA weld, and evaluation of the 

effect of CNTs on the weld metal properties, as well as evaluation of the CNT’s distribution and its degradation 

after welding.  

2. EXPERIMENTAL APPROACH 

2.1. Materials 

In this study Al-12Si aluminum alloy powders were milled with СNTs and then transformed into the filler rods 

using the mechanical alloying technique. The fabricated rods were used as a consumable for deposition to 

modify the weld metal on Al-5Mg substrate. Chemical composition of substrate and powder aluminum alloys 

are given in Table 1 and 2. 

https://doi.org/10.37904/nanocon.2019.8682 
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Table 1 Chemical composition of Al-5Mg 

Element Fe Si Mn Mg Ti Zn Al 

Concentration, (wt.%) >0.5 >0.5 0.5-0.8 4.8-5.8 0.1 >0.2 Bal. 

Table 2 Chemical composition of Al-12Si powder 

Element Fe Si Al 

Concentration, (wt.%) >0.5 11-13 Bal. 

2.2. Methodology 

Al-12Si powder from 315 to 500 microns in size was taken as the basis of the charge. Carbon nanotubes with 

brand name „TUBALL“ from „OCSiAl“ company were used. CNT‘s in an amount of 0.5% wt. were added to the 

volume of the powder (69.6 g. of Al-12Si powder and 0.35 g. gf CNT). As a surfactant, stearic acid (1% wt.) 

was used. The mixture was homogenized in mixer for 15 hours. The resulting mixture was briquetted at room 

temperature and a pressure of 150 Mpa (Figure 1). 

  

Figure 1 Mixture of Al-12Si powder and CNT’s before (left) and after (right) briquetting 

The next step after briquetting was hot extrusion. The hot extrusion process has the following fundamental 

parameters: a) temperature; b) strain rate; c) drawing ratio; d) taper angle of the die. They were chosen so that 

the process occurred with low resistance: temperature - 400 °C; the extraction coefficient is regulated by the 

diameter of the die hole, the largest die with a hole of 10 mm was selected (extraction coefficient ~ 9); taper 

angle of the die for aluminum - 90°; the strain rate is the lowest possible to support the process (at a high rate 

of metal outflow, surface defects are highly likely to occur). Graphite grease was used for lubrication during 

extrusion. 

After extrusion, the obtained rods were mechanically cleaned from graphite grease and rolled in calibers to the 

desired diameter (from 1.5 to 4 mm). Chemical etching was used to remove grease and dirt from the surface 

of the obtained wire: 1) 2-3 minutes in a 5% NaOH solution at a temperature of 60 °C; 2) washing in distilled 

water; 3) 2-3 minutes in a 20% solution of HNO3 at a temperature of 65 °C; 4) washing in distilled water at a 

temperature of 45 °C; 5. Drying the wire in a vacuum chamber. 

In this work the process of GMA welding with the simultaneous supply of two filler material was studied: the 

first material is a 1.2 mm Al-5Mg wire electrode; the second - modified by using Al-12Si/CNT’s filler rod of two 

diameters - 1.5 or 4 mm. The substrate 4 mm thick was cleaned before welding. Robotic welding was 

performed using an EWM AlphaQ 552 power source. The welding current was kept constant at about 120 A. 
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Figure 3 shows three welded specimens: 1. - with Al-12Si/CNT’s filler wire 1.5 mm (mass of weld metal is 

6.0 g., mass of Al-12Si/CNT’s filler wire is 0.82 g.); 2. - with Al-12Si/CNT’s filler wire 4 mm (mass of weld metal 

is 8.2 g., mass of Al-12Si/CNT’s filler wire is 3 g.); 3. - without Al-12Si/CNT’s filler wire (mass of weld metal is 

5.2 g.). 

 

Figure 2 Extrusion equipment, inside view: 1 - working hole; 2, 3 - outer and inner winding ring of copper 

wire with insulation; 4 - fireclay brick designed to isolate the outer and inner rings of the winding from the 

housing; 5 - heating element (chrome rod, 6 pcs) 

  

Figure 3 Al-12Si wire with CNT’s (left) and experimental welds: 1. - with Al-12Si/CNT’s filler wire 1.5 mm;  

2. - with Al-12Si/CNT’s filler wire 4.0 mm; 3. - without Al-12Si/CNT’s filler wire 

After that, the samples were cut from the welds to study macro- and microstructure, as well as microhardness 

measurements in the crossection of welds. To evaluate the macrostructure, the samples were anodized in a 

Barker solution. The microstructure was investigated using a scanning electron microscope Tescan MIRA3N 

EDX. Microhardness was measured by the Vickers method with a load of 100 g. 

3. RESULTS AND DISCUSSION 

Figure 4 shows the macrostructure of welds #1 and #3. The presence of a larger number of pores in the weld 

in comparison with unmodified CNTs can be explained by poor cleaning of the charge during the production 

of rods, as well as by partial combustion of impurities and CNTs during welding. The decrease of the grain 

growth during welding due to CNTs addition was not found.  
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a)  

b)  

Figure 4 Macrostructure of welds: a) modified by CNT’s; b) not modifeid 

  

 

Figure 5 SEM images of the upper part of the weld 
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In different parts of the cross-section of welds 1 and 2, CNTs were found using SEM in the interdendritic space. 

Figure 5 shows that CNTs did not degrade during welding. The concentration of CNTs increases towards the 

top of the welds. This is due to the partial emergence of CNTs in the weld pool before crystallization. 

Figure 6 shows the microhardness in cross section of weld metal modified by CNT. In comparison with 

unmodified by CNTs weld, the microhardness in the two modified specimens increased. It can be noted that 

the microhardness in the weld increases with the diameter of the modified by CNT filler wire. The hardness 

level is highest at the top of the weld. 

 

Figure 6 Microhardness in cross section of welds: 1. - with Al-12Si/CNT’s filler wire 1.5 mm;  

2. - with Al-12Si/CNT’s filler wire 4.0 mm; 3. - without Al-12Si/CNT’s filler wire 

4. CONCLUSION 

Method for production of welding rods with modified by CNTs aluminium metal is developed together with the 

method of addition of carbon nanotubes to gas metal arc welded joint.  

Carbon nanotubes were found in the welds but evidence of combustion process is also found so CNT 

degradation during GMA welding is possible.  

The increase of the modified by CNT filler material mass added during welding leads to increase of the weld 

metal hardening effect. 
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Abstract 

We report the fabrication of thick nanoporous oxide films on stainless steel (SS) foils via long-term constant-

potential anodization at room temperature. The anodization potential of 50 V was employed for 1, 2 and 3 h, 

respectively to form the anodic films with different thickness. The effects of anodic film thickness on 

supercapacitance behavior have been further investigated as binder-free electrodes. It is found that the anodic 

film thickness increases linearly with the anodization time while the electrochemical behaviors of anodic film 

were not proportionally enhanced with the thickness. Furthermore, the formed anodic layers formed at 50 V/3 

h exhibits the highest area capacitance ~ 215 mF cm-2 at 1 mA cm-2, and the capacitance still retained 58.9 % 

of its initial value after 1000 cycles. 

Keywords: Nanoporous anodic film, stainless steel, supercapacitance, thickness 

1. INTRODUCTION 

Supercapacitors are promising as fast electrochemical energy storage devices with acceptable energy density 

and fast charging rate, which exhibit extremely higher power densities and longer cyclic life as compared to 

batteries such as Li-ion and alkaline batteries and higher energy densities when compared to conventional 

electrostatic capacitors [1,2]. Basically, supercapacitors are divided into (a) carbon-based electric double layer 

capacitors (EDLCs) and (b) redox-based pseudo-capacitors on the basis of different electrochemical charge 

storage mechanisms. In the former case, EDLCs depend on the charge adsorption/desorption at the 

electrode/electrolyte as a result of the electrostatic attraction. In the latter case, pseudo-capacitors rely on the 

redox reactions (Faradaic reactions) at the surface and near-surface of electrode materials between electrode 

and electrolytes [3,4]. Compared to typical EDLCs, pseudocapacitors show substantially higher specific 

capacitance and energy density that are more favorable for practical application. 

Nevertheless, the practical application of pseudocapacitors is still hindered due to their limited electrochemical 

properties caused by poor electrical conductivity and low specific surface area [5-8]. Recently, various types 

of nanoporous and nanotubular anodic oxide films attracted attention as potential porous electrode materials 

due to their unique porous structure, high surface area, facile fabrication processes, and free of current 

collectors. Among these films, highly porous oxide films formed on stainless steel is more promising candidate 

to act as nanoporous active materials, because they can provide high pseudo capacitance due to more 

reaction sites of large surface area nanostructured Fe2O3, and acceptable electrical conductivity of Fe3O4. 

However, the limited thickness of the anodic films on stainless steel substrates via galvanostatic anodization 

is generally restricting the mass of active materials [9-13]. Furthermore, the effects of film thickness on 

supercapacitance behavior of anodic oxide films have not been well studied because it is difficult for electrolyte 

ions to penetrate into thick nanoporous films. Therefore, to fabricate thick anodic film on stainless steel and 

https://doi.org/10.37904/nanocon.2019.8478 
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further investigate the effects of film thickness on supercapacitance behavior of anodic oxide films are 

significant for developing high-performance supercapacitors. 

In this work, constant-potential anodization has been applied to grow thick oxide films on 304 type stainless 

steel instead of traditional galvanostatic anodization. The thickness of the anodic films was tailored by tuning 

the applied anodization duration. The electrochemical performances of the anodic films with adjustable 

thickness are further evaluated for potential supercapacitor applications. 

2. EXPERIMENTAL 

In the experiments, the SUS 304-type SS foils containing C (0.07 wt%), Cr (17.01wt%), Ni (8.02 %) and Fe 

balance was used as the anodizing substrate. Prior to anodization, all samples were ultrasonically cleaned in 

acetone and distilled water respectively for 15 minutes followed by air drying. Then, the anodization of SS foils 

was carried out in ethylene glycol containing 0.1 M distilled water and 0.1 M NH4F using a two-electrode cell. 

The SS foils worked as anode and graphite plate (2 mm in thickness) as cathode. Both were immersed in as-

made electrolyte (10 mm in depth) parallel with each other. The distance between the two electrodes was fixed 

at 3.5 cm. The potential of 50 V was employed for 1, 2 and 3 h, respectively. During the anodization process, 

the long-term anodization was kept by slightly decreasing electrolyte temperature to rescrict the temperature 

rise. The as-fabricated samples were soaked in 99.9% ethanol for 1 h followed by annealing at 500 °C in air 

for 3 h. 

The morphology of as-fabricated oxide layer was performed using Scanning Electron Microscope (SEM, 

Hitachi SU8230), with an acceleration voltage of 3 kV. The crystal phase and chemical composition were 

characterized by X-Ray diffraction (XRD) using X-Ray diffractometer (Equinox 1000) with Cu K-α radiation 

(Wavelength λ=1.5Å), acceleration voltage of 40kV from 10° to 80°. The electrochemical characterization 

including cyclic voltammetry (CV), galvanostatic charging-discharging (GCD) and electrochemical impedance 

spectroscopy (EIS) were performed by Electrochemical workstation (CHI660E).  

3. RESULTS AND DISCUSSION 

The formation process of the anodic films can be studied by analyzing current transients during anodization of 

SS foils. As shown in Figure 1, the formation current is produced at a constant dc voltage of 50 V for 1, 2 and 

3 h, respectively. Clearly, the formation current quickly increases to a peak value and then dramatically 

decreased to a minimum value at the early stage of anodizing process, indicating the barrier layer was quickly 

formed at 50 V. Thereafter, the formation current slightly increases to a steady value, suggesting a competitive 

equilibrium was reached between anodizing and etching of SS foils. In the equilibrium state, the anodic film 

with self-organized nanopores will be developed on the surface of stainless steel foils. Correspondingly, the 

color of SS foils was changed from silvery white to deep yellow after anodization and then become dark black 

after subsequent annealing process. Furthermore, the current transients formed at 50 V/1 h and 50 V/2 h are 

overlapped with that formed at 50 V/3 h, indicating the long-term anodization could be achieved and repeated. 

Figure 2 presents the SEM images of self-organized nanoporous anodic films formed on the surface of SS 

foils by constant potential anodization of 50 V for 1 h, 2 h and 3 h, respectively annealed at 500 °C in air. As 

shown in Figure 2a, the self-organized pores exhibited a quasi-honeycomb nanostructure with pore diameters 

ranging from 45 to 60 nm. Correspondingly, the thickness of 8.9, 16.8, 26.9 μm anodic layer was respectively 

formed as shown in Figures 2b-d. It was further noted that the thickness of anodic film increases linearly with 

the anodization time, indicating the competitive equilibrium could be kept for a long duration. However, more 

cracks were observed across the thicker anodic films, which were possibly produced and further amplified by 

residual stress during film growing process and subsequent annealing process. 
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Figure 1 Current-time responses during anodization of 304 type stainless steel at 50 V for 1h, 2h, 3 h 

 

Figure 2 SEM images of porous anodic layer anodized at 50 for 1 h: (a) top surface; Cross sectional  

of (b) 50 V/1h, (c) 50 V/2h, (d) 50 V/3h 

The XRD profiles of all anodic films are shown in Figure 3. There are no obvious sharp XRD peaks of the 

anodic film before annealing, suggesting the pristine anodic film is amorphous in nature. After the annealing 

process, the sharp XRD peaks were gradually appeared and suggest the annealed anodic films own crystalline 

structures. The sharp characteristic peaks further indicate that the annealed anodic films are predominantly 

composed of three phases of hematite (Fe2O3), eskolaite (Cr2O3) and spinel (Fe3O4 and FeCr2O4) [14].  
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Figure 3 XRD profile of the anodized stainless steel substrate at 50 V for 1 h before and after annealing 

Figures 4a-b show the C-V curves of the anodic layers formed at 50 V for 1, 2 and 3 h at the scan rate  

of 5 mV s-1, respectively. As shown in Figure 4a, all C-V curves exhibit a nearly symmetric shape when tested 

as a binder-free electrode, indicating good reversibility of faradaic redox reactions. Clearly, the anodic oxide 

film formed at 50 V/3h exhibits the largest integral area and thus indicates the highest specific capacitance 

among the three samples. The results indicate that increasing thickness of anodic film for more active materials 

could enhance the specific capacitance. As shown in Figure 4b, CV curves of the anodic layers formed at 50 

V/3h at different scan rates varying from 5 to 100 mV s-1 were further studied. With increasing the scan rate, 

the shape of CV curves remain unchanged, indicating that the material has good faraday reaction reversibility.  

This phenomenon was further illustrated by GCD properties as shown in Figures 4c-d. As shown in  

Figure 4c, all curves display a deviation of regular triangle, confirming that the active materials have excellent 

electrochemical reversibility. The longest charge and discharge time take place in the anodic oxide film formed 

at 50 V/3h, which exhibits the highest specific capacitance among all samples. The anodic layer exhibits the 

specific area capacitance ~ 110.4, 156.9 and 215.2 mF cm-2 at the current density of 1 mA cm-2, respectively 

formed at 50 V/1 h, 50 V/2 h and 50 V/3 h. Obviously, the specific capacitance of anodic film is not proportional 

to their thickness, indicating the mass of active materials could not be fully utilized at thicker anodic film. The 

supercapacitance behavior of the anodic layers formed at 50 V/3 h is further evaluated by performing GCD 

tests at various current densities ranging from 1 to 4 mA cm−2 as shown in Figure 4d. The discharge time 

decreases with increasing current density, indicating that the ion diffusion is limited at higher current density. 

Furthermore, the area-specific capacitance was respectively found to be ~215.2 mF cm-2 at 1 mA cm-2 and 

~127.5mF cm-2 at 4 mA cm-2, and appropriately 59.2 % capacitance is still retained at high current density, 

demonstrating good rate capability.  

To compare the performance of resistance and capacitance for the anodic films with different thickness, 

electrochemical impedance spectroscopic (EIS) experiments were further conducted as shown in Figure 4e. 

In high frequency region, the anodic film formed at 50 V/1 h shows the lowest equivalent series resistance 

(ESR, RS) among all sample, which are associated with ionic resistance of electrolytic solution, internal 

resistance of nanostructure and the contact resistance between the formed porous nanostructure and stainless 

steel substrate [15,16]. The possible reason is that the lower amount of active materials leads to lower RS due 

to thinner film. In the low frequency region, the anodic film formed at 50 V/1 h exhibits more vertical line, 

revealing the lower diffusion resistance. The possible reason is that, it is more difficult for electrolyte ions to 

penetrate into thicker nanoporous anodic films. 
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Figure 4 (a) CV curves of all anodic films at a scan rate of 5 mV s-1. (b) CV curves of the anodic films formed 

at 50 V/3h at the scan rates from 5 to 100 mV s-1. (c) GCD curves of all anodic films formed at at a current 

density of 1 mA cm-2. (d) GCD curves of the anodic film formed at 50 V/3h at current densities from 1 to 4 

mA cm-2. (e) Nyquist plots of all anodic films measured in the frequency range from 0.01 to 1MHz. (f) Cycling 

stability of the anodic film formed at 50 V/3h at a current density of 2 mA cm-2 for 1000 cycles. 

Electrochemical stability of the anodic film formed at 50 V/3 h was further investigated by repeating the GCD 

test at 2 mA cm-2 for 1000 cycles, as shown in Figure 4f. It can be seen that the area capacitance slightly 

increases at first 100 cycles due to a possible activation process. Then, the specific capacitance decreases 

gradually during the following cycles, which is caused by the partially peeling-off active materials into 

electrolyte. Finally, the capacitance still retained 58.9 % of its initial value after 1000 GCD cycles, indicating 

excellent electrochemical stability. 

4. CONCLUSIONS 

In summary, ultra-thick nanostructured anodic films have been fabricated on 304 stainless steel via long-term 

constant-potential anodization instead of galvanostatic anodization. It is found that the thickness of anodic film 

increases linearly with the anodization time while the specific capacitance of anodic film is not proportional to 

the thickness because it is more difficult for electrolyte ions to penetrate into thicker nanoporous anodic films. 

When tested as a binder-free electrode, the formed anodic layers formed at 50 V/3 h exhibit the highest area 

capacitance ~ 215.2 mF cm-2 at 1 mA cm-2, and the capacitance still retained 58.9 % of its initial value after 

1000 cycles. 
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Abstract 

An in situ investigation has been carried out by X-ray diffraction of the evolution of the crystallite size and the 

microstrain of low-temperature annealed commercially pure titanium grade 2 in the state after machining and 

polishing. Annealing was performed in vacuum at a temperature of 300, 400 and 500 °C, with various dwell 

times. The results presented here demonstrate that annealing temperatures lead to a significant reduction in 

microstrain and enhanced crystallite growth. The effect of the dwell time is more pronounced at temperatures 

above 400 °C. The dwell time at a temperature of 300 °C affects the crystallite growth but produces no 

microstrain relaxation. The presented results can be very useful for optimizing the working cycle and cooling 

during surface modification of titanium or exposed machines parts in order to improve the stability of the 

microstructure and extend the lifetime of components. 

Keywords: Titanium, Annealing, Crystallite, Microstrain, X-ray diffraction 

1. INTRODUCTION 

Heat treatment procedures in combination with metalworking methods are used in designing the 

microstructure, the chemical properties and the mechanical properties of titanium materials. Aging/precipitation 

hardening of titanium materials and annealing treatments to increase ductility and remove stress are widely 

used at temperatures in the range from 530 to 840 °C [1-3]. Recrystallization of commercially pure titanium 

(CP Ti) was observed to take place at temperatures above 400 °C [4]. Ultrafine-grain (UFG) titanium structures 

with relatively large stored energy were found to be sensitive to modest temperatures. However, no detectable 

softening was observed at temperatures below 400 °C [4,5]. The annealing time affects the level and the 

completeness of the structural change. Liu et al. [6] recently studied the effect of annealing time on the grain 

coarsening and hardness of CP Ti after annealing at 550 °C. Low-angle grain boundaries were found to 

decrease gradually with increasing dwell of annealing. Rapid disappearance of twins was observed. A fully 

recrystallized structure was reached after 60 minutes. However, the evolution of the internal stress and its 

effect on mechanical properties has been not investigated. Sotniczuk et al. [7] reported on the effect of 

moderate temperatures on microstructural changes in titanium hydrostatically extruded into nanocrystalline 

form. Low temperature annealing at 250 °C led to an increase in hardness. Rearrangement of the grain 

boundary structure (better defined boundaries and an increasing fraction of high-angle grain boundaries) was 

suggested to be responsible for the increase in hardness.  

Low performance in sliding and wear are the main reasons for modifying titanium surfaces [8]. Many concepts 

of surface modifications, e.g. low-friction coating deposition, nitriding and oxidizing, are under intensive 

research [9-11]. Insufficient tribomechanical properties of titanium materials lead to excessive friction and an 

increase in the operating temperature of moving parts. Fluctuations in operating temperatures up to 600°C can 

be reched in highly-stressed components of rotary and stationary parts (e.g. compressors blades, turbine discs 

of jet engines and housing parts of fans) [3,12]. In addition, the elevated processing temperature of promising 

methods for surface modification of titanium materials (e.g. plasma nitriding, plasma-based ion implantation, 

ion implantation and magnetron sputtering) can affect the microstructure and the application properties. The 

https://doi.org/10.37904/nanocon.2019.8706 



  Oct 16th - 18th 2019, Brno, Czech Republic, EU 

 

 

104 

effect of moderate temperatures on microstructural changes in titanium materials therefore need to be 

investigated in greater detail.  

In this letter, we report on the effect of moderate temperatures and the time of annealing on crystallite size and 

microstrain. The non-destructive X-ray diffraction method was used for precise microstructural measurements. 

The results presented here can be very useful for optimizing the working cycle and cooling during the surface 

modification of titanium or exposed machine parts in order to improve the stability of the microstructure and 

extend the lifetime of components. 

2. EXPERIMENTAL 

The material used in this study was commercially pure titanium grade 2. The as-received titanium bar was 

heat-treated by the standard procedure (650 °C, 1 hour, air cooling). The microstructural evolution at moderate 

temperatures was investigated in situ by the X-ray diffraction (XRD) method. Low-temperature annealing was 

carried out in a heated chamber under vacuum (1·10-4 mbar) placed in a diffractometer. The temperatures of 

annealing were 300, 400 and 500 °C. XRD measurements were performed during annealing in time intervals 

of 15 minutes. The maximum time of annealing was 150 minutes for each temperature. The annealing 

temperature was increased gradually from 300 to 500 °C. The XRD measurement were done in Bragg-

Brentano geometry using a Co tube on anX`Pert PRO PANalytical diffractometer. The diffraction patterns were 

evaluated by the Rietveld-like TOPAS 3 program, which uses the so-called "fundamental parameter approach" 

[13], i.e. the calculated diffraction profile is based on convolution of the particular contribution to the diffraction 

profile. In order to determine the crystallite size and the microstrain more precisely, we used the Pawley fit, 

where the intensities are taken as free parameters. 

3. RESULTS AND DISCUSSION 

 

Figure 1 Evolution of microstrain during annealing with gradually increasing temperatures, measured by 

XRD at 15-minute intervals 



  Oct 16th - 18th 2019, Brno, Czech Republic, EU 

 

 

105 

Figure 1 presents the evolution of the microstrain with the gradually increasing annealing time (with a 15-

minute time interval between two measurements) and with gradually increasing temperature of 300, 400 and 

500 °C. A significant reduction in microstrain with increasing temperature of annealing is revealed. Microstrain 

of approximately 0.093 for the initial state was reduced to a value of approximately 0.087 for annealing at 

300 °C, to a value of approximately 0.058 for annealing at 400 °C, and to a value of approximately 0.017 for 

annealing at 500 °C. It can be seen that the microstrain drops rapidly in the initial stage of the annealing time 

for all temperatures. When a temperature of 300 °C is reached, the microstrain does not change with the 

annealing time. The macroscopic residual stress showed a similar course for temperatures from 200 to 500 °C, 

as recently reported by Huang et al. [14]. However, the results presented here show that the microstrain is 

influenced by the annealing time at temperatures of 400 and 500 °C. A gradual decrease in microstrain from 

approximately 0.074 to approximately 0.058 with annealing time is evident during annealing at 400 °C. There 

is an even more pronounced effect of annealing time at a temperature of 500 °C, when recrystallization occurs 

[4]. Here, a decrease in microstrain from approximately 0.037 to approximately 0.017 was registered. These 

results indicate a different trend of microstrain relaxation within the annealing temperatures in temperature 

range studied here. 

 

Figure 2 Crystallite size in dependence on the temperature and time of annealing, measured by XRD at 15 

minute intervals 

The gradual growth of crystallites with temperature and time of annealing is shown in Figure 2. The crystallite 

size increased from approximately 69 nm for the initial state to approximately 89 nm after annealing at 300 °C, 

to approximately 102 nm after annealing at 400 °C, and to approximately 128 nm after annealing at 500 °C. 

Unlike in the case of microstrain, crystallite growth with annealing time is observed already at a temperature 

of 300 °C. The gradual growth of crystallite with annealing time was found to be from approximately 78 to 

approximately 89 nm for 300 °C, from approximately 89 to approximately 102 nm for 400 °C, and from 

approximately 102 to approximately 128 nm for 500 °C. The crystallite size increases almost linearly with the 

annealing time temperatures up to 500 °C. The slope of the linear dependence of crystallite growth is 

0.065 nm·s-1 for 300 °C and 0.089 nm·s-1 for 400 °C. The more intense increase in crystallite size at 500 °C 
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indicates overall recrystallization of the structure, as reported by Liu et al. [6] and by Choi et al. [15]. The data 

for 500 °C annealing were fitted by a straight line with a significantly different slope (0.258 nm·s-1) in 

comparison with lower annealing temperatures. This indicates that the recrystallization process occurs in a 

greater extent. 

4. CONCLUSION 

The effect of moderate temperatures and time of annealing on the crystallite size and the microstrain of CP Ti 

has been demonstrated. Significant microstrain relaxation with increasing temperature of annealing has been 

observed. Microstrain was reduced by 6.5, 37.6 and 81.7 % after annealing at 300, 400 and 500 °C for the 

maximum annealing time, respectively. Gradual growth of crystallites with a different trend was registered. The 

maximum increase in crystallite size was found to be 129, 148 and 185 % after annealing at 300, 400 and 

500 °C for the maximum annealing time, respectively. The time of annealing at a temperature of 300 °C affects 

the crystallite growth, but there is no microstrain relaxation. The results presented here show that temperatures 

well below the recrystallization limit also have an effect on crystallite growth and microstrain relaxation. 
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Abstract  

Polyester urethane polymer was synthesized as linked biocompatible poly (lactide)/poly (ethylene oxide) 

polymers. The bulk polymer was subsequently used as precursor material for plasma assisted vapour thermal 

deposition of thin plasma polymer films under varying RF discharge power. The effect of plasma polymerization 

on the final physico-chemical characteristics was investigated. The chemical analysis of the films was 

performed using X-ray photoelectron spectroscopy and infrared spectroscopy. Structural analysis of plasma 

polymer thin film revealed the similar molecular structure as in case of precursor since PEU-characteristic 

bonds were preserved after the plasma polymerization. Surface properties analysed by a contact angle 

measurement revealed an increase of wettability in the samples prepared at higher RF power. At the same 

time a surface energy evaluated according to acid-base model decreased. The results indicate that plasma 

polymer films properties could be tuned depending on applied deposition conditions.  

Keywords: Plasma polymer, plasma assisted vapour thermal deposition, poly (lactide) copolymer,  

          poly(ethylene oxide), polyester urethane.           

1. INTRODUCTION 

Polyester based polymers have been extensively investigated during recent years as perspective candidates 

for the controlled release systems, due to their biodegradability, biocompatibility and low toxicity. The purpose 

of optimum drug delivery device is to release and active agent at a constant or controlled rate within predefined 

time, after which a polymer backbone degrade into biocompatible, nontoxic units [1] [2].  

Plasma treatment and plasma-based deposition of thin films represents a perspective technique for control of 

the conditions of active substances release with insignificant impact on the properties of bulk material. Plasma 

assisted vacuum thermal deposition utilizes oligomers that are released during a source polymer thermal 

decomposition into the gas phase. Due to the glow discharge, these oligomer species undergo plasma 

polymerization leading to the preparation of thin films with tuneable properties [3-6].  

Poly(lactic acid) (PLA) is known as a biodegradable thermoplastic polymer with good mechanical and 

processing properties [7] [8]. Its degradation rate is dependent on several factors such as time, temperature, 

present contaminants and catalyst. A number of studies have dealt with the preparation of PLA based 

copolymers for the application as resorbable medical devices of various shapes. The process of chain linking 

reaction based on PLA/PEG polymer using diisocyanate as a chain linker has been investigated to obtain a 

copolymer with higher molecular weight. PEG encompassing in the structure leads to increasing of the 

hydrophilicity, decreasing the glass transition temperature and thus improving the degradability characteristics 

of the final polymer [8-10]. The purpose of this work was to apply the method of plasma enhanced chemical 

vapour deposition (PE CVD) to modify the surface of PLA/PEG based polymer. 

https://doi.org/10.37904/nanocon.2019.8693 
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2. EXPERIMENTAL 

2.1. PLA-PEG synthesis 

Synthesis of PLA/PEG prepolymer 

L-LA (100 ml) was inserted into a 250 ml two-neck distillation flask equipped with a stirrer that was then 

connected to a condenser, placed into oil bath and dehydrated for 4 h at 160 °C and pressure 20 kPa. Then 

PEG (7.5 %wt.) and a catalyst (Sn(Oct)2) (0.5 %wt.) were added and reaction proceeded for 6 h at 10 kPa, 

after which the pressure was decreased to 3 kPa and the reaction followed for further 10 h. Resultant product 

was cooled and stored in a desiccator.  

Synthesis of PEU 

PLA/PEG prepolymer (30 g) was melted in a 250 ml two-neck flask equipped with a mechanical stirrer at 

160 °C under N2 atmosphere. The chain linking reaction was initiated by adding HMDI in a calculated amount, 

after which the reaction proceeded for 30 minutes until the mixture became viscous with amber colour. The 

polymer was then purified by dissolving in acetone, precipitated in cooled methanol/water (1:1) and dried in 

vacuum for 24 h.  

2.2. Plasma deposition 

A radio frequency (RF) generator 13.56 MHz was used. PEU polymer was inserted into a crucible that was 

placed 4 cm above an electrode covered with a glass target. Argon under the pressure of 4 Pa (flow rate of 

8 sccm) was used as the working gas. The substrates (single-side polished silicon wafers, gold-coated silicon, 

aluminium foil, glass slides) were placed 10 cm above the crucible. During the experiment, the crucible was 

heated approximately linearly from 25 °C to 330 °C at the rate of 25 °C/min. The deposition rate was monitored 

by quartz-crystal microbalance sensor. 

2.3. Thin films characterization 

Chemical composition of the films 

The composition of the films was characterized using X-ray photoelectron spectroscopy (XPS, Phoibos 100, 

Specs) and infrared spectroscopy (FTIR-ATR, Nicolet iS5, FTIR-RAS, Bruker Equinox 55). 

Surface characterization 

Surface properties were analysed by contact angle measurement of prepared thin films using the method of 

sessile drop on Surface Energy Evaluation system (See System E, Advex Instruments s.r.o., Brno, Czech 

Republic). Demineralized water, diiodomethane and ethylene glycol were used as reference liquids (volume 

of drop was 3 µl). Contact angle was measured thrice and the mean value was used for the evaluation of 

surface free energy according to the Acid-base model.  

3. RESULTS AND DISCUSSION 

3.1. Chemical composition of the films 

FTIR spectroscopy 

The FTIR spectra of the original polymer and of the films are shown in the Figure 1. The expected structure 

of the original polymer is shown in Figure 2a. The infrared spectra [11] of the original polymer and of the thin 

film prepared without plasma (0W) is dominated by the ester groups of PLA part of the polymer. This 

corresponds to the peaks at 1750 cm-1 of C=O stretching vibrations, at 1090 cm-1 that can be attributed to 
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alkoxy C-O stretching and the peak at 1190 cm-1 to acyl C-O stretching vibrations. The ether groups 

corresponding to PEG part of the polymer are probably present as the peaks at 1130 cm-1 (C-O stretching) 

and at 2985 cm-1 (C-H stretching in -O-CH2-3 group). Saturated CH2/CH3 hydrocarbon groups present in the 

structure of the polymer as well, corresponding to stretching vibrations at 2935 cm-1 and 2870 cm-1 and 

deformation vibrations at 1375 cm-1 and 1450 cm-1. The peak at 1350 cm-1 can possibly show the presence of 

CH3-C=O groups. The HMDI linker can be seen in the amide N-H bending (1535 cm-1) and amide C=O 

stretching vibrations (1650 cm-1). Hydroxyl end groups and amine groups of HMDI (O-H and N-H stretching) 

are responsible for the broad peak around 3400 cm-1.  

With increasing plasma power, there are several changes present. Intensity of peaks corresponding to ether 

part of the polymer are decreasing. The relative intensity of the saturated hydrocarbon groups and hydroxyl 

groups increases and the signal from C:O groups weakens. Tentatively, peaks at 940 cm-1 and 1420 cm-1 can 

be attributed to the O-H deformation vibrations of carboxylic acid group that can arise during polymer chain 

scission in plasma. The peak at 1815 cm-1 is a mark of the presence of C=O stretching vibrations of anhydride 

groups. These can arise from the abstraction of CH-CH3 group from the PLA part of the polymer chain. 

 
Figure 1 a) FTIR-RAS spectra of the thin films prepared without plasma and at varying plasma power 

(normalized on the peak 1750 cm-1) b) FTIR-ATR spectra of the original PEU polymer 

X-ray photoelectron spectroscopy 

The elemental composition and C1s (Figure 2) and O1s XPS spectra were measured. The high resolution 

spectra of C1s peaks were fitted by four peaks. Based on the expected structure of the polymer (Figure 2a), 

three of them are related to PLA chemical shifts, carbon-carbon bond at 285 eV, carbon single bonded to 

oxygen in PLA at 286.98 eV and carbon double bonded to oxygen at 289.06 eV. The last peak corresponds 

to PEG chemical shift at 286.45 eV. The described decomposition of C1s region for 20 W of plasma power 

can be seen at inset in Figure 2. The O1s region was similarly decomposed on peaks corresponding to PLA 

and PEG functional groups. Namely 532.25 eV for oxygen double bonded to carbon in PLA. 533.66 eV oxygen 

single bonded to carbon in PLA and 532.83 eV for oxygen - carbon bond in PEG groups.  
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a)    

b)  

Figure 2 a) Structure of the bulk PEU polymer with the carbon and oxygen marked according to the 

expected XPS shift b) XPS spectra of C1s peak for varying plasma power. Inset: Decomposition of C1s peak 

for plasma power 20 W 

The results are shown in Figure 3. It can be seen that the functional groups of PLA and PEG are preserved 

for all plasma powers. The (CH2)x functional groups are also preserved, as the intensity of peak of aliphatic 

hydrocarbons cannot be described just with CH3 group in PLA. With increasing plasma power, the C/O ratio in 

the films shifts into favour of carbon. The balance also shifts from the PLA-like groups to PEG-like groups. 

The ratio between C-O (PLA) and C=O (PLA) should be 1:1 for PLA. However, it can be seen that mostly for 

higher plasma power this ratio is broken. This can be explained by formation of new groups due to polymer 

chain scission and restructuring, as was seen by in infrared spectra.  

 

Figure 3 Elemental composition and chemical groups contributions in the films based on XPS spectra 
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3.2. Surface characterization 

The effect of deposition conditions on the polymer surface wettability was evaluated by contact angle 

measurements. While hydrophobic surfaces exhibit higher contact angles and lower values of the surface 

energy, lower contact angles are reported for hydrophilic substrates [12]. The results of the wettability 

measurement are shown in Tables 1 and 2.  

As can be seen in Table 1, the contact angle for water of PEU 0W sample was 29.5°, which is significantly 

lower than was acquired for untreated samples in some previous works. The reason could lie in the different 

orientation of polar group from the surface [2] [13]. The wettability of the samples even more increased with 

higher RF power, since the contact angle values decreased (a drop of almost 77 % was monitored in case of 

demineralized water when the sample prepared at 0 and 5 W is compared). 

Surface energy values were analysed following the Acid-base model. Total surface energy γtotal is split to 

dispersion γLW and polar part γAB, that can be then divided to electron acceptor and electron donor component. 

As shown in Table 2, surface energy of the sample prepared at RF of 0 W was around 71 mJ/m2. A higher RF 

power induced a slight reduction in the γtotal value (about 8 %).  

Table 1 Contact angles of PEU-like thin films prepared without and with plasma 

Sample 
Contact angle (°) 

Water Diiodomethane Ethylene glycol 

PEU 0W 29.5±1.8 23.4±2.1 34.1±2.5 

PEU 5W 6.8±0.6 17.1±0.9 8.2±0.5 

Table 2 Surface energies of PEU-like thin films prepared without and with plasma 

Sample 
Surface energy (mJ/m2) 

γ total  γ LW  γ AB  

PEU 0W 71.1±3.4 46.7±3.1 24.4±0.8 

PEU 5W 65.1±2.8 48.6±2.6 16.5±1.1 

4. CONCLUSION 

PEU-based thin films were prepared by plasma polymerization process to evaluate the effect of varying RF 
plasma power on structural and surface properties. A similar molecular structure as in case of original 

polymer/precursor was revealed by FTIR and XPS spectroscopy. The surface wettability was increased with 

higher RF power. It can be concluded that by applying the above mentioned plasma procedure, the properties 

of polymer films can be tuned depending on the deposition conditions.     
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Abstract 

Magnetic nanoparticles experience magnetic force under the magnetic field. The magnetic force can be 

measured as the magnetic weight of the magnetic nanoparticle sample with a conventional electronic balance. 

The instantaneous jump of the magnetic weight by the Neel and the Brown mechanisms is observed when 

the magnetic sample is placed under the magnetic field. The magnetic weight increases slowly thereafter as 

the nanoparticles agglomerate. During the slow increase of the magnetic weight, the magnetic weight 

fluctuates with the change of temperature. When the temperature rises, the magnetic weight decreases, and 

vice versa, which suggests that the magnetic weight could be used as a thermometer. The thermal fluctuation 

of the magnetic weight results from the structural relaxation of the agglomerate by the kinetic energy of 

nanoparticles. We propose a simple equilibrium model for the thermal fluctuation of the magnetic weight, which 

explains the fluctuation in terms of the free energy difference between the agglomerated and the dispersed 

nanoparticles. The structural relaxation of the agglomerate is a complex process because many different 

clusters are formed during the agglomeration. In order to understand the details of the thermal fluctuation of 

the magnetic weight, the energy landscape picture with the distribution of the involved free energy is required. 

Keywords: Magnetic nanoparticles, magnetic weight, thermal fluctuation, equilibrium model  

1. INTRODUCTION 

Magnetic nanoparticles such as magnetite have been widley used in many different fields such as imaging, 

medicine, separation, etc. [1] Sometimes the surfaces of magnetite nanoparticles are modified or the 

nanoparticles are combined with biomolecules for special applications. [2,3] When the magnetic field is applied 

to magnetic nanoparticles in various applications, they often agglomerate via interparticle interactions, which 

often hinders the efficiency of the applications. As the magnetic nanoparticles agglomerate under the magnetic 

field, the magnetization of the sample increases, which means that the nanoparticles experience the greater 

magnetic force. The magnetic force can be measured as the magnetic weight with a balance. Temporal change 

of the magnetic weight gives insight on the details of the agglomeration dynamics of magnetic nanoparticles.  

In this work, we have built a simple apparatus for the measurement of the magnetic weight. The non-

exponential increase of the magnetic weight results from the distribution of the energy barrier involved in the 

agglomeration. The magnetic weight of the sample fluctuates with the variation of the laboratory temperature. 

The magnetic weight of the agglomerate decreases with the temperaure rise, and vice versa because the 

thermal energy of the nanoparticles induces the structural relaxation of the agglomerate. Coherent fluctuation 

of the magnetic weight with the temperature suggests that the magnetic weight can be used as a temperature 

sensor. We propose a model for the thermal fluctuation of the magnetic weight, which is based on the 

equilibrium between the agglomerated and the dispersed nanoparticles. The dispersed superparamagnetic 

nanoparticles do not contribute to the magnetic weight in the solution. 

2. EXPERIMENTAL 

The experimental setup for monitoring the change of the magnetic weight is shown in Figure 1. [4] The 

magnetic field is applied with a magnet under the sample and the magnetic weight of the sample is usually 

https://doi.org/10.37904/nanocon.2019.8493 
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recorded every minute in the connected computer. The magnetite nanoparticles of ~8 nm diameter are 

synthesized following a well-known procedure.[5] In order to study the thermal fluctuation of the magnetic 

weight, the laboratory temperature is recorded separately.  As shown in Figure 2, the magnetite nanoparticles 

agglomerate in a few hours under the magnetic field, however, the magnetic weight increases steadily for a 

long time as shown in Figure 3.[4] 

 

Figure 1 Experimental setup. [4] The conventional electronic balance is used to measure the magnetic 

weight and the magnetic weight data are stored in the computer connected with the balance. The magnetic 

field strength is adjusted by moving the magnet under the sample.   

 

Figure 2 The magnetite nanoparticle sample of 1 wt% on the magnet. [4] As soon as the sample is placed 

on the magnet, the surface morphology of the sample is slightly modified as shown in the picture on the left. 

The sample solution separates into two phases in a few hours as the nanoparticles agglomerate on the 

bottom. 

3. RESULTS AND DISCUSSION 

Figure 3 shows the temporal change of the magnetic weight of the samples with different concentrations. [6] 

The magnetic weight jumps instantaneously by the Neel and the Brown mechanisms and then increases 
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slowly. Those relaxation mechanisms occur too fast to monitor the conventional electronic balance. The 

response time of the balance is ~ a msec and the relaxations occur in the time scale much shorter than sec. 

The magnetic weight fluctuates around the fitted curve with the variation of the laboratory temperature. The 

fitted curves of Figure 3(a) are the stretched exponential function. Figure 3(b) shows the ratio of the fitted 

magnetic weight (WF) and the measured magnetic weight (WM) of Figure 3(a). We propose a thermodynamic 

equilibrium model to explain the fluctuation of the ratio of the magnetic weights.   

 

Figure 3 (a) Change of magnetic weight of the samples with different concentrations with the fitted curves  

[3 wt%(blue line) and 0.75 wt%(red line)]. (b) Ratio of the measured (WM) and the fitted (WF) magnetic weight 

of the 3 wt%(blue line) and the 0.75 wt%(red line) sample. [6]  

The stretched exponential dependence of a dynamics indicates that the energy barrier involved in the 

dynamics is not a single value but has a distribution. The stretched exponential function is given by [6] 

WF(t) = W(�) + ;W(0) − W(�)=exp (− At

B
=                     (1) 

where: 

W(�) - the final magnetic weight 

W(0) - the initial magnetic weight 

 - the relaxation time 

 - the exponent, 0 <  < 1 

The temporal behaviour of the dynamics has a relation with a distribution function of the energy barrier as 

following [7]  

W(t) =  C D� E(�)exp (−�F)                                                                                                                         (2) 

where: 

g(E) - the distribution function of the energy barrier 

k - the rate constant 

When the rate constant expression such as the Arrhenius type equation and the involved parameters are 

known, the distribution function of the energy barrier can be determined by the inverse Laplace transform of 

the temporal behavior of the dynamics. [7,8] 
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The therrmal fluctuation of the magnetic weight follows the variation of the laboratory temperature as shown 

in Figure 4. [6] Those results indicate that the fluctuation of the magnetic weight is not under the kinetic control 

like the stretched exponential increase of the magnetic weight but under the thermodynamic control. 

 

Figure 4 Temporal change of the magnetic weight ratio and the laboratory temperature (a) 3 wt% sample  

(b) 0.75 wt% sample of Figure 3 [6] 

3.1. Equilibrium model [6] 

The temperature dependence of the magnetic weight fluctuation indicates that the fluctuation results from the 

fast equilibrium of agglomeration. The agglomeration of nanoparticles is the exothermic process, and the 

entropy of the system decreases as the dispersed nanoparticles agglomerate. Therefore, the equilibrium 

between the dispersed and the agglomerated state of nanoparticle shifts to the dispersed state with the 

temperature rise. A single equilibrium constant is not applicable for the agglomeration of nanoparticles if the 

agglomerate of nanoparticles is composed of many different kinds of nanoparticle clusters.   

When the agglomerate is assumed to be composed of clusters or domains with different free energies, the 

ratio of the measured and the fitted magnetic weight is given by 

 GH 
GI

=
 J� 5 ∑  LMNA! �OP

QRSB T 

J� 5 ∑  LMNA! �OP
QR B T

                               (3) 

where: 

�G - the free energy  

R - the gas constant  

T - the measured temperature 

Ta - the average temperature   

When the free energy is assumed to be distributed evenly and continuously, the summation of equation (3) is 

replaced with the integration and is converted into the following expression 

 GH 
GI

=  ;� 5 US= 
;� 5 U=                (4) 

Figure 5 shows the ratio of the magnetic weights with the simulation results using equations (3) and (4). When 

the nanoparticle concentration is high, complex energy landscape is involved in the agglomeration dynamics. 

When the concentration is low, the thermal fluctuation is explained with a single equilibrium process.  
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Figure 5 (a) Magnetic weight ratio of the 3 wt% sample of Figure 3. The black line corresponds to the ratio 

simulated with equation (4). (b) Magnetic weight ratio of the 0.75 wt% sample of Figure 3. The black line 

corresponds to the ratio simulated with a single �G/R (= 360) of equation (3). [6] 

4. CONCLUSION 

The stretched exponential increase of the magnetic weight of the magnetic nanoparticle sample indicates that 

the energy barrier of agglomeration has some distribution, that is, the agglomeration process is complex and 

the energy landscape picture is required in order to understand the complex dynamics of various clusters. 

Clusters with different sizes and shapes are involved in the agglomeration. The magnetic weight fluctuates 

with the temperature variation, which suggests that the magnetic weight can be used as a temperature sensor. 

The thermal fluctuation of the magnetic weight of the agglomerated nanoparticles can be explained with the 

thermal equilibrium model. Fast equilibrium during the agglomeration is established between the agglomerated 

and the dispersed nanoparticles. 
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Abstract  

In this contribution, magnetic Fe2O3 nanoparticles (MNPs) were successfully incorporated into the polyvinyl 

butyral (PVB) nanofibrous membranes using the electrospinning process. The effects of the MNP 

concentration on the morphology of the nanofibres and their magnetic properties were investigated. Scanning 

electron microscopy and transmission electron microscopy confirmed their concentration-dependent, yet 

uniform diameter, and the presence of well-embedded MNPs inside the PVB nanofibres. The magnetic 

properties of the PVB/MNP membranes were studied using the vibrating-sample magnetometry. The 

saturation magnetization increased from 6.4 to 45.5 emu/g as the MNP concentration in the feedstock solution 

increased from 1 to 15 wt%. The fabricated PVB/MNP nanofibrous membranes possessed the ability to 

respond to the external magnetic fields, which determines their potential in the development of the advanced 

smart textiles. 

Keywords: Electrospinning, polyvinyl butyral, nanofibres, nanoparticles, magnetic properties 

1. INTRODUCTION 

Recently, magnetic nanofibrous composites fabricated using the electrospinning technology have attracted a 

considerable attention due to possibility to easily convey a novel function to the conventional nanofibers, i.e. 

the activity in the external magnetic field. Such field-responsive composites have aroused much interest in the 

bio-medical technology (tissue engineering [1], cell carries [2], hyperthermia [3]), separation technology [4] or 

the electromagnetic devices (sensors [5]).   

Until now, Fe2O3 nanofibrous membranes have been successfully prepared by electrospinnig from various 

synthetic polymers such as polyurethane [3], polylactic acid [2], polyvinyl alcohol [6], polyaniline [7] etc. Kim et 

al. [8] incorporated magnetic nanoparticles (MNPs) into the polyvinylpyrrolidone fibres in order to develop 

highly efficient air filters. Their material exhibited the magnetic saturation of 10.5 emu/g, which might be a 

limiting factor for certain applications. Besides that, the preparation and characterization of PVB/MNPs 

nanofibrous composite was not systematically investigated yet. Polyvinylbutyral is the environmentally-friendly, 

non-toxic, odourless polymer with a very good adhesion to metallic and ceramic surfaces and compatibility 

with many types of synthetic polymers [9]. The possible applicability and advantages of the PVB in the 

electrospinning process were summarized in detail by Peer et al. [10]. Polyvinylbutyral is also frequently added 

to the various solutions in order to improve their spinnability and fabricate for example the superhydrophobic 

nanofibres [11], the membranes with photocatalytic activity [12] or the sensors for the detection of H2S [13].  

The aim of this contribution was to analyse the effect of the MNP concentration on the morphological, structural 

and magnetic properties of the electrospun nanofibrous composites. The correlations between the spinnability 

process and the magnetic properties were discussed in the view of potential applications.  

https://doi.org/10.37904/nanocon.2019.8494 
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2. EXPERIMENTAL 

2.1. Materials and sample preparation 

Polyvinylbutyral (Mw = 60,000 g/mol; Mowital B 60H; kindly provided by Kuraray Specialities Europe, 

Germany) was dissolved in methanol (PENTA; quality of p.a.; Czech Republic). Magnetic nanoparticles 

consisting of iron (III) oxide produced by NanoArc (Germany) were mixed with the PVB solution at the 

concentrations of 1, 5, 10, 15, and 20 wt%. According to the datasheet, the size of the MNPs ranged between 

20 - 40 nm, and their surface areas equalled to 30 - 60 m2/g. 

Polyvinylbutyral/methanol solutions (8 wt%) with various MNP concentrations were prepared by mechanical 

stirring at 25 °C for 15 minutes. The nanofibrous webs were produced using a laboratory device with the carbon 

steel stick (10 mm in diameter) and the flat collector. The electrospinning process of PVB solutions with the 

MNPs was carried out at a voltage of 20 kV, and the tip-to-collector distance was fixed at 10 cm. Volume of a 

drop of polymer solution placed on the tip was approximately 0.2 mL. The temperature and relative humidity 

for electrospinning was 23 °C and 45 %, respectively. 

2.2. Characterizations 

Morphology of the nanofibres sputtered by a thin gold layer was observed using Vega 3 high-resolution 

scanning electron microscope (SEM; Tescan, Czech Republic) and a high-resolution transmission electron 

microscope (TEM), JEOL (JEM 2100, Japan) fitted with LaB6 cathode operated at 80 kV. The mean fibre 

diameter was determined by help of Adobe Creative Suite software taking into account 300 fibres from 3 

different images. The magnetic properties of the PVB nanofibrous membranes with the MNPs were determined 

using vibrating-sample magnetometer (Model 7407, Lake Shore, USA) in the magnetic field ranging up to 14 

kOe (~1150 kA/m) at the laboratory temperature (23 °C). 

3. RESULTS AND DISCUSSION 

The PVB nanofibrous membranes with various MNP concentrations were prepared by a simple electrospinning 

system under the optimal experimental parameters (voltage of 20 kV and a tip-to-collector distance of 10 cm) 

favouring the fabrication of uniform nanofibres. To analyse the effect of the MNP concentration on the 

morphology of resulted nanofibres, the SEM and TEM were employed, as shown in Figure 1. As can be 

observed, the MNPs possessed the spherical shape with approximate size of 30 nm. The incorporation of the 

MNPs into the PVB nanofibres was dependent on their concentration. It seems that the most homogeneous 

structure was obtained at the concentration of 10 wt% MNPs, however, when the concentration of the MNPs 

increased (above 15 wt%) the particulate clusters were created and protruded from the nanofibres. Structural 

non-uniformity of the nanofibers represents limiting factor for scaling-up the process to the industrial 

applications [14]. Considering this presumption, the PVB nanofibres with 20 wt% concentration of the MNPs 

were therefore excluded from the characterization of their magnetic properties. 

The average diameter for pure PVB nanofibres is around 230 nm for the concentration of 8 wt%. Figure 2 

displays the nanofibre diameter versus the MNP concentration. As clearly seen, the incorporation of the MNPs 

into the PVB nanofibres remarkably affected their average diameter. The progress is non-monotonic, and local 

maximum of the fibre diameter is arguably located at the MNP concentration around ca. 7 wt%. Above this 

concentration, the fibre diameter is decreasing with increasing MNP content with simultaneous standard 

deviation increase (which might indicate lower stability of the process). This result is in partial agreement with 

the recent studies [8,15]. For instance, Kim et al. [8] found that the fibre diameter is increasing with the MNP 

content. This can be explained as follows; the electrospinning process is driven by the competition between 

electric and hydrodynamic forces. Once the viscosity of the solution increases by the addition of the MNPs, at 

the same electric potential, the elongation is suppressed resulting in the production of thicker fibres [8]. It 
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appears that beyond a certain MNP concentration, this balance is impaired most probably by particle clustering 

(Figure 1) leading to the lower diameter of the fibres.  

 

Figure 1 The SEM (upper line) and TEM images (bottom line) of PVB nanofibres with various MNP 

concentrations 

 

Figure 2 The fibre diameter dependence on MNP concentration 

To investigate magnetic properties of the PVB/MNPs nanofibrous membranes with various MNP 

concentrations, the hysteresis loops were recorded using vibrating sample magnetometer. As shown in  

Figure 3, the saturation magnetization (Ms), which occurs when all of the magnetic domains are aligned in the 

direction of the applied magnetic field, clearly depends on the MNP concentration [8]. Expectedly, the higher 

concentration of the MNPs in fibrous membranes leads to higher magnetization. Therefore, the Ms increased 

from 6.4 to 45.5 emu/g as the MNP concentration increased from 1 to 15 wt%, respectively. It is worth 

mentioning that the Ms values of herein produced electrospun PVB/MNPs membranes exceeded those of 

similar magnetic membranes [3,6-8]. The high magnetic performance of the nanofibres is of particular interest 

in the industrial wastewater treatment. As shown recently, the magnetic nanofibres exhibit higher adsorption 

rate of heavy metals and dyes when compared to the traditional adsorbents [16]. 
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Figure 3 Magnetic properties of PVB nanofibres with various MNP concentrations 

4. CONCLUSION 

The magnetic PVB nanofibrous membranes were successfully fabricated using the electrospinning process. 

The effects of the MNP concentration on the morphology and magnetic properties of nanofibres were 

investigated. It was found that the fibre diameter is a non-monotonous function of the MNP concentration, 

which is driven by the competition between electric forces and the viscous forces. Nevertheless, the higher 

MNP concentrations (above 15 wt%) caused cluster protrusion from the nanofibres. The saturation 

magnetization of the membranes strongly depended on the MNP concentration, and the highest value of 

45 emu/g was obtained for PVB/MNPs membrane at 15 wt%. All the fabricated PVB/MNPs nanofibrous 

membranes possessed the ability to response to the external magnetic field, which is the important prerequisite 

for the effective filtration. 
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Abstract 

This study deals with the effect of star-like zinc oxide (ZnO) filler addition into poly(vinylidene fluoride) (PVDF) 

matrix on its structural and physical properties with the consequences to mechanical energy harvesting 

performance. In this case, the microwave-assisted synthesis was optimized for the preparation of unique star-

like shape of ZnO particles. Their crystallinity and star-like morphology/elemental composition were analyzed 

using XRD and SEM/EDX spectroscopy, respectively. The investigation of α-crystalline phase transformation 

into β-crystalline phase of neat PVDF matrix, and upon introducing various ZnO concentrations was performed 

using FTIR spectroscopy. Finally, the mechanical energy harvesting capability measurements showed that the 

addition of star-like ZnO filler enhanced the d33 electro-mechanical coupling coefficient more than two times 

when compared to neat PVDF matrix. 

Keywords: Poly(vinylidene fluoride), zinc oxide, polymorphism, crystallites, piezo-activity 

1. INTRODUCTION 

Semicrystalline polymer poly(vinylidene fluoride) (PVDF) is a material with unique properties possessing 

excellent film-forming, mechanical and thermal stability, tunable structural and also electrical properties [1-4]. 

These properties facilitate the utilization of this material in various applications such as controllable actuation, 

sensing or energy harvesting devices [5-7]. PVDF has unique semicrystalline character and especially 

crystalline phase is of importance for the potential applications. Electrically-active -phase is one of three 

crystalline phases mainly occurring in the PVDF. In the case of -phase, the polymer chains are in alternating 

directions resulting in paraelectric behavior, therefore this phase is considered as a non-polar one. However, 

dominant occurrence - and -phase and suppression of non-polar -phase lead to polar behavior of the 

material [8-10]. Generally, PVDF forms the -crystalline phase which is useless in a view of mentioned 

applications. There are various methods to enhance the -phase content in PVDF material even for already 

prepared films or non-processed granules. In the case of PVDF films, the useful methods include film 

stretching [11,12] or poling the films by the application of high external electric field (several kV) [13]. The 

combination of both methods provides an improved -phase content in comparison to the individual single 

method [14]. Another approach for -phase development is the fabrication of PVDF films via 

electrospinning [15], or their PVDF co-blending with other polymers such as poly(methyl methacrylate) [16] or 

the introducing of various fillers forming the PVDF composites. These fillers can be organics (graphite, 

graphene oxide, reduced graphene) [1,17,18], or inorganic (BaTiO3) [16]. This study is focused on the 

preparation of microwave-assisted zinc oxide (ZnO) particles with unique star-like structure, and their influence 

on -phase development in PVDF/ZnO composite films. Fabricated films were characterized from the structural 

point of view, and -phase content was correlated with the amount of ZnO star-like filler. The suitability of 

prepared composites for intended applications was investigated using dielectric and dynamical mechanical 

analysis. Finally, harvesting performance of mechanical energy was analyzed in order to confirm the enhancing 

effects of ZnO star-like filler. 

https://doi.org/10.37904/nanocon.2019.8637 
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2. EXPERIMENTAL 

2.1. Materials 

Zinc acetate dihydrate Zn(CH3COO)2·2H2O (ZAD), aqueous ammonia (25-29%wt; NH3 aq.) were purchased 

from PENTA (Czech Republic). Acetone (≥99.5 %), N,N-dimethylformamide (99.8 %) (DMF), poly(ethylene 

glycol) (PEG; molecular weight of 400 g·mol-1), poly(vinylidene fluoride) (PVDF; molecular weight of 

275 000 g·mol-1) were purchased from Sigma-Aldrich (USA). All chemicals were of analytical grade and used 

as received. Demineralized (DEMI) water (conductivity of 25 S·m-1) was used during all experiments. 

2.2. Synthesis of ZnO star-like particles 

Microwave (MW) open-vessel system MWG1K-10 (Radan, Czech Republic) operating at 2.45 GHz was used 

for MW hydrothermal synthesis with an external cooler. In the typical procedure, the starting materials were 

dissolved in DEMI water as follows: solution A was prepared by dissolution of 10.8 g ZAD in 80 mL of water, 

solution B was prepared by dilution of 14.2 mL of NH3 aq. in 40 mL of DEMI water, and solution C contained 

5.142 g of PEG dissolved in 20 mL of DEMI water. Reaction mixture was prepared by mixing solutions A and 

C, followed by the addition of solution B, while the total amount of added DEMI water was kept at 140 mL for 

syntheses. The solutions were poured into 250 mL reaction bottle and immediately placed into MW oven cavity 

connected to an external condenser, and exposed to MW irradiation for 10 minutes. Reaction mixture was left 

to cool down naturally. Finally, prepared particles were collected by microfiltration and several times washed 

by DEMI water. The obtained powders were dried under vacuum overnight. 

2.3. Preparation of PVDF/ZnO composite films 

The neat PVDF and PVDF/ZnO composite films with various content of ZnO star-like particles were fabricated 

via spin-coating technique. First, corresponding amount of ZnO particles was dispersed in 2 mL of DMF. The 

mixture was mechanically stirred using a glass stick and then ultrasonicated for 5 minutes. Subsequently, 

1.4 g of PVDF pellets was added into the ZnO star-like particle solution together with the corresponding 

amount of DMF in order to achieve the same concentration for all the solutions. The mixtures were stirred at 

60 oC until the complete dissolution of PVDF was reached. Then, the solutions containing 0.5, 1, 3, 5 and 

10 wt.% of ZnO star-like particles in comparison to PVDF were spin-coated on squared-glass substrates of 

dimensions 5 cm and covered by aluminum foil. A spin-coating process was optimized at the velocity of 

2500 rpm and the acceleration of 500 rpm·s-1. In all cases, 1 mL of each solution was dripped on the substrate 

and the spin-coating process was performed under N2 atmosphere. 

2.4. Characterization 

Crystalline phase of ZnO star-like powder was characterized using X-ray diffractometer X´Pert PRO X-ray 

(PANalytical, The Netherlands) with a Cu-Kα X-ray source ( = 1.5418 Å) in the diffraction angle range 2θ from 

5° to 85°. Infrared spectroscopy of neat PVDF and PVDF/ZnO films was performed using FTIR 670 Nicolet 

(Thermo Scientific, USA) in ATR mode. The data was collected in the wavenumber range from 4000 to 500 

cm-1 to investigate -phase development. The morphology of ZnO particles was observed using scanning 

electron microscopy (SEM) performed on FEI Quanta 200 Environmental Scanning Electron Microscope 

(ESEM) with a resolution of 5 nm and a magnification up to X200K. The device was equipped with energy-

dispersive X-ray spectroscopy (EDX) to provide the elemental analysis of ZnO star-like filler.  

2.5. Energy harvesting setup 

To identify the electromechanical coupling constants of PVDF samples, a series of dynamic experiments was 

conducted. In the applied setup, PVDF sample was sandwiched between a conductive seismic mass on top 
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and a conductive foil layer below. The seismic mass and the foil layer formed the electrodes with wires 

connecting them to the shunt resistance box. Beneath the foil layer is an insulating layer that isolates the 

sample from the metal shaker platform, which oscillates harmonically in the vertical direction. An accelerometer 

was used to measure the motion of the shaker table. A lumped parameter model of a piezoelectric device in 

the 3-3 mode shunted by a load resistance can be obtained according to our previous work [19]. 

3. RESULTS AND DISCUSSION 

The described MW-assisted synthesis approach resulted in the development of 3D star-like ZnO 

superstructures (Figure 1). As seen in Figure 1a, this unique shape was developed for the vast majority of 

ZnO particles and also the particle size distribution seems to be very narrow. This feature is also confirmed in 

Figure 1b, where the star-like particles are displayed under a higher magnification. As can be clearly observed, 

their size was approximately 2.5 m in the diameter. Therefore, it can be stated that the MW-assisted synthesis 

provided a well-developed uniform star-like shape with narrow particle size distribution, which is highly required 

for the potential applications. In order to confirm the purity of the particles and the presence of ZnO structures, 

the EDX and XRD analyzes were performed (Figure 2). As obvious from the EDX investigations (Figure 2a), 

the star-like particles consisted of the expectable elements, i.e. zinc and oxygen. The low-energy spectrum 

region was dominated by the L emission peak for zinc and K peak for oxygen. Moreover, the emission 

peaks of K and K for zinc appeared at high-energy region as typical for this element. The EDX spectrum 

exhibited the absence of peaks related to other elements, which indicates high purity of fabricated ZnO filler.  

    

Figure 1 SEM images of ZnO star-like particles under various magnifications  

(a) 5000 and (b) 20 000 

The XRD investigations were performed to reveal the crystallography structure and further confirm high purity 

of ZnO star-like particles (Figure 2b). Here, the diffraction peaks were centered at 2 positions of 31.7°, 34.4°, 

36.2°, 47.5°, 56.6°, 62.8°, 67.8°, 68.9°, 72.47° and 81.35°. Such combination perfectly matches with ZnO 

hexagonal wurtzite crystal structure according to JCDD PDF-2 entry 01-079-0207. This result was considered 

as a sufficient validation of high purity and ZnO crystalline structure of synthesized star-like particles. 
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Figure 2 Energy dispersive spectrum (a) and X-ray diffraction spectrum (b) of ZnO star-like particles. Inset 

image shows the area from which the EDX spectrum was collected 

The structural transformation of crystalline phases within PVDF and PVDF/ZnO composite films was 

investigated using FTIR spectra from 450 cm-1 up to 1500 cm-1 (Figure 3). In this case, the specific peaks for 

-phase are visible at 485, 611, 762, 796, and 975 cm-1. The most dominating peaks for -phase are 611 and 

762 cm-1, which represent bending and wagging vibration of CF2 group and rocking of the main PVDF chain, 

respectively. The absorption peaks at 836, 874, 1169, 1232 cm-1 correspond to -phase of PVDF. The sharp 

peak at 874 cm-1 represented the CH2 rocking and CF2 stretching, while the bands at 1171 and 1232 cm-1 

reflected the wagging and rocking of CH2 group. The most important peaks regarding related to -phase 

development and -phase suppression are positioned at 836 cm-1 and 762 cm-1, respectively. The relative 

ratios of peak intensity between these two absorption bands are summarized in Table 1 for neat PVDF film as 

well as for the composite films with various content of ZnO star-like particles. As can be seen, the peak ratio 

is 1.9 for neat PVDF, while with the increasing amount of ZnO star-like particles this ratio increasing and 

reaches the highest value of 22.5 for composite with 10 wt.% filler content. This finding confirms the extensive 

development of -crystalline phase as a consequence of ZnO incorporation. 

 
Figure 3 FTIR spectra of neat PVDF and PVDF/ZnO composite films with various ZnO content 

Table 1 Summarized values of relative ratio between the intensities corresponding to - and -phase 

Sample ID Neat PVDF PVDF ZnO 
0.5 

PVDF ZnO 
 1 

PVDF ZnO  
3 

PVDF ZnO 
 5 

PVDF ZnO 
 10 

Ratio 1.9 8.3 8.7 14.4 18.9 22.5 
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The mechanical energy harvesting capability of materials based on PVDF mainly depends on the amount of 

-phase developed in the individual samples [13]. As already mentioned, stretching or poling can be employed 

as possible strategies to induce -phase crystallites and provide samples of suitable electro-active properties. 

In our case, neither of the mentioned methods was used for this purpose. Conversely, a facile spin-coating 

approach was utilized for composite film preparation. According to the amount of -phase, the energy 

harvesting capability - represented by d33 electro-mechanical coupling coefficient - noticeably increased with 

increasing amount of ZnO star-like particles (Table 2). The d33 coupling coefficient increased more than two 

times from 2.35 pC/N to appreciable 5.18 pC/N, for neat PVDF and PVDF ZnO 10, respectively, without any 

further fabrication steps.  

Table 2 Summarized values of d33 identification 

Sample ID 10kΩ 30kΩ 50kΩ Average 

neat PVDF 2.41 pC/N 2.63 pC/N 2.01 pC/N  2.35 pC/N  

PVDF ZnO 1 2.69 pC/N 3.00 pC/N 3.03 pC/N  2.91 pC/N  

PVDF ZnO 3 5.17 pC/N 3.88 pC/N 4.49 pC/N  4.51 pC/N  

PVDF ZnO 5 5.22 pC/N 4.71 pC/N 4.46 pC/N 4.80 pC/N 

PVDF ZnO 10 4.86 pC/N 5.30 pC/N 5.36 pC/N 5.18 pC/N 

4. CONCLUSION 

In this study, the facile approach of polymer composite films preparation based on PVDF and ZnO star-like 

particles for mechanical energy harvesting was developed. Novel MW-assisted synthesis to fabricate the 

uniform ZnO star-like particles was introduced. These ZnO particles exhibited hexagonal wurtzite crystalline 

and high purity as confirmed via XRD and EDX, respectively. Thin PVDF/ZnO films with various ZnO content 

were prepared using spin-coating method, and the effect of ZnO content on structural transformation of 

crystalline phases was investigated. By quantifying FTIR spectra, it was found that the presence of ZnO star-

like particles induced remarkable -phase development. This structural transformation was reflected in d33 

electro-mechanical coefficient, which increased from 2.35 pC/N up to 5.18 pC/N after embedding 10 wt.% of 

ZnO particles. The presented concept of spin-coated PVDF/ZnO films appears to be highly promising to 

fabricate electro-active functional elements for low-voltage energy harvesting devices. 
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Abstract 

Perovskites are one of the most intensively studied photovoltaic materials nowadays. Microscopic studies can 

provide useful information about material roughness, conductivity, structure, mechanical and opto-electronic 

properties as well as about kinetic effects from short to long time scale for understanding and improving the 

photovoltaic performance. Here, time-resolved photovoltage was measured by Kelvin probe in the dark and 

under white light illumination. Morphology was characterized by optical and atomic force microscopy. We 

identify the impact of charge transporting layers (CTLs) on structural and opto-electronic properties of MAPbI3 

perovskite with different ratio of MAI and PbI2. 

Keywords: Perovskites, ionic migration, solar cells, charge transporting layers 

1. INTRODUCTION 

Perovskites are one of the most intensively studied photovoltaic materials nowadays due to their strong optical 

absorption, adjustable band gap, long carrier diffusion lengths, ambipolar charge transport, high carrier 

mobility, and high tolerance of defects [1]. They are applied in various opto-electronic devices, such as solar 

cells, light-emitting diodes, photodetectors, or lasers. The power conversion efficiencies (PCEs) of perovskite 

solar cells (PSC) have reached over 23 % [2]. The hysteresis, common for various perovskite-based solar 

cells, has been regarded as one of the main problems to be solved. The hysteresis was described first in detail 

by Snaith et al. [3]. Three main causes of hysteresis were proposed: (a) interfacial traps which are 

filled/emptied depending on bias, (b) ferroelectric polarization, and (c) screening of the built-in electric field by 

mobile ions in the film. The influence of ion migration [4-6], hole transporting materials (HTMs), and grain 

boundaries [7,8] on hysteresis was previously investigated. The research in PSC made great progress but 

there are still unexplained ionic defects (halides, Pb and methylammonium vacancies) in grain boundaries and 

interfaces crucially governing the devices performance and stability [9-11].  

To elucidate these factors, we study here the impact of precursor stoichiometry (methylamonium (MAI) and 

PbI2) and charge transporting layers (CTLs) on the degradation process of MAPbI3 perovskite. The influence 

of CTLs (SnO2 and Spiro-OMeTAD as electron and hole transporting materials) and different ratio of MAI and 

PbI2 (MAI/Pb2 = 0.9, 1.0) was investigated by Atomic Force Microscopy (AFM) and Kelvin probe. All samples 

were measured repeatedly during 28 days.  

2. MATERIALS AND METHODS 

Samples were made according to estabslihed protocol [12]. The Indium Tin Oxides (ITO) substrates were 

cleaned. SnO2 solution were then spin-coated on substrates as the electron transport layer (ETL). The 

thickness was around 40 nm. Methylamine iodide and lead (II) iodide were predissolved in N, N-

https://doi.org/10.37904/nanocon.2019.8662 
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dimethylformamide as precursor solution before spin-coating process. After SnO2 annealing, MAPbI3 precursor 

solution was then spin-coated on ETL as an intrinsic layer at 3000 rpm for 20 s. The thickness of perovskite 

film was around 300 nm. The iodine was doped into the spiro-OMeTAD solution in different concentrations. 

The dopant was varied from 0 mg/mL to 15 mg/mL in a gradient of 3 mg/mL. The perovskite samples with 

MAI/PbI2 ratios 0.9 and 1.0 and CTLs with and without were investigated by AFM (AC mode, 75 kHz tip) using 

WITec Alpha 300 RAS system and software Control 5.1. Data acquisition and processing were done by the 

WITec Control and Project Five 5.1 software. The work function and photovoltage of the samples with and 

without CTLs were investigated by Kelvin Probe (KP Technology) in Faraday cage in the dark and under 

illumination with a switching on/off period of three minutes. Thereby obtained photovoltage can be related to 

open-circuit voltage (Voc) of the device [13]. The Kelvin Probe measurements were repeated after 14 and 28 

days. 

3. RESULTS AND DISCUSSION 

3.1. Optical and Atomic Force Microscopy characterization  

Figure 1 shows optical and AFM topography images of the samples, where PVSK stands for perovskite. The 

optical images show flat surface with occasional black spots. A mechanical scratch is also noticeable in the 

ITO/PVSK and ITO/SnO2/PVSK images.  

 

Figure 1 Optical and AFM topography images for MAI/PbI2 0.9 (1st-2nd row) and MAI/PbI2 1.0 (3rd-4th row) 

without and with various CTLs combinations 
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Otherwise not much differences can be identified in the optical images. On the other hand, the AFM images 

illustrate that both CTLs and MAI can influence the morphology of the perovskite. ITO/PVSK and 

ITO/ETL/PVSK with MAI/PbI2 = 1.0 seems to have somewhat smoother surfaces and bigger grains (~ 57 nm 

height, ~ 430 nm diameter) compared to the samples with MAI/PbI2 = 0.9 (~ 23 nm height, ~ 180 nm diameter). 

AFM images of samples with SnO2 (rows 2 and 4, 2nd column) exhibit similar structure as ITO/PVSK, only 

there is noticeably less of fine structured grains. The deposition of SnO2 on the ITO surface thus helped reduce 

granularity and improved PVSK uniformity. After the Spiro coating the surface roughness (Sq) of the samples 

reduced significantly (for MAI/PbI2 = 0.9: Sq(ITO/SnO2/PVSK) ≈ 988 nm, Sq(ITO/SnO2/PVSK/Spiro) ≈ 81 nm; 

for MAI/PbI2 = 1.0: Sq(ITO/SnO2/PVSK) ≈ 34 nm, Sq(ITO/SnO2/PVSK/Spiro) ≈ 29 nm). The Spiro is thus filling 

the rough surface rather than being conformal. Topography images of ITO/PVSK/Spiro samples still show 

some noticeable crystal structures (15 nm high with diameter 35 nm), which are less pronounced in the 

samples with SnO2 layer deposited below the PVSK (Figure 1, 4th column, rows 2 and 4). Thus, the complete 

layer stack with both CTLs provides the best overall PVSK uniformity. This may be important feature for 

homogeneous charge collection via CTLs and reducing degradation due to ion migration.  

3.2. Kelvin Probe study  

The influence of CTLs and PVSK morphology on materials work function (WF), photovoltage (PV) and stability 
in time was studied by Kelvin probe. Figure 2 shows the results for the samples with ratio MAI/PbI2 = 0.9. The 
sample with ITO/PVSK (Figure 2A) was stable, with WF of 4.96 ± 0.03 eV in the dark for the whole period of 
28 days. The PV was negative (seen as higher work function after illumination) and remained also more or 
less stable (-0.19 V) during 28 days. The negative PV means that electrons were not extracted to the bottom 
electrode but rather diffused to the PVSK surface. 

Work function of the ITO/PVSK/Spiro sample was also stable (5.28 ± 0.02 eV) without significant changes 
during 28 days (Figure 2B). However, the PV response was small -0.4 V after 28 days. This means that Spiro 
was actually able to extract some holes to the surface and thereby compensated the negative photovoltage of 
PVSK. 

In the ITO/SnO2/PVSK sample (Figure 2C) the WF was lowered (4.59 ± 0.07 eV) compared to ITO/PVSK 
samples.  There was also some persistent charging observed during the short-term light on-off switching. The 
WF in dark fluctuated between 4.73 ± 0.06 eV and 4.54 ± 0.06 eV during 28 days. The PV also fluctuated 
between -0.38 V and -0.17 V during 28 days, even some increase in time was observed. The ITO/SnO2/PVSK 
system is thus largely unstable. Moreover, overall photovoltage remained negative. Hence, even with ETL, 
electrons were not extracted but rather diffused to the PVSK surface.  

Figure 2D displays work function and photovoltage for the complete ITO/SnO2/PVSK/Spiro sample. The WF 
in dark decreases from 5.33 ± 0.07 eV to 5.09 ± 0.07 eV during 28 days. Photovoltage is positive in this case, 
compared to all other samples. Thus, only with the complete layer stack the PVSK operates as expected, i.e. 
holes are collected by Spiro HTL on the surface and electrons are transported to bottom SnO2 ETL. It is 
surprising that the PV is negative on the sample even with Spiro in the absence of SnO2 at the bottom. Thus, 
the Spiro-PVSK interface is not working correctly in that case, most likely because of different PVSK structure 
on ITO compared to ITO/SnO2 as indicated by AFM data above.  

Initially the photovoltage on ITO/SnO2/PVSK/Spiro sample is high (0.73 V) and reproducible, but after 28 days 
there is again some persistent charging observed during the short-term light on/off switching. The PV also 
progressively decreases from 0.73 V to 0.19 V after 28 days. This decrease evidences degradation of the 
material (or more precisely of the layer stack) properties with large contribution from SnO2. This is most likely 
due to ion migration as indicated by a slower kinetics during the light on/off switching.  

Figure 3 shows Kelvin probe measurement results of the samples with MAI/PbI2 = 1.0 with and without CTLs. 
For ITO/PVSK samples, the WF measured in the dark (5.1 ± 0.1 eV) decreased in time (4.6 ± 0.1 eV and 4.7 
± 0.1 eV after 14 and 28 days, respectively). The PV fluctuated between -0.18 V and -0.78 V during 28 days. 
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Figure 2 Kelvin probe study of degradation for MAI/PbI2 = 0.9 in the dark and under illumination with a 

switching on/off period of 180 s and degradation period for 28 days: A ITO/PVSK, B ITO/PVSK/Spiro,  

C ITO/SnO2/PVSK, D ITO/SnO2/PVSK/Spiro. 

The WF in ITO/PVSK/Spiro sample (Figure 3B) was stable (5.19 ± 0.06 eV) for 14 days after 28 days 

decreased (5.03 ± 0.06 eV). The PV response was higher and clearly positive (0.26 V) compared to the sample 

with MAI/PbI2 = 0.9. The positive PV means that holes were extracted by Spiro. Also, a kinetics in 

ITO/PVSK/Spiro was slower during the light on/off switching compared to the sample with MAI/PbI2 = 0.9.  

The WF in ITO/SnO2/PVSK (Figure 3C) fluctuated between 4.71 ± 0.03 eV and 4.97 ± 0.03 eV during 28 days. 
The photovoltage fluctuation between -0.20 V and -0.05 V was observed during 28 days as well. The kinetics 
process during switching on/off in ITO/SnO2/PVSK was slower compared to the same sample with MAI/PbI2 
= 0.9  

For the complete ITO/SnO2/PVSK/Spiro layer stack (Figure 3D) the WF in dark decreased from 5.26 ± 0.06 
to 5.02 ± 0.06 eV during 28 days. The PV is positive in this case, also as in the ITO/SnO2/PVSK/Spiro with 
MAI/PbI2 = 0.9. The function of CTLs is thus the same as described above for the sample with MAI/PbI2 = 0.9. 
However, photovoltage is smaller and more unstable. Initially the PV on ITO/SnO2/PVSK/Spiro sample is 
0.32 V, after 14 days it increases to 0.51 V, and then decrease to 0.16 V after 28 days.  

The observed effects are generally similar as for the samples with MAI/PbI2 = 0.9. Yet there are some 

differences. Even for the same CTLs layers there was slower kinetics during the light on/off switching and 

photovoltages were much more fluctuating. These effects of the excess MAI are most likely due to more 

pronounced ion migration effects. This is correlated with difference in PVSK structure as hinted by AFM 

morphology.  
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Figure 3 Kelvin probe study of degradation for MAI/PbI2 = 1.0 in the dark and under illumination with a 

switching on/off period of 180 s and degradation period for 28 days: A ITO/PVSK, B ITO/PVSK/Spiro, C 

ITO/SnO2/PVSK, D ITO/SnO2/PVSK/Spiro. 

4. CONCLUSION 

In this work the impact of precursor stoichiometry (methylamonium (MAI) and PbI2), granularity, and charge 

transporting layers (CTLs) on the properties and degradation of MAPbI3 perovskite was observed. The 

influence of CTLs (SnO2 and Spiro-OMeTAD) and different ratio of MAI and PbI2 (MAI/Pb2 = 0.9,1.0) on 

morphology, ion migration and degradation were analysed by AFM and Kelvin Probe. The optical and AFM 

images overall illustrate how both CTLs and MAI can in certain degree influence the morphology of the 

perovskite. The optical images do not show much structural differences. On the other hand, the AFM 

morphology images showed effect of CTLs and MAI on surface properties as size of grains and roughness. 

Kelvin probe study revealed that also the surface work function, photovoltage including kinetics and direction 

of charge extraction as well as overall stability depend on CTLs and content of MAI. Thereby the Kelvin Probe 

results also indicated that the excess PbI2 has influence on ion migration. The changes of the photovoltage 

kinetics on samples coated with Spiro indicated also possible structural differences in PVSK layer that could 

not be observed directly by AFM on surface.  
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Abstract  

Li-rich oxides of different phase compositions xLi2MnO3·(1-x)LiMO2 are synthesized by coprecipitation of mixed 
transition metal carbonates followed by solid-state reaction with lithium hydroxide. X-ray powder diffraction, 
scanning electron microscopy, and magnetic studies are used to characterize the pristine structure of the 
oxides with different compositions. The materials are tested as positive electrode in lithium half-cells. 
Galvanostatic charge-discharge measurements are performed at different current densities. The lithium-ion 
diffusion coefficients (DLi+) are estimated from the cyclic voltammetry experiments and found to reach 
maximum values for composition at x=0.35 having the best electrochemical characteristics. 

Keywords: Lithium-rich cathodes, electrochemical properties, lithium-ion diffusion, magnetic measurements 

1. INTRODUCTION 

Over-lithiated layered manganese nickel cobalt oxides Li1+yM1-yO2 (M = Mn, Ni, Co) termed also as Li-rich 
oxides attract much attention as materials for the next generation of high energy density Li-ion batteries [1-3]. 
The oxides can be written in another notation as xLi2MnO3·(1-x)LiMO2 and can be considered to be either a 
nanocomposite of monoclinic Li2MnO3 and trigonal LiMO2 phases or a solid solution between these phases. 
Li2MnO3 was initially considered as inactive for lithium insertion and extraction between 2.0 V and 4.4 V; 
however electrochemical oxidation at a higher voltage [4] has shown that Li2MnO3 after this electrochemical 
activation demonstrates electrochemical performances better than those of LiMnO2. The activation is ascribed 
to partial Li+ extraction accompanied by oxygen loss from the lattice and formation of a composite structure 
built up of Li2MnO3 and LiMnO2. In the working voltage range of 2V- 4.4 V, Li2MnO3 is supposed to act as a 
stabilizer of the structure [5]. Li-rich Mn-rich xLi2MnO3·(1-x)LiMO2 oxides (LMR) being electrochemically 
activated can show capacities exceeding 270 mAh/g or more in the first activation cycles. A high capacity of 
these materials is explained as due to cumulative cationic Mnn+ ↔ M(n+1)+ and anionic 2O2− ↔ (O2)n− reversible 
redox processes [6-8]. The activation is accompanied by structural reorganization of these oxides. Therefore, 
an important role plays the initial structure of the oxides. A two-phase model of Li-rich oxides xLi2MnO3·(1-
x)LiMO2 was first proposed by Thackeray et al. [1] and the Li(LixM1−x)O2 model based on a solid solution with 
a homogeneous long-range order was proposed by Dahn et al. [9]. Both models are widely discussed in the 
literature, but the optimal model of the original structure is still a matter of debate. There is currently no 
complete understanding of the relationship between the microstructure of the material and its electrochemical 
characteristics [10]. Another debate issue is the influence of the material composition on the electrochemical 
behavior of the complex oxides. The aim of this research is to investigate the impact of pristine structure and 
composition of Li-rich oxides of different compositions xLi2MnO3·(1-x)LiM1/3Ni1/3Co1/3O2 on their 
electrochemical and magnetic characteristics.  

https://doi.org/10.37904/nanocon.2019.8621  
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2. EXPERIMENTAL  

2.1. Synthesis procedures 

Li-rich Mn-rich oxides of the compositions 0.5Li2MnO3·0.5LiMO2 (LMR50), 0.35Li2MnO3·0.65LiMO2 (LMR35), 

and 0.2Li2MnO3·0.8LiMO2 (LMR20), where M=Mn1/3Ni1/3Co1/3 (MNC), were synthesized by coprecipitation of 

appropriate carbonate precursors MCO3 followed by solid-state reactions with LiOH∙H2O. The starting reagents 

were manganese nitrate tetrahydrate (98%, Alfa Aesar), nickel nitrate hexahydrate (99.9%, ABCR), cobalt 

nitrate hexahydrate (99% Acros Organics), sodium carbonate anhydrous (≥99%, Chimmed), ammonium 

hydroxide (special purity grade, Chimmed), and lithium hydroxide monohydrate (≥99%, Sigma-Aldrich). The 

carbonate precursors were washed with deionized water and dried at 110°C in an argon flow. The mixtures of 

a precursor with an appropriate amount of LiOH·H2O (with a 3 wt% excess of lithium hydroxide) were annealed 

in air at 480 °C (6 h) and 900 °C (12 h). The synthesis procedure is described in details elsewhere [11]. 

2.2. Material characterization 

Powder X-ray diffraction (XRD) patterns were recorded at room temperature with a Bruker D8 Advance Vario 

(Cu Kα1 radiation) equipped with a Ge monochromator and position-sensitive detector LynxEye with rotating 

sample stage. The data were collected in the Θ/2Θ scan mode in the 2Θ range of 5° - 80° at a scan step of 

0.02°. The data were collected with the use of the Bruker DIFFRACplus program package, the analysis was 

performed with the EVA and TOPAS softwares. 

Element contents in materials under study were determined by the inductively coupled plasma mass-

spectrometry (ICP-MS) with an Agilent Technologies Agilent 7500ce ICP-mass spectrometer. The morphology 

and microstructure of the samples were studied by scanning electron microscopy (SEM) using a NVision-40 

(Carl Zeiss) microscope. Particle size analysis was performed with the use of a laser particle sizer Analysette 

22 (Fritsch). We used the Fraunhofer model for data analysis. 

The magnetic properties of the samples were studied using a Quantum Design Physical Properties 

Measurement System (PPMS-9) at temperatures from 4 to 300 K in a static field of 100 Oe (7960 A/m). The 

sample was cooled in the absence of a magnetic field to liquid helium temperature, and then a small measuring 

field of 7960 A/m (100 Oe) was applied, the temperature was slowly raised, and the magnetization was 

measured (zero field cooling (ZFC)). Magnetization isotherms were obtained at magnetic field strengths of up 

to H = 4.78×106 A/m (60 kOe). The spin freezing temperature was evaluated from the maximum in the 

temperature dependence of the initial magnetization of the zero field-cooled samples.  

2.3. Electrochemical testing 

The electrochemical tests were carried out in CR2032 coin-type cells at 25 °C. The cathodes were prepared 

by mixing the active material, polyvinylidene fluoride, and Timcal Super C65 carbon black at 92:3:2 mass ratios 

with N-methyl-2-pyrrolidone as the solvent. The slurry was pasted onto aluminum foil and dried at 110 °C in 

air. Then, the electrodes were cut out of the foil and dried under vacuum at 90 °C. Celgard 2325 membranes 
(2 layers) were used as a separator, TC-E918 (Tinci) as an electrolyte, and metallic lithium as anode 

electrodes. Active material loadings were in a range of 8−12 mg cm−2. The samples were tested using a 

Neware CT3008W-5V10mA battery cycler. Before the cycling tests, each sample was subjected to 

electrochemical activation including consecutive double cycles in the ranges of 2.5-4.2, 2.5-4.4, and 2.5-4.8 

V. Cyclic voltammetry (CVA) tests were carried out with the use of Metrohm Autolab Potentiostat-Galvanostat 

PGSTAT302N over 2.5-4.8 V at a scan rate from 0.05 to 0.4 mV/s. 



  Oct 16th - 18th 2019, Brno, Czech Republic, EU 

 

 

139 

3. RESULTS AND DISCUSSION 

The chemical compositions of the samples under study determined by ICP-MS analysis were found to be very 
close to target compositions. All the samples consist of agglomerates with narrow size distribution. The 
agglomerate and primary particle sizes are close to each other for all the samples (Figure 1).  

 

Figure 1 SEM images of samples (a, b) LMR50, (c, d) LMR35, and (e, f) LMR20; and Rietveld refinement 
results of the X-ray diffraction patterns of (g) LMR50, (h) LMR35, and (i) LMR20: experimental data are black 
lines; the calculated patterns are red solid lines; blue lines at the bottom show the difference between them. 

The areas indicated by squares at 2Θ = 19o-28o are enlarged in the inserts.  

In Figure 1, we show also the results of the Rietveld refinement of the XRD data for the samples under study. 
The X-ray powder diffraction patterns of the samples were interpreted on the basis of the model of two 
structurally integrated phases: a trigonal phase, which is isostructural to LiNiO2 (the R3-m space group), and 
a monoclinic phase, which is isostructural to Li2MnO3 (the C2/m space group). The quantitative phase analysis 
could not be carried out because of overlapping peaks of the trigonal and monoclinic phases. The most 
intensive peaks of the monoclinic phase, which do not coincide with peaks of the trigonal phase, have 
substantial anisotropic broadening (see Figure 1, insets), which cannot be simulated within the Rietveld 
method. This broadening is due to various degrees of disorder associated mostly with stacking faults along 
the c monoclinic direction and made of irregular rotational twins for ordered Li1/3Mn2/3 sheets between the 
oxygen layers [12] which cannot be simulated within the Rietveld method. The unit cell parameters were refined 

for the trigonal phases. The a parameters were 2.85177(3), 2.85534(5), and 2.85839(3) Å; and the с 

parameters were 14.2371(3), 14.2531(6), and 14.2453(3) Å for LMR50, LMR35, and LMR20, respectively. The 

с parameter changed non-monotonously in this row. We have evaluated the fraction of the monoclinic phase 

as about 40 and 20% for samples LMR50 and LMR35. Reflections of monoclinic phase are virtually not 
observed for LMR20. 

Figure 2A demonstrates the cycling performance of the samples in the range of 2.5-4.8 V. In the same figure 
we show also the results of cyclic voltammetry of the oxides. Electrochemical measurements show both the 
best cyclability and rate capability of sample LMR35. In spite of a greater voltage fade for LMR35, its discharge 
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capacity and energy exceed those for the oxides of other compositions. We have evaluated the Lithium-ion 
diffusion coefficients (DLi) for these oxides from our data of cyclic voltammetry. 

 
        A           B 

Figure 2 (A) Discharge characteristics in the voltage range of 2.5-4.8 V: (a) capacity, (b) energy, (c) mid-
voltage, and (d) rate capability; (B) (a-c) I-V curves for LMR50, LMR35, and LMR20, respectively; (d) linear 

fit of the peak currents versus the square root of scanning rates for the samples.  

The lithium-ion diffusion coefficient was calculated based on the I-V curves with different scan rates in the 
voltage range of 2.5-4.8 V (Figure 2B). In diffusion controlled process, the peak current is proportional to the 
square root of the scanning rates, which is in line with the Randles-Ševcik equation [13]: 

�� � 0.4463	
��	
��
�� ��/� 

where ip is the peak current, n is the number of the electrons transferred, C is the concentration of Li+, A is the 
surface area of the electrode, ν is the scan rate, F stands for the Faraday constant, and D is the diffusion 
coefficient of lithium ions.  

Figure 2B(d) shows the dependences of the current at the anodic and cathodic maxima on the root of the 
potential scan rate. The linear approximation gives good results for the anodic and cathodic current 
dependences for all the samples, except for the anodic current dependence found for LMR35. Nevertheless, 
Adjusted R-Squared is a rather high value (0.958) in this case too, and we can formally consider that all these 
dependences satisfy the Randles-Ševcik equation. The diffusion coefficients of deintercalation O‐DLi and 

intercalation R‐DLi are calculated from the oxidation and reduction peaks, respectively, and the data are 

compiled in Table 1.  

Table 1 The calculated diffusion coefficients of Li+ for deintercalation and intercalation processes 

Sample O-DLi (cm2 s-1) R-DLi (cm2 s-1) 

LMR50 8.10*10-11 1.72*10-11 

LMR35 1.39*10-10 2.43*10-11 

LMR20 7.42*10-11 2.18*10-11 
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As is seen from these data, oxide LMR35 has the greater diffusion coefficients for both deintercalation and 
intercalation processes. These findings correlate with its electrochemical characteristics. 

Since magnetic properties are sensitive to the cation distribution [14], magnetic measurements were also used 
to characterize the samples. The magnetic parameters of the oxides are summarized in Table 2.  

Table 2 Magnetic parameters of the samples 

Sample C (emuK/mol) Θ (K) μexp (μB) μtheory (μB) TN (K) 

LMR50 1.53 46.87 3.264 3.400 70.0 

LMR35 1.32 50.77 2.997 3.057 43.2 

LMR20 1.23 61.12 2.854 2.916 22.6 

The Curie constants (C) and Curie-Weiss temperatures (Θ) are calculated by fitting the temperature 
dependence of inverse dc magnetic susceptibility at high temperature using the Curie-Weiss law (Figure 3). 
The negative Curie-Weiss temperatures indicate the dominant antiferromagnetic interaction in these 
compounds. The experimental values of the magnetic moments derived from the Curie constants agree well 
with the theoretical magnetic moments calculated assuming the existence of Ni2+, Mn4+ and Co3+ ions. 

 

Figure 3 Molar magnetization vs. (a) field H and (b-d) temperature at H = 100 Oe for LMR50, LMR35,  
and LMR20, respectively. The insets show the Curie−Weiss law fitting for inverse magnetic  

susceptibility 1/χ.  
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Figure 3 shows different magnetic behavior of the samples. The FC and ZFC curves bifurcate at the Néel 
temperature (TN) indicating a transition from paramagnetic to antiferromagnetic ordering in the lattice. TN 
gradually decreases when going from LMR50 to LMR20. The same tendency is observed for the dependences 
of molar magnetization on the magnetic field (Figure 3a). This behavior agrees with the Li2MnO3 content in 
the samples. The magnetic transition is not expected in the case of layered stoichiometric LiMO2 compounds 
of R-3m space group, where lithium ions occupy only the Li sites and TM ions occupy the TM sites [15]. 
TN temperature for Li2MnO3 is equal to 50 K [16]. If we consider the monoclinic phase as the only cause of this 
transition, the transition temperature is supposed to be the same for all the samples. However in our case, a 
close value was obtained only for LMR35. TN values can differ from TN of Li2MnO3 due to some structural 
defects (vacancies) or the presence of Mn or Ni ions in the lithium layer. 

4. CONCLUSION 

Among the samples of different compositions xLi2MnO3·(1-x)LiM1/3Ni1/3Co1/3O2 (x=0.2-0.5), the sample LMR35, 
containing 35 mol% of Li2MnO3, shows better electrochemical characteristics and differs from other samples 
by much higher Li+ diffusion coefficient and possibly contains fewer structural defects.  
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Abstract  

Lithium-rich oxides with different compositions are synthesized by coprecipitation method and tested as 
cathode materials for lithium-ion batteries (LIBs). The paper presents research into the degradation processes: 
capacity and voltage fade during cycling life. The lithium mobility is known to make one of the major 
contributions to LIBs lifetime. Therefore, galvanostatic intermittent titration (GITT) is provided to estimate 
lithium-ion diffusion coefficients (DLi+). We also calculate ohmic and polarization resistance values. There is 
shown the influence of the structural transformation of lithium-rich oxides on their kinetic parameters. We make 
an assumption about the optimal composition of such cathode materials for good electrochemical properties. 

Keywords: Lithium-ion battery, Li-rich cathodes, lithium-ion diffusion, electrochemical properties 

1. INTRODUCTION 

Today, we are surrounded by an abundance of portative devices and there is a widespread occurrence of 
hybrid-electric vehicles (HEVs) and all-electric vehicles (EVs). Electrical energy storage is also an essential 
task for energy development. To achieve required performances for future LIBs generation we need to prepare 
new positive electrode materials [1,2]. 

In the early 2000s, Thackeray et al. [3-5] reported about integrated ‘layered-layered’ oxides (or Li-rich oxides) 
with notation xLi2MnO3·(1-x)LiMO2 as insertion electrode for LIBs. Primarily, those electrode materials were 
considered as Li2MnO3-stabilized LiMO2, as a result, LiMO2 was to have long-term cycling life. Later, the active 
research into Li-rich oxide synthesis was made because of high discharge capacities (250-270 mA h/g) in the 
wide voltage range (to 4.6-4.8 V). However, apart from considerable capacity advantages of such oxides, it 
has some disadvantages: in particular, capacity fade and voltage decay during cycling [6,7]. Voltage and 
capacity during discharge can decrease whether on account that the internal resistance increases due to 
surface film formation, loss of the electric contact between particles and current collector or on account of 
changes in active material thermodynamic characteristics. The variation of lithium-ion diffusion coefficient (DLi+) 
in charge/discharge process is one of the important factors that can depend on a resistance increase and 
different structural transformations [8,9]. 

In the previous study, we investigated the influence of synthesis procedure and composition for Li-rich cathode 
materials on their electrochemical performances [10]. It was demonstrated that 
0.35Li2MnO3·0.65LiMn1/3Ni1/3Co1/3O2 has better cycling among other Li-rich compositions. To explain the 
results obtained, we have studied the cycling behavior of the above Li-rich oxide cathodes using galvanostatic 
intermittent titration. Diffusion coefficients DLi+ and ohmic and polarization resistances at the different discharge 
cycles were estimated. 

https://doi.org/10.37904/nanocon.2019.8622 
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2. EXPERIMENTAL 

The coprecipitation method followed by a solid-state reaction with a lithium source was used to prepare Li-rich 

oxides with different phase compositions: 0.5Li2MnO3·0.5LiMn1/3Ni1/3Co1/3O2 (LMR50), 
0.35Li2MnO3·0.65LiMn1/3Ni1/3Co1/3O2 (LMR35), 0.2Li2MnO3·0.8LiMn1/3Ni1/3Co1/3O2 (LMR20) in accordance with 

[11,12] works. The first synthesis step was coprecipitation of mixed metal carbonates (MCO3, (M=MnxNiyCoz)). 

Then, the solid-state reaction of metal carbonates with lithium hydroxide was carried out. Finally, precursors 

obtained were annealed at 480 °C (6 h) and 900 °C (12 h). 

The samples were characterized by scanning electron microscopy (SEM) using NVision-40 (Carl Zeiss) 

microscope. The powder X-ray diffraction (XRD) were collected in the Θ/2Θ scan mode, 0.02° scan step in the 

2Θ range of 5°-80° using a Bruker D8 Advance diffractometer (Cu Kα radiation, λ=0.15418 nm, 45 kV/250 mA) 

at room temperature. All electrochemical procedures were carried out using Neware CT3008W-5V10mA 

battery testing system in lithium coin-type half-cells CR2032. The positive electrodes were made as active 

material (Li-rich oxides synthesized) - 92 wt%: polyvinylidene difluoride (Solef 5130, Solvay) in N-methyl-2-

pyrrolidone - 3 wt%: conductive additive (Super C65 Timcal) - 2 wt%. The active mass amount of cathode 

material was 8-12 mg. The lithium foil was used as an anode, and two layers of Celgard 2325 were used as a 

separator, and so was TC-E918 (Tinci) as an electrolyte. 

Galvanostatic cycling was performed as follows. At first, several forming cycles with electrochemical activation 

to 4.8 V were carried out; and then the samples were cycled in the required voltage range. DLi+ was determined 

according to Equation (1), as introduced by Weppner [13,14], using GITT results.  
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where: 

DLi+ - lithium-ion diffusion coefficient (сm2/sec) 

τ - discharge time of one GITT step (sec) 

m - active material weight (g) 
Vm - the molar volume of the sample (сm3/mol) 
M - atomic weight (g/mol) 
S - the area of the sample-electrolyte interface (сm2) 

∆Es - the voltage change between initial discharge voltage and voltage after relaxation time 

∆Et - the voltage change during one GITT step 

L - the sample thickness (сm) 

GITT was performed as follows: the cell was discharged at constant current during 30 min succeeded by 

current interruption (relaxation time) - 60 min, which is sufficient to achieve an equilibrium voltage value. Such 

steps were repeated four times within a discharge, i.e. full discharge time was 120 min. In terms of GITT 

results, we also estimated resistance values by the following procedure. At first, the voltage was measured at 

the end of each discharge step (U1). Then, the cut-off voltage was measured immediately after the current 

interruption (U2), and at the end of relaxation time (U3). The cell resistances were calculated from the voltage 

differences between U2 and U1 (Rohm.), and U3 and U2 (Rpol.) according to Equation (2) and Equation (3), 

respectively.  
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I
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               (3) 

where:  
I - discharge current (A). 

3. RESULTS AND DISCUSSION 

The oxides are represented as powders composed of 6-12 μm agglomerates. The primary particles are 100-

500 nm in size. The micrographs of the samples with the different compositions are shown in Figure 1.  

 

Figure 1 Micrographs and XRD patterns of (a) LMR50, (b) LMR35, and (c) LMR20 samples 

The XRD patterns for all samples are also shown in Figure 1. Except for low-intensity peaks at 20°-30° 2Θ, 
all peaks can be assigned to a trigonal phase (R-3m). The super-lattice peaks between 20° and 30° 
Characterize cation lithium ordering in transition metal layers that indicates the presence of the monoclinic 
phase (C2/m) in our samples. Figure 2a shows the cycling behavior for all oxides in 2.5-4.8 V voltage range.  

 

Figure 2 (a) Cycling of the samples, (b) GITT for the 1st discharge of LMR50, (c) the 2nd step of the 

1st discharge of LMR50, (d) linear fit for Voltage vs. √Time dependence. The voltage range is 2.5-4.8 V, 

and current density is 100 mA h/g.  
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The intermittent titration was carried out at every tenth discharge cycle, which led to an increase in the capacity 
values in this cycle (Figure 2a). The difference in the discharge capacities obtained at galvanostatic cycling 
and in the GITT mode increases with increasing Li2MnO3 content in the Li-rich oxide. Figure 2b shows the 
discharge GITT curve for the 1st cycle of LMR50. In Figure 2c, with the 2nd step of LMR50 1st discharge as an 

example we show how to determine ∆Es, ∆Et values for DLi+ according to Equation (1), and U1, U2, U3 values 

for resistance calculation according to Equations (2,3). Since dependence voltage from the square root of time 
for discharge steps is well-linearized, Equation (1) can be validly used for calculations of DLi+. 

The dependences of DLi+ (on log scale) on voltage during discharge in different cycles are presented in  
Figure 3. In the 1st and 12th cycles for LMR50, a decrease of DLi+ is observed. Then, with increasing the cycle 
number, the diffusion coefficient increases (Figures 3a-d). Other behavior is characteristic of LMR20 and 
LMR35 samples. 

 

Figure 3 Dependence of lithium diffusion coefficient on voltage: (a) at 1st cycle, (b) at 12th cycle, (c) at 56th 
cycle, (d) at 100th cycle during GITT mode discharge (2.5-4.8 V). 

Diffusion coefficients decrease from cycle to cycle for these samples, but a decrease in DLi+ for LMR35 in the 
last cycles is not so considerable. For instance, the DLi+ at 100 cycle differs by a factor of three (from DLi+ at 56 
cycle) for LMR20 and by a factor of two for LMR35.  

From the results obtained and literature data [15,16], it is assumed that the Li-rich oxide structure has 
transformed into a spinel-like phase during long cycling. This transformation leads to a voltage decay and DLi+ 
decrease. However, the authors [17] report that the spinel phase has 3-dimensional diffusion channels, which 
may benefit rate capability and lithium diffusion. At the same time, this can negatively influence on discharge 
capacity due to the loss of contact between different phases as a result of the structural transformation. The 
changes in the ohmic and polarization resistances within one cycle and from cycle to cycle are shown in  
Figure 4. The ohmic resistances slightly change during cycling for all the samples. At the same time, 
polarization resistances of the samples change in different ways from cycle to cycle, and especially within each 
cycle. Sample LMR35 shows small changes within a cycle (except the first 12 cycles). At long cycling, the 
resistance of LMR50 decreases within a cycle, and the resistance of LMR20 considerably increases. 
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Considerable resistance changes within a cycle can be indicative of a great phase inhomogeneity  
in a composite, and vice versa better homogeneity and only insignificant DLi+ decreasing with cycling observed 
for LMR35 can have a positive impact on both cycling and discharge capacity of the oxide.  

 

Figure 4 Dependence of Rohm. (a) at 12st cycle, (b) Rpol. at 12st cycle, (c) and Rohm. at 100st cycle,  
(d) Rpol. at 100st cycle on voltage during GITT mode discharge (2.5-4.8 V). 

4. CONCLUSION 

Li-rich oxides with different Li2MnO3 content are synthesized by the coprecipitation method. These oxides are 
considered as positive electrode materials for LIBs. XRD patterns show that all the samples are composites 
on the basis of trigonal (R-3m) and monoclinic (C2/m) phases. Galvanostatic cycling with GITT mode at each 
tenth discharge cycle is carried out in the voltage range 2.5-4.8 V. The relationship between the cycling 
behavior, lithium diffusion coefficient, and the cell resistances of the oxides is studied. The DLi+ and resistance 
values after the 50th cycle for the best-cycling sample (LMR35) are shown to change poorly, i.e. the structure 
of this compound is more stable. This 0.35Li2MnO3·0.65LiMn1/3Ni1/3Co1/3O2 composition is optimal for having 
good electrochemical performance in spite of structural transformation to spinel-phase and voltage decay 
during long cycling in a wide voltage range. 
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Abstract  

Solid solutions La0.5Ca0.5Mn1-xFexO3 synthesized by the method of polymer-salt compositions at a temperature 

of 900 °C with the perovskite structure were tested in the methane oxidation reaction. It was shown that at 

600 °C, complete conversion of methane occurs for all compositions, however, the nature of the dependence 

of the degree of conversion for lower temperatures is not linear and depends on the chemical composition. 

The formation of planar defects in the direction of crystallographic planes (101) in the perovskite structure at 

the stage of the synthesis of solid solutions and the appearance of nanoparticles of Ca-Mn oxides on the 

surface of perovskite after participation after reaction were shown by the HRTEM method. 

Keywords: Perovskite, methane combustion, nanoparticles, planar defects, HRTEM 

1. INTRODUCTION 

The most common catalysts for the total oxidation reactions are the systems based on noble metals (Pt, Pd, 

Au) [1]. Despite the high activity, this class of catalysts has a number of disadvantages, namely, the high cost 

and limited reserves of the active component, low thermal stability, the possibility of poisoning with chlorine 

and sulfur-containing compounds. The actual problem is the search for alternative compounds having a low 

cost and high catalytic activity. These requirements are satisfied with solid solutions with the structure of 

perovskite based on alkaline earth metals and 3-d elements that have a low cost compared to noble metals, 

high thermal stability (up to 1200 °C), the possibility of regeneration, resistance to chlorine and sulfur - 

containing compounds and sufficiently broad possibilities of varying the chemical composition [2]. Catalytic 

activity in high-temperature oxidation reactions in solid solutions with perovskite structure demonstrated by 

compounds in which the high transport capacity of oxygen from the catalyst volume to the surface is realized 

[3]. Currently, a large number of publications are devoted to the optimization of the structure, synthesis 

methods and subsequent treatments to improve the reactivity of solid solutions with perovskite structure. The 

increase in catalytic activity in high-temperature reactions of complete oxidation is achieved by introducing 

promotional additives into the catalyst, doping solid solutions, surface treatment with various acids, partial 

reduction of the surface of perovskite. The use of different synthesis techniques allows obtaining solid solutions 

with homogeneous and heterogeneous structure, to vary the morphology and size of the obtained particles. 

The main purpose of these studies is to obtain a material in which high thermal stability, the ability to quickly 

change the charging state and the high transport capacity of oxygen will be realized and makes this problem 

actual for basic research of high-temperature oxidation catalysts [4]. 

Because of adjustment (adaptation) of the structure to the change of stoichiometry, it may be possible as 

continuous changes in oxygen compositions, and the formation of a number of discrete ordered phases. In the 

latter case, samples with variable integral oxygen content are divided into alternating nanoscale domains of 

stable phases. Such heterophase states may be interesting due to their unusual magnetic and electron 

https://doi.org/10.37904/nanocon.2019.8504 
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transport properties (such as colossal magnetoresistance) and/or due to high catalytic activity. New aspects 

of the problem of partial decomposition of solid solutions with the perovskite structure appeared in connection 

with the discovered by us phenomenon of the formation of nanoparticles of simple oxides on the surface of the 

particles of the initial phases of the perovskite [5]. This effect seems to be directly related to the processes of 

activation and deactivation of perovskites in the conditions of catalytic reactions (in the case of manganites), 

the reduction stage of synthesis (in the case of ferrites) and requires a more detailed study.  

In this work, the study of perovskites with the structural formula La0.5Ca0.5Mn1-xFexO3 (0.8≥x≥0.2) in the field of 

morphotropic phase transitions is carried out. The influence of the degree of Mn cation substitution on the 

catalytic activity and stability of perovskites in the reaction of high-temperature oxidation of methane is shown. 

2. MATERIALS AND METHODS 

La0.5Ca0.5Mn1-xFexO3 (0.8≥x≥0.4) samples were synthesized by the polymerizable precursor (Pechini) method. 

For this purpose, appropriate amounts of aqueous solutions of lanthanum, calcium, manganese and iron 

nitrates were combined, citric acid and ethylene glycol were added, and the mixture was evaporated at 70 - 

80 °С until the formation of a resinous polymer (polymer-salt stock). The polymer was subjected to oxidative 

destruction. The precursor was calcined at 900 °C for four hours with a rise in temperature of 100 °C/h. 

The catalytic activity of the samples in a reaction of methane oxidation was determined in a flow system at 

temperatures of 350 - 600 °C. A 1-g portion of a catalyst fraction of 0.25 - 0.5 mm was mixed with 1 cm3 of 

quartz and placed in a U-shaped quartz reactor with an inside diameter of 4.5 mm. The feed rate of a reaction 

mixture of 0.9% CH4 + 9% O2 (and the balance N2) was 2.4 L/h. Before the measurements, the sample was 

kept in the reaction mixture for ~30 min at a specified temperature. After testing at 600 °C, the sample was 

cooled in the reaction mixture to 500 °C and its activity was determined once again. Only carbon dioxide and 

water were the oxidation products of methane. The reaction products were determined by chromatography. 

Electron microscopy investigation (HRTEM) was performed using a JEM-2200FS (JEOL Ltd., Tokyo, Japan) 

electron microscope operated at 200 kV with a lattice resolution 0.1 nm for obtaining HRTEM images. 

XRD patterns were obtained on the Bruker AXS D8 Advance diffractometer (Karlsruhe, Germany) equipped 

with a high-temperature and supplying of various gas mixtures and the use of CuKα radiation on scanning with 

a step of 2θ = 0.05° point by point and an accumulation time of 3 s at each point in a range of the angles  

2θ = 15° - 80°. 

Thermal analysis of the sample was performed using a synchronous thermal analysis device STA 449C Jupiter 

company NETZSCH (Germany). This device combines the methods of differential thermal analysis (DTA) and 

thermogravimetry analysis (TGA) in one dimension. The weight of the sample was approximately 50 mg. The 

furnace temperature was increased from 50 °C to 980 °C at a rate of 10 °C/min with He flux of 30 mL/min. The 

sample weight was monitored continuously as a function of temperature. 

3. RESULTS 

3.1. Characterization of initial samples 

The ICP MS data is presented in Table 1. The compounds obtained by the composition of cations are close 

to the values of the chemical formula. The specific surface area values are also presented in Table 1. All the 

obtained values are in the range from 6.8 to 9.3 m2/g, which is a fairly average value for perovskites 

synthesized at a temperature of 900 °C. As can be seen from the data presented, the observed surface values 

depend nonlinearly on the chemical composition. 
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Table 1 ICP MS and thermal desorption of argon data 

Compound ICP MS data S., m2/g Name 

La0.5Ca0.5Mn0.8Fe0.2O3 La0.53Ca0.47Mn0.80Fe0.20 6.8 5582 

La0.5Ca0.5Mn0.7Fe0.3O3 La0.51Ca0.49Mn0.72Fe0.28 8.3 5573 

La0.5Ca0.5Mn0.6Fe0.4O3 La0.52Ca0.48Mn0.60Fe0.40 9.3 5564 

La0.5Ca0.5Mn0.5Fe0.5O3 La0.52Ca0.48Mn0.50Fe0.50 7.1 5555 

La0.5Ca0.5Mn0.4Fe0.6O3 La0.51Ca0.49Mn0.40Fe0.60 8.4 5546 

According to XRD data, perovskites synthesized by Pechini method were single-phase solid solutions of 
rhombic modification. Figure 1 shows that with increasing Mn content, the observed reflexes shift to the region 
of small angles, which indicates an increase in the unit cell parameters. The coherent scattering regions 
calculated by the Selyakov-Scherrer formula were from 230 to 280 Å range. The obtained values of the unit 
cell parameters correspond to the literature data given in the work [6]. The unit cell parameters for perovskites 
in the initial state are presented in Table 2. 

 

Figure 1 XRD patterns of initial La0.5Ca0.5Mn1-xFexO3 samples 

3.2. Catalytic activity in CH4 oxidation 

The degree of CH4 conversion on temperature and composition is represented in a Figure 2. At 350o C activity 
of catalyst varies from 4 to 21 % and nonlinear increases up to 600 °C. the most active catalyst in the 
temperature range from 350° to 450 °C is La0.5Ca0.5Mn0.4Fe0.6O3. At higher temperatures, the catalytic activity 
of compounds with a degree of substitution x = 0.4 - 0.8 is compared and reaches 100% conversion to 600 °C. 
As can be seen from the Figure 2, at a temperature of 550 °C the order of activity depending on the degree 
of substitution looks like 5555>5546>5564>5573>5582. That is, it practically depends on the degree of 
substitution of iron cations in the manganese sublattice. 
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Figure 2 Dependence of methane conversion on temperature and composition of perovskites 

La0.5Ca0.5Mn1-xFexO3 

3.3. Characterization of the samples after reaction of methane oxidation 

After testing at 600 °C, the samples La0.5Ca0.5Mn1-xFexO3 were cooled in the reaction mixture to 500 °C and 
catalysts activity was determined once again. In all cases, there is a decrease in activity by several percent 
compared to the activity with gradual heating. Taking into account the nonlinear dependence of activity on 
temperature, studies of catalysts after participation in the oxidation of methane were carried out. The study of 
the solid solution after catalytic tests by XRD revealed no significant changes in the structure of the samples. 
There were slight increases in the volume of the unit cell. It can be seen from the data in Table 2. 

Table 2 Unit cell parameters for initial and after reaction La0.5Ca0.5Mn1-xFexO3 samples 

Compound 

Initial After reaction 

a, Å b, Å c, Å V, Å3 a, Å b, Å c, Å V, Å3 

5546 5.45 7.69 5.44 227.77 5.45 7.70 5.45 228.80 

5555 5.44 7.68 5.44 227.20 5.43 7.71 5.43 227.48 

5564 5.44 7.67 5.44 226.88 5.44 7.69 5.43 227.29 

5573 5.43 7.69 5.43 226.70 5.41 7.68 5.47 227.12 

5582 5.43 7.68 5.43 226.50 5.43 7.68 5.43 226.47 

However, comparison of the morphology of the samples before and after the reaction by HRTEM showed 
significant changes in the morphology and structure of the samples. Initial samples (Figure 3a) consists of 
rounded lamellar particles with an average diameter of about 30 nm (consistent with the coherent scattering 
region calculated from the XRD data). Particles form agglomerates with sizes from 20 nm to several microns. 
In the crystal lattice, planar defects in (101) directions are observed, which are visible on the HRTEM images 
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as contrast lines and marked by arrows (Figure 3b).According to HRTEM, the result of the reaction on the 
perovskite structure is the appearance of Ca-Mn-O particles on the surface of the initial phase (Figure 3c). 
Depending on the substitution parameter, the number and size of these particles vary. Morphologically, these 
particles form agglomerates with a size of 10 to 50 nm and consist of crystallites with sizes about 5 nm. The 
measured interplanar distances observed by HRTEM allow this compound to be attributed to the Ca-Mn-O 
(Figure 3d) as observed in the work [6]. 

 

Figure 3 HRTEM images of La0.5Ca0.5Mn0.4Fe0.6O3: (a) - morphology of initial sample, (b) -crystal structure 
of initial sample with planar defects in (101) direction, (c) - Ca-Mn-O agglomerates on perovskite surface 

after reaction, (d) Enlarged area of image сwith the interplanar distances of perovskite and Ca-Mn-O. 

According to TGA (Figure 4) samples lost from 1 % to 1.5 % of the mass when heated in He up in the 
temperature range from 50° to 200 °C which can be associated with the removal of water, CO, -OH groups 
and adsorbed oxygen from the surface of the sample. For convenience of comparison, the dependence is 
given starting at a temperature of 50 °C (Table 3). From the above data, it is seen that samples with a low iron 
content lose significantly less mass, compared with samples containing a large amount of iron. In addition, an 
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important detail is the sharp fall in mass loss observed in the range of 580° - 720 °C for perovskite with the 
high content of iron cations. No such drop was observed for the samples 5582 and 5573. 

 
Figure 4 Dependence of perovskite weight loss on temperature in a helium flow 

Table 3 Thermoanalytical data obtained in the heating of La0.5Ca0.5Mn1-xFexO3 in He flow 

Name m, %(50° - 980 °C) m, %(580° - 720 °C) 

5582 2.1 0.1 

5573 1.8 0.1 

5564 2.5 0.4 

5555 3.5 0.7 

5546 2.3 0.7 

4. CONCLUSION 

Solid solutions La0.5Ca0.5Mn1-xFexO3 synthesized by Pechini method at a temperature of 900 °C with the 
perovskite structure were tested in the methane oxidation reaction. It is shown that at 550 °C, complete 
conversion of methane occurs for all compositions, however, the nature of the dependence of the degree of 
conversion for lower temperatures is not linear and depends on the chemical composition. 

The formation of planar defects in the direction of crystallographic planes (101) in the perovskite structure at 
the stage of the synthesis of solid solutions is shown by the HRTEM method. The appearance of nanoparticles 
of Ca-Mn oxides on the surface of perovskite was detected by transmission electron microscopy. This effect 
resulted from the influence of the reaction medium on the perovskite structure. The size of these particles does 
not exceed 10 nm, and the degree of coverage of the perovskite surface depends on the degree of substitution 
with Mn cations. 
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Thermogravimetric experiments on calcining the initial samples in the He current showed similar formation of 
Ca-Mn-O particles on the surface of the perovskite phase. Thus, under conditions of oxygen deficiency at high 
temperatures in solid solutions with the perovskite structure La0.5Ca0.5Mn1-xFexO3, the microheterogeneous 
structure CaMnO - La0.5Ca0.5Mn1-xFexO3 is formed. 
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Abstract 

Photocatalytic concrete screeds with self-cleaning and antimicrobial function have been developed and tested. 
These building materials contain sand grains with deposited composite TiO2/SiO2 layers. Two types of the 
screeds, grey and white, were prepared and their photoactivity and material characteristics were compared. 
Commercial TiO2 photocatalysts from several manufacturers were employed. Effects of different parameters, 
such as temperature of the coated sand calcination, humidity, and surface abrasion, were followed. Mechanical 
properties of the screeds were analyzed by SEM/XRD microscopy. Photocatalytic activity was tested by means 
of NOx oxidation (ISO norm 22197-1/2007). Antibacterial activity was evaluated by modified ISO norm 
27447/2009 with Bacillus subtilis as a model organism. 

Keywords: Self-cleaning screed, photodegradation, NOx, SEM, antimicrobial activity 

1. INTRODUCTION 

The use of advanced oxidation processes such as photocatalysis in the development of new technologies and 
materials is a subject of applied research. In the construction industry, innovative formulas for cements, 
concretes and screeds with self-cleaning properties, based on photocatalytic reaction after exposure to UV 
radiation are still being developed and improved [1-3]. Nevertheless, the self-cleaning function of these 
surfaces is not their only advantage. There are at least three benefits, although the third is marginal: 

1) Self-cleaning - concrete surfaces which remain clean over the long periods of time (the aesthetic 
aspect);  

2) Antimicrobial function - eliminating bacteria, viruses, moulds, algae (the sanitary aspect); 

3) Reducing air pollutants (the ecological aspect).  

The goal of our research was to characterize and test the photoactive screeds prepared according to 
evolutionarily modified recipes. The screeds, typically in a layer of 3 to 5 mm, have been formulated in two 
colour variants: a basic grey and an innovative white variant based on white Portland cement. These materials 
are primarily intended for exterior applications, such as the self-cleaning outer shell of buildings, as well as 
treatment of the surface layer of various structures such as bridges, noise barriers, traffic barriers and tunnels. 
The developed materials could also be used in interiors under specific conditions (exposed to lighting from UV 
LEDs), primarily finding uses in the health care and food processing industries.  

https://doi.org/10.37904/nanocon.2019.8515 
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2. METHODOLOGY AND MATERIAL 

Preparation of the screeds: Photoactive layer represented by SiO2/TiO2 composite was deposited on 
homogeneous, clean and free of impurities quartz sand according to the following procedure. As a binder, a 
colloid form of water glass (SiO2) was applied first [4]. Deposition of the photocatalyst (5 % aqueous TiO2 
suspension in a volume ratio 1:1 with the sand) proceeded under vigorous stirring on a shaker for 2 hours, 
followed by filtration and drying of the sand at laboratory temperature or at 250 °C.  

The prepared sand was subsequently used in two colour variants of the screeds: grey (FotoFix Grey; FFix G) 
and white variant based on white Portland cement (FotoFix White; FFix W). 

Samples of each variant were prepared in 3 modifications: 

 0: With sand without photocatalytic layer (control), 

 1: With sand with TiO2/SiO2 layer dried at 250 °C, 

 2: With sand with TiO2/SiO2 layer dried at room temperature. 

The above variants were characterized in Betosan, s.r.o., concerning regular “construction” parameters, such 
as workability of the materials in fresh state and further test of the basic physical parameters such as volumetric 
weight, flexural tensile strength, compressive strength (ČSN EN 12190) and adhesion to the substrate (ČSN 
EN 1542). The non-sagging test consisted of fixing a tile at an angle of 80° to simulate the vertical position of 
the surface and using a masonry trowel, the tested material was applied. The temperature testing was carried 
out at temperatures of +5 and +40 °C, when the components were heated to a given temperature and after 
mixing they were applied to tiles of the same temperature. The tests were performed in duplicate and classified 
in a scale of 1 to 5 (1 being the best). 

Photocatalytic activity of sand and screed samples was determined according to the modified ISO norm 22197-
1/2007 [5] by oxidation of NO. The surface of the sample (50 cm2) was irradiated with a UVa lamp (Philips BLB 
15 W, 365 nm) with an intensity of 1.0 mW.cm-2 for sand and 3.6 mW.cm-2 for screed samples. The gaseous 
mixture of NO (1 ppmv) and synthetic air (50% humidity) linearly flowed through the apparatus (3 L.min-1) and 
formed NOx were analyzed by chemiluminiscence Horiba 370 NO-NOx gas analyser. Photocatalytic 
effectiveness was evaluated based on the size of the initial conversion of the concentration of NO directly after 
start of radiation and further at limit values of NOx corresponding to photostationary equilibrium. 

The samples were studied using the scanning electron microscope Philips XL 30 CP. Element analysis and 
mapping were measured on that attached EDX analyser EDAX PV 9760/77. The nonconductive samples were 
sputter coated with an alloy of Au-10%Pd using the vacuum sputter coating device Polaron SC 7640. 

Modified ISO norm 27447/2009 [6] was used for determination of the antimicrobial activity of the screeds. A 
Gram-positive sporulating aerobic bacterium Bacillus Subtilis, that cultivates in strongly alkaline environments 
typical of freshly prepared concrete materials, and is also commonly found in soils, was used. Concrete plates 
(25x25 mm) were first wetted with 10mL nutrient substrate, followed by inoculum at 106 CFU.mL-1. In Petri 
dishes they were exposed to radiation (365 nm) with an intensity of 1 mW.cm-2. The identically prepared control 
samples were left in dark. Exposure time was up to 24 hours. 

3. RESULTS AND DISCUSSION 

Physicochemical properties of the prepared screeds are summarized in Tables 1 and 2. None of the 
modifications of the preparation method adversely affected the processability or physico-mechanical properties 
of the samples. The only parameter that might become problematic is the lack of adhesion to the substrate 
observed for the FotoFix G1, W1 and W2 variants, as the resulting values are below the standard value 
(1.5 MPa).  
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Table 1 Workability properties 

Screed 
Sample 

FFIX G0 FFIX G1 FFIX G2 FFIX W0 FFIX W1 FFIX W2 

Ease of application 1.5 1.5 1 1.0 1.5 1 

Non-sagging 1.0 1.5 1 1.5 1 1.5 

Temperature 1.5 1.5 1.25 1.5 2 2 

Summary 1.33 1.5 1.08 1.33 1.5 1.5 

Table 2 Physico-mechanical tests 

Screed 
Sample 

FFIX G0 FFIX G1 FFIX G2 FFIX W0 FFIX W1 FFIX W2 

Volumetric weight (kg/m3) 1851 1868 1898 1900 1879 1876 

Flexural tensile strength after 7 days (MPa) 3.4 3.9 3.8 3.1 3.4 3.8 

Flexural tensile strength after 28 days (MPa) 5.7 5.8 5.6 5.8 5.7 5.5 

Compressive strength after 7 days (MPa) 16.3 16.7 18.2 18.5 16.3 17.1 

Compressive strength after 28 days (MPa) 26.9 26.7 27.5 27.8 28.4 27.3 

Adhesion to the substrate after 28 days (MPa) 1.6 1.2 1.5 1.3 1.1 1.1 

Measurements of photoactivity (photocatalytic oxidation of NO) showed satisfactory efficiency of the sand with 
the deposited TiO2/SiO2 composite layer. Up to 24 % NO conversion (limit conversion), Table 3, was achieved 
for optimal preparation conditions (drying at the room temperature). On the contrary, high drying temperature 
(calcination) resulted in a photoactivity decrease. 

Table 3 Sand photoactivity: limit values of NO conversion 

Sand modification Limit NO conversion (%) 

0 0 

1 18.6 

2 24.9 

Photoactivity of all screed samples was determined, Table 4. FotoFix White samples showed up to 3 times 
higher photocatalytic activity than the FotoFix Grey samples. Due to the lower absorption of white cement 
itself, the photocatalyst particles are activated by a higher number of incident photons than in the case of grey 
variant.  

Table 4 FotoFix White and Grey screeds photoactivity: Initial maximum conversion of NO 

Modification FotoFix W FotoFix G 

0 0 0 

1 2.2 0.9 

2 2.4 0.7 

Antimicrobial activity of the FotoFix White (samples FotoFix W0 and W2) was tested and evaluated, Figure 1. 
According to the observed data, addition of TiO2 to the screed formula results in a deterioration of the bacterial 
growth conditions. In both samples, the number of living bacteria is reduced to a minimum concentration (<0.05 
CFU/mL) after 24 hours of irradiation. 
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Figure 1 Antibacterial activity (model microorganism Bacillus Subtilis) of FotoFix W0 and FotoFix W2 
screeds upon irradiation 

Microscopic measurements confirmed that there are 100-300 µm quartz sand grains in the screed samples 
that are coated with TiO2. This coverage is consistent, the layer thickness is approximately 5 µm and there is 
practically no Ti outside the grains, Figure 2. Figure 3 shows a concrete sample FotoFix W2 containing sand 
with deposited photocatalytic layer within its volume. It is clearly seen in the EDS mapping that at the sand 
grains, the signal corresponding to titanium is more pronounced than in the surrounding matrix. 

 

Figure 2 SEM/EDS elemental mapping of the sample of sand with deposited layer of TiO2/SiO2 dried at the 
room temperature (modification 2)   
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Figure 3 SEM/EDS elemental mapping of the sample of the FotoFix W2 screed  

4. CONCLUSIONS 

The innovative method for production of grey and white self-cleaning concrete screeds using sand with 
deposited photocatalytic layer was developed. According to the workability tests and physical-mechanical 
tests, it was confirmed that the screed parameters are not negatively affected by the photocatalyst addition, 
while maintaining the photocatalytic function. Only the surface adhesion of some of the samples was slightly 
impaired compared to the standardized value. 

SEM/EDS analysis showed that the deposited TiO2/SiO2 layer is present on sand grains after application and 
also after the incorporation into the test samples. The photoactivity was measured by means of NO oxidation, 
where the FotoFix White specimen showed three times higher activity than FotoFix Grey. It was demonstrated 
that the photocatalytic efficiency was decreased by drying of the sand samples at higher temperature. The 
results confirmed that antibacterial activity actually occurs on the surface of the developed materials. 
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Abstract  

In this study Sm2O3/ZnO and Eu2O3/ZnO nanostructures were prepared using microwave-assisted 
hydrothermal method. Effect of Sm2O3 and Eu2O3 content and calcination temperature was investigated. The 
reusability of obtained photocatalysts was also studied. The prepared samples were investigated by using 
XRD, X-ray spectroscopy, scanning electron microscope. The photocatalytic activity was determined by 
degradation of methylene blue (MB) under Osram Vitalux illumination. Modified ZnO nanoparticles according 
to XRD analysis consists of ZnO with crystallite size in the range of 16-23 nm. Under solar light simulated 
radiation prepared ZnO nanostructures shown high photocatalytic activity. After 30 minute of irradiation more 
than 95 % of initial MB solution was degraded. The photocatalytic test revealed that ZnO containing Eu2O3 and 
Sm2O3 exhibits higher activity than pure unmodified ZnO. 

Keywords: ZnO, hydrothermal synthesis, microwave, Eu2O3, Sm2O3, photocatalysis 

1. INTRODUCTION 

Textile industry is one of the main sources of dye pollution. Removing of dyes from water has received 
increased attention among the researched. Such methods as biodegradation, absorption and photocatalysis 
have been proposed for removal of hazardous compounds from wastewater [1].  

Photocatalysis is advanced oxidation process (AOP) and is used to mineralize toxic compound and pollutants 
in order to purify water. During the photocatalysis highly reactive OH∙ radicals are generated that are able to 
degrade hazardous organics [2]. Photocatalysis is heterogeneous process involving semiconductor materials 
such as TiO2 or ZnO [3]. When photocatalyst is irradiated with UV light, electron-hole pair is formed by transition 
of electron from valence band to conduction band [2].   

ZnO is a wide band gap semiconductor (3.37 eV) with high exciton binding energy (60 meV) that is widely 
used as a photocatalyst [4]. It exhibits good mechanical, optical and chemical properties [5]. ZnO 
photocatalysts were prepared by sol-gel [6], precipitation [7] or hydrothermal method [8]. ZnO is stable, non-
toxic and cheap to produce. Although recombination rate of photogenerated electrons and holes is high, which 
is limitation for ZnO photocatalytic performance [9]. It was reported that addition of Sm2O3 or Eu2O3 can 
increase photocatalytic activity [10,11].  

The aim of this study is to obtain Sm2O3/ZnO and Eu2O3/ZnO photocatalysts with different dopant mass loading 
by microwave-assisted hydrothermal method and compare their photocatalytic activity, determine effect of 
calcination temperature and study reusability of photocatalysts. 

2. EXPERIMENTAL 

The photocatalysts were synthesized by aqueous microwave-assisted hydrothermal method. Certain amount 
of Zn(CH3COO)2∙2H2O, Sm(NO3)2 or Eu(NO3)3∙5H2O and 100 g of NaHCO3 were mixed in 500 ml of deionized 
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water under vigorous stirring for 30 minutes. The mixture was transferred into sealed Teflon vessel and 
maintained at 200 ºC for 30 minutes under microwave radiation by using Anton Paar Masterwave BTR 
microwave system. The mixture was cooled down to 55 ºC and filtered and washed with deionized water and 
ethanol. Obtained samples with different Sm2O3 and Eu2O3 mass loading were dried in the oven at 90 ºC 
overnight and calcined at 400 - 600 ºC.  

Phase composition of prepared powder was determined by X-ray diffraction analysis using Advance D8 Bruker 
AXS. Crystallite size was evaluated using X-ray diffraction software EVA12 based on the Scherrer formula. 
The amount of Sm2O3 and Eu2O3 was measured by X-ray fluorescence analysis using Pioneer S4, Bruker 
AXS. The specific surface (SSA) of powders was determined by the argon absorption-desorption method using 
apparatus based on Hrom-3 gas analysis. Size and shape of prepared particles was investigated using 
scanning electron microscopy (SEM). Photocatalyst activity test was carried out in 7.25 mg/L methylene blue 
(MB) solution. 100 mg of photocatalyst sample was added to 100 mL of MB solution. The mixture was kept in 
darkness for 30 min to achieve adsorption desorption equilibrium. The photocatalytic experiments were 
performed under irradiation of Osram Vitalux lamp (300 W) imitating solar light for 30 minutes. 2 mL of the 
solution was withdrawn and centrifuged at regular interval. Absorption of MB solution was measured at wave 
length of 662 nm.  

3. RESULTS AND DISCUSSIONS 

3.1. Specific surface area 

Specific surface area of samples prepared by microwave-assisted hydrothermal method is shown in Table 1. 
There was only marginal change in specific surface area observed after addition of Sm2O3 or Eu2O3. Specific 
surface area of prepared samples is in the range of 31.6 -35.8 m2/g.  

Table 1 Prepared samples and their specific surface area. 

Sample Composition, wt% Specific surface area, m2/g 

SmZ-1 1% Sm2O3 34.8 

SmZ-2 2% Sm2O3 34.9 

SmZ-4 4% Sm2O3 35.8 

SmZ-10 10% Sm2O3 31.9 

EuZ-1 1% Eu2O3 33.7 

EuZ-2 2% Eu2O3 33.4 

EuZ-4 4% Eu2O3 33.7 

EuZ-10 10% Eu2O3 31.6 

3.2. X-ray difraction 

XRD patterns of Sm2O3/ZnO and Eu2O3/ZnO photocatalysts synthesized after calcination at 400 ºC are shown 
in the Figure 1. All intensive peaks correspond to a hexagonal ZnO structure (PDF 00-036- 1451) with 2θ 
angle values of 31.726°, 34.378° and 36.186 (PDF 01-078-4055). Sm2O3 and Eu2O3 phases are not detected 
however after calcination at 600 ºC, both phases Sm2O3 and Eu2O3 are observed indicating that at 400 ºC 
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these phases are x-ray amorphous. Slower XRD scan (10s per step, 1 step 2θ 0.01º) shown no shift of ZnO 
peaks indicating Sm2O3 and Eu2O3 did not fully incorporate into ZnO lattice. 

 

Figure 1 XRD patterns for the 1 - SmZ-1, 2 - SmZ-2, 3 - SmZ-4, 4 - SmZ-10 (left) and 1 - EuZ-1, 2 - EuZ-2,  
3 - EuZ-4, 4 - EuZ-10 (right) 

3.3. Morphology 

Figure 2 represents obtained structure of ZnO synthesized by microwave-assisted hydrothermal method. 
Structure is flower-like and consists of nanosized thin plates. Plate thickness is about 65 nm. Such structure 
could be effective for light harvesting. 

 

Figure 2 SEM micrographs of ZnO prepared by microwave-assisted hydrothermal method 

3.4. Photocatalytic activity 

Sm2O3/ZnO and Eu2O3/ZnO photocatalysts were used for the degradation of methylene blue dye under solar 
emitted light. Figure 3 shows the change of concentration of methylene blue as a function of time in the 
presence of Sm2O3/ZnO and Eu2O3/ZnO. It can be seen Sm2O3/ZnO photocatalysts exhibit higher 
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photocatalytic activity compared to bare ZnO. More than 95 % of MB was degraded after 30 minutes of 
illumination. In the case of Eu2O3/ZnO photocatalysts, 95 % degradation rate was achieved by all samples 
except for EuZ-1. Photocatalytic activity of Eu2O3 is higher than of pure ZnO. 

  

Figure 3 Change in concentration of MB as a function of time in presence of Sm2O3/ZnO (left) and 
Eu2O3/ZnO (right) 

For more precise evaluation of photocatalytic activity, prepared samples have been compared by degradation 
kinetic studies. The kinetic of photocatalytic degradation of MB can be expressed with pseudo first-order rate 
law (1). 

��	 �
�� � ��               (1) 

where: 

C0 - initial concentration (mg/l) 
C - concentration after irradiation (mg/l) 
k - pseudo-first order constant (s-1) 
t - time, (s) 

   

Figure 4 Kinetic study of MB degradation in presence of Sm2O3/ZnO (left) and Eu2O3/ZnO (right)  

As shown in Figure 4, photocatalytic degradation reaction of MB follows first-order rate law. The rate constants 
were calculated and found to be 0,0021, 0,0025, 0,0028, 0,0035 s-1 for SmZ-1, SmZ-2, SmZ-4 and SmZ-10 
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photocatalysts, 0,0015, 0,0023, 0,0047, 0,0036 s-1 for EuZ-1, EuZ-2, EuZ-4 and EuZ-10 photocatalysts 
respectively. SmZ-10 and EuZ-4 shown the best photocatalytic performance among all samples and were 
further used to investigate calcination temperature effect on photocatalytic activity and possible reusability of 
photocatalysts. 

3.5. Effect of calcination temperature 

Calcination temperature is important factor in nanostructure synthesis. It mainly affects specific surface area 
and number of defects in structure. The effect of calcination temperature on degradation of MB using SmZ-10 
and EuZ-4 photocatalysts was studied in the temperature range of 400 - 600 ºC. Figure 5 reflects 
photocatalytic activity of SmZ-10 and EuZ-4 samples at different calcination temperatures. It can be seen that 
in both cases there is marginal change in photocatalytic performance after calcination at 500 and 600 ºC 
despite the specific surface area decrease, from 31.9 to 22.5 m2/g for SmZ-10 (after being calcined at 600 ºC) 
and from 33.7 to 22.4 m2/g for EuZ-4 photocatalyst.  

 

Figure 5 Effect of calcination temperature on photocatalytic activity of SmZ-10 and EuZ-4 samples 

The photocatalytic activity trend for SmZ-10 for degradation of MB lies in the order 400º > 600º > 500º, for 
EuZ-4 order is 500º > 400º > 600º. It is also noted that for both samples the same trend is observed for 
absorption of MB in the dark. It is hypothesized that such difference can be explained by the change of 
absorption mechanism after calcination at higher temperatures. 

3.6. Reusability of photocatalysts 

From application point reusability of photocatalyst is vital factor. To test the reusability of SmZ-10 and EuZ-4 
samples were used in degradation studies of MB solution for 5 cycles. After each cycle photocatalyst was 
washed with deionized water and ethanol followed by drying at 90 ºC for 4 hours. Both samples shown high 
stability and small loss of photocatalytic activity was observed after 5 cycles. Decolorization rate for SmZ-10 
decreased from 99 % to 93 % and from 99 % to 94 % for EuZ-4 photocatalyst.     

4. CONCLUSION 

Flower-like Sm2O3/ZnO and Eu2O3/ZnO nanostructures were prepared by microwave-assisted hydrothermal 
method. The effect of dopant and its amount on photocatalytic activity has been studied. Methylene blue 
degradation tests shown that doped ZnO samples exhibit higher photocatalytic activity. Among them 
photocatalysts with 4% wt. of Eu2O3 and 10% wt. of Sm2O3 were found to be with highest degradation rate. 
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Obtained photocatalysts are stable and show little decrease in photocatalytic activity after 5 reuse cycles. 
Change in calcination temperature shown little effect on photocatalytic activity on studied samples. 
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Abstract 

The photocatalytic degradation of dangerous substances is widely studied topic and many scientific reports 
have been already published about this issue. Undoubtedly, titanium dioxide is the most often studied 
compound for photocatalysis in UV region, while graphitic carbon nitride is the most often studied photocatalyst 
in VIS region. Combination of the photocatalysts leads to the formation of composites with improved 
photocatalytic performance and better applicability. In this work, the composites of exfoliated g-C3N4 and TiO2 
in anatase form were prepared by mechanical mixing of both components in weight ratio 1:1. The prepared 
mechanical mixtures as well as the original components were thermally treated at 300 a 400 °C and 
characterized using X-ray diffraction method, infrared (FTIR) spectroscopy, UV-VIS diffuse reflectance 
spectroscopy (DRS). The morphology of the particles was studied using scanning electron microscopy (SEM). 
The photocatalytic activity of the samples was tested using the method based on the 2h long UV assisted 
photodegradation of Acid Orange 7. The results indicated the highest photodegradation activity for a non-
thermally treated mechanical mixture of g-C3N4 and TiO2. For the composites the photocatalytic activity (PA) 
decreases with the temperature of the thermal treatment, the same effect was observed for original TiO2, while 
for original g-C3N4 the photodegradation activity increased with the temperature of the treatment. 

Keywords: Photocatalysis, g-C3N4, TiO2, composites, properties 

1. INTRODUCTION 

The photacatalysts based on g-C3N4 has attracted the attention of the scientific community mainly due to their 
photodegradation activity in VIS region. Although several synthesis procedures of g-C3N4 have been reported 
the process based on thermal polymerization of melamine is used most often and g-C3N4 in the so called bulk 
structure is obtained [1]. The process of the melamine thermal treatment has to be carefully controlled other 
way the products with different photodegradation activity are obtained [2]. Bulk g-C3N4 suffers from low 
photoacatalytic efficiency attributed mainly to low specific surface area and fast recombination of charge 
carriers. Exfoliation of the bulk g-C3N4 structure leads to the separation of the individual layers and significant 
increase of photocatalytic activity. The exfoliation procedures include for example the thermal treatment [3], 
sonication [4] or chemical treatment [5]. Other approach to improve the photodegradation activity is the doping 
of the g-C3N4 with metal and non-metal elements [6] or the combination of the bulk g-C3N4 with other 
photocatalyst for example with BiOIO3 [7], TiO2 [8], graphene oxide [9] etc. 

Tropová et al. 1 prepared the composites using the thermal treatment of bulk g-C3N4 with TiO2 (in anatase 
form) at 300 °C and tested the photodegradation activity of the prepared samples against the N2O. The highest 
photodegradation efficiency was observed for the composite with weight ratio of TiO2:g-C3N4 1:3. Liu et al 
prepared the composite of g-C3N4/TiO2 by the calcination of TiO2 Degussa P25 with urea in different weight 
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ratios. The photoactivity of prepared samples were tested using VIS light assisted photodegradation of 
formaldehyde. 

The aim of our work was to prepare the composite of the exfoliated graphitic carbon nitride with titanium 
dioxide, characterization of the prepared samples by X-ray diffraction method, infrared spectroscopy and UV-
VIS DRS spectroscopy. The morphology of the prepared samples was studied by scanning electron 
microscopy. Photocatalytic activity of the prepared samples was tested by the photodegradation of the model 
azo dye acid orange 7. 

2. MATERIALS AND METHODS 

The exfoliated graphitic carbon nitride was prepared using two steps procedure. In the first step, the so called 
bulk g-C3N4 was prepared by the thermal poly-condensation of melamine in a muffle furnace. In detail, 10g of 
melamine was weighted in a ceramic crucible, which was then covered with a ceramic lid. The crucible was 
heated with 3 °C∙min-1 to the final temperature 550 °C and held 4h at this temperature. In the second step, the 
bulk g-C3N4 was crushed in agate mortar and put in a thin layer on ceramic plate and heated in a muffle furnace 
at 500 °C for 2h and then fast cooled and the sample of exfoliated g-C3N4 assigned as Tex was obtained. The 
composite g-C3N4/TiO2 was prepared by mechanical mixing of Tex and TiO2 (anatase form) in an agate mortar 
in weight ratio 1:1. The obtained mechanical mixture was split in a three equivalent portions while two of them 
were 2h thermally treated at 300 and 400 °C, respectively and composites 1:1-300 and 1:1-400 were obtained. 
Initial Tex and TiO2 were thermally treated at the same conditions as 1:1 mixture and the samples were labeled 
as Tex-300, Tex-400, TiO2-300 and TiO2-400 were obtained. 

All the samples were characterized using X-ray diffraction technique on powder diffractometer Miniflex 600 
(Rigaku) equipped with Co tube (40kV, 15mA) and 1D detector D-Tex. X-ray powder diffraction patterns were 
registered in the range 10 - 90 °2Theta. 

Infrared spectra of the samples were registered in ATR mode using Fast Fourier infrared spectrometer Nicolet 
iS50 equipped with ATR diamond crystal. The spectra were registered in the range 4000 - 450 cm-1 and 32 
spectra were averaged. 

UV-VIS diffuse reflectance spectra were measured using UV-VIS spectrometer UV-2600 (Shimadzu) equipped 
with integrating sphere IRS-2600Plus (Shimadzu). The spectra were registered in the range 220 - 800 nm. 
The diffuse reflectance data were further transformed using Kubelka-Munk function and Tauc’s plots was used 
for the evaluation of indirect band gap energies. 

The morphology of the particles of the composite 1:1 was studied using scanning electron microscope Aspex 
Explorer 4 (ThermoScientific) equipped back scattered electron detector. To prepare the samples for SEM 
investigation the diluted suspension of the powder sample in ethanol was spread over an aluminum pin and 
let dry at the laboratory temperature. 

Photodegradation activity of the samples was evaluated using the method based on the UV assisted 
photodegradation of azo dye acid orange 7 (AO7). In a typical experiment, 0.0500 g of the sample was put to 
the glass bowl with 150 ml of distilled water and homogenized on the electromagnetic stirrer at 250 rpm. After 
this step 15 ml of the AO7 solution (c = 7.136∙10-4 mol∙dm-3) was added to the stirred suspension.So prepared 
stirred suspension was covered and after 30 min of stirring in the dark 2 ml of suspension was sampled using 
syringe and filtered using a syringe filter Chromafil PP/GF/RC-20/25. The absorbance of the filtered solution 

at 480 nm was measured using HELIOS  spectrometer (ThermoSpectronic) to obtain the absorbance value 
A0. After this step the stirred suspension was irradiated using UV light ((BLB 36 W, NARVA) for 120 min. After 
this period, 2 ml of the suspension was sampled, filtered and absorbance A120 was measured. The measured 
values of the absorbance were transformed to concentration values c0 and c120 and the ratio c120 / c0 was used 
for the comparison of the photodegradation activity of the individual samples. 
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3. RESULTS AND DISCUSSION 

The SEM image demonstrating the morphology of the 1:1 composite is shown in Figure 1. The strong 
agglomeration of the g-C3N4 flakes was observed, TiO2 particles were homogenously distributed over the 
surface of the g-C3N4 particles.  

 
Figure 1 a) SEM image of the particles of the composite 1:1, b) X-ray powder diffraction patterns  

of the studied samples 

The registered X-ray diffraction patterns are shown in Figure 1b. The X-ray diffraction technique revealed that 
the samples in TiO2 series were composed of anatase as a sole phase as well as the samples in Tex series 
were composed of g-C3N4, no impurities were detected by the X-ray diffraction method in the samples in both 
series. Comparing the profiles of the (101) diffraction peak of anatase the increasing of the intensity and 
sharpening of this peak with temperature was observed. This fact demonstrates the growing of the anatase 
crystallite size with temperature. The X-ray diffraction patterns of Tex were not affected by its thermal treatment 
as evident from Figure 2 what reflects the fact that the Tex sample had been already subjected to higher 
temperatures (550 and 500 °C, respectively) during its preparation and thus its treatment at the temperatures 
300 and 400 °C did not influence its structure. The run of the diffraction patterns registered for the composites 
1:1 reflects the behavior of the individual components TiO2 and Tex discussed above. 

An example of Tauc´s plot for the non-thermally treated samples is shown in Figure 2. Band gap energies 
evaluated from the Tauc´s plot for all of the studied samples are listed in Table 1. The run of the curves 
obtained for the original non-thermally treated TiO2 and Tex (Figure 2a) indicate the monophase composition 
and the estimated values of the band gaps listed in Table 1 represent the typical values for both TiO2 and g-
C3N4. The same situation is for the samples TiO2-400 and Tex-400 (Figure 2b). The separation of two curves 
belonging to both components in the case of composite 1:1-400 (Figure 2b) is more distinct in comparison to 
the composite 1:1 (Figure 2a). Comparing the values listed in Table 1 it is observable that the band gap energy 
(Eg) values for TiO2 decreased with the temperature contrary to the trend observed for Tex for which the Eg 
values increased with the temperature. The decreasing of the Eg value for TiO2 can be related to the growing 
of the crystallite at the elevated temperatures, while the growing of Eg values with temperature observed for 
Tex could be related to more effective separation of the individual layers of Tex particles due to the additional 
exfoliation of its structure. In the case of the composites the completely opposite trend of Eg values for both 
components was observed, the estimated values for TiO2 grows with the temperature while the Eg values 
estimated for Tex decrease with the temperature. This fact signalizes the interaction between both components 
resulting in different optical properties of the composites in comparison to the pristine materials. 
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Table 1 Band gap energies of the studied semiconductors and their composites 

Sample  Eg (eV) Sample Eg (eV) Sample Eg (eV) 

TiO2 3.32 Tex 2.68 1:1 2.68/3.06 

TiO2-300 3.29 Tex-300 2.72 1:1-300 2.65/3.13 

TiO2-400 3.29 Tex-400 2.74 1:1-400 2.64/3.16 

 
Figure 2 Tauc´s plot for the a) original components TiO2 and Tex and mechanical mixture 1:1  

and b) samples thermally treated at 400 °C 

 
Figure 3 IR spectra of the studied samples (a) TiO2, (b) Tex and (c) 1:1 composites 

FTIR spectra of TiO2 samples are shown in Figure 3a. The increase in the values of IR absorption in the region 
bellow 1000 cm-1 is attributed to the Ti-O stretching modes of anatase. Bands in the regions 3000-3800 cm-1 
and 1500-1700 cm-1 are ascribed to stretching and bending vibrations of O-H groups and demonstrate the 
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presence of adsorbed water. The intensity of these bands decreases with temperature what demonstrate the 
desorption of the water during the heating of the samples. FTIR spectrum of the Tex (Figure 3b) shows the 
set of the absorption peaks in the region of 1200-1700 cm-1, which are attributed to the stretching mode of 
aromatic CN heterocycles. The presence of C-H out-of-plane bonds in aromatic domains are proved by peak 
at 890 cm-1 and a sharp peak with the maximum at 808 cm-1 belongs to the breathing mode of s-triazine units. 
Peaks in the region above 3000 cm-1 evidenced the stretching vibrations of N-H bonds. FTIR spectra of the 
1:1 composites (Figure 3c) and represents the superposition of the spectra of both components TiO2 and Tex. 

The photodegradation activity (PA) of the studied samples are compared in Figure 4.    

 
Figure 4 Comparison of the photodegradation activity of the prepared samples 

For the TiO2 series, the PA decreased with the temperature of the thermal treatment as evident in Figure 4 
what could be attributed to the growing of the anatase crystallite size. The PA for Tex increased with the 
temperature what could be related to the additional exfoliation of g-C3N4 particles. Comparing the PA values 
in the Figure 4 the non-calcined 1:1 composite showed the best photocatalytical performance against AO7 
and thermal treatment of this composite caused the decrease of PA.   

3. CONCLUSION 

The composite TiO2/g-C3N4 (exfoliated) was prepared by mechanical mixing of both components in weight ratio 
1:1. The composites were thermally treated at 300 and 400 °C. Characterization of the samples using XRD 
method as well as the IR spectroscopy revealed there was not any significant effect of the calcination 
temperature on the structure and character of the prepared composites. The observation of the particles of 
non-thermally treated composite using SEM showed strong agglomeration of g-C3N4 nanoflakes and 
homogenously distributed particles of TiO2 over these agglomerates. The photodegradation activity of the TiO2 
and the composites TiO2/g-C3N4 (exfoliated) decreases with the calcination temperature contrary to the 
exfoliated g-C3N4 for which the photodegradation activity increases. The highest photodegradation activity was 
observed for non-calcined composite TiO2/g-C3N4 (exfoliated) and this composite was indicated as the most 
promising candidate for the photocatalytic applications. The further study will be focused on the evaluation of 
the stability of this composite and explanation of the photodegradation mechanism. 
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Abstract 

Photocatalytic reduction of carbon dioxide (CO2) is a challenging reaction attracting a lot of attention. Finding 

a novel, efficient and relatively cheap photocatalyst is the goal of many research teams all over the world. 

Cordierite ceramic materials containing ceria (CeO2) nanoparticles show interesting photocatalytic properties. 

Five ceramic cordierite/CeO2 samples prepared from talc, kaolin, vermiculite/CeO2 nanocomposite with 

various amounts of CeO2 were investigated for the photocatalytic reduction of CeO2. Samples were prepared 

and characterized by X-ray diffraction method, specific surface area and nanoparticles CeO2 using 

transmission electron microscope. The photocatalytic activity of all samples was investigated in batch reactor 

irradiated by 8 W Hg lamps (254 nm). The main products of the photocatalytic reduction of CO2 were methane 

and carbon monoxide. Hydrogen was also detected, however, it is a product of water splitting, not CO2 

reduction. Nevertheless, the presence of water is necessary for the reaction as water serves as hydrogen 

source. The cordierite/CeO2 samples containing CeO2 from 4 to 9 wt.% showed higher activity of photocatalytic 

reduction of CO2 than commercial catalyst TiO2 P25. The finding that lower CeO2 amount of 5.1 and 3.9 wt. % 

produced the highest photocatalytic activity is in an agreement with the literary results. 

Keywords: Cordierite ceramics, CO2, photocatalytic reduction 

1. INTRODUCTION 

In recent years, the increasing level of carbon footprint has become a severe global environmental issue, 
because of global warming and energy source depletion. The CO2 emission can be reduced in different ways. 
Photocatalytic reduction of carbon dioxide to valuable chemicals or renewable fuel, using solar energy, is still 
attracting more and more attention [1-3]. Especially, photocatalytic reduction of CO2 with H2O is important in 
the development of solar energy based on the carbon neutral cycle [4]. 

Cordierite (Mg2Al4Si5018) is a structural material used as a diesel particulate trap. Cordierite has been chosen 
for automotive applications because of its low coefficient of thermal expansion and relatively low cost of 
production compared with other ceramic materials. Automobile exhausts such as NOx, CO and CxHy, affecting 
the quality of the atmosphere, were reduced by installing the catalytic converters. The converter generally 
consists of a ceramic honeycomb monolith with a catalytic coating. For automotive supports, cordierite is 
usually produced from a mixture containing clay (usually kaolinite). The use of clay in the extrusion batch 
inherently provides the plasticity necessary for the extrusion process [5]. 

The cerium oxide has the ability to exchange oxygen reversibly via redox processes involving the Ce4+/Ce3+ 

couple and acts as an attendant oxygen vacancies, catalytically active sites [6]. At relatively low temperatures, 
active oxygen can be created from CeO2 surface, forming oxygen vacancies in lattice. Because CeO2 
possesses the unique oxygen storage capacity it has been adopted as an additive to the catalysts to adjust 
the oxygen concentration [7] as well as to lower the temperature at which soot combustion occurs [8]. 

https://doi.org/10.37904/nanocon.2019.8460 
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The cordierite and 10 wt% of CeO2 was recommended as a suitable catalytic convertor for the purification 

effect to the exhaust gases [9]. As CeO2 does not react with cordierite up to 1200 °C, it can therefore be used 

as a catalyst to lower the diesel particulate ignition temperature [10]. Only a small amount of the CeO2 dissolves 

into cordierite and the CeO2 particles could be finely and uniformly distributed on the surface of the 

interconnected pores of the cordierite ceramics. 

The structural properties of clay minerals significantly affect the properties of cordierite ceramics. In recent 

years, cordierite/steatite/CeO2 ceramics prepared from raw talc, kaolin and CeO2 nanoparticles precipitated 

on vermiculite from the Paraiba region of Brazil was for the first time successfully tested for the photocatalytic 

N2O decomposition without presence of reducing agent [5]. The aim of this work is to verify the effects of the 

photocatalytic decomposition of CO2 over the cordierite ceramic containing amount of ceria from 4 to 9 wt.% 

using the methods of the X-ray powder diffraction, N2 physisorption, transmission electron microscopy and the 

test of the photocatalytic reduction of CO2. 

2. EXPERIMENTAL PART 

2.1. Material and samples 

The cordierite mixtures were prepared from talc (T) (supplied by Koltex Color, Ltd., Czech Republic, particle 
size fraction ˂  25 µm), kaolin (K) from Czech Republic (paper kaolin KKN, particle size fraction ˂  2µm of 72.6% 
from LB Minerals, Ltd., Czech Republic) and vermiculite (Ver) from the Santa Luzia mine in the Paraiba region 
of Brazil, South Africa (supplied by Grena Ltd, Czech Republic). Vermiculite was milled and prepared to the 
size fraction ˂ 40 µm from sieve. 

2.2. Preparation of Ver/CeO2 

Vermiculite in 5 wt% aqueous dispersion (pH = 9.6) was stirred for 15 min and then 100 ml of the dispersion 
was added dropwise to the solution of 80 ml of aqueous cerium nitrate Ce(NO3)36H2O (0.4 M) and 13 ml of 
NH4OH (1.4 M) (pH = 1.2) and stirred for 3 h at 50 °C. The solid product (Ver/CeO2) was separated by 
centrifugation and washed several times with distilled water and then dried overnight at 80 °C. 

2.3. Preparation of cordierite/steatite/CeO2 samples 

Cordierite/steatite/ceramic samples were sintered from the five preceramic clay mineral mixtures in their oxide 
ratio close to the composition of cordierite MgO2Al2O3·5SiO2 (Table 1). Each sample (3 g) was sintered in 
crucible in the furnace at the heating rate of 5 °C/min up to 1000 °C and 2 °C/min up to a sintering temperature 
1300 °C, staying at that temperature for 1 h and the cooling speed rate of 1.5 °C/min. 

Table 1 Composition of cordierite mixtures 

Sample 
Talc 

(w %) 
Kaolin 
(w %) 

Vermiculite/CeO2 

(w %) 
(i. e. CeO2 in mixture) 

(w %) 

1. 20 50 30 9.0 

2. 25 49 26 7.8 

3. 30 48 22 6.6 

4. 35 47 17 5.1 

5. 40 47 13 3.9 
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2.4. Photocatalytic CO2 reduction experiment 

The photocatalytic reduction of CO2 proceeded in home-made batch stainless-steel photoreactor (volume 
348 ml) with a quartz window on the top of reactor. As a light source, the UV 8 W Hg lamp (peak intensity at 
254 nm wavelength) was used and was located over the quartz window of reactor. 100 mL of 0.2 M sodium 
hydroxide along with 0.1 g of a photocatalyst (concentration 1 g /L) were used as reaction suspension. Before 
performing the reaction, the suspension was saturated with CO2 for 30 min in the dark under constant pressure 
(140 kPa) and then tightly sealed. Vigorous agitation ensuring ideal mixing of the suspension was achieved by 
a magnetic stirrer. The gaseous samples were discontinuously taken before the reaction (time 0 h) and after 
switching on the UV lamp during the experiment in defined time intervals 0 - 8 h and immediately analyzed on 
a gas chromatograph (GC-BID).  

3. RESULTS AND DISCUSSION 

X-ray diffraction patterns (Figure 1) were measured to identify crystalline phases. Hexagonal form of cordierite 
(PDF card no. 01-082-1884), enstatite (PDF card no. 01-076-6772) and ceria, CeO2 (PDF card no. 01-078-
2601) were identified in all six ceramic samples.  

 

Figure 1 XRD patterns of ceramic samples 1-5. Peaks are marked: E- enstatite, CeO2-ceria;  
Cordierite peaks are unmarked 

Selected structural properties of prepared ceramic photocatalysts nanoparticles crystallite size of CeO2 

(according to TEM), specific surface area SBET and VNET (net pore volume) are in Table 2.  

Table 2 Basic characteristics of ceramic samples 

Sample 
Size of the CeO2 nanoparticles 

nm 

SBET 

m2/g 

VNET 

mm3
(l) /g 

1. 9.98 0.620 1.043 

2. 9.37 0.769 0.967 

3. 8.59 1.009 1.512 

4. 9.87 0.644 1.811 

5. 7.78 0.621 1.313 
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TEM image (Figure 2C) revealed the nanocrystallites of CeO2 in clusters of the similar size between 8 and 10 
nm (Figure 2, Table 2). The EDS analysis confirmed the elements corresponding to the surface of vermiculite 
layers and CeO2 crystals.  

 

 

Figure 2 Time dependence of yields of (A) hydrogen, (B) carbon monoxide and (C) methane over ceramic 
samples. (D) TEM image of CeO2 nanoparticles in ceramic sample No. 1. 

The main products of the photocatalytic reduction of CO2 are hydrogen, carbon monoxide and methane 
(Figures 2 A, B, C) confirmed by GC/BID. The highest photocatalytic activity of samples 4 and 5 containing 
5.1 and 3.9 wt. % CeO2 is in agreement with high photocatalytic activity for decomposition of N2O over 3 wt.% 
CeO2 in cordierite ceramic [5]. 

4. CONCLUSION 

A new set of ceramics cordierite/CeO2 photocatalysts was prepared from the mixtures containing kaolin and 
variable amount of talc and vermiculite/CeO2 nanoparticles. Photocatalytic activity was examined for the 
photocatalytic reduction of CO2. Main products of the photocatalytic reduction of CO2 were hydrogen, carbon 

A B 

C D 
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monoxide and methane. The detected hydrogen is produced from photocatalytic water splitting which is 
necessary for the photocatalytic reduction of CO2. All prepared samples showed higher photocatalytic activity 
than the commercial TiO2 P25. 
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Abstract 

Thermal decomposition of complex salts [M(NH3)4]A (M = Pt, Pd; A = CrO4, Cr2O7) in oxygen atmosphere goes 
through the stage of formation of the phase MCrO2 with delafossite structure and it’s further decomposition 
and formation of the chromium oxide(III) and monometallic platinum or palladium. Thermal decomposition of 
complex salts [M(NH3)4]A (M = Pt, Pd; A = CrO4, Cr2O7) in hydrogen atmosphere proceeds with partial 
reduction of chromium to an metallic state and the formation of a metal solid solution MxCr1-x (M = Pt, Pd) with 
a chromium content up to 22 at.% and a chromium oxide(III). Catalytic properties of bimetallic Pt-Cr2O3 and 
Pd-Cr2O3 composites obtained by thermal decomposition in hydrogen atmosphere at the temperature 500 °C 
differs a lot from monometallic Pt and Pd in CO TOX and PROX processes. Addition of Cr2O3 boosted oxidative 
activity of metals probably due to appearance of metal-oxide interface, which is of crucial importance in 
catalysis. 

Keywords: Platinum, palladium, chromium, catalysis, thermal decomposition 

1. INTRODUCTION 

One of the actively developing areas of modern inorganic chemistry is the synthesis of complex salts - salts 
with complex cation and/or anion with different central atoms [1]. Depending on the conditions the thermal 
decomposition of such compounds leads to the formation of a variety of nanosized powders of metals and/or 
their oxides. Using the complex salts of metals is very convenient because the selection of suitable ligands 
and central metals makes it possible to uniquely set the composition of the final product and the ratio of metals, 
to obtain a single-phase metal and have only gaseous substances as by-products. The selection of the 
atmosphere and the temperature regime of the decomposition make it possible to control the morphology and 
the phase composition of the final products [2-4].  

Hydrogen atmosphere predominantly results in formation of metallic systems, oxidative one - oxide systems, 
and inert - both metallic and oxide systems depending on the nature of the complex salt [3]. The products of 
such thermal decomposition are of great interest since they can have conductive and magnetic properties, e.g. 
using the Pt-Cr system as a coating for carbon electrodes increases conductivity and strength of electrodes [5] 
and two-layer films consisting of Cr2O3 and Pt have interesting magnetic behavior near the Neel point [6]. The 
products of the thermolysis can also be effective catalysts [7,8].  

The use of alloy nanoparticles and metal-oxide nanostructures is a promising way to modify activity and 
selectivity, improve stability or at least partially substitute expensive noble metals in conventional supported 
metallic catalysts, such as Pt-, Pd- and Rh-based systems [9]. CO total oxidation (TOX) and CO preferential 
oxidation in the excess of hydrogen (PROX) are reactions in which the properties of conventional Pt- and Pd-
based catalysts need to be improved. The CO TOX is important for low-temperature start of automotive 
catalysts. The CO PROX is considered to be a promising way for deep CO removal from hydrogen-rich gas 
mixtures for proton-exchange membrane fuel cells (PEMFCs) feeding [10]. Bimetallic Pt-M and Pd-M (M = Fe, 

https://doi.org/10.37904/nanocon.2019.8487 
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Co, Ni, Cu) systems showed a remarkable synergetic effect in CO TOX and PROX compared to Pt and Pd 
monometallic catalysts [11,12]. The origin of synergetic effect was mainly addressed to reaction occurrence at 
Pt(Pd)-M metallic or Pt(Pd)-MOx metal-oxide interface [5]. However the approaches for synthesis of Pt-Cr and 
Pd-Cr nanostructures as well as its catalytic properties are poorly studied. There were synthesized solid 
solutions and intermetallic compounds in the Cr-Pt, Cr-Pd systems in works [13] however their catalytic 
properties were not studied. 

In the present work we report the thermal properties of complex salts [M(NH3)4]A (M= Pt, Pd; A= CrO4, Cr2O7). 
Thermal properties were examined by simultaneous thermogravimetry and differential scanning calorimetry 
with evolved gas analysis mass-spectrometry in the oxygen atmosphere. The products of the thermal 
decomposition were characterized by X-ray analysis. Catalytic properties of M-Cr2O3 (M = Pt, Pd) composites 
were studied in CO total (TOX) and preferential oxidation (PROX) reactions and compared with that of 
monometallic Pt and Pd nanopowders.  

2. THERMAL PROPERTIES 

2.1. Thermal properties of [M(NH3)4]A (M = Pt, Pd; A = CrO4, Cr2O7) in an oxidative atmosphere 

Complex salts [M(NH3)4]A (M= Pt, Pd; A= CrO4, Cr2O7) has the same behavior during the thermal 
decomposition and differs only in the temperatures of the beginning and the end of decomposition. Therefore, 
the process of thermal decomposition will be discussed in details using the palladium salt as an example.  

The decomposition of [Pd(NH3)4]CrO4 in the oxygen atmosphere begins at the temperature 165 °С and 
accompanied by the main gas evolution: lines corresponding to nitrogen and water are presented on EGA-MS 
curves (Figure 1a).  

a  b  

Figure 1 STA and EGA-MS curves for [Pd(NH3)4]СrO4 in an oxygen atmosphere, 10 K min-1(a) and XRD 
powder patterns of [Pd(NH3)4]СrO4 thermolysis products in an oxygen atmosphere at different 

temperatures (b) 

The evolution of ammonia was not detected, what indicates the occurrence of a redox reaction associated with 
the oxidation of the ammonia to nitrogen and the reduction of palladium to a metallic state and chromium to 
an oxidation state «+3». At the same time oxygen evolution is observed what can be related with the oxidation 
of the monometallic palladium. At a temperature 270 °С the residual mass is 66.9 %, what corresponds to the 
gross composition PdCrO2.2 or 1/2Cr2O3 + ½(1.4PdO + 0.6Pd). There are wide reflections of the amorphous 
phase on a diffractogram of the product obtained at this temperature (Figure 1b).  
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A further temperature increases to 485 °С leads to a mass increase up to 68.9 % that is associated with the 
gradual oxidation of metallic palladium. There are only PdO reflections on a diffractogram at the 400 °С and 
their intensity increases slightly upon heating to 450 °С. There is a mass loss step (~ 2 %) in the temperature 
range 485 - 525 °С that is associated with the crystallization of amorphous chromium oxide Cr2O3 and partial 
decomposition of palladium metal to metal (what is proved by oxygen evolution). It should be noted that the 
temperature of the decomposition of pure palladium oxide equals to 800 °С. There are reflections of metallic 
palladium and palladium oxide and chromium oxide in a diffractogram at the temperature 500 °С.  

Over crystallization of chromium oxide particles local overheating occurs which leads to partial decomposition 
of palladium oxide to metal. The increase in temperature up to 890 °С is accompanied with a slow process of 
mass loss, that is corresponds to the gradual decomposition of palladium oxide to metal and the simultaneous 
formation of the phase of delafossite-like PdCrO2. The diffractogram contain reflections of chromium oxide, 
palladium oxide and phase PdCrO2 with a delafossite structure at temperatures 600 °С and 700 °С. There are 
no peaks of metallic palladium due to the entry of Pd atoms into the structure of PdCrO2. In the temperature 
range 890 - 925 °С the last decomposition stage proceeds. Peaks of the metallic Pd appear at the temperature 
900 °С and at the temperature 930 °С peaks of the PdCrO2 disappear with the simultaneous increase in 
intensity of the metallic palladium. Thus, the PdCrO2 phase with a delafossite structure exists in the 
temperature range 600 - 900 °С. 

2.2. Thermal properties of [M(NH3)4]A (M = Pt, Pd; A = CrO4, Cr2O7) in hydrogen atmosphere 

The decomposition of the main mass of the sample [Pd(NH3)4]CrO4 occurs in the temperature range 110-
175 °С and is accompanied by the release of water, nitrogen and ammonia, since in this case hydrogen is a 
main reducing reagent Figure 2a.  

a  b  

Figure 2 STA and EGA-MS curves for [Pd(NH3)4]СrO4 in hydrogen atmosphere, 10 K min-1(a) and XRD 
powder patterns of [Pd(NH3)4]СrO4 thermolysis products in hydrogen atmosphere at different 

temperatures (b) 

The product is amorphous at the temperature 175 °С (Figure 2b). Further process of decomposition slows 
down and the rate of mass loss decreases. Metallic palladium crystallization process starts at the temperature 
490 °С and there are broad peaks of water on EGA-MS curves. There are wide reflections of the FCC phase 
on a diffractogram in this case (crystallite size 2-3 nm, residual mass is 61.5 % which corresponds to 
PdCrO1.25). In temperature range 500-555 °С an exo effect associated with the crystallization of amorphous 
chromium oxide(III) is observed. Peaks of the Cr2O3 and finely dispersed palladium (crystallite size 3 - 5 nm) 
are observed in the diffractogram at the temperature 585 °С.  
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An increase in temperature to 800 °С leads to an increase in particles size (crystallite size 28 - 39 nm) and a 
shift of reflections of the FCC phase of palladium to the region of smaller angles, what can be related with the 
incorporation of chromium atoms into the palladium structure and the formation of a solid solution in Pd-Cr 
system. Refining the parameters of the unit cell of the FCC phase by full-profile method gives the following 
values: space group Fm-3m, a = 3.881 Å, V/Z = 14.6 Å3. The obtained V/Z value corresponds to a Pd0.85Cr0.15 
solid solution. 

The decomposition of [Pd(NH3)4]Сr2O7 proceeds in a similar pathway to the palladium complex. There is an 
exo effect corresponded to the chromium oxide crystallization in the temperature range 505 - 570 °С. The 
diffractogram shows reflections of the FCC phase at 600 °С. The refinement of the crystal cell parameters of 
the crystal cell of the FCC gives the following values: space group Fm-3m, a = 3.881 Å, V/Z = 14.6 Å3, which 
corresponds to a Pd0.85Cr0.15 solid solution. Further temperature increase leads to an increase in particles size. 

In case of platinum salts the product at 600 °С is Pt0.78Cr0.22 solid solution. The product after temperature 
increase up to 800 °С is a mixture of intermetallic compound with a structure of Pt3Cr and Cr2O3. 

3. CATALYTIC PROPERTIES 

Catalytic properties of Pd-Cr2O3 and Pt-Cr2O3 systems were studied in CO total (TOX) and preferential 
oxidation (PROX) processes as model reactions for activity and selectivity testing, respectively. The data on 
CO TOX is presented at Figure 7a.  

a  b  

Figure 7 The temperature dependences of CO conversion (XCO) for CO TOX (a) over the Pt, Pd,  
Pd-Cr2O3 and Pt-Cr2O3 nanopowders. Feed gas composition (vol.%): 1.0 CO, 1.0 O2 with He as balance. 

WHSV: 120 000 cm3g-1h-1 (STP) (a) and the temperature dependences of CO conversion (XCO) and 
selectivity (SCO) for CO PROX over the Pt, Pd, Pd-Cr2O3 and Pt-Cr2O3 nanopowders. Feed gas composition 

(vol.%): 1.0 CO, 1.0 O2 with H2 as balance. WHSV: 120 000 cm3g-1h-1 (STP) (b) 

It can be seen that Pt and Pd have similar properties in CO TOX: CO is oxidized at T = 160 - 200 °C. The 
presence of Cr2O3 with Pd slightly increases activity, possibly due to an increase in the dispersion of the metal. 
The presence of Cr2O3 with Pt significantly increased activity; a complete conversion of CO was already 
observed at 80 °C. It is known that Pt catalysts are inactive in CO oxidation at T <150 °C due to surface 
blocking by strongly adsorbed CO molecules and the absence of a free surface required for O2 dissociation. 
Most likely, the Cr2O3 surface can participate in О2 activation by analogy with other variable-valence oxides of 
other metals, and opens up the possibility of a reaction at the Pt-Cr2O3 phase boundary, which leads to high 
low-temperature activity.  
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The properties of Pt, Pd, Pd-Cr2O3 and Pt-Cr2O3 nanopowders have also been studied in the preferential 
oxidation of CO in excess of H2 (PROX). It can be seen in the Figure 7b that Pd is active in the oxidation of 
CO at T = 160 - 240 °C, but has a low selectivity, mainly oxidizing H2. The maximum conversion of CO was 
only 40%. The presence of Cr2O3 with Pd significantly increased the activity in the oxidation of CO and, 
accordingly, the selectivity of the catalyst in the temperature range 160 - 240 °C. At T = 195 - 215 °C, a 
complete conversion of CO was achieved. The oxidation of CO on Pt began at T > 150 °C, and the selectivity 
for CO did not exceed 65 %.  

Such properties of Pt are explained by the fact that at low temperatures the filling of the Pt surface with 
adsorbed CO molecules is close to saturation, and the oxidation reactions of CO and H2 do not proceed. With 
an increase in temperature, CO desorption occurs, empty Pt surface appear on which dissociative adsorption 
occurs, and thereby the oxidation of CO and H2 is “triggered”, therefore, high selectivity is not achievable on 
Pt. The presence of Cr2O3 with Pt radically changed the properties of the catalyst, increasing its activity in the 
oxidation of H2 and reducing the selectivity below 20 %. A slow increase in CO conversion at T = 120-240 °C 
is probably associated with the course of the steam reforming of CO due to Н2О obtained during the oxidation 
of Н2. 

4. CONCLUSION 

It was shown that the process of thermal decomposition of synthesized compounds in an oxygen atmosphere 
is multistage and is accompanied by sequential reactions of the formation of platinum metal oxide, its 
decomposition at temperatures of 490 - 520 °C (which is significantly lower than the decomposition 
temperature of pure platinum metal oxide - 800 °C), the formation of the MCrO2 phase with the structure of 
delafossite and its subsequent decomposition to metallic platinum or palladium and chromium oxide(III). For 
the first time, the existence of a phase of a delafossite-like compound containing platinum, PtCrO2, has been 
shown experimentally. 

It was established that thermal decomposition in hydrogen atmosphere undergoes with the partial reduction of 
chromium oxide into metallic state and simultaneous formation of a metal solid solution with chromium content 
up to 22 at %. 

It has been shown that catalytic properties of bimetallic Pt-Cr2O3 and Pd-Cr2O3 differ a lot from monometallic 
Pt and Pd in CO TOX and PROX processes. Addition of Cr2O3 boosted oxidative activity of metals probably 
due to appearance of metal-oxide interface, which is of crucial importance in catalysis. 
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Abstract  

Structure, optical and photocatalytic properties for wide band gap oxide doped zinc oxide are investigated by 
XRD, ESR and UV-visible spectroscopy. It was shown the introduction of Al2O3 or ZrO2 led to form of structural 
defects in zinc oxide matrix. According ESR data a small amount of ZrO2 (0.01 mol.%) in ZnO forms a defects 
of donor nature, while the same amount of Al2O3 in ZnO matrix led forming as acceptor and as donor defects. 
Observed tail and shift of optical band gap confirmed ESR data. It was shown the increasing of donor defects 
in structure ZnO led to increase of photocatalytic activity to phenol degradation. It was shown the dopant types 
also determined a kind of intermediates of phenol degradation and possible mechanism. For Ag-decorated 
doped ZnO it is also shown that mechanism of phenol degradation contain a redox cycle. It was shown the 
bactericide activity of Ag-decorated ZrO2-doped ZnO to S.aureus is better than E.coli. 

Keywords: ZnO, defects, ESR, Ag-decorated ZnO, wide gap oxide doped ZnO, phenol degradation 

1. INTRODUCTION 

The enhancement of photocatalytic properties for pure oxide is based on decreasing the band gap by the 
introduction of cationic or/and anionic dopants in the main oxide [1-2]. Usually, this approach is used to 
enhance the photosensitivity of materials to the visible light [3]. Also, this approach may be used for ions with 
a variable valence that creates additional centres with oxidative states in catalytic systems [3-4]. There is a 
wide spectrum of cationic dopants (Ag, Al, Mg, Bi, Cd, Fe, Sn, etc.) uses for the building of catalytic structures 
based on oxides [5]. However, the comparative analysis of photocatalytic activity for oxides enhanced by 
different dopants is very difficult because there are many parameters that influence the catalytic activity.  

Also, investigators use different kinds of organic pollutants for the estimation of the efficiency of such complex 
catalysts [6]. A single cationic or anionic dopant [7] may be used, or the cationic and anionic dopants may be 
combined in zinc oxide [8]. Most investigators use the titanium oxide (TiO2) system, which is more expensive 
than the zinc oxide (ZnO) system. Thus, ZnO has a similar or higher catalytic activity and also antibacterial 
properties [9]. However, ZnO has less stability in water, a high sensitivity to photocorrosion and fast electron-
hole recombination [10]. However, ZnO may be modified by wide band gap semiconductors, such as ZrO2, 
Al2O3 or MgO, which show a high stability to degradation under irradiation. Some studies have noted that Zr-
doped ZnO may change the recombination of electron-hole pairs because the Zr atoms provide a deep energy 
level in the band gap of ZnO [11].  

This may give a high hole activity in the modified materials. For Al-doped ZnO, some authors noted that the 
types of defects in the structure depend on whether the Al atoms substitute for Zn atoms or occupy interstitial 

https://doi.org/10.37904/nanocon.2019.8535 
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sites [12]. These systems for photovoltaic harvest devices are very well studied. However, the creation of a 
heterojunction between different oxides of a complex structure may change the structure and surface state of 
each component. The wide band gap oxides also may enrich the cations of other composite components. As 
a result, different types of defects in the cationic and anionic sublattice may be created. This may influence the 
photosensitivity of the wide band gap oxide co-doped ZnO in the near-UV region and the catalytic properties 
[5,11,13]. Thus, an analysis of recent reviews shows the tendency to use complex composite systems and the 
less expensive ZnO. Also, there are efforts to solve the problem of ZnO photostability and enhance its catalytic 
activity [14]. In this work, the influence of Al2O3 or ZrO2 doping on the structure defects, optical and 
photocatalytic properties will be discussed. In addition, the bactericide activity of Ag-decorated doped ZnO will 
be addressed.  

2. EXPERIMENTAL  

Wide gap oxide doped zinc oxide nanoparticles (NPs) were synthesized using a precipitation technique from 
determined salts in oxalate solution, see Figure 1. All used chemicals were of chemical purity. The sediments 
were washed several times with distilled water before drying in a microwave furnace (P = 700 W, f = 2.45 GHz). 

The dried precipitates were calcined in a resistive furnace at 500 °C with a dwell time of 2 h. The amount of 

doped oxide (ZrO2 or Al2O3) is 0.1 mol. %. The optical properties of ZnO nanopowders were measured on a 
Cary 5000 UV-Vis-NIR spectrometer with Internal Diffuse Reflectance sphere (Agilent Technologies, USA). 
Kinetic of 50 ppm phenol solution degradation was estimated by UV spectroscopy and liquid chromatography 
HPLC. Electron spin resonance (ESR) spectra of systems were obtained on CSM 8400 spectrometers 

(9.45 GHz). Phase composition was investigated by XRD at CuK irradiation. 

3. RESULTS AND DISCUSSION 

The synthesis of the ZnO and (Al2O3 or ZrO2) co-doped ZnO oxide samples involved the sequential forming of 

the oxide nanoparticles during an isothermal heat-treatment at intervals of 500 °C. Temperature is a factor for 

the control of the oxide nanoparticle size, deficiency and surface state [15]. The change of these parameters 
may be also influence the optical and catalytic properties of the oxides [16,17]. 

3.1. Wide gap oxide doped ZnO: structure, optical and photocatalytic properties 

XRD data was used for estimation of the type and parameters of lattice of pure and doped ZnO. It was shown 
that all investigated systems crystallized in the wurtzite structure, P63mc. The XRD data shows that the 
coherent scattering area (CSA) for pure ZnO is 32 nm and the introduction of additional dopant elements does 
not affect its size in doped zinc oxide.  

Table 1 Estimated parameters of cell pure and doped ZnO  

Systems Phase 
Cell parameters of ZnO 

a, A c, A c/a 

ZnO ZnO, wurtzite 3.2795 5.2025 1.5864 

ZnO-0.1 mol. % ZrO2 ZnO, wurtzite 3.2603 5.2043 1.5963 

ZnO-0.1 mol.% Al2O3 ZnO, wurtzite 3.2418 5.2005 1.6042 

Ag-ZnO-0.1 mol. % ZrO2 Ag, ZnO, wurtzite 3.2608 5.2043 1.5960 

Ag-ZnO-0.1 mol.% Al2O3 ZnO, wurtzite 3.2482 5.2074 1.6032 

At the same time, the parameter a of the ZnO cell decreases with the introduction of dopants, but the parameter 
c of the ZnO cell shows a slight increase for doped systems in comparison with pure zinc oxide parameters.  
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This may be due to a decrease in the ionic radii of substituting ions in the ZnO host. The ionic radii of the 
dopants are r(Zr4+) = 0.072 nm, r(Zr3+) = 0.084 nm and r(Al3+) = 0.052 nm, while the ionic radius of zinc is 
0.076 nm. The change of ratio of c/a for doped systems also correlates with ionic radius of doped element. 

Figure 1 shows ESR spectra of doped ZnO systems. For ZrO2-doped ZnO the signal with g-factors is equal 
to 1.9600 is observed in ESR spectrum, as shown in Figure 1a.  

 
                                         a)                                                                                b) 

Figure 1 ESR spectra: a) for Al2O3 and ZrO2 doped ZnO, b) Ag-decorated Al2O3 and ZrO2 doped ZnO 

This signal may be superposition of signals from [Zn2+-Vo+] centers and some amount of [Zr3+-Vo2+] centers in 

the ZnO structure [18]. The amount of these centers is 21014 spin/mg. Note that for pure ZnO this signal in the 
ESR spectrum isn’t observed. ESR spectrum ofr 0.1 mol. % Al2O3-doped ZnO shows an isotropic signal with 
g-factor is equal to 1.9574 ([Zn2+-Vo+] defects), see Figure 1a. The estimated amount of these centers is 

4.21014 spin/mg. The signal with g = 2.0024 in the ESR spectrum is observed for this system also. This signal 
may enable the [VZn-] or [VZn- - Zni], [VZn- - Ali] centers [19]. Note that the increasing amount of [Zn2+-Vo+] centers 
is observed at the transfer from a system with ZrO2 dopant to system with Al2O3 dopant. The defects associated 
with oxygen vacancies (Vo) should give donor levels in band gap of ZnO, while the defects associated with the 
second type of defects should give acceptor levels in it.   

UV-Vis absorbance spectra for the pure ZnO and Al2O3-doped ZnO, ZrO2-doped ZnO are shown in Figure 2a. 

Analysis of UV-Vis absorbance spectra data in coordinate (hvAbs)2-hv allows estimating of energy of optical 
band gap of investigated systems. The edge of the adsorption band for pure ZnO is 385 nm (Eb = 3.19 eV), it 
is 385 nm (Eb = 3.19 eV) for ZrO2-doped ZnO and it is 390 nm (Eb=3.13 eV) for Al2O3-doped ZnO. It is seen 
the optical band gap of Al2O3-doped ZnO shows the red shift that marks on the presence of acceptor levels in 
forbidden band of this material. The appearance of tail in the optical spectrum (see inset in Figure 2a) indicates 
on presence of donor levels in band gap of ZnO for all investigated systems. The intensity of tail for Al2O3-
doped ZnO is highly compared to other systems. The estimated energy of defect donor levels is near 2.4 eV. 
It is noted the oxygen vacancies give donor levels in forbidden band of ZnO. These results are confirmed by 
the ESR data that indicates on the kinds of defects in materials.  

Figure 3a shows the photocatalytic activity of pure ZnO, Al2O3-doped ZnO and ZrO2-doped ZnO to phenol 
degradation that estimated based on HPLC data. It is noted that the photocatalytic activity of pure ZnO is close 
to TiO2 (P25 Evonik). The estimated rate coefficients (keff, min-1) on first times degradation (25 min) are 
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5.1910-2 (R2=0.98) for ZnO, 2.910-2 (R2=0.99), for ZrO2-doped ZnO and 8.3210-2 (R2=0.99) for Al2O3-
doped ZnO. 

 
a)          b) 

Figure 2 UV-Vis absorbance spectra for а) the pure ZnO and Al2O3-doped ZnO, ZrO2-doped ZnO 

 
b)          b) 

Figure 3 Photocatalytic activity of pure ZnO, Al2O3-doped ZnO and ZrO2-doped ZnO to phenol degradation: 
a) HPLC data, b) UV-visible spectroscopy and the photocatalytic activity of Ag-decorated ZrO2-doped ZnO. 

It was seen the doping of Al2O3 in ZnO enhanced the photocatalytic degradation of phenol in comparison with 
pure ZnO. It may be connected with the increasing of amount of oxygen vacancies in this material. Phenol 
degradation in presence of oxides is very well studied [20]. The first mechanism occurs due to hydroquinone 
formation. Second possible mechanism occurs due to benzoquinone formation with some amounts of 
hydroquinone, catechol or rezorcin. These compounds have a different wavelength of light adsorption in UV-
visible diapason. The analysis of UV-visible spectra of phenol photodegradation by pure and doped ZnO in the 
time interval of 20-30 min shows the presence of peaks at 270 nm (phenol), 276 nm (1,2-quinone), 254, 289 
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and 360 nm (1,4-quinone), 244 and 293 nm (hydroquinone). It is noted that the bands corresponding of 1.2-
quinone and hydroquinone are more intense in spectra of ZrO2-doped ZnO and pure ZnO (Figure 3b). It was 
shown the process of phenol photodegradation is close to second mechanism.  

3.2. Ag decorated wide gap oxide doped ZnO: structure, optical and photocatalytic properties 

According XRD data the AgNPs is forming only in Ag-decorated ZrO2-doped ZnO. It is noted that Ag doping 
changes cell parameters only for Al2O3-doped ZnO did not change cell parameters (see Table 1). The cell 
parameters of this system are increased. It may be indicate the incorporation in the host lattice of a some 
amount of silver as Ag+ ions with a large ionic radius (r(Ag+) = 0.115 nm). The ESR spectrum of Ag-decorated 
ZrO2-doped ZnO shows the appearance of wide signal with g = 2.03 which indicates on the formation of surface 
AgNPs [21]. However, for Ag-decorated Al2O3-doped ZnO, ESR signal from surface AgNPs is very weak. It is 
known that the AgNPs reduce on surface in the presence of Al2O3 because the Ag-O-Al strong surface bonds 
are created in such a host matrix [22]. 

UV-Vis absorbance spectra for the pure ZnO, Ag-decorated Al2O3-doped ZnO and Ag-decorated ZrO2-doped 
ZnO are shown in Figure 2b. Analysis of UV-Vis absorbance spectra of Ag-decorated systems did not show 
the changing of the values of optical band gap energies. However, the intensity of tail for Ag-decorated system 
is higher than for initial undecorated system independently on dopant type and as result the photosensitivity 
of these materials to visible region irradiation is enhanced. Figure 4 shows the UV-visible spectra of phenol 
photodegradation for Ag-decorated systems in which the AgNPs is observed.  

 
Figure 4 Photocatalytic activity of Ag-decorated ZrO2-doped ZnO to phenol degradation 

As can be seen ZnO based systems and Ag-decorated ZnO based systems show different pattern of phenol 
degradation. For pure and co-doped ZnO possible mechanism degradation occurs due to benzophenone 
formation with a small trace hydroquinone, cathechol products up to 20 min after start phenol 
photodegradation. Then the benzophenone destroys due to hydroquinone with simultaneous degradation of 
last. For Ag-decorated co-doped ZnO systems possible mechanism occur due to hydroquinone formation. The 
peaks in pattern of phenol degradation at 244 and 293 nm mark the presence of this compound at reaction 
times up to 20 min. Then the destroying of hydroquinone is observed, see Figure 4. It was shown that for Ag-
decorated 0.1 mol.% ZrO2-ZnO the phenol photodegradation occurs due to redox cycle. It is noted the cyclic 
inversion of 1,4-hydroquinone/1,4-quinone is observed. Two pair Ag+/Ag0 and 1,4-hydroquinone/1,4-quinone 
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take part in redox cycle. This slows down the phenol photodegradation. It is also noted that possible 
mechanism.  

The tests for the bactericide activity of Ag-decorated ZrO2-codoped ZnO show activity to growth inhibition of 
S. aureus (100 %) and E. coli (60 %). It was shown that the growth inhibition of S.aureus was approximately 
two times higher than the growth inhibition of E.coli. 

4.  CONCLUSIONS 

It was shown, the kind of dopant influences on defects in ZnO structure. Thus, ZrO2 doping led to form only 
donor defects in structure, while the Al2O3 doping of ZnO forms as acceptor and donor types of defects in ZnO. 
The defects of structure of doped ZnO are determined the optical properties and photoactivity of ZnO. The 
formation of surface Agm clusters or Ag NPs in doped ZnO depends on the dopant type. It was shown the pure, 
wide oxide doped ZnO and Ag-decorated doped ZnO have different ways of phenol photodegradation. It was 
shown that Ag-decorated ZnO has good bactericide properties.  
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Abstract 

The aim of this study was to evaluate the possibility of the metallurgical wastes (slags and fly ash) utilization 
as a support for photocatalyticaly active composites. Metallurgical slags (MS) represent large volume group of 
by-products originated during the metallurgical production processes. The fly ash (FA) is the group of the 
wastes coming from the power plants, which are also part of the big cast iron and steel production plants. 
Although several applications of MS and FA already exist, non-negligible part is still stored in the landfills and 
thus the searching for new applications of these wastes is on high demand. Alkali activation of MS and FA 
represents one of the possibilities of the re-utilization of these wastes, which enables the application of these 
materials as the inorganic binders in building industry. The combinations of the photocatalysts with cement 
based materials are intensively studied with the aim of their utilization for the photocatalytic cleaning of the air. 
In present work, the alkali activated MS was tested as the matrix for the photocatalyticaly active composite 
kaoline/TiO2 and the alkali activated mixture of MS+FA was evaluated as a support the deposition of TiO2 
layer. The photodegradation activity of prepared samples against NOx was tested. The results identified the 
application of TiO2 layer on the surface of alkali activated mixture MS+FA as favourable with respect to NO 
conversion.  

Keywords: Slag, alkali activation, TiO2, photocatalysts, photodegradation 

1. INTRODUCTION 

High amount of the wastes and by-products is produced by the metallurgy and energy industry and the building 
industry is the biggest consumer of these materials [1]. The blast furnace slag (BFS) and fly ash (FA) are 
widely used as the components of blended cements. Heavy aggregates produced from slowly cooled slags 
used for the road construction is the other example of the possible utilization of the by-products from the 
metallurgy. The requirement for the utilization of these materials as the alternative inorganic binders is high 
amount of Al2O3 and SiO2 in amorphous phase, which assure the ability of the so called latent hydraulic activity 
(LHA) [2]. Latent (hidden) hydraulic properties of these materials can be evoked by the addition of the suitable 
alkali activator and so called Alkali Activated Materials (AAM) originated. Latent hydraulic properties of the 
granulated blast furnace slag (GBFS) and fly ash are usually induced by the addition of the water glass.  

The hardened products maturated in moist environment could exhibit even better properties (mechanical 
properties, chemical resistance) in comparison to the products prepared by the hydration of Ordinary Portland 
cement (OPC). OPC is an excellent hydraulic binder but its production is energetically demanding due to the 
necessity of the calcination of the raw materials in rotational furnace, other negative environmental aspects is 
the production of the high amount of CO2 [3]. The tuning of the alkali activation process of GBFS and FA is 
frequently studied in a number of scientific reports dealing with inorganic binders [4,5]. The result of the alkali 
activation is the formation of new phases, which have the dominant effect on the final mechanical properties, 
and chemical resistance of the hardened samples [6]. The properties of the final product are influenced also 

https://doi.org/10.37904/nanocon.2019.8631 
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by the type of the alkali activator as well as by the process of the mixing of the tested AAM admixtures with 
alkali activator. The preparation of the tiles, curbs or the protection tiles placed at the road edges as well as 
the noise protective barriers represent the already tested real application of the alkali activated materials.  

The air pollution is a serious problem and enormous effort is put to develop the procedures for the decreasing 
of its level. One of the often researched ways for the elimination of the hazardous substances from the air is 
their photocatalytic degradation [7]. Since the buildings, roofs, noise barriers but also the surface of the roads 
are in direct contact with the air, the utilization of the photocatalytic degradation process of the pollutants 
running on the surfaces of these construction parts represent an elegant way to improve the air quality. The 
most studied photocatalyst is TiO2 and its utilization in the building parts based on Portland cement has been 
already explored by many researchers for example [8-10]. The utilization of AAM as the support of 
photocatalyticaly active materials is not researched in such range as the materials based on OPC as the 
binder. 

The aim of this work was to evaluate the possibility to utilize photocatalyticaly active materials in the 
combination with the hardened matrix based on the AAM. Two different approaches for the combination of 
TiO2 photocatalyst were tested. In the first approach, photocatalyticaly active composite kaoline/TiO2 was used 
as the admixture of GBFS. And this mixture was activated with the sodium metasilicate and let to harden in 
the moist environment. In the second approach, TiO2 in the form of colloid sol was used to cover the surface 
of already hardened samples produced by the alkali activation of the mixture of GBFS and FA using water 
glass. The photocatalytic activity of prepared samples was tested by the photodegradation of NO2. 

2. MATERIALS AND METHODS 

Two different approaches of the TiO2 combination with LHA materials were tested. The first approach was 
based on the addition of kaoline/TiO2 (KATI) composite in an amount of 15 and 25 wt.% into the powder GBFS 
and further mixed with granules of sodium metasilicate (NMS). The water was then added to this dry mixture 
and originated paste was formed into the mould made of steel and let to maturate 24h in moist environment 
(25 °C, 99% RH). After 24 h the samples were unmoulded and stored in the moist environment for selected 
time period (2, 7, 28 and 56 days). The composition of the samples is shown in Table 1. Since the composite 
KATI is based on the TiO2 particles anchored ion the surface of the kaolinite particles the samples containing 
only calcined kaoline (MK) were prepared in the same way and labelled as MK15 and MK25. The samples in 
a form of small cubes (20x20x20mm) as well as in the form of tiles (100x50x10mm) were prepared for the 
compressive strength tests and photocatalytic experiments. 

Table 1 Composition of the GBFS samples 

Sample 
MK KATI66 FA GBFS Na2O 

Water to solid ratio 
(g) (g) (g) (g) % 

GBFS 0 0 0 300 

2.5 / 5 

0.31 

MK15 45 0 0 

255 

0.34 

MK25 75 0 0 0.36 

KATI15 0 45 0 0.34 

KATI25 0 75 0 0.36 

GBFS_FA20 0 0 60 240 
5 

0.30 

GBFS_FA40 0 0 120 180 0.30 
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The second approach comprises the samples based on the mixture of GBFS and FA prepared in the same 
way as the samples previously described with the exception that the mixture did not contain TiO2 photocatalyst. 
The samples were labelled GBFS_FA20 and GBFS_FA40 where the number signalizes the FA content, the 
composition of the samples is shown in Table 1. After 28 days of maturation in moist environment, the samples 
in a form of tiles were further stored in laboratory conditions (25 °C, 30% of RH) for additional 14 days to let 
them dry slowly. After that, the TiO2 suspension was applied on the surface of the tiles by the dipping of the 
tile into the TiO2 suspension for 10s. After that, the sample was let to dry for additional 4h. Then the samples 
were thermally treated in a muffle furnace for 2h at 450 °C. The whole process was applied three times. 

The compressive strength test was performed for the samples in a form of cubes after their maturation for 2, 
7, 28 and 56 days long hydration on the compression strength tester Compact 20/160 (Brio Hranice). 

Apparatus and the conditions used for NO photodegradation experiment are in agreement with requirements 
given by international standard ISO 22197-1:2007. The scheme of the apparatus is shown in Figure 1.  

 

Figure 1 The scheme of the apparatus used for the NOx photodegradation test (1. Gas cylinder with mixture 
of N2 + NO, 2., 5. Reducing valves; 3., 6., 7. Mass flow controller, 4. Inlet of the pressurized air, 8. Glass 

wash bottle, 9. The cell for the RH measurement, 10. Photoreactor with UV lamp, 11. NOx analyser, 
12. Outlet of the gas mixture) 

NO was used as a model pollutant during the experiment and its initial stream dosed using mass flow 
controllers was mixed with air to give the final concentration 1.2 ppm. HORIBA APNA-370 analyzer was used 

for the detection of NO concentration. The flow rate of the inlet gas mixture through the reactor was 3 lmin-1. 
OSRAM EVERSUN L40W/79K tube was used as a source of UV irradiation during the photodegradation tests. 

The UV light intensity (measured at 356 nm) was 10 Wm-2. The relative humidity was kept at the value 49.7 ± 
0.3 % during the measurement. The experiments were performed in shortened 60 min long irradiation period. 

3. RESULTS 

The effect of the amount of Na2O in the activator on the compressive strength of the samples is shown in 
Figure 2. Application of the activator with 2.5 wt.% of Na2O to GBFS let to develop the compressive strength 
value close to 80 MPa after 58 days long hydration. In the case of alkali activated mixtures of GBFS with MK 
or KATI composite the compressive strength reached very low values, which did not exceed 4 MPa 
(Figure 2a), the development of the compressive strength was the same for all of the tested samples 
regardless the type of the admixture used. Increasing of the Na2O amount to 5 wt.% caused the formation of 
the samples with obviously higher values of compressive strength as evident from Figure 2b. Again the highest 
compressive strength around 80 MPa after 58 days of hydration was achieved for pure GBFS followed by the 
sample of GBFS with 15 wt.% of KATI admixture which reached approximately 40 MPa after the 58 days long 
hydration.  
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By the comparison of the compressive strength values obtained for the samples with MK and KATI admixtures 
(Figure 2b) the positive effect of the TiO2 in the KATI composite was observed (Figure 2b). Lower amount of 
the admixtures is preferable for achieving of the higher compressive strength values (compare the series MK15 
and MK25 and KATI15 and KATI25 in Figure 2b). The addition of the FA to the GBFS let to form the samples 
with obviously higher compressive strength, in comparison to pure GBFS, as evident from Figure 3. These 
mixtures were used for the preparation of the samples for which the TiO2 was applied in a form of thin layers. 

 

Figure 2 The time evolution of the compressive strength of the samples activated with the sodium silicate 
in amount carrying a) 2.5 wt.% of Na2O and b) 5 wt.% of Na2O 

 

Figure 3 The time evolution of the compressive strength of the GBFS mixtures with FA 

The degree of NO conversion caused by 60 min long UV irradiation of the samples with the presence of 
photocatalytic active TiO2 is shown in Figure 4.   

The conversion of the NO is negligible for the series of the samples with KATI composite as evident from 
Figure 4. Activation of the GBFS+KATI mixture using higher amount of alkali activator carrying 5 wt.% of Na2O 
caused higher NO conversion compared with the samples activated with sodium metasilicate carrying 2.5 wt.% 
of Na2O as evident from Figure 4. Higher conversion for sample KATI_25 is related to higher content of TiO2 
in this sample. 
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Application of TiO2 in a form of thin layers was responsible for the enhancement of NO conversion which 
reached approximately 6 % in the case of the tiles prepared from the mixture of 60 wt.% of GBFS and 40 wt.% 
of FA. The positive effect of higher amount of FA on the NO conversion was observed (Figure 4) and could 
be attributed to enhanced fixation of Na+ ions in hydration products originated in the presence of FA.   

 

Figure 4 Comparison of the degree of NO conversion for the samples with composite KATI and the samples 
of tiles with the TiO2 applied as the layer 

4. CONCLUSION 

The samples of alkali activated granulated blast furnace slags and its mixtures with i) kalcined kaoline, ii) 
photocatalyticaly active composite KATI and iii) fly ash were prepared. The compressive strength values of the 
alkali activated mixtures of GBFS with MK and KATI revealed the importance of higher amount of alkali 
activator for higher strength of the mixtures with KATI. The positive effect of the TiO2 presence was also 
observed. The addition of fly ash to the GBFS and subsequent alkali activation of the mixtures let to form 
hardened samples with even higher compressive strength. The tests of NO conversion revealed higher NO 
conversion for the samples with TiO2 present in a form of thin layers. The positive effect of the amount of fly 
ash on the NO conversion was observed. The further experiments will be focused on the alkali activated 
samples with the different photocatalyst applied in a form of thin layers. 
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Abstract 

Semiconductor-based heterogeneous photocatalysis is a promising technology for water and air purification 
without using consumables and generating harmful by-products. Bismuth molybdate as one of the simplest 
Aurivillius oxides with a narrow band gap of 2.7 eV has got wide attention due to its potential for photocatalytic 
applications. However, the inherent disadvantages such as a fast recombination of photogenerated electron-
hole pairs and slow charge carrier transfer leads to low photocatalytic efficiency. Recently, it was reported that 
modification with lanthanides ions greatly improves the separation efficiency and migration rate of the interface 
carrier. Therefore, we report a simple strategy for synthesis Er3+/Yb3+/Gd3+ modified Bi2MoO6 vis hydrothermal 
method. The photocatalysts were characterized by diffuse reflectance spectroscopy (DRS), 
photoluminescence spectroscopy (PL) and scanning electron microscopy (SEM). The photocatalytic activity of 
the powder samples was assessed by the degradation of phenol in the liquid phase under ultraviolet and visible 
light irradiation. To provide insight into the reactive inviduals participating in the degradation mechanism, a test 
with scavengers was also performed. The composite photocatalysts exhibit remarkable enhancement of the 
photocatalytic activity during photocatalytic phenol degradation as compared with bare Bi2MoO6. These 
excellent photocatalytic performances are ascribed to the synergistic effects of the extended visible light 
response, and improved separation efficiency of the photoinduced charge carriers. 

Keywords: Heterogeneous photocatalysis, bismuth molybdate, lanthanide ions 

1. INTRODUCTION 

One of the central global socio-economic challenges of the next decades is the sustainable treatment of wasted 
water and polluted air. Photocatalytic processes are regarded as a potential solution to this problem because 
they belong to the most sustainable and environmentally friendly technologies [1].  

Bismuth molybdate is one of the simplest Aurivillius oxides possessing a layered structure with a regularly 
alternating bismuth (Bi2O2)2+ and molybdenum (MoO4)2- layers. Bi2MoO6 has an energy gap of ~ 2.7 eV and is 
characterized by the ability to create three-dimensional structures with a highly developed surface. In view of 
this, this photocatalyst can be successfully used to degrade environmental pollution using renewable energy 
sources such as solar radiation. Nevertheless, the inherent disadvantages such as a fast recombination of 
photogenerated electron-hole pairs and slow charge carrier transfer leads to low photocatalytic efficiency [2,3].  

Recently, it was reported that modification with lanthanides ions greatly improves the separation efficiency and 
migration rate of the interface carrier. Based on the literature data, most of interest in lanthanide ions has 
focused on Er3+ due to their possible light absorption in the visible region [4]. In addition, Yb3+ ions are often 
used as sensitizer of Er3+ due to its particular electronic configuration, which creates the possibility of energy 
transfer between these ions [5]. The latest research presents the properties of Gd3+ ions which act as redox 
centers [6], generating strongly oxidizing hydroxyl radicals. The synergistic effect of Er-Yb-Gd ions may be 
effective approach to enhance the photocatalytic activity of Bi2MoO6.  

https://doi.org/10.37904/nanocon.2019.8697 
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Therefore, we report a simple strategy for synthesis Er3+/Yb3+/Gd3+ modified Bi2MoO6 vis hydrothermal method. 
The aim of the work was to understand the effect of type of lanthanide ions on optical and luminescence 
properties and their relation with photocatalytic properties of bismuth molybdate. 

2. EXPERIMENTAL SECTION 

2.1. Preparation of Er3+/Yb3+/Gd3+-modified bismuth molybdate 

Er3+/Yb3+/Gd3+ modified Bi2MoO6 photocatalysts were synthesized by hydrothermal method as described 
below: Bi(NO3)3·5H2O (2 mmol) pre-dissolved in 80 mL water and 10 mL HNO3 (20 mol/l) was dropwise added 
to 60 mL of (NH4)6Mo7O24·4H2O aqueous solution (0.14 mmol). After mixing for 30 min, the Gd(NO3)3·5H2O. 
Er(NO3)3·5H2O and Yb(NO3)3·5H2O was added. Then, 15 mL of ammonium hydroxide was added to adjust 
the pH to ~ 9 with a further continuous stirring for 30 min. The obtained suspension was transferred into 200 
mL Teflon-linked stainless-steel autoclave and was maintained at 180 °C for 12 h. After cooling to room 
temperature, the resultant solid products were recovered by centrifugation. They were washed 3 times with 
distilled water and ethanol and dried at 60 °C overnight. The description of the as-prepared photocatalysts is 
summarized in Table 1. 

Table 1 Description of obtained photocatalysts 

Sample label 
Assumed content of 

ytterbium (mol.%) 
Assumed content of 

erbium (mol.%) 
Assumed content of 
gadolinium (mol.%) 

Bi2MoO6 none none none 

Yb-Bi2MoO6 2 none none 

Er-Bi2MoO6 none 2 none 

Gd-Bi2MoO6 none none 2 

Yb/Er-Bi2MoO6 2 2 none 

Er/Gd-Bi2MoO6 none 2 2 

Yb/Gd-Bi2MoO6 2 none 2 

Yb/Er/Gd-Bi2MoO6 2 2 2 

2.2. Characterizations 

The morphology of prepared samples was characterized by field emission scanning electron microscopy (FE-
SEM, JSM-7610F, JEOL). The diffuse reflectance spectra (DRS) of the samples were recorded on a Shimadzu 
UV-Vis spectrophotometer (UV 2600) equipped with an integrating sphere, with a wavelength range of 250-
700 nm. The photoluminescence (PL) spectra were recorded by LS-50B Luminescence Spectrometer 
equipped with a Xenon discharge lamp and a R928 photomultiplier. 

2.3. Photocatalytic measurements 

The photocatalytic performance of Er3+/Yb3+/Gd3+ modified Bi2MoO6 photocatalysts was investigated for phenol 
degradation under ultraviolet and visible light using a 1000W Xenon lamp (Oriel 66021) equipped with an 
optical filter (GG350) to cut-off the emission below 350 nm, and a water IR cut-off filter. Experiments were 
performed in a reactor at initial phenol and photocatalyst concentrations of 0.21 mM and 5 g/L, respectively. 
0.2 mL phenol solution samples were taken every 20 min for 1 h, filtered using a syringe filter and then 
analyzed. A high-performance liquid chromatograph (HPLC, Shimadzu) equipped with a Kinetex C18 column 
and the SPD-M20A diode array detector (λ = 205 nm) was used to (150 x 3 mm; particle size of 2.6 µm; pore 
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diameter 100 Å) determine the phenol concentration in the solution. The mobile phase was composed of 
acetonitrile and 0.005% trifluoroacetic acid (20/80 v/v) with a constant flow rate equal to 0.5 mL/min. The 
injection volume was 20 µL. Radical scavenging experiments using benzoquinone, silver nitrate, ammonium 
oxalate and tert-butanol (solution of scavenger and phenol 1/1 C/C) were performed using the same procedure.  

3. RESULTS 

Scanning electron microscopy was used to characterize the morphology of the obtained Er3+/Yb3+/Gd3+ 
modified Bi2MoO6 photocatalysts. Figure 1 presents SEM images of selected samples. The obtained 
photocatalysts are characterized by an irregular sheet-like microstructure and a smooth surface. The size of 
nanosheet is about 1-4 microns. 

 
Figure 1 SEM images of bare Bi2MoO6 and Er/Yb/Gd-modified Bi2MoO6 photocatalysts 

To investigate the photoabsorption properties of the obtained photocatalysts the diffusive reflectance spectra 
were recorded and data were converted by Kubelka-Munk function to obtain absorption spectra, and the results 
are shown in Figure 2a. All prepared photocatalysts were yellow powders. Each photocatalyst had a broad 
intense absorption below 415 nm. It can be seen, that all modified samples showed a redshift (shift in the 
direction of longer wavelengths) of their absorption compare to bare Bi2MoO6. The type of metal modification 
effects largeness of redshift. This behavior may be ascribed to the decrease in the band gap after modification 
of bismuth molybdate. Furthermore, there are three absorption bands in the Vis region typical for erbium 

located at 523, 545 and 674 nm. They correspond to transitions from the 4I15/2 ground state to the excited 

states of 4F7/2, 4H11/2 and 4F9/2. In all of the studied Er3+-modified samples, the intensity of these absorption 
bands was similar. Nevertheless, the intensity of these absorption bands increases after co-modification Er3+ 
and Yb3+ ions. 

To understand the rate of electron-hole recombination photoluminescence (PL) spectroscopy was applied. 
Figure 2b shows the PL spectra of bare and Er3+/Yb3+/Gd3+ modified Bi2MoO6 photocatalysts under excitation 
by light at λex = 350 nm. All samples show a broad emission band from 360 to 550 nm. It can be seen that the 
modification causes a reduction the photoluminescence intensity, which suggests significantly inhibited the 
recombination of the photogenerated charge carriers. The enhanced effect of separation of charge carriers is 
observed in the case of the triple-modified sample. In addition, it can be seen that erbium ions effectively inhibit 
the recombination process. 

The photocatalytic properties of the obtained samples were investigated by observing the decomposition of 
phenol in an aqueous solution under UV-Vis (λ> 350 nm) light. Bare Bi2MoO6 were used as reference samples. 
The observed degradation rates (calculated for the 60 min of irradiation) are listed in Table 2. In turn the 
efficiency of phenol photodegradation is shown in Figure 3a.  
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Figure 2 (a) UV-vis diffuse reflectance spectra; (b) Photoluminescence spectra of bare Bi2MoO6 

and Er/Yb/Gd-modified Bi2MoO6 photocatalysts 

Table 2 Photocatalytic activity under UV-Vis irradiation of bare Bi2MoO6 and Er/Yb/Gd-modified Bi2MoO6  
               photocatalysts 

Sample label Phenol degradation rate (min-1) Intermediate products 

Bi2MoO6 0.003 

benzochinon  
hydrochinon 

Yb-Bi2MoO6 0.007 

Er-Bi2MoO6 0.009 

Gd-Bi2MoO6 0.008 

Yb/Er-Bi2MoO6 0.018 

Er/Gd-Bi2MoO6 0.016 

Yb/Gd-Bi2MoO6 0.014 

Yb/Er/Gd-Bi2MoO6 0.035 

It was observed that all samples showed higher photoactivity than the reference sample. The phenol 
degradation rate constant increased from 0.003 to 0.035 min-1 for unmodified sample and triple-modified 
Bi2MoO6, respectively. Bi2MoO6 co-modified sample showed higher photocatalytic activity than single modified 
samples. However, the highest photoactivity was observed for the sample modified with erbium, ytterbium and 
gadolinium. After 90 min of irradiation, 96 % of phenol degraded in the presence of Er3+/Yb3+/Gd3+-Bi2MoO6. 
There is a clear correlation between luminescence intensity and photocatalytic activity. HPLC analysis 
demonstrated that the main intermediates that formed during the photocatalytic degradation of phenol after 30 
min under UV-Vis light were benzoquinone and hydroquinone. In addition, the amounts of intermediate 
products in the aqueous phase were observed to decrease during exposure on irradiation. 

To confirm the role of generated of the reactive oxygen species in the photocatalytic process, the photocatalytic 
activity test in the water phase was conducted in the presence of obtained samples and scavenger. Ammonium 
oxalate, benzoquinone and tert-butyl alcohol were used as scavengers for h+, O2•⁻ and •OH, respectively. As 
shown in Figure 3b, the photocatalytic systems containing ammonium oxalate completely inhibited phenol 
photodegradation. The research suggests that holes are the main active species in presented systems under 
UV-Vis irradiation. Moreover, phenol degradation efficiency also decreased significantly after addition of 
benzoquinone. This indicates that superoxide radicals also play an important role in the photocatalytic 
degradation of phenol. 
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Figure 3 (a) Efficiency of phenol degradation under UV-Vis light irradiation of bare Bi2MoO6 and Er/Yb/Gd-
modified Bi2MoO6 photocatalysts; (b) Photocatalytic degradation under UV-Vis light irradiation of phenol in 

the presence of photocatalysts and scavenger. 

4. CONCLUSION 

In summary, lanthanide modified bismuth molybdate was obtained by the hydrothermal method. The triple 
modified photocatalyst showed significantly increased photocatalytic activity compare to single and double 
modified Bi2MoO6 samples. After 90 min of UV-Vis irradiation, 96 % of phenol degraded in the presence of 
Er3+/Yb3+/Gd3+-Bi2MoO6. Increased of photoactivity is attributed to the synergistic effect of Er3+/Yb3+/Gd3+ ions. 
The introduction of Gd3+ ions in contributed to the hydroxyl radical´s generation, and further research indicated 
that the separation and transfer of electron-hole pairs were effectively promoted. In addition, Er3+/Yb3+-
modification resulted in formation of an additional energy level, which led to the narrower band gap of Bi2MoO6, 
which greatly affected the visible light absorption property of the photocatalysts. 
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Abstract 

The paper deals with simulations of the distribution of electric field on the collector surface during the DC-

electrospinning process. The object of the simulations was to find out whether it is possible to achieve a uniform 

distribution of the electric field on the surface of the circular collector. The homogenity of the nanofiber layer 

formed on the collector is related to the uniformity of the distribution of the electric field. Simulations were 

performed for different shapes of the circular collector, where the geometry of the collector edge was changed. 

From the simulation results it was found that a suitable adjustment of the collector edge geometry has a 

significant effect on the distribution of the electric field on the collector surface. 

Keywords: Colector, electrospinning, electric field, high voltage 

1. INTRODUCTION 

At present electrically charged collectors coated with non-woven fabric are used to capture nanofibers 

produced by the electrospinnig method. [1] This research deals with the issue of circular collectors, which are 

used for the production of small laboratory samples also of circular shape. Due to the unevenness of the 

electric field on the collector surface, more nanofibres move from the electrode to the edges of the collector 

than to its center. For this reason, the layer of produced fibers on the non-woven fabric is uneven, especially 

at the edges the unevenness increases greatly. This occurrence is caused by the high value of the electric 

field at the collector edges. Especially if the collector edge is terminated by a sharp edge, the intensity values 

are extremely high. [2] [3] At present, this negative effect is compensated by the use of a collector with a 

diameter larger than the required sample size, which entails requirements for a larger installation space, which 

is otherwise completely unused and thus increases the dimensions of the entire device. The aim of this work 

is to design a new shape of the collector and to analyze the distribution of the electric field on the collector 

surface in relation to the made modifications. The result should be to design a shape that would make the 

electric field distribution more uniform on its surface and reduce the intensity values at the collector edges. 

Using such a designed collector it would be possible to produce a more uniform layer of fibers of greater width 

while maintaining the overall diameter, including the installation dimensions. 

2. SIMULATIONS 

2.1. FEM model 

In Figure 1 (a) a simplified diagram of the device is shown with the basic parts needed for the simulation, 

namely the electrode, the collector and the machine frame. Simulations were performed using the finite 

element method, using Autodesk Simulation Mechanical software. Since both the collector and the electrode 

are rotationally symmetrical bodies, the task was simulated as rotationally symmetrical. In Figure 1 (b) the 

general computational model used in simulations is shown. The individual dimensions shown in Figure 1 (a), 

including the electrode dimensions, did not change to the diameter D or the collector shape itself during the 

https://doi.org/10.37904/nanocon.2019.8671 
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simulations. The shape of the collector was modified in individual steps of the performed analysis and the 

distribution of the electric field on the collector was always evaluated from the performed electrostatic field 

simulation. Changes made to the shape are described in the next section. The polymer was also simulated 

onto the electrode surface, from which fibers are formed in a real production. The shape was simplified to a 

hemispherical drop and was retained in all simulations performed. The boundary conditions were given the 

electric voltages on the individual parts. A positive voltage of 20 kV was applied to the lower edge of the 

electrode. Negative voltage -20 kV per collector. The frame of the device is grounded, so a voltage of 0 V has 

been entered. These values of boundary conditions entered in this way were also not changed during the 

simulations performed. 

 

Figure 1 FEM model 

2.2. Simulation of standard shape collector 

First, the basic shape of the collector was analysed, Basic collector is a circular plate with rounded edges at 

the edges corresponding to the thickness of the sheet which it is made of. Specifically, it is 2 mm and the 

collector diameter is 200 mm. Figure 2 shows the distribution of the electric field intensity around. There are 

shown values of electric field for specific points, specifically for the centre of the collector, the half distance of 

the collector radius and for the edge of collector. It is evident that there is a high intensity at the edge. The 

value at the edge (2140 V/mm) is, more than ten times than the value in the middle of the collector (180 V/mm). 

The graph in Figure 3 shows the electric field distribution on the collector surface from its middle to the edge. 

It can be seen from the graph in Figure 3 that there is a significant increase in the electric field intensity at the 

collector edge, which leads to an increase the unevenness of the nanofiber layer as described in the 

introduction. 
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Figure 2 Simulation for basic collector 

 

Figure 3 Electric field distribution on surface of basic collector 
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2.3. Simulation of new designed shape of collector 

The design of the new collector shape is based on the assumption that the use of a larger diameter radius will 
reduce the intensity value at the collector edge. The collector was modeled again as a circular plate 
supplemented with a torus-shaped body on the edge, Figure 4. The total diameter of the collector, including 
the end, is chosen in the same way as the basic shape from the previous chapter, ie 200 millimeters. The 

ending diameters (d, Figure 4) were varied and their effect on intensity distribution was analyzed. Specifically, 
two values were chosen, namely a diameter of 20 millimeters and a diameter of 50 millimeters. 

 
Figure 4 New shape of collector 

In Figure 5, the distribution of the electric field intensity around the collector is shown with an edge having a 
diameter of 20 mm. It can be seen from the figure that there is a significantly lower intensity value at the 
collector edge than in the basic shape from the previous simulation. Figure 6 shows an electric field distribution 
around a collector with a rounded edge of 50 mm diameter. It can be seen that the electric field value at the 
collector edge is lower than the 20 mm diameter variant. Figure 7 shows a comparison of the electric field 
distribution on the surface of all analyzed collector shapes.   

 

Figure 5 Electric field distribution around collector for rounded edge value 20 mm 
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Figure 6 Electric field distribution around collector for rounded edge value 50 mm 

 

Figure 7 Comparation electric field distribution on surface of three types of collectors 

3. CONCLUSION 

The carried out simulations show that the electric field values at the collector edge with rounding are of the 
order of magnitude lower than for the basic collector. The distribution of the electric field intensity is more 
uniform for rounded collectors than for the basic collector. An important benefit of applying larger rounding 
diameters is in particular the reduction of the electric field at the collector edge. The consequence of this should 
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be to increase the uniformity of the nanofiber layer applied to the base fabric, while maintaining the same value 
of the collector diameter. If the new shape of the collector is used, the requirement for installation dimensions 
will be reduced, and thus the whole device can be smaller. 
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Abstract 

In this work, solution-processable graphene oxide (GO) dispersions were used for the simple preparation of 
thin GO layers (50 nm thickness), which were reduced by low-temperature hydrogen plasma. Hydrogen 
plasma reduction (ideal treatment time 8 sec) led to a decrease of oxygen-containing groups and 
consequently, in the transformation of sp3-carbon oxidized domains to preferable sp2-carbon aromatic domains 
in rGO layers (XPS). GO and rGO layers were used as counter-electrodes (CEs) in printed dye-sensitized 

solar cells (DSSCs). DSSCs with rGO CEs reached an increased conversion efficiency of  = 0.9 % compared 

to DSSCs based on GO CEs with  = 0.4%. This can be attributed to the higher catalytic activity of plasma 

reduced rGO CEs in the presence of iodine electrolyte and also lower sheet resistance (˂100 MΩ/□) compared 

to GO CEs. 

Keywords: Graphene oxide, plasma reduction, dye-sensitized solar cell, counter electrode, printed electronics 

1. INTRODUCTION 

Dye-sensitized solar cells (DSSCs) belongs to the promising 3rd photovoltaic generation which has several 
benefits compared conventional silicon-based solar cells such as transparency (possibility for both side 
illumination), reasonable efficiency at artificial light conditions, use of low-cost materials and the possibility of 
printing production (roll-to-roll) on a various flexible substrate [1-2]. The standard DSSCs structure consists of 
three main components: mesoscopic metal nano-oxide photoanode (TiO2, ZnO) sensitized with dye 
(ruthenium, porphyrin and various organic dyes), iodide liquid electrolyte and Pt counter electrode (CE).   

The counter electrode has a key role in electron collection from the external circuit to the electrolyte, where 
iodide ions are reduced. Therefore, CE should meet several important properties: high conductivity, high 
catalytic activity and stability, transparency in the UV-Vis region and mechanical stability [3]. For its excellent 
catalytic activity in the presence of iodide electrolyte and high transparency, the Pt is often used as the standard 
and reference CE. However, the high cost of Pt, its corrosion caused by liquid electrolyte and requirement of 
the high-temperature treatment of Pt CEs for the high DSSCs conversion efficiency are serious drawbacks for 
its large-scale preparation by printing and coating techniques. As the alternative and printable materials for 
CEs, carbon-based materials (graphene, graphene oxide, CNT, MWCNT, graphite, carbon black) reached a 
lot of research attention [4].  

Graphene (G) and graphene oxide (GO) are two-dimensional materials with carbon atoms arranged in a 
hexagonal lattice structure. G has several unique properties, such as high electrical and thermal conductivity, 
high optical transmittance, large surface area thanks to which it is often studied as an alternative CE [5-6]. In 
contrast to G, the GO (functionalized graphene with peroxide, hydroxyl and carboxyl groups) is electrically 

https://doi.org/10.37904/nanocon.2019.8700 
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insulating material. This is due to the change in GO conjugated system of bonds where sp2 hybridization of 
functionalized C-C bonds is changed to sp3 hybridization. However, compared to G, the GO is hydrophilic 
material and thus can be prepared in the form of stabile water or organic solvent-based coating and printing 
inks. Moreover, different techniques (thermal, chemical, UV light, plasma) enable the reduction of oxygen-
containing groups in GO which leads to partially restored electrical properties of reduced graphene oxide (rGO) 
and its application as CE in DSSCs [7-8]. Among these reduction techniques, plasma treatment has great 
benefits of short reduction time (several seconds), low-temperature (up to 70 °C), no need of toxic chemicals 
and can be directly incorporated in the roll-to-roll process [9].    

Here, we report on a simple and large-scale applicable preparation process of rGO CEs for DSSCs. Low-
viscosity water-based GO dispersions were spin-coated onto FTO glass substrates (fluorine-doped SnO2) 
without any further drying. Prepared GO layers were afterward reduced by low-temperature dielectric 
discharge barrier hydrogen plasma (DCSBD) at atmospheric pressure. The positive effect of plasma treatment 
on the rGO chemical structure was studied by X-ray photoelectron spectroscopy (XPS). rGO was used as CEs 
in printed DSSCs. DSSCs with rGO CEs reached a double increase in conversion efficiency compared to GO 
CEs. However, the very high electrical resistivity of rGO have a significant effect on overall low electrochemical 
performance of rGO (cyclic voltammetry) and subsequentially on the lower photovoltaic performance of DSSCs 
(I-V characteristic).   

2. EXPERIMENTAL 

2.1. DSSCs preparation  

Mesoscopic TiO2 electrodes (photoanode - PA) were prepared from screen-printable TiO2 highly viscous inks. 
The detailed preparation process of TiO2 ink and the screen-printing process is described in our previous work 
[2]. TiO2 electrodes were printed onto cleaned and UV treated FTO glass slides (covered with TiCl4 blocking 
layer). Then, electrodes with a controlled final thickness of 10 µm were sensitized for 24 h in 0.4 mM ethanol 
solution of N719 ruthenium dye (Solaronix, Switzerland). GO counter electrodes were prepared by spin-coating 
of 5 mg/ml water-isopropyl alcohol GO dispersion (1-5 µm particle size, Ossila, England). The dispersion was 
spin-coated onto cleaned and UV treated FTO glass slides. GO layers were afterward treated for 8 s by DCSBD 
plasma (100 W/cm3, ROPLASS s.r.o., Czech Republic) in H2 reduction gas. DSSCs were assembled as 
sandwich-type cells by the addition of 16 µl of liquid electrolyte (Iodolyte AN-50, Solaronix, Switzerland) 
between the PA and CE. Electrodes were afterward connected by bonding polymeric film (Meltonix 1170, 
Solaronix, Switzerland).  

2.2. Measurement and characterization 

The plasma for the reduction was generated by diffuse coplanar surface barrier discharge (DCSBD, Roplass 
s.r.o., Czech Rep.). The DCSBD generated thin, high power-density plasma in H2 gas with power density 100 
W/cm3. The effect of plasma reduction on the chemical composition of rGO electrodes and nontreated GO 
electrodes was investigated by XPS measurement (Al Kα ESCALAB 250Xi, ThermoFisher Scientific). The 
morphology of prepared GO layers was analyzed by AFM (Ntegra Prima (NT-MDT). Cyclic voltammetry (CV) 
measurements were performed in a three-electrode electrochemical cell in a supporting electrolyte acetonitrile 
solution containing 0.1M LiClO4, 10.10-3 M LiI and 1.10-3 M I2 using a sample of CE as the working electrode, 
a Pt wire as the auxiliary electrode and Ag/AgCl/3 mol L-1 KCl as the reference electrode, respectively. The 
photovoltaic performances of DSSCs (I-V characteristic) were characterized under simulated light irradiation 
of 100 mW cm-2. 
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3. RESULTS AND DISCUSSION 

Topography and thickness of spin-coated GO layers were evaluated by AFM and profilometry measurements. 
Analyzed GO layers consisted of particles with size from hundreds of nm up to 3 µm (Figure 1 - left). The 
average layer thickness of one time spin-coated (2000 rpm) 5 mg/ml GO dispersion was approx. 50 nm 
(Figure 1 - right). Profilometry analyses show (Figure 1 - right) that spin-coated GO layers have high 
roughness with the lowest thickness locality ≈ 10 nm up to the highest points ≈ 160 nm. Because of plasma 
treatment is efficient only at the material surface, the high layer roughness is beneficial for large surface area 
reduction.  

 

Figure 1 Topography (AFM, left) and profilometry (right) of spin-coated GO layer 

The chemical surface composition of the prepared GO and plasma reduced rGO samples were analyzed by 
XPS. Figure 2 shows C1s peaks of GO before (GO) and after hydrogen plasma reduction for 8s (rGO). GO 
C1s peak at 286 eV corresponding to C-C bonds in sp2 and sp3 hybridization state. After plasma treatment 
(rGO) is this peak shifted towards lower binding energies which can be contributed to the decrease of sp3 - 
bonded carbon (Figure 2 - right). The second peak at 288 eV can be attributed to carbon-oxygen bonding. 
After plasma treatment, the quantitative decrease of carbon-oxygen bonds is evident and is also plotted in 
Figure 2 -right. 

 

Figure 2 XPS C1s spectra of GO and rGO (reduced in hydrogen plasma for 8 s) chemical composition (left) 
and relative representation of carbon bonds in GO and rGO (right) 
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Figure 3 shows I-V characteristics with inserted calculated photovoltaic properties (VOC - open-circuit voltage, 
JSC - short-current density, FF - fill factor, η - conversion efficiency) of prepared DSSCs with GO and rGO CEs. 
DSSCs with rGO CEs reached increased overall photovoltaic properties with η = 0.89% compared to η = 0.44% 
evaluated for GO CEs. The non-standard shape I-V curves measured for GO and also for rGO can be assigned 
mainly to the high series resistance (low electrical sheet resistance of rGO Rsh ≈ 100 MΩ/□) of the DSSCs with 
low FFGO = 0.27 and FFrGO = 0.29.  

 

Figure 3 I-V characteristics of DSSCs assembled with GO and rGO CEs under 100 mW cm-2 irradiation, with 
inserted calculated photovoltaic parameters 

The photovoltaic performance of DSSCs can be further correlated with the electrochemical performance of 
GO and rGO CEs evaluated by cyclic voltammetry (CV) in iodide electrolyte. Figure 4 - left shows cyclic 
voltammograms of GO and rGO electrodes in supporting iodide electrolyte. For both samples, the intensive 
reduction peaks at GO = -0.9 V and rGO = -0.75 V are evident. These anodic peaks can be ascribed to the 
particular reduction of I3-/3I- which have the key role in electrolyte ions reduction at CEs surface. Plasma 
reduced rGO CEs reached significantly higher catalytic activity compared to GO CEs. However, the evaluated 
electrochemical stability of rGO CEs in the presence of iodide electrolyte was low (Figure 4 - right) and just at 
first repeated cycles reduction peak decreased. This phenomenon will be the subject of further study. Low 
stability of GO and rGO has a great impact on the non-standard shape of measured I-V and low values of η. 

 

Figure 4 Cyclic voltammograms of GO and rGO CEs (left) and electrochemical stability of rGO CEs (right) in 
supporting electrolyte (acetonitrile solution 0.1M LiClO4, 10.10-3 M LiI and 1.10-3 M I2) 
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4. CONCLUSION 

Based on the results obtained in this work we can conclude that DCSBD hydrogen plasma reduction (treatment 
time = 8 sec) significantly reduced the presence of carbon-oxygen bonds and subsequently the presence of 
sp3 hybridization domains in rGO layers (XPS) prepared by simply spin-coating of water-based GO dispersion. 
Plasma reduction also led to a decrease in rGO electrodes electrical sheet resistance. rGO electrodes were 
used as counter electrodes in printed dye-sensitized solar cells. Although the DSSC with rGO CE reached an 
increased conversion efficiency compared to DSSC with GO CE, the overall low photovoltaic performance of 
both GO and rGO CE can be ascribed to the low conductivity of both CEs. Moreover, the evaluated non-
standard shape of the I-V characteristic of GO and rGO CE can be attributed to the low catalytic stability of the 
CEs in the presence of liquid iodide electrolyte. This phenomenon should be the subject of further study. Here 
we can conclude that the deeper study of various ink components, GO particle size and studying the effect of 
the GO layer thickness can increase the effect of hydrogen plasma reduction on rGO electrical properties as 
well as on the photovoltaic performance of DSSC.  

ACKNOWLEDGEMENTS 

The authors would like to thank for financial assistance from the Slovak Grant Agency, projects 
VEGA 1/0488/19 and VEGA 1/0900/16, and The Czech Science Foundation (GACR) project 19-14770Y. 

REFERENCES 

[1] LIU, Jingqi, YI, Li, YOUNG, Sheng, ARUMUGAM, Sasikumar, BEEBY, Steve. Flexible printed monolithic-
structured solid-state dye sensitized solar cells on woven glass fibre textile for wearable energy harvesting 
applications. Scientific Reports. 2019. vol. 9. 1362. 

[2] GEMEINER, Pavol, KULIČEK, Jaroslav, SYROVÝ, Tomáš, HÁZ, Aleš, KHUNOVÁ, Viera, HATALA, Michal, 
MIKULA, Milan, HVOJNÍK, Matej, GÁL, Lukáš, JABLONSKÝ, Michal, OMASTOVÁ, Mária. Screen-printed 
PEDOT:PSS/halloysite counter electrodes for dye-sensitized solar cells. Synthetic Metals. 2019. vol. 256. pp. 
116148. 

[3] YUN, Sining, HAGFELDT, Anders, MA, Tingli. Pt-free counter electrodes for dye-sensitized solar cells with high 
efficiency. Advanced Materials. 2014. Vol. 26. Pp. 6210-6237. 

[4] MING, Chen, LENG-LENG, Shao. Review on the recent progress of carbon counter electrodes for dye-sensitized 
solar cells. 2016. Chemical Engineering Journal. vol. 304. pp. 629-645. 

[5] NEMELA, Siva Sankar, KARTIKAY, Purnendu, AGRAWAL, Rahul Kamur, BHARGAVA, Parag, MALLICK, 
Sudhanshu, BOHM, Sivasambu. Few layers graphene based conductive inks for Pt free stainless steel counter 
electrodes for DSSC. Solar Energy. 2018. vol. 169. pp. 67-74. 

[6] WANG, Hui, HU, Yun Hang. Graphene as a counter electrode for dye-sensitized solar cells. 
Energy&Environmental Science. 2012. vol 5. pp. 8182-8188. 

[7] PARANTHAMAN, Vijayakumar, SUNDARAMOORTHY, Kannadhasan, CHANDRA, Balaji, MUTHU, S. Pandian, 
ALAGARSAMY, Pandikumar, PERUMALSAMY, Ramasamy. Investigation on the performance of reduced 
graphene oxide as counter electrode in dye sensitized solar cell applications. Physica Status Solidi A. 2018. vol. 
215. pp. 1800298. 

[8] TANG, Bo, YU, Haogang, HUANG, Weiqiu, SUN, Yunfei, LI, Xufei, LI, Sen, MA, Tingting. Three-dimensional 
graphene networks and RGO-based counter electrode for DSSCs. RSC Advances. 2019. vol 9. pp. 15678. 

[9] HOMOLA, Tomáš, POSPIŠIL, Jan, KRUMPOLEC, Richard, SOUČEK, Pavel, DZIK, Petr, WEITER, Martin, 
ČERNÁK, Mirko. Atmospheric dry hydrogen plasma reduction of inkjet-printed flexible graphene oxide electrodes. 
ChemSusChem. 2018. vol 11. pp. 941-947.  

  



  Oct 16th - 18th 2019, Brno, Czech Republic, EU 

 

 

215 

HYDROTHERMAL SYNTHESIS OF FLOWER-LIKE CoWO4 WITH GOOD SUPERCAPACITIVE 

PERFORMANCES 

Xiao FAN, Xuyuan CHEN 

Department of Microsystems, University of South-Eastern Norway, Campus Vestfold, Borre, Norway, 

Xuyuan.Chen@usn.no 

Abstract 

CoWO4 is predicted to be a very promising electrode material for supercapacitors. In this study, a novel flower-
like morphology of CoWO4 fabricated by a hydrothermal method is presented for the first time. The prepared 
CoWO4 have been thoroughly characterized by scanning electron microscopy and X-ray diffraction. The 

special CoWO4 nanostructure exhibits noticeable specific capacitance of 156 Fg-1 at 0.5 Ag-1 and shows 

outstanding rate capability (85.2% capacitance retention at 10 Ag-1). The proposed feasible route is expected 
to be applied prospectively and widely in preparing CoWO4 pseudocapacitive material, which owns great 
application value in supercapacitors. 

Keywords: Supercapacitors, flower-like, CoWO4, hydrothermal 

1. INTRODUCTION 

Nowadays, energy problems have become the greatest focus attracting the world’s attention and triggering 
tremendous efforts for energy storage and conversion [1]. Numerous attentions have been paid to 
supercapacitors (SCs), also known as electrochemical capacitors (ECs), in recent years owing to their 
outstanding and unique abilities such as fast charge/discharge rate, high energy density, superior power 
density, long service life and environmental benignity [2-4]. Generally, SCs can be divided into two types, 
electrical double-layer capacitors (EDLCs) and pseudocapacitors (PCs), including two major categories of 
materials: carbonaceous materials and transition metal oxides/hydroxides, depending on their different charge 
storage mechanisms [5]. Due to higher levels of charge storage from redox reactions, PCs generate high 
specific capacitance that is often several times higher than that of EDLCs storing energy via reversible ion-
absorption at the interface [6-7].  

Previous literatures have reported that CoWO4, one of the wolfram based salts, has excellent electrochemical 
activity. In addition, it also offers many advantages such as low cost, abundant resources and environmental 
friendliness [8-10]. Thus, CoWO4 is predicted to be a very promising electrode material for SCs. However, 
there are scarce reports about CoWO4 as electrode material candidate for SCs. The design and synthesis of 
novel morphologies to fully take advantage of CoWO4 is still a key area of research. Moreover, the relationship 
between the structure and property is also worth investigating deeply. In this work, we reported a facile 
hydrothermal method, by which a flower-like CoWO4 was obtained. The physical and chemical 
characterizations of the nanomaterial were systemically analyzed. The flower-like CoWO4 displayed a high 

specific capacitance (154 Fg-1 at 5 mVs-1, 156 Fg-1 at 0.5 Ag-1) with an outstanding rate capability (83.7% 

retention at 100 mVs-1, 85.2% retention at 10 Ag-1). The unique nanostructured electrode material synthesized 
by this approach is economical and efficient, which manifests great potential for mass production and prospect 
for applications in energy storage further.  

2. EXPERIMENTAL DETAILS 

The chemicals were purchased from Sigma (U.S.A) and were of analytical grade and used without further 
purification. 1 mmol of Co(NO3)2∙6H2O and 1 mmol of Na2WO4∙2H2O were dissolved in 60 mL of deionized 

https://doi.org/10.37904/nanocon.2019.8691 
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water and stirred for 30 min. Subsequently, the resulting mixture was transferred to a Teflon-lined stainless-
steel autoclave and heated at 150 ℃ for 10 h. The autoclave was cooled down to room temperature naturally. 

Finally, the sample was washed with deionized water and absolute ethanol successively and dried at 80 ℃ for 

6 h. As-synthesized material was characterized using scanning electron microscope (SEM, Hitachi SU8230) 

and X-ray diffractometer (XRD, EQUINOX 1000). 

The three-electrode system was employed to evaluate electrochemical properties of the obtained CoWO4. The 
working electrode was fabricated by pressing a slurry onto nickel foam (NF). The slurry was prepared by 
dispersed the 80 wt% of CoWO4, 15 wt% of acetylene black, and 5 wt% of polyvinylidene fluoride (PVDF) in 
n-methyl-2-pyrrolidone (NMP) solvent. The working electrode was dried at 80 ℃ overnight before test. The 
measurements consisting of cyclic voltammogram (CV) at various scan rates, galvanostatic charge/discharge 
(GCD) at different current densities and electrochemical impedance spectrum (EIS) in frequency range from 
100 mHz to 100 kHz were performed on a Zahner IM6 electrochemical workstation, where 2 M KOH, Pt net 
and Ag/AgCl served as electrolyte, counter electrode and reference electrode, respectively. 

The specific capacitance based on CV [11] is defined as  

C =   i(V)dV

2mvΔV
                                                                                                                                                         (1) 

The specific capacitance based on GCD [11] is given by 

C =
 !"

mΔV
                                                                                                                                                                (2) 

where: 

C - the specific capacitance (Fg)   

  i(V)dV - the integrated area of CV curve (VA) 

m - the mass of active material (g) 

v - the scan rate (Vs-1) 

ΔV - the potential window (V) 

I - the discharge current (A) 

t - the discharge time (s) 

3. RESULTS AND DISCUSSION 

The surface morphologies and 
microstructure characters of 
as-synthesized CoWO4 were 
imaged by SEM with different 
magnifications. Abundant 
nanosheet-assembled flower-
like nanostructures presented 
by Figure 1a with good 
monodispersity and uniformity 
are observed clearly. No other 
morphologies can be 
detected, demonstrating a 
high yield. The enlarged SEM 
image shown in Figure 1b 

Figure 1 SEM images of (a) low- and (b) high-magnification of the 
CoWO4 
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reveals that the 3D hierarchical architecture is constructed with dozens of 2D nanosheets with smooth 
surfaces, which significantly increases the specific surface area. Obviously, the increased number of exposed 
active sites can enhance the utilization efficiency of the active material. Furthermore, the unique structure as 
ion-buffering reservoir [12] can provide a short diffusion distance and facilitate the rapid transport of electrolyte 
ions to the interior of bulk material. Based on the above results, the flower-like structure possibly leads to 
superior electrochemical performances. 

To further investigate the formation of the sample, the XRD patterns were given in Figure 2. The sharp 
diffraction peak at 30.6° corresponds to the reflection of (-111) plane. The other diffraction peaks at 15.6°, 19°, 
23.8°, 24.7°, 36.2°, 38.5°, 41.2°, 54° and 65° can be assigned to the reflections of (010), (001), (-110), (011), 
(200/120), (002), (-201), (-202), and (-231) planes, respectively. The observed diffraction peaks are well 
indexed and matched to the monoclinic structure phase of CoWO4 with standard patterns (JCPDS card No.15-
0867). The sharp and narrow diffraction peaks reveal that the obtained CoWO4 has high crystal degree [13,14]. 
Moreover, there are no peaks leaded by impurities or other residuals, which indicates the high purity of the 
product.  

 

Figure 2 XRD patterns of the CoWO4   

Electrochemical properties of the flower-like CoWO4 as electrode material for SCs were evaluated 
systematically. Figure 3a shows CV curves of the CoWO4 at various scan rates within a potential window of 
0-0.5 V. As expected, differing from the ideal rectangular shape for EDLCs, typical pseudocapacitive CV curves 
with distinct and nearly symmetrical pair of redox peaks are presented, indicating that the measured 
capacitance is mainly governed by faradaic redox mechanism. The reaction is based on reversible redox of 
Co2+ to Co3+ associated with OH− anions. Additionally, the main function of W in CoWO4 is to improve the 
conductivity of the material rather than involve in redox reaction and contribute to the capacitance [15]. When 

the scan rate increases from 5 to 100 mVs-1, the peak currents increase enormously and the anodic peaks 
shift towards positive potential, while the cathodic peaks move towards negative potential. Notably, the shapes 

of CV curves do not deliver significant distortion. In other words, the CoWO4 at 100 mVs-1 still can keep a 

similar redox shape compared to the original shape at 5 mVs-1, revealing rapid current-voltage response and 
ideal electrochemical behavior.   

The specific capacitance is the most important parameter to evaluate the electrochemical performance of SCs. 

According to equation (1), the high specific capacitance of 154 Fg-1 can be estimated at the scan rate of 

5 mVs-1. Owing to the movement of the electrolyte ions (OH−) limited by time constraint at high scan rate 
charge/discharge process [16], the specific capacitances of the CoWO4 gradually decrease as the scan rate 
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increases. It is noteworthy to mention that the inevitably decrease of specific capacitances exhibits a gentle 

curve, as illustrated in Figure 3b. The capacitance retention rate is 83.7% at 100 mVs-1 compared with the 

specific capacitance at 5 mVs-1.  

 

Figure 3 (a) CV curves and (b) specific capacitances of the CoWO4 electrode  

GCD tests at different current densities in a voltage range of 0-0.5 V were performed. In comparison with the 
discharge curves of EDLCs (close to straight line), evident plateaus corresponding to the redox reaction 
described by Co2+ to Co3+ are observed, as displayed in Figure 4a. On the basis of equation (2), the specific 

capacitance is calculated to be 156 Fg-1 at the current density of 0.5 Ag-1. Due to the correlation between 
diffusion rate of electrolytic ions into the electrode material and current density, the boost of current densities 
would result in fading in the capacitance values (Figure 4b) [1,17]. The capacitance retention rate is 85.2%  

at 10 Ag-1 compared with the specific capacitance at 0.5 Ag-1.        

 

Figure 4 (a) Discharge curves and (b) specific capacitances of the CoWO4 electrode 

EIS is a very powerful measurement for providing information about the frequency response of the CoWO4 
modified electrode. As depicted in Figure 5, in the high frequency region, the first intersection point with the 
real axis of Nyquist plot reflects the equivalent series resistance (ESR, 0.5 Ohm) including the resistance of 
electrolyte solution, the intrinsic resistance of active material, and the contact resistance of interface active 
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material/current collector. The small ESR is due to the unique structure facilitating the efficient access of 
electrolyte ion to active material surface and shortening the ion diffusion path [18,19]. Meanwhile, no distinct 
semicircle can be observed, expressing fast ions diffusion towards the CoWO4 modified electrode. In the low 
frequency range, the plot presents a straight line with a slope of 45°, which implies relatively typical capacitor 
behavior [19].  

 

Figure 5 EIS plot of the CoWO4 electrode 

4. CONCLUSION 

In summary, flower-like CoWO4 was successfully prepared by a simple approach and characterized in detail. 

The CoWO4 in this work possesses good supercapacitive performances (156 Fg-1 at 0.5 Ag-1 accompanying 

limited decay of 14.8% at 10 Ag-1). The high specific capacitance and remarkable rate capability leaded by its 
unique flower-like structure make it promising for application in supercapacitors. The current work also may 
encourages a broad application range of CoWO4 such as electrochemical sensing and lithium ion batteries.  
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Abstract  

We have developed an inexpensive and efficient technology of hydrothermal growth of ZnO nanorods from 
zinc nitrate hexahydrate (Zn(NO3)2·6H2O), as a precursor and hexamethylenetetramine (HMTA) (C6H12N4), as 
a surfactant followed by  plasma hydrogenation in a novel inductively coupled plasma (ICP) quartz reactor and 
equipped with the rotary sample holder to stir powder during plasma treatment. We have optimized the 
photoluminescence spectroscopy for measuring optical scattering samples with the high sensitivity, precise 
sample positioning and very low influence of the scattered excitation light. Here we present the latest results 
on the enhancement of the UV photoluminescence of the ZnO nanorods after plasma hydrogenation. The 
exciton-related photoluminescence has been significantly enhanced whereas the deep defect related yellow 
photoluminescence has been significantly decreased.  

Keywords: Nanomaterials, ZnO, photoluminescence, excitons, inductively coupled plasma, hydrogenation 

1. INTRODUCTION 

Zinc oxide is one of the most popular II-VI semiconductors, because of its low-cost, non-toxicity, wide band 
gap of 3.36 eV and big exciton energy of 60 meV. Additionally, ZnO is a material with a great diversity of 
morphologies. Due to a high surface-to-volume ratio and related size effects, ZnO nanorods (NRs) are a 
perspective for energy conversion or sensing applications such as solar cells, light emitting diodes [1], high 
performance electrochemical capacitors [2], biosensors [3], gas sensors [4] or highly efficient scintillators [5]. 
The surface composition of the ZnO NRs drastically changes upon the exposure to hydrogen and oxygen 
plasma treatments affecting the defects creation processes [6]. The first-principles studies of the native point 
defects in ZnO have been reported previously [7]. However, the role of native defects in ZnO nanorods is still 
not fully understood [8]. The synthesis of ZnO NRs has been performed through complex methodologies, most 
of them starting with a seed layer followed by NRs growth. Nanopowders tend to form agglomerates due to 
different reasons that include electrostatic and Van der Waals forces or because they are interlaced by different 
geometry of the nanoparticles. Sonication is a powerful tool for the treatment of dispersing nanoparticles; it is 
easy to use, inexpensive and efficient. We have developed the technology of hydrothermal growth of ZnO NRs 
powder from zinc nitrate hexahydrate (Zn(NO3)2·6H2O) and hexamethylenetetramine (HMTA) (C6H12N4) and 
shown that the surface composition drastically changes upon the exposure to plasma treatments [9-11]. 

2. EXPERIMENTAL 

2.1. Growth of ZnO nanorods 

Zinc nitrate hexahydrate p.a. (Zn(NO3)2·6H2O) and hexamethylenetetramine (HMTA) (C6H12N4) p.a. was 
purchased from Slavus. Deionized water was purified with a So-Safe Water Technologies, having a 
conductivity 0.20 µS·cm-1 (25 °C). The chemicals were used in ambient conditions and without further 
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purification. The reaction conditions were 
25 mM aqueous solutions Zn(NO3)2·6H2O and 
HMTA at 90 °C for 3 h. The precursor salt 
residue was removed from the sample by 
washing 3-times with deionized water followed 
by centrifugation at 18,000 rpm (RCF: 23542g) 
for 20 min. Finally, the ZnO NRs were dried by 
lyophilization, see Figure 1.  

2.2. Inductive plasma reactor 

The plasma oxidation and hydrogenation of 
ZnO NRs was done in a novel inductively 
coupled plasma (ICP) quartz reactor developed 
in the cooperation with SVCS Process 
Innovation, s.r.o. The reactor operates at 13.56 
MHz, 10-200 W discharge power, pressure 1-
100 Pa and gas flow 1-100 sccm: hydrogen 
(purity 99.999 %), oxygen (purity 99.995 %), 
argon (purity 99.998 %) and nitrogen (purity 
99.999 %). Prior the plasma treatment, the 
chamber was evacuated below 1 Pa and 
flushed by process gas to reduce residual gas 
contamination. To achieve good homogeneity, 
the powder was stirred during the plasma 
treatment using motorized cradle-like rotary 
quartz holder controlled by Arduino 
microcontroller, see Figure 2. Prior the material characterization, the ZnO powder was sintered at room 
temperature to compact 0.5 mm thick pellets with diameter 3 mm.  

 

Figure 2 Rotary holder for ICP reactor swinging ±60 degrees to achieve good homogeneity of plasma 
treatment  

Figure 1 SEM image of ZnO NRs by MAIA3, TESCAN 
with the In-beam SE detector placed in objective lens. 

The electron beam had an energy 5 keV.  
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2.3. Photoluminescence spectroscopy 

The schema of photoluminescence spectrometer is shown in Figure 3. The photo-excitation is provided by the 
fiber-coupled pulsed UV LED (Thorlabs #M340F3) optically filtered by narrow band pass optical filter featuring 
90% transmission at 340 nm and blocking wavelengths in the spectral range 250-310 nm and 370-450 nm by 
more than 10 orders and in 450 - 750 nm by 6 orders (EdmundOptics fluorescence filter #84-092). The sample 
holder is positioned by two perpendicularly oriented translation stages manually driven by adjuster screws for 
precision motion. The emitted and scattered light is collected and focused onto the monochromator input slit 
by two 90° off-axis mirrors coated by UV enhanced aluminum. The scattered UV light is filtered at the 
monochromator input slit by the fluorescence long pass filter EdmundOptics #34-302 (UV grade fused silica 
substrate, the cut-on wavelength 375 nm). The f/4 double gratings monochromator SPEX 1672 operating in 
the spectral range 300 - 900 nm is equipped with 1200 grooves/mm gratings blazed at 500 nm with less than 
10-9 scattered light. The spectral resolution is 2 nm with 1 mm slits. The monochromatic light intensity is 
detected at the monochromator output slit by the Peltier cooled multi-dynode multi-alkali red sensitive 
photomultiplier (Photonis XP2203B, the spectral range 300 - 700 nm) biased to a high voltage by the Stanford 
Research Systems PS325/2500V-25W high voltage power supply. The photomultiplier current output is 
connected via coaxial cable to Stanford Research Systems SR570 low-noise current preamplifier followed by 
the Signal Recovery 5105 lock-in amplifier referenced to LED frequency. 

 

Figure 3 The schema of photoluminescence spectrometer with pulsed UV LED as a light source, band pass 
(BP) and long pass (LP) filters, focusing off-axis mirrors, double grating monochromator SPEX 1672 

controlled by a stepper motor and a photomultiplier (PMT) 

3. RESULTS AND DISCUSSION 

Figure 4 compares PL spectra of as grown ZnO NRs powder with PL spectra of ZnO NRs after plasma 
oxidation or hydrogenation. The excitation UV LED was operating at the wavelength 340 nm in pulse mode 
with the repetition rate 600 Hz and 50% duty cycle. The PL emission spectra were measured in the spectral 
range 370 - 670 nm. The photomultiplier was biased by the cathode voltage -1600 V. The anode dark dc 
current as measured by pico-ammeter decreased from 2.8 nA at 20 °C to 0.2 nA at -15 °C while the dc noise 
was reduced from 300 pA to 50 pA. Since the ac current preamplifier gain was fixed to 10 µA/V and the input 
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voltage range of lock-in amplifier is 1µV - 1V, the maximum measurable ac photocurrent was 10 µA and the 
minimum measurable ac photocurrent as well as the ac noise level was 10 pA providing the dynamic range of 
6 orders of magnitude. We have chosen the arbitrary units of PL intensity in such a way that 1 a.u. corresponds 
to 10 pA photocurrent.   

The as grown ZnO NRs pellets show measurable PL, but excitation peaks in near UV at 380 nm have lower 
intensity then the defect-related yellow PL (broad band 550 - 600 nm). The oxygen plasma treatment has no 
effect on the observed PL emission spectra. However, the PL emission in near UV region has been significantly 
enhanced after ICP plasma hydrogenation whereas the deep defect related yellow PL (broad band 550 - 
600 nm) has been significantly decreased. We explain the observed phenomena by passivation of defects at 
grain boundaries that significantly prolongs the lifetime of excitons.  

 

Figure 4 The photoluminescence emission spectra of two pellets prepared independently from ZnO NRs 
before (as-grown) and after exposition to oxygen or hydrogen plasma in ICP reactor. The excitation 

wavelength was 340 nm. 

4. CONCLUSIONS  

We have developed an inexpensive and efficient the technology of hydrothermal growth of ZnO NRs powder 
from zinc nitrate hexahydrate (Zn(NO3)2·6H2O) and hexamethylenetetramine (HMTA) (C6H12N4). The plasma 
oxidation and hydrogenation were done in a novel inductively coupled plasma (ICP) quartz reactor equipped 
with the rotary sample holder to stir powder during plasma treatment. We have shown that the 
photoluminescence drastically changes upon the exposure to hydrogen plasma treatments.  
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Abstract  

The work is focused on the assessment of mutual influence of group of spinning electrodes placed in one 
plane in dependence on their mutual distance, during AC-electrospinning. From the results of the experiment 
it was found that the distance between the electrodes affects the stability of the nanofiber production process 
and the siding behavior while AC-electrospinning. In the first phase of the research, simulations of electric field 
distribution around spinning electrodes were performed. The results obtained by the research will serve for a 
suitable choice of design parameters of the device for production of flat nanofibrous textile by the AC-
electrospinning method to achieve the required width of the nanofibrous textile. 

Keywords: Spinning electrode, electrospinning, electric field, nanofiber  

1. INTRODUCTION  

Electrospinning is widely used for the production of nanofibres. This technology offers a wide range of industrial 
and medical applications in many areas, eg in fluid filtration, electrically conductive nanofibers, battery 
membranes, nanofiber composites, medicine and wound dressings, tissue engineering materials, materials for 
drug delivery system [1]. For the implementation of the electrostatic spinning process, the basic accessories 
are power supply, a spinning electrode, dosing device, a polymer solution and a collector on which formed 
fibers are trapped [2]. 

The principle of the electrospinning is based on a high voltage that is applied to the electro-spinnable polymeric 
solution. The process begins with reaching of a specific value of the electric field strength, which is called 
critical field intensity value, after overcoming of liquid surface tension. For this purpose many technologies 
have been developed [3]. AC-electrospinning technology is based on the usage of AC voltage, the voltage is 
applied to the electrode only [4].  

Many applications require a relatively wide layer of the resulting nanofiber product containing nanofibers. This 
is related to the productivity of the AC spinning process. It is very problematic to achieve a wide layer of 
nanofibers with only one electrode. In order to ensure the required production, the electrodes can be arranged 
in different groups to achieve the appropriate productivity and nanofiber product width [3]. It was verified that 
the electrodes influence at a certain distance in terms of changes in the shape and width of the plume and 
also in productivity related to the intensity of the electric field [6]. For efficient production of nanofibres in a 
wide range, it is beneficial to know the distance at which mutual interference among electrodes occurs. 
Accordingly, by arrangement the electrodes, one wide continuous layer, which could not be produced by only 
one electrode, can achieve the wide layer of nanofiberes with a minimum number of electrodes. 

2. SIMULATIONS 

The finite element method was used to simulate the distribution of the electric field intensity around the 
electrodes for several different electrode distances. The electrodes were arranged in one plane with a variable 
parameter, which was their mutual distance. Figure 1 and Figure 2 show the results of the simulation in which 

https://doi.org/10.37904/nanocon.2019.8664 
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among the electrodes there was the lowest and the highest possible mutual technological distance between 
160 and 300 mm [7]. Autodesk Simulation Mechanical 2015 software was used for simulations. 

 

Figure 1 Distribution of electric field intensity around three electrodes, mutual distance 160 mm 

 

Figure 2 Distribution of electric field intensity around three electrodes, mutual distance 300 mm 

It can be seen from Figure 1 that at a distance of 160 mm among the electrodes, the maximum intensity on 
the electrode spinning surfaces decreases compared to the case where the distance is 300 mm, see 
Figure 2. Details A and B (Figures 1 and 2) contain electric field values, furthermore, it is apparent from that 
there is a decrease in intensity on the inner sides of the outer electrodes (towards the middle electrode) 
compared to the outer sides. The intensity of the electric field on the surface of the middle electrode is also 
lower than on the outer electrodes. This occurs because of electrical influence of outer electrodes on the middle 
electrode. The detail C of the spinning electrode is not shown in the Figures 1 and 2, since the difference from 
the detail A in both the values of the electric field and its distribution is negligible. Thus, the distribution of the 
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electric field and its values around the outer electrodes A and C can be considered identical in all cases of 
simulations. 

Figure 3 shows the graph showing the results of the simulations. The minimum technological value of the 
distance among the electrodes was 160 mm and with a 20 mm increment, a total of seven simulations were 
made up to an end distance of 300 mm. The significant increase in intensity can be observed in the electrode 
spacing range of 160 to 200 mm. The increase in intensity in the range from 200 to 300 mm is gradual and 
can be considered linear with neglected simulation inaccuracy. Another significant finding of the simulation is 
the same shape of the electric field intensity at the outer electrodes compared to the center electrode, but with 
the decrease of the intensity on the middle electrode. 

 

Figure 3 Dependence of electric field intensity distribution on electrode spacing 

3. EXPERIMENT 

The placement of the three electrodes 1, 2 and 3 (see Figure 4) was further tested directly in the spinning 
process. Electrode spacing variants with the same parameters as in the simulation were investigated  
(Chapter 2). The electrode power was supplied by AC electrical voltage with an effective value of 28.5 kV  
and a frequency of 50 Hz. A 10% solution of PVB Movital 60 polymer in ethanol was used for spinning.  
The temperature in the space, where the spinning process was performed reached 21 °C and the humidity 
was 44 %. Figure 4 shows the testing process where a distance among electrodes was 160 mm. The produced 
nanofiber stream was collected on the rotating cylinder on which the requested layer was formed. It can be 
stated that the nanofiber streams repulse at the electrode spacing of 160 mm, especially at the outer 
electrodes, see Figure 4. Figure 5 shows the minimum electrode spacing (250 mm) without significant 
repulsion and thus deflection of current nanofibers from the direct direction during electrospinning, 

Furthermore, in the experiment, the production of the outer and the middle electrodes was analysed and 
compared at the above mentioned electrode distances (Chapter 2). The production was determined by 
measuring the weight of the samples of the resulting nanofibrous layer produced in a certain time. Samples 
were taken separately for each electrode and weighed independently. The production time was the same for 
all samples, 300 seconds. The results of the analysis revealed a trend in decreasing production with 
decreasing electrode spacing, this can be seen in the graph in Figure 6. The graph shows that the middle 
electrode provides lower production than the outer electrodes, confirming the interaction observed in the 
experiments and also evaluated from the simulations performed. 
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Figure 4 Electrospinning process, distance among electrodes is 160 mm 

 

Figure 5 Electrospinning process, distance among electrodes is 250 mm 
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Figure 6 Electrode productivity dependence on distance among the electrodes 

4. CONCLUSION 

The aim of the work was to find out the interaction of the group of electrodes in one row with different distances. 
First, simulations were carried out to determine different distributions of electric field intensity around 
electrodes depending on their distance. The result was a change in the maximum intensity on the spinning 
surfaces of the electrodes. Figure 3 shows the decrease in intensity with decreasing electrode spacing, where 
the most significant decrease is observed in the area of electrode spacing from 160 to 200 mm, the greatest 
intensity attenuation is on the middle electrode due to shading of the outer electrodes. The next step of the 
research was the realization of the experiment. The distance between individual electrodes was changed 
during testing. It has been observed that the above-described phenomena (repulsion of the nanofiber streams) 
are more intense as the electrodes converge towards each other. A comparison of the masses of nanofiber 
layers produced was observed a decrease in productivity on electrodes while decreasing their mutual distance. 
It has also been discovered that the middle electrode achieves 65 percent lower productivity than the outer 
electrodes. 
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Abstract 

PMMA / PTFE optical fibers with increasing lateral emission were coated with titanium nanolayer using low-
temperature plasma. We investigated how this nanolayer affected the spectrum of emission when VIS LED 
and UVA LED light sources were used. Even though the FTIR analysis didn´t confirm the presence of TiO2 in 
the titanium nanolayer, the fibers exhibited significantly higher antibacterial properties compared to non-coated 
fibers. If we don´t assume that the titanium surface itself has antibacterial properties, the cause of this 
phenomenon is in the properties of the formed surface structure. Nevertheless, this treatment could extend 
the use of polymer optical fibers (POF) to new applications, such as illumination of infectious areas, for 
example, hospital corridors.  

Keywords: Polymer optical fibers, titanium nanolayer, low-temperature plasma, antibacterial properties 

1. INTRODUCTION 

An optical fiber is a dielectric waveguide that typically transmits light or infrared radiation along its axis by a 
process of full internal reflection on the interface of two environments with different refractive indexes. The 
fiber consists of a core and sheath that provides mechanical protection. It is mostly made of polyethylene, 
although polyvinyl chloride and chlorinated polyethylene are also used. 

1.1. Polymer optical fibers (POFs) 

Typically, the optical fibers are made from silica, but polymer optical fibers (POFs) from polycarbonate, 
polymethyl methacrylate, polystyrene or perfluorinated polymers with sensing applications are their cheaper 
alternative. They have the same benefits as electromagnetic interference resistance, lightweight, and in 
addition, they are highly flexible. Their disadvantages are higher attenuation (transmission loss), rapid 
degradation due to prolonged exposure to moisture and high temperatures, their maximum operating 
temperature is 80 to 100 °C. Then POF loses stiffness and transparency, even if in fact their high-temperature 
degradation is heavily dependent on the degree of humidity. E.g. if POFs are maintained at 85 °C with 85% 
relative humidity for 1000 hours, the attenuation increases by 0.02 dB/m. If the relative humidity is about 90%, 
the attenuation increases by more than 0.03 dB/m. POFs decompose rapidly at illumination levels of 30 – 
50 mW/mm2. POF has a tensile modulus of nearly two orders of magnitude lower than that of silicon fiber 
(2.1 GPa for PMMA and 2.55 GPa for polycarbonate). [1] For this reason, POF with a diameter of 1 mm is still 
sufficiently flexible. The minimum bending radius for POFs is less than for classical glass fiber optics. 

1.2. Attenuation  

When the light moves through the optical fiber, it is attenuated (loss of signal transmission) dependent on the 
light wavelength. Core attenuation increases with their increasing diameter [1]. The optical fiber material has 

https://doi.org/10.37904/nanocon.2019.8329 
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a characteristic internal absorption and light scattering, which is a fundamental source of attenuation. The 
attenuation also occurs due to impurities, defects, and geometric imperfection of the fibers. The attenuation of 
silica fibers decreases with increasing wavelength. Their lowest attenuation lies in the near infrared range of 
1300 - 1600 nm, which is the area of wavelength range typically operated by silica optical fibers. POFs have 
the lowest attenuation in the visible light area, therefore, they are advantageously used to transmit the light 
signal in the range of 400 - 700 nm. [2] In general, the attenuation of POFs is greater than the attenuation of 
silica optic fibers and they lead a signal effectively to only a few hundred meters away. Therefore, POFs are 
used for data transmission over short distances, such as home internet, automotive applications [3], and for 
biomedical applications [4]. 

1.3. POFs with lateral emission 

For a variety of applications (e.g. active safety textiles), it is necessary to allow lateral radiation of optical fibers. 
The lateral emission can be achieved if the angle of incident light is less than the critical angle. This can be 
achieved either by increasing the refractive index of the sheath, or by decreasing the refractive index of the 
core, or by changing the angle of incident light. 

It is possible to use multiple micro-bending of the core or sheath, dispersing additives, or fluorescence, either 
to the core or the sheath or to create geometric asymmetry in the core/sheath system. Laterally emitting optical 
fibers can compete with light emitting diodes (LED) in the future, especially if controlled local radiation is easy 
to achieve. Optical fibers with lateral emission can be incorporated into a wide range of textile structures such 
as labels, tapes, strips, cords, woven and knitted fabrics. They found applications as light-signaling 
components of clothing (cycling jackets, backpacks, work jackets for policemen, rescuers, etc.), textile light 
panels, textile displays, materials for illumination, etc. [5] 

1.4. Low - temperature plasma technology 

Low-temperature plasma technology is a suitable method for preparation of thin film or thin layers by physical 
sputtering. Plasma can be created in the laboratory by applying direct or alternating high voltage to a gas. 
Using the gas at reduced pressure (partial vacuum), one can thereby obtain either a low-temperature, non-
equilibrium ‘‘glow discharge’’ type of plasma. [6] With the supplied energy, collision processes among the 
constituent particles become violent enough for these to break apart. This results in the formation of number 
densities of charge-bearing sub-particles, namely electrons and ions. These highly energetic electrons are 
responsible for initiating chemical reactions, by breaking covalent chemical bonds of ground-state gas 
molecules in the course of collision-induced energy transfer. The gas molecules and ions, the ‘‘heavy’’ 
particles, can be kept "cold’’ (near ambient temperature, 300 K), while the electron gas can be made very 
‘‘hot’’, well above 104 K. Through the selection of gas or gas mixture, method of energy input, and reactor 
geometry, the conditions for a very wide range of technological process applications can be optimized.  

1.5. Objectives of this study 

In this study, we tried to extend the practical application of POF´s by plasma modification of their surface to 
achieve a surface unfavorable for bacterial settling and multiplication or biofilm formation, while maintaining 
acceptable luminous intensity. 

2. EXPERIMENTAL PART 

2.1. Experiment procedure in brief 

Coating of polymer optic fiber with titanium nanolayer using low-temperature plasma in the presence of low- 
pressure oxygen-argon atmosphere. Immersion of coated (POF/Ti) and non-coated (POF/0) fibers in bacterial 
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suspension (G+ bacteria separated from the skin smear) for 2 minutes. Connecting of both fibers to light 
sources (UVA LED or VIS LED 6500 K) for 0-30-60 minutes. Imprinting of the fiber surfaces into the agar 

medium. Cultivation (24 h, 37 oC) and evaluation of the differences in the cultured bacterial colonies from both 

fibers. 

2.2. Material 

Polymer optical fiber Grace GSPOF-300R with increased lateral emission, diameter 3.0 mm (Grace Plastic 
Optical Fiber Co. Ltd., TW) 
TSB liquid culture medium and TSA solid culture medium in Petri dishes (Oxoid, CZ) 

2.3. Devices 

Laboratory plasma chamber 120 liters (PL), plasma generator Cesar RF (13,54 MHz/kW), Advanced Energy 
(US), magnetron sputtering TORUS, KJLC® (US) 

UV LED power light source PROLIGHT OPTO PM2L-3LLS-SD with emission spectrum from 390 to 410nm 
(λmax 400 nm), with LED current source 680 mA for 1-14 LEDs (LED dimming dim driver LEDISCON (CZ), type 
LDT 150-068) 

VIS LED 3 W, 6500 K light source, with 400-650 nm emission spectrum, (λ1max 450, λ2max 550 nm) 

FTIR: ATR technique on Ge crystal, Nicolet™ iS10 FTIR Spectrometer Thermo Scientific™ (US)  

Surface roughness analysis of fibers: Mechanical profilometer Bruker Dektak XT (US) 

Lateral emission and light output of fibers: device POFIN1 (CZ) with sensor THORLABS PM 1000 SB (JP) 

2.4. Methods used 

2.4.1. Preparation and analysis of titanium nanolayer on the POF surface 

A 15 cm long POF was placed in the plasma chamber. The coating of the fiber using a titanium target was 
carried out under the following conditions: bias in plasma 120 V, magnetron power 800 W, plasma time 12 
minutes, pressure in the plasma chamber 0.6 Pa, composition of the atmosphere in the plasma chamber: Ar 
12 sccm, (sccm = standard cubic centimeters or ml/min under standard conditions), O2 7 sccm. The POF/Ti 
and POF/0 surfaces were analyzed by FTIR spectroscopy (mechanical separation was first performed on 
POF/0 to identify the sheath and core composition). Furthermore, the surface roughness analysis of both fibers 
was performed using a profilometer. The intensity of POF/Ti and POF/0 lateral emission was measured 
according to the internal TUL standard. [7] 

2.4.2. Antibacterial tests 

To test the antibacterial properties of the POF surface by UV LED, a bacterial suspension of randomly selected 
and cultured G+ bacterial strain was prepared from a pre-cultured skin smear microflora. This bacterial 
suspension of selected and in TSB cultured strain was diluted using sterilized spring water to a concentration 
of 105 CFU / ml. The suspension was used to inoculate the 15 cm long fiber. Respectively, one end of the fiber 
was attached to an LED power source, the free end of the fiber was wetted in 50 ml of bacterial suspension 
for 2 minutes at room temperature. After removal from the bacterial suspension, the source / fiber assembly 
was mounted in an upright position by the inoculated and slightly curved end of the flexible POF upward. The 
system was placed in the dark at 18 °C without airflow and left for 30 minutes without power on to allow dripping 
and partially drying of adhering drops of the bacterial suspension. Thereafter, the first POF-end imprint was 
transferred to the agar on Petri dish (TSA). This was followed by rinsing under a stream of cold sterilized spring 
water, sterile drying and re-immersion in the bacterial suspension for 2 minutes. Subsequently, the entire 
assembly was again left in the dark for 30 minutes. Then the UV LED light source was plugged in to set the 
dimmable driver to its maximum. After 30 minutes, another POF end print was made, followed by rinsing, 
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drying, new inoculation, 30 min in the dark, and then the UV LED source was turned on for 1 hour. 
Subsequently, the inoculated end of the fiber was imprinted on the agar. The same procedure was performed 
with POF/Ti and POF/0. All cultivations of bacteria were run at 37 °C for 24 hours. 

3. RESULTS AND DISCUSSION 

As shown in Figure 1 and Figure 2, the POF type used was composed of PMMA (core) and poly 
(tetrafluoroethylene) (sheath). FTIR analysis of the coated POF/Ti surface despite the presence of oxygen in 
the plasma chamber atmosphere did not show the presence of TiO2, only the presence of pure titanium. 

 

Figure 1 FTIR spectra of GSPOF-300R core: Acrylic (probably PMMA) 

 

Figure 2 FTIR spectra of GSPOF-300R sheath: poly (tetrafluoroethylene) 

Figures 3 and 4 show the surface of the POF/Ti and POF/0. Although the absolute difference between the 
lowest and the highest point of the scanned surface (Rt parameter) is similar for both fibers (6.681 μm for 
POF/Ti and 5.937 μm for POF/0), and although the POF/Ti is more rugged, in fact, its roughness is lower than 
the surface of untreated fiber POF/0. It results from the Ra values, which are the average height of unevenness 
in the surface: Ra (POF/Ti) was 0.354, Ra (POF/0) was 0.515. Lower POF/Ti surface roughness could be the 
reason why bacteria may not be able to keep on its surface. The results of the bacterial test are shown in 
Figure 5 and Figure 6. Figure 5 shows the apparent loss of bacteria in the POF/Ti imprint in the TSA at 
intervals of 0 - 30 - 60 minutes of connection to the UV LED source. If UVA radiation is the cause of their 
significant decreasing, the same significant decreasing of bacteria would also occur with untreated POF/0 fiber 
(Figure 6). However, this was not confirmed, on the contrary, there was a stronger increase of CFUs on POF/0. 
Figure 7 shows the difference in the quantity and size of CFUs cultivated from imprints of inoculated fiber 
ends. Both fibers were attached to the same VIS LED source for 6 hours: no disinfection occurred on POF/0 
due to visible light radiation. In addition, as shown by the POF/Ti spectrum measured by POFIN1 device 
(Figure 8), the titanium nanolayer on the fiber surface caused UV attenuation: lateral emission of POF/Ti was 
about a quarter compared to POF/0 when using UV LED. Since the increase in the thickness of the plasma 
titanium layer is substantially linear over time (using this power and plasma setting, it is approximately 10 
nm/min, Figure 9), the predicted titanium layer thickness was 120 nm. Therefore, it is desirable to prepare a 
thinner layer of titanium on the POF surface. It means to reduce the plasma time when setting the plasma 
conditions given in section 2.4.1. 
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Figure 3 Analysis of POF/Ti surface roughness Figure 4 Analysis of POF/0 surface roughness  

 

   

Figure 5 CFU cultivated from 
imprints of inoculated POF/Ti 

after 0 - 30 - 60 minutes of UVA 

Figure 6 CFU cultivated from 
imprints of inoculated POF/0 after  

0 - 30 - 60 minutes of UVA 

Figure 7 CFU cultivated from an 
imprint of inoculated POF/Ti (left) 
and POF/0 (right) after 6 hours of 

VIS light 

 
 

Figure 8 Lateral emission of both fibers using UVA 
LED 

Figure 9 The thickness of the plasma titanium layer 
(on a glass surface) as a function of the time  
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5. CONCLUSION 

PMMA/PTFE optical fiber was coated with titanium in an Ar/O2 atmosphere using low-temperature plasma. 
The fiber according to FTIR analysis contain pure titanium. The layer was 120 nm thick. It decreased the 
luminous output of the lateral emission to a quarter when the UVA LED was connected. Nevertheless, this 
fiber has been shown to have improved antibacterial properties compared to POF without plasma treatment. 
Reduced bacterial growth was evident even when using VIS LED light for 6 hours. This was probably due to 
the less roughness of the surface compared to the non-coated POF, therefore, a smaller number of bacteria 
from the inoculum suspension were captured. Plasma sputtering time of 12 minutes has proven not to be quite 
suitable since the titanium coating layer formed was 120 nm thick. This reduced the output of the laterally 
emitted light to a quarter. The shorter plasma time with the formation of a thinner layer should not affect the 
surface properties but will allow a higher fiber luminance. Although the proposed modification exhibited only 
partial antibacterial properties, the POF thus modified is in principle suitable for illuminating areas exposed to 
infectious agents. In the long run, it could prevent the formation of a bacterial biofilm using UVA or VIS light 
sources. It could be used in long-term and economical lighting of hospital corridors. 
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Abstract 

Present work is dedicated to the development of lithium-nickel oxide film - positive electrode for solid-state 
lithium-ion batteries. The formation of electrochemical phase was performed by а two-step process. At first 
lithium-nickel oxide film was deposited by Atomic Layer Deposition on stainless steel 316SS and silicon wafer 
at 300 °C. One “supercycle” of lithium-nickel oxide film consisted of n (5 or 10) cycles of nickel oxide structures 
(NiOx) deposition, followed by one cycle of lithium oxide (LiOx) structures deposition. 
Bis(cyclopentadienyl)nickel(II) (NiCp2) and Lithium bis(trimethylsilyl)amide (LiHMDS) were used as metal 
precursors. Oxygen remote plasma was applied as a counter-reagent (oxidizer). The thickness of deposited 
films was 58.2 nm (n=10, 250 supercycles) and 74.3 nm (n=5, 500 supercycles). At the second step, the 
obtained films were annealed in an air atmosphere at different temperatures 400-800 °C for 10-15 minutes. 
Spectral ellipsometry, small-angle X-ray scattering, X-ray diffraction were used to characterize obtained films. 
The electrochemical performance was studied with the use of Cyclic Voltammetry and Galvanostatic cycling. 
The discharge capacity augmented with an increase of a fraction of NiOx structures and annealing 
temperature. The highest capacity (23 µAh·µm-1·cm-2, at 7.4C rate) was observed for sample calcined at  
800 °C (n=10, 250 supercycles). 

Keywords: Solid-state lithium-ion batteries, positive electrode, atomic layer deposition, lithium-nickel oxide 

1. INTRODUCTION 

Lithium-ion batteries (LIBs) are widely used to power portative electronics, electric vehicles, and can be applied 
for new miniature devices such as sensors and specialized medical equipment [1]. The decrease of portative 
lithium-ion batteries volume leads to an augmentation of inactive battery materials content and therefore 
decline of energy density is observed. One of the ways to overcome this challenge is to produce thin batteries 
with the use of film deposition methods applied in electronics such as chemical vapor deposition [2], magnetron 
sputtering [3], atomic layer deposition (ALD) [4-6], etc. ALD is used for the synthesis of oxides, sulfides, 
nitrides, etc. and is based on self-terminating chemical reactions with surface functional groups and allows to 
control chemical content and thickness of deposited film [7,8]. 

In recent studies, the synthesis by ALD method and electrochemical properties of lithium cobalt oxide [4,5] and 
lithium manganese oxide was discussed [6]. Lithium nickel oxide-based cathode materials are applied to 
fabricate LIBs with a high specific energy. The main advantages of these materials are high average discharge 
voltage and capacity, which augments with nickel content. The deposition of film containing three elements 
can be conducted with the use of “supercycles” which include cycles. For instance, one supercycle of lithium 
nickel oxide deposition can consist of n cycles of nickel oxide and m cycles of lithium oxide deposition. Review 
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of synthesis conditions and list of precursors used for nickel and lithium-containing films can be found 
elsewhere [9,10]. Since cathode materials for lithium batteries possess crystal structure, a thermal treatment 
may be needed to crystalize deposited films. 

2. MATERIALS AND METHODS 

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

The deposition of lithium nickel oxide (Li-Ni-O) films was conducted by ALD method with the use of Picosun 
R-150 setup at 300 °С and at a base pressure in the reactor of 8-12 hPa. Lithium hexamethyldisilazide 
(LiHMDS, 97%, Sigma Aldrich) and bis(cyclopentadienyl)nickel (II) (NiCp2, 99% Sigma-Aldrich) were used as 
metal-containing reagents. Remote oxygen plasma applied as a counter-reactant. The supercycle started with 
5 or 10 nickel oxide structures (Ni-O, n) cycles deposition followed by one cycle of lithium oxide structures  
(Li-O, m) deposition. The conditions of Li-O and Ni-O deposition were selected considering results reported 
elsewhere [10, 11]. Deposition of lithium oxide system: Tsource - 160 °C; pulse/purge with N2/remote O2 plasma 
pulse/purge with N2 - 0.1/6/15/6 s. Deposition of nickel oxide system: Tsource - 110 °C; pulse/purge  
with N2/remote O2 plasma pulse/purge with N2 -1/10/15/10 s. Synthesized samples were heated in an oven for 
10 minutes, at 400 - 800 °C (T). The samples are denoted according to following form of designation  
Li-Ni-O m/n T.  

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

X-ray reflectometry (XRR) and x-ray diffraction (XRD) studies in surface-sensitive grazing incidence XRD 
(GIXRD) modes were performed using a Bruker D8 DISCOVER (Cu-K α, Billerica, MA, USA) high-resolution 
diffractometer. The obtained results were processed by the Rietveld method using TOPAS 5 software (XRD) 
and by the simplex method using LEPTOS 7.7 (XRR). 

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

3. RESULTS AND DISCUSSION 

3.1. Films deposition and thermal treatment 

According to previous studies, the growth rate of lithium oxide, nickel oxide structures at deposition conditions 
used in the present paper (Table 1) are ≈0.16 nm/cycle [11] and 0.01 nm/cycle [10], correspondingly. Lithium 
may evaporate during calcination at higher temperatures [12], and this effect might be more pronounced for 
thin films. Thus, the number of nickel oxide structures deposition in supercycle was chosen to provide the 
lithium excess in deposited films. Two series of films were deposited Li-Ni-O 1/5 and Li-Ni-O 1/10 (Table 2). 
The growth rate of Li-Ni-O films was lower than the linear combination of growth rates of lithium oxide and 
nickel oxide structures. The decrease of growth rate per supercycle may be due to application of NiCp2 
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relatively big molecule that can lead to a decline of reactive hydroxyl groups concentration because of steric 
hinderance [13]. 

Table 2 Number of cycles, thickness and average growth rate during deposition of Li-Ni-O films 

Name Nsc Nc 
Thickness, 

nm 
GPsc GPC 

Li-Ni-O 1/5 500 3000 74.0-74.5 0.1485 0.0247 

Li-Ni-O 1/10 250 2750 56.9-59.4 0.2326 0.0211 

During the investigation by XRD of lithium oxide and nickel oxide structures [10] deposited separately in 
conditions used in the present research, the presence of crystal phases was found. A pronounced peak of 
Li2CO3 phase was observed in the diffractograms of uncoated lithium oxide film by alumina due to its reaction 
with air atmosphere. The NiO2 crystal structure peaks were determined on diffractograms. Since both Li-Ni-O 
1/5 and Li-Ni-O 1/10 samples were amorphous, the addition of nickel oxide deposition to the synthesis program 
of lithium oxide may stabilize the obtained lithium oxide structures and hinder their interaction with air 
atmosphere. On the other hand, adding lithium oxide structures deposition prevent nickel oxide crystallization. 

According to XRR results, the Li-Ni-O 1/10 film composed of two layers (Table 3). The outer layer is thin and 
less dense than a layer adjacent to the substrate. Low roughness and the gradient of density (upper, bottom) 
are observed for both layers. The average density is closer to the density of lithium oxide (2.01 g/cm3) than to 
the density of lithium nickel oxide (4.64 g/cm3) and nickel oxide (6.6 g/cm3). Thus the low-density lithium-
containing phase prevails in the volume of the deposited thin film.  

Table 3 Li-Ni-O 1/10 film parameters measured by XRR 

Material Thickness, nm Roughness, nm 
Density, g/cm3 

Upper Bottom 

Phase 1 5.19 2.39 2.26 1.20 

Phase 2 38.5 1.19 2.58 2.96 

Si - - 2.33 2.33 

After calcination of Li-Ni-O at 700 °C during 10 minutes, the low-intensity reflections corresponding to NiO2 
(COD 9016308) and Lithium silicates (COD 2310662 Li2SiO3, COD 9007747 Li2Si2O5) have appeared  
(Figure 1). The formation of silicate phases may be caused by the presence of silicon atoms in the volume of 
the film or by partial interaction between the silicon wafer and deposited lithium oxide structures. 

 

Figure 1 XRD pattern of Li-Ni-O 1/5 700 (silicon wafer) 
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3.2. Electrochemical activity 

To determine the electrochemical activity of the initial stainless steel and stainless steel with deposited films, 

the cyclic voltammetry (CV) was used. Anode (3.5V, I=1.5 A) and cathode (2.95V, 2 A) peaks are presented 
in CV curves (Figure 2a). Since the initial substrate doesn’t contain lithium ions, the observed peaks may be 
caused by formation and dissolution of solid electrolyte interface film. On the CV curves of samples with 
deposited films after calcination at 600 °C and higher temperature, two additional peaks are presented - anode 
(4.19V) and cathode (3.72V) (Figure 2b). The intensity of current at 3.72V (cathode curve) enhances with 
increasing of calcination temperature from 600 to 800 °C during CV scans of lithiated transitional metals (Ni, 
Co, Mn) oxides, the increase of current in the 4.15-4.25V range is observed, and it characterizes the oxidation 
process Ni2+/Ni3+/Ni4+. A shoulder near 4.2V (Ni4+/Ni3+) and increase of current at 3.65-3.75V (Ni3+/Ni2+) is 
related to reduction processes [14]. The area under anode peaks is much higher than the area under cathode 
peaks; thus, pronounced irreversibility is observed. 

  

(a) (b) 

Figure 2 Cyclic voltammetry curves of initial stainless steel substrate (a) and Li-Ni-O 1/10 600 (b) 

  

(a) (b) 

Figure 3 Voltage change during discharge at 20 A current (a) and effect of discharge current on capacity 
of Li-Ni-O calcinated films (b) 
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The shape of discharge (discharge current, Id = 20 A) curves of electrodes calcinated at 700 °C and lower 
was almost linear (Figure 3a). The capacity of calcinated Li-Ni-O 1/5 and Li-Ni-O 1/10 electrodes was close 

to 1 Ah. With an increase of treatment temperature, the form of discharge curves started to resemble the 
shape of LiNiO2 discharge curves and capacity have augmented. We suppose that Li-Ni-O 1/10 800 have 
higher capacity than Li-Ni-O 1/5 800 due to higher content of nickel atoms and therefore electrochemically 
active phase. The films with higher nickel content (number of nickel oxide cycles deposition in supercycle) 
should be studied to obtain high discharge capacity. 

At first five charge/discharge cycles the small increase of capacity was observed for both series of samples 
what correlates with augmentation of cathode peaks on cyclic voltammetry curves. During subsequent cycles, 
the discharge capacity stabilized and diminished with an increment of discharge current (Figure 3b). 

Table 4 Electrode active layer properties  

Sample 
H, 
nm 

, 
g/cm3 

ID, Cf, 
Ah 

Сvol, 
(Ah·m-1·cm-2) 

Cm, 
mAh/g A С 

Bulk LiNiO2 100 4.6 - 0.5 19 97 210 

Bulk LiCoO2 100 4.8 - 0.5 15 74 155 

Li1.2CoO3.5 [5] 
3.04.1V 

60 2.8 0.5 0.35 3.3 27 96 

Li-Ni-O 1/5 800 74 - 20 10 2 13 - 

Li-Ni-O 1/10 800 58 2.7 20 7.4 2.7 23 83 

Note: Cf - full capacity of active layer with 1.6 cm diameter and H thickness; Cm - weight capacity; Cvol - volume 

capacity;  - density of active layer. 

The observed volume and weight relative capacities for both samples were lower than reported for Lithium-
Cobalt-Oxide ALD film [5], but in the present study, the discharge currents with higher density were used 

(Table 4). The capacity of Li-Ni-O 1/10 800 diminished from 23 Ah·m-1·cm-2 (83 mAh/g) to 17 Ah·m-1· 

cm-2 (61 mAh/g) with the increase of discharge current from 20 A (7.4C) to 80 A (40C). 

4. CONCLUSION 

Thin lithium-nickel oxide films were synthesized with the use of ALD method. The number of nickel oxide layers 
deposited in supercycles varied from 5 to 10. Adding nickel oxide cycles stabilized the lithium oxide film and 
hinder its interaction with air atmosphere. The deposited films were amorphous. Calcination at 700 °C and 
higher lead to film crystallization. The reflexes of NiO2 and lithium silicates were found on XRD patterns. The 
silicates may present due to incomplete removal of precursor molecules during synthesis or cause by the 
interaction of lithium oxide structures with the silicon substrate. 

Both Li-Ni-O 1/5 T and Li-Ni-O 1/10 T exhibited electrochemical activity which increased with nickel content 
and calcination temperature. The estimated value of Li-Ni-O 1/10 800 capacity was 61 mAh/g at high discharge 
current (40C). 
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Abstract 

Tribological coatings are mainly used to reduce adhesive wear, which often leads to the seizure or the 
formation of cold welds. The low coefficient of friction and good sliding properties make it ideal for applications 
with low lubrication or even dry running. The result is an ideal way to reduce surface fatigue and tribo-oxidation. 
Tribological coatings have good sliding properties, a low coefficient of friction and low adhesive wear. Thin 
layers of WC/C and TiC/C of the MeC/a-C: H coating group were deposited onto the surface of ISO 683/11-
70 steel. The third tribological coating deposited on the same substrate was a ta-C coating - a tetrahedral 
amorphous layer (stoichiometry: sp3 bonds > 50%). Tribological measurements were performed at a load of 
10 N, a rotational speed of 60 rpm, and with a counterpart of ceramic material Al2O3. 

Keywords: Nanocomposite coatings, surface morphology, mechanical properties, tribology and wear 

1. INTRODUCTION 

Thin coatings are used to protect the substrate and improve the useful properties of components. Insufficient 
lubrication and dry friction can occur during the working process. Therefore, thin layers can be applied 
(deposited on a certain substrate), which can perform the function of a lubricant [1]. The addition of metal to 
the carbon layers can in some cases improves the mechanical and tribological properties [2], for example a 
thin layer of WC/C that provides, chemical inertness and low coefficient of friction (0.12 to 0.15) [3]. WC/C 
coatings offer good adhesion to the base substrate, which is an integral part of industrial use [1] and a large 
modulus of elasticity [4]. WC/C layers contain a nanocrystalline WC layer with and an amorphous C phase [4]. 
Tungsten carbide with amorphous carbon is used in technical applications such as bearings, pumps, 
compressors, gear wheels, tools, [5] for anti-corrosion components, and to protect aircraft engine components 
etc. [6]. DLC layers are used in hard drives, shavers, damage-resistant glass, electronics, medicine and the 
automotive industry [7,8]. There are different types of DLC layers, which differ in composition, method of 
preparation and properties. One type of DLC layer is a ta-C coating, which has a low coefficient of friction and 
is wear resistant [9]. Diamond-like tetrahedral amorphous carbon (ta-C) films, which contain no hydrogen and 
high content of sp3 bonds, have a very high hardness and elastic modulus (up to 600 GPa) [10]. TiC/C coatings 
have good sliding properties and is wear resistant. This type of coating is used as a protective coating with 
high hardness and toughness [11]. Mechanical and tribological properties are influenced by deposition 
conditions [12,13]. The modulus of elasticity of TiC/C thin films ranges from 160 to 430 GPa, nanohardness 
from 13 to 44 GPa and the coefficient of friction is around 0.14. TiC/C coatings are suitable for application on 
tools or machine parts [1].  

The aim of this research is to improve the utility properties of surfaces after modification of basic materials with 
thin layers labeled ta-C, WC/C and TiC/C. Surfaces after modification are intended to provide better friction 
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properties in contact with the counter-body during dry friction. The surface modification with the desired 
frictional properties was subsequently selected as suitable for a given industrial application. 

2. MATERIALS AND METHODS 

2.1. Used thin layers 

For the experiment, thin carbon-based coatings: ta-C, WC/C and TiC/C (SHM s.r.o. and PLATIT a.s.) were 
applied on two steel substrates W.Nr. 1.7131 (with a hardness of 650 HV1) and W.Nr. 1.2379 (with a hardness 
of 730 HV1). The surface roughness and morphology, nanohardness, adhesion to the base material, 
wettability, homogeneity, thickness of coatings, tribological behavior and amount of wear were evaluated on 
the prepared coatings. Table 1 shows the deposition conditions of the investigated thin coatings. PVD 
technologies used by SHM s.r.o. are based on two basic coating principles: low-voltage arc vapor deposition 
and magnetron sputtering. All thin films used in the research were applied by magnetron sputtering. 

Table 1 Thin coating deposition conditions 

Thin coating 
Deposition 

temperature [°C] 
Overall magnetron 
performance [kW] 

Magnetron power 
[W/cm2] 

Pretension 
[V] 

Pressure [Pa] 

ta-C 110 - 150 10 500 100 0.3 

WC/C 150 - 200 5 20 100 0.6 

TiC/C 300 - 400 7 30 300 0.7 

2.2. Used methods of thin film evaluation 

The nanohardness and elastic modulus of the coatings were evaluated by a CSM Instruments indentation 
tester (Berkovich evaluation method). The maximum penetration depth during the measurement was no more 
than 10 % of the coating thickness. 

A Zeiss Ultra Plus scanning electron microscope (SEM) equipped with an Oxford X-Max 20 energy dispersive 
spectrometer (EDS) was used for the local chemical analysis, homogeneity, and thickness of the thin layers. 
To minimize the influence of the substrate on the quant results due to the penetration of primary electrons 
through the deposited layers, the chemical composition of the layers was analyzed at an accelerating voltage 
of 10 kV. Before performing the SEM analysis, the samples were cleaned with a mixture of ethanol and water 
in an ultrasonic cleaner. 

The coating surface morphology was evaluated using a Sensofar Metrology material confocal microscope 
according to the ISO 25178 standard. The used parameters were as follows: Sa is the average arithmetic 
height (average surface roughness); Sz is the maximum height (height between the lowest recesses and the 
highest projection). The size of the evaluated area was 1700.16 x 1418.64 μm. 

The coating adhesion was evaluated using a CETR UMI Multi-Specimen Test System. A scratch test was 
performed using a progressive load from 2 to 80 N at a speed of 10 mm/min (according to the EN1071-3:2005 
standard). The scratch test was performed at room temperature and a relative humidity of 36 ± 2 %. 

The wettability of the nanostructured coatings was investigated on a Surface Energy Evaluation system, which 
is designed primarily for contact angle measurement and determination of surface energy. It features a robust 
aluminum housing, a 1.3 Mpx USB 2.0 color camera that moves vertically, and a 2D horizontal sample table. 
Distilled water was used for the evaluation and the tested oil with the trade name Paramo CLP 320 was used 
to approach the real conditions. The wettability evaluation apparatus was prepared according to the planned 
methodology and the samples were handled using gloves. The room temperature during the measurement 
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was 22 °C, the air humidity was 36 ± 2% and the drop volume used was 5 µL. Ten drops were dripped onto 
each of the investigated surfaces to ensure repeatability. 

A tribometer for dry and liquid environments (Anton Paar Czech Republic s.r.o.) in the “Ball-on-Disc” mode 
was used to estimate the tribology properties of the thin coatings (ASTM G99-95). An essential part of the test 
measurement was a friction sensor. The coefficient of friction (CoF) between the unit and the disc was 
determined during the test measurement. Tribological testing was conducted using a ball made of Al2O3 with 
a diameter of 6.00 mm, at a load of 10 N and at room temperature and a humidity of 34 ± 2 %. The rotation 
speed during the experiment was 60 rpm and the travelled distance was 500 m. 

3. RESULTS 

3.1. Morphology a surface roughness 

Figure 1 shows the surface morphology of the investigated coatings labeled amorphous carbon (ta-C), WC/C 
and TiC/C by SEM analysis. 

   

Figure 1 Surface morphology after deposition of a) thin coating of ta-C (left);  
b) thin coating of WC/C (centered) and c) thin coating of TiC/C (right), evaluated by SEM 

The measured surface roughness values (see Table 2) show that the modification of the surface leads to an 
increase in its roughness (according to the parameters Sa and Sz). The greatest influence on the increase of 
surface roughness compared to the roughness of the base material was measured on the surface of the 
coating labeled TiC/C (W.Nr. 1.7131), then on the surface of the coatings labeled ta-C (W.Nr. 1.2379) and 
TiC/C (W.Nr. 1.2379). 

Table 2 The measured surface roughness values Sa and Sz and their standard deviations in [μm] 

Steel substrate W.Nr. 1.7131 W.Nr. 1.2379 

Thin coating 
W.Nr. 
1.7131 

ta-C WC/C TiC/C 
W.Nr. 
1.2379 

ta-C WC/C TiC/C 

Sa [μm] 
0.17 

± 0.02 

0.23 

± 0.02 

0.20 

± 0.01 

0.30 

± 0.03 

0.21 

± 0.01 

0.29 

± 0.05 

0.21 

± 0.01 

0.25 

± 0.03 

Sz [μm] 
1.39 

± 0.09 

1.82 

± 0.11 

2.30 

± 0.14 

2.61 

± 0.16 

2.08 

± 0.07 

3.18 

± 0.16 

2.16 

± 0.14 

2.66 

± 0.12 

3.2. Hardness and modulus of elasticity 

The parameters of the process of evaluation of nanohardness were as follows: approach distance 2 μm; linear 
loading with approach speed 1 μm/min; max depth 0.30 μm; retract speed 2 μm/min; loading rate 1.00 μm/min; 
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unloading rate 1.00 μm/min; stiffness threshold 500 μN/μm. Table 3 shows averaged values from five 
measurements of the hardness, modulus of elasticity and the plasticity index (H/E). 

Table 3 The values of nanohardness and elastic modulus of the coatings in [GPa] 

Steel substrate W.Nr. 1.7131 W.Nr. 1.2379 

Thin coating ta-C WC/C TiC/C ta-C WC/C TiC/C 

H [GPa] 24 ± 2 12 ± 2 28 ± 2 33 ± 2 9 ± 1 26 ± 2 

E [GPa] 270 ± 22 127 ± 31 340 ± 22 391 ± 46 99 ± 11 333 ± 22 

H/E 0.089 0.094 0.082 0.084 0.091 0.078 

The applied thin coatings significantly increased the base surface hardness; the highest nanohardness values 
were measured for the thin coatings labeled ta-C (24 - 33 GPa) and TiC/C (26 - 28 GPa), see Table 3. 

3.3. Scratch test results 

Three measurements were taken at different points for each sample, and the average values of the measured 
critical loads (LC) are given in Table 4. Based on the scratch tests, the critical load corresponding to a load 
leading to the appearance of the first crack LC1 (cohesive failure) lied within the range of 16 - 22 N, and the 
next critical load LC3 (adhesion failure) lied within the range of 45 - 59 N. 

Table 4 The adhesion properties of the investigated coatings in [N] 

Steel substrate W.Nr. 1.7131 W.Nr. 1.2379 

Thin coating ta-C WC/C TiC/C ta-C WC/C TiC/C 

LC1 [N] 21.8  1.3 16.5  1.4 18.1  1.9 20.7  1.2 16.5  2.4 16.3  2.4 

LC3 [N] 56.5  4.2 48.4  4.8 44.7  2.4 58.8  3.6 50.3  5.3 47.7  3.5 

The measured adhesion values show that all of the types of surface modification have very good adhesion to 
the base material (W.Nr. 1.7131 and W.Nr. 1.2379). The best adhesion properties were measured with the 
thin coating of amorphous carbon (ta-C) on both types of substrate. 

3.4. Evaluation of the wettability of nanocomposite surfaces 

The wettability evaluation was performed according to the described methodology and the measurement 
results together with the standard deviation are shown in Table 5. 

Table 5 Measured values of contact angle on the surface of the investigated coatings in [°] 

Steel substrate W.Nr. 1.7131 W.Nr. 1.2379 

Thin coating ta-C WC/C TiC/C ta-C WC/C TiC/C 

with distilled water [°] 79 ± 5 89 ± 4 82 ± 4 76 ± 5 83 ± 3 86 ± 5 

with oil PAR.CLP 320 [°] 52 ± 4 54 ± 3 50 ± 2 52 ± 2 57 ± 4 53 ± 4 

The measured values indicate surfaces with hydrophilic properties, contact angles using distilled water and oil 
with the trade name Paramo CLP 320 were less than 90°. 
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3.5. Homogeneity and thickness of the thin coatings 

The thickness and homogeneity of the coatings was evaluated from their cuts (Figure 2). The evaluation was 
performed by linear and area analysis of chemical composition and using an SE detector. 

 

Figure 2 Thickness of the evaluated coatings of ta-C, WC/C and TiC/C displayed by means of cuts,  
by SEM 

The ta-C, WC/C, TiC/C coatings were cast into the resin and polished with diamond paste, and the ta-C layers 

had to be silver plated. The thin layers deposited on the steel substrates (W.Nr. 1.7131 and W.Nr. 1.2379) are 

highly homogeneous. No major defects or cracks were observed on the coatings or on the boundaries of the 
coatings - substrate. 

3.6. Tribological behavior and surface wear rate 

A comparison of the changes in friction coefficients is made firstly by contacting the observed coatings with an 
Al2O3 ceramic ball. Furthermore, the nanostructured surfaces were evaluated using a lubricating medium 
(Paramo CLP 320), while the counterpart remained of the same material (Al2O3). The working temperature of 
the oil during the tribological experiment was 45 °C. The last part of the experiment was conducted with the 
addition of the Paramo CLP 320 oil with nanoparticles (SiO2 NPs and SiO2 + Al2O3 NPs at a concentration of 
0.5 g/L) under the same conditions. 

Table 6 Measured values of coefficient of friction and their standard deviations 

Thin coating W.Nr. 
1.7131 

ta-C WC/C TiC/C 
W.Nr. 
1.2379 

ta-C WC/C TiC/C 

CoF [-] 

dry friction 0.67±0.07 0.11±0.01 0.19±0.01 0.25±0.03 0.68±0.18 0.10±0.01 0.20±0.02 0.24±0.02 

CLP 320 0.12±0.01 0.11±0.01 0.12±0.02 0.13±0.02 0.13±0.01 0.09±0.01 0.11±0.02 0.12±0.02 

SiO2 NPs - 0.10±0.01 0.12±0.01 - - 0.10±0.01 0.13±0.02 - 

SiO2+Al2O3NPs - 0.11±0.01 0.12±0.01 - - 0.10±0.01 0.11±0.01 - 

The evaluation of the coefficient of friction in the lubricating medium Paramo CLP 320 (Figure 3 left) with the 
addition of SiO2 NPs (Figure 3 center) and SiO2 + Al2O3 NPs (Figure 3 right) was performed on thin layers of 
ta-C and WC/C, the layers showed the lowest values of CoF during dry friction. Figure 3 shows the amount of 
wear of the thin coatings labeled ta-C upon contact with the Al2O3 ceramic ball and use of oil with and without 
nanoparticle additivation. 

Lubricant friction had a beneficial effect on the CoF and wear of the friction pair. It was further determined that 
the nanoparticles had no effect on the size of the CoF (see Table 6). The addition of the SiO2 NPs to the 
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lubricant (Paramo CLP 320) had a positive impact on the wear process, resulting in a reduction in the size of 
the damaged area after tribology (Figure 3 - right). Conversely, the combination of nanoparticles (SiO2 + Al2O3 
NPs) resulted in increased wear after the tribological process (Figure 3 - center) compared to the oil without 
additivation. 

   

Figure 3 Wear of the amorphous carbon (ta-C) thin coating during friction with lubrication and after 
additivation of the oil by nanoparticles, evaluated by SEM 

4. CONCLUSION 

Three types of thin coatings (ta-C, WC/C and TiC/C) applied by low-voltage arc vapor deposition and 
magnetron sputtering were investigated. The study led to the following conclusions: 

 Modification of the material surface with thin coatings leads to a slight increase in surface roughness. 

 After the application of the thin coatings there was a significant increase in hardness on the surface of 
the test samples. 

 The best adhesion to the base material was shown by the coating labeled ta-C for both types of base 
material. 

 The applied thin layers did not affect the wettability of the base material surfaces; the PARAMO CLP 
320 oil used has a good surface wettability. 

 The deposited thin coatings of ta-C, WC/C and TiC/C on the substrates reduced the CoF by up to 85 %. 
The coatings labeled ta-C and WC/C in combination with the PARAMO lubricant with SiO2 NP 
additivation resulted in the best results, i.e. lower CoF and reduced wear. 
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Abstract  

The development of micro- and nanoscale power sources for micro size electronic devices such as wireless 
sensors, biomedical implants, and smart cards is an important task. In this work, the processes of synthesis 
uniform lithium oxide, cobalt oxide, and lithium cobalt oxide thin films using atomic layer deposition (ALD) 
method were studied. Lithium tert-butoxide (LiOtBu) and cobaltocene (Co(Cp)2) were used as precursors. 
Remote oxygen plasma was used as a counter-reagent. The synthesis was carried out at 300 °C. The growth 
rate and uniformity of the films were controlled by adjustment the precursor's evaporation temperature, reagent 
pulse time, and purge times. Monocrystalline silicon and stainless steel (SS316) were used as substrates. The 
films were studied by spectral ellipsometry, energy-dispersive X-ray spectroscopy (EDX) and X-ray diffraction 
analysis (XRD). Results showed that an increase the purge time to 10 s after the reagent pulse positively 
affects the uniformity of the films. The growth rates of Li-O and Co-O systems were 0.080±0.010 nm/cycle and 
0.022±0.003 nm/cycle, respectively. XRD data showed the presence of the crystalline CoO phase for the Co-
O and the presence of the LiCoO2 for Li-Co-O samples. The optimized synthesis parameters determined for 
Li-O and Co-O were subsequently used to synthesize Li-Co-O (LiCoO2-x) system. According to the growth 
rates of Li-O and Co-O, the ratio of Li and Co pulses was set as 1/5. XRD data showed well crystalline LiCoO2 
textured in (003) direction for as-deposited Li-Co-O thin films. According to cyclic voltammetry (CV), there is a 
pronounced peak characterizing of the change in the oxidation state of cobalt from 3+ to 4+. Based on cyclic 
tests, the Li-Co-O films have high coulombic efficiency. 

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

1. INTRODUCTION 

Today lithium-ion batteries (LIBs) are widespread for power supply in modern portable electronics, sensors, 
medical devices, etc. The downscale trend in portable electronics requires the on-board power supply device 
to be of smaller dimensions, higher energy, and power density. Therefore, the production of thin-film anode 
and cathode materials is one of the most important task for the development modern portable electronic 
devices. Atomic layer deposition (ALD) is the most promising technology for synthesis inorganic thin films due 
to the ability to control the composition and thickness of the films with high precision. ALD is based on self-
limited chemical reactions of gas-phase reagent with substrate surface [1,2]. Some examples of synthesis 
electrode materials by ALD method and their electrochemical properties can be found somewhere [3-5]. 
However, most of the work on the use of ALD for preparation of active materials is devoted to the synthesis of 
thin film anodes. There is much less work to synthesize cathode materials. The problem is the cathode 
materials contain lithium, which is difficult to produce by ALD due to hydrolysis when using water as a counter-
reagent. However, the use of oxygen plasma as a counter-agent can solve this problem. LiCoO2 is the most 
commonly used cathode material in commercial LIBs due to its high energy density, low self-discharge and 
excellent cyclability. Therefore in this work we synthesized the lithium cobalt oxide thin films by ALD using 
oxygen plasma as counter-reagent and studied its electrochemical performance. 

https://doi.org/10.37904/nanocon.2019.8672 
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2. MATERIALS AND METHODS 

The deposition of Li-O, Co-O, Li-Co-O films was carried out by ALD with Picosun R-150 setup at 300 °С at 
base pressure of 8-12 hPa. Lithium tert-butoxide (LiOtBu, 97%, Sigma Aldrich) and bis(cyclopentadienyl) 
Cobalt(II) (Co(Cp)2, 99% Sigma-Aldrich), were used as metal-containing reagents. Remote oxygen plasma 
(O2-p) applied as a counter-reagent The temperatures of reagent containers were 218 °C for LiOtBu, and 100-
175 °C for Co(Cp)2. All depositions were performed as follows. After pulsing of metal-containing reagent 
(LiOtBu - 1.0s or Co(Cp)2 - 1.6-3.0s) the excess of the precursor was purged with nitrogen (99.999%) before 
the counter-reagent was introduced. For increasing of vapor pressure of LiOtBu boosting ALD regime[6] was 
tested. Boosting parameters (Picohot™ Boosting), 500 sccm /0.5s/1.2s/0s (boost/pre empty/master fill/post-
empty) was used. Pulse times for O2 plasma was 10s. To prevent Li-O thin films hydrolysis, 50 ALD cycles of 
trimethylaluminum (TMA)-H2O were applied for deposition of alumina protective coatings [7]. For deposition of 
Li-Co-O thin films we used super cycles consisting of one LiOtBu/O2-p pulses and five Co(Cp)2/O2-p pulses: 
[LiOtBu/O2-p] + [Co(Cp)2/O2-p]*5. We used 100 and 400 supercycles. Monocrystalline silicon wafers (surface 
orientation 100, the size 4x4 cm, Telecom-STV Co., LTD, Zelenograd, Moscow, Russia) and stainless-steel 
plates (316SS, Tob New Energy Technology Co., LTD, diameter 15.8 mm) were used as substrates. Before 
deposition, silicon substrates were cleaned in an ultrasonic bath in acetone and deionized water for 15 min. 

The thicknesses of the films were measured by spectral ellipsometry (vawelength range 350-1000 nm) using 
Ellips-1891 SAG ellipsometer (CNT, Novosibirsk, Russia). X-ray diffraction (XRD) studies were performed 
using a Bruker D8 ADVANCE (Cu-Kα). The obtained results were processed by the Rietveld method using 
TOPAS 5 software (XRD). The morphology and chemical composition of the films was studied by energy-
dispersive X-ray spectroscopy (EDX) using Mira-3M (Tescan, Quanta 200, FEI). 

Electrochemical studies were performed in CR2032 coin cells. The samples of Li-Co-O deposited on the 
316SS surface were used. Lithium foil, polyolefin porous film 2325 (Celgard, Charlotte, NC, USA), and TC-
E918 (Tinci, Guangzhou, China) solution were used as the counter electrode, separator, and electrolyte, 
respectively. Coin cells were assembled in an argon glove box OMNI-LAB (VAC). Cyclic voltammetry (CV) 
was performed using a potentiostat PGSTAT302N+ (Autolab, Utrecht, the Netherlands) in the range of 3.0 - 
4.3 V with a scan rate of 0.5 mV/s. Cyclic charge/discharge was performed using the battery testing system 
CT-3008W-5V10mA (Neware, Shenzhen, China) at room temperature in the range of potential 3.0 - 4.3 V, at 
current 20 - 80 µA. 

3. RESULTS AND DESCUSSION 

3.1. Li-O system  

Lithium butoxide is the most commonly used reagent for the synthesis of lithium-containing thin films by ALD 
[8]. The temperature of evoparation of lithium butoxide varies over a wide range from 90 to 180 °С [4,9]. Such 
a large temperature difference depends on the design features of the setups [4,9]. Our results showed that the 
Li-O growth of the films occurs only at the maximum possible temperature of the evaporator (218 °C) on the 
installation used (Picosun R-150) with a pulse duration of 3 seconds. In this regard, experiments were carried 
out to study the uniformity of coatings at various purge times and two precursor pulse modes: line boost mode 
(Picohot™ Boosting) and under standard mode. Picohot™ Boosting is provided by the manufacturer for the 
low volatile reagent to reduce the temperature of the evaporator. In this work, the lithium reagent pulse time is 
1.6 s (Boosting) and 3.0 (Standard mode). The temperature of the evaporator at Standard and Boosting modes 
was 218 °С. 

It should be noted that the reagent is low volatile and stable up to 250 °C [10], which imposes restrictions on 
the minimum temperature for the synthesis of lithium-containing films. Based on the literature data and taking 
into account the physicochemical characteristics of the reagents, the reactor temperature was set at 300 °C. 
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All films, in accordance with our previous studies [7] on the preparation of lithium-containing films, were coated 
with a protective layer of alumina (50 ALD cycles - TMA+H2O) and stored in an inert atmosphere of argon. 

The effect of purge time on the growth rate and uniformity of the films using two types of reagent pulse modes 
(Standard and Boosting) shown in Figure 1. With increasing purge time, uniformity of coatings increases and 
the growth rate decreases for both modes. Acceptable growth rate and uniformity of the films was obtained by 
pulse 10 - 15 s. To optimize the synthesis time, a purge of 10 s was chosen for subsequent experiments. It is 
worth noting that when using Boosting, the growth rate more than 2 times lower than with Standard pulse 
mode. To increase the growth rate of the films, the conditions with the highest growth rates with similar 
uniformity were chosen for Li-Co-O deposition. XRD data didn’t show presence of any crystalline phase.  

 
Figure 1 The change of growth per cycle (GPC) with an increase in the purge time of LiOtBu  

3.2. Co-O system  

The literature provides information on the synthesis of CoOx films by the ALD in a wide temperature range 
using cobaltocene and ozone or oxygen plasma as a counter-reagent. The synthesis is carried out in a wide 
temperature range (140 - 350 °С) [11,12]. However, to synthesize the lithium cobaltate, it is necessary to 
combine the deposition temperature of cobalt and lithium oxides (for Li-O the temperature is at least 300 °C). 
Therefore to optimize the deposition conditions of cobalt oxide, we used a temperature of 300 °C. 

 
Figure 2 The change of growth per cycle (GPC) with an increase in the evaporation temperature of Co(Cp)2 
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Based on our previous work [13], when the nickelocene (NiCp2) was used as ALD precursor for NiOx thin film 
synthesis we used 1.0 second for pulse and 10 second for purge. As we found out earlier, the temperature of 
the source is of great importance when using metallocenes. In this regard, we studied the effect of evaporator 
temperature on growth rate and uniformity Co-O films (Figure 2). The optimal temperature range was from 
120 to 150 °C. At higher temperatures, the growth rate increases, but the gradient of film thickness also 
increases significantly, which may be caused by the decomposition of cobaltocene. 

EDX data showed the presence of cobalt in the film. Figure 3 shows the diffraction pattern of Co-O sample 
deposited on silicon surface. Three peaks at 33, 55 and 57 degree are associated with the imperfection of the 
crystal structure of the silicon substrate. The other peaks correspond to the CoO phase (Fm-3m). The 
coincidence of the intensities of these peaks with the table value indicates the absence of texture in the film.  

  

Figure 3 XRD of Co-O thin film Figure 4 XRD of Li-Co-O thin films 

3.3. Li-Co-O system synthesis and electrochemical perfomance 

Based on the results of experiments with Li-O and Co-O, the optimal parameters were used for the synthesis 
of Li-Co-O films. We synthesize 2 samples using 100 and 400 super cycles. Each supercycle consisted of one 
LiOtBu/O2-p pulses and five Co(Cp)2/O2-p pulses: [LiOtBu/O2-p] + [Co(Cp)2/O2-p]*5. The thickness of the films 
were 34.2±4.2 and 70.6±11.6 nm respectively.  

  

Figure 5 CV of Li-Co-O 115 thin film Figure 6 Effect of discharge current on capacity of 
Li-Co-O 115 film 
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Presence of cobalt in the films were confirmed by EDX data. At the diffraction patterns of the samples  
(Figure 4) clearly visibly peaks of the silicon substrate (33, 55, 57 degree). But the other peaks are 

characteristic by the LiCoO2 structure with the space group (R3#m). The X-ray diffraction pattern of sample with 

a larger film thickness shows a strong texturing of the LiCoO2 phase into the (003) direction which is 
perpendicular to the substrate surface. The March-Dallas coefficient was 0.3752±0.0064. The unit cell 
parameters calculated by the Rietvelt method for samples thin and thick films were: a = 2.856 ± 0.009,  
c = 14.046 ± 0.016 and a = 2.815 ± 0.002, c = 14.065 ± 0.002 respectively. which fits well with tabular values 
[14]. The difference in the lattice parameter “a” for a thin film may be due to surface effects.  

The resulting samples were investigated by cyclic voltammetry (Figure 5). An intense peak in region 4V is 
characteristic of the process of cobalt oxidation from 3+ to 4+. [15,16], while there is no pronounced peak for 
the reverse process (reduction processes from 4+ to 3+). Also, there is a decrease in the anode peak and its 
displacement in the region of lower potentials. All of the above can be associated with the involvement of the 
substrate material in the process [13]. The areas of the anodic and cathodic curves on cycles 2 and 3 are 
comparable, which may indicate good reversibility of the process. Figure 5b shows the dependence of the 
discharge capacitance on the number of cycles at various currents. A stepwise increase in the discharge 
current from 20 to 80 μA leads to a marked decrease in the discharge capacitance, which is similar for all 
electrode materials. Coulombic efficiency is about 95 %. (Figure 6) The average discharge capacity was 
0.85μAh. The average specific discharge capacity is 37 mAh/g, which is less than the values obtained in 
practice for powder analogues (practical capacity of LiCoO2 is only ∼137 mAh/g, while the theoretical capacity 

of ∼274 mAh/g [15]), this may be due to the involvement of the substrate material in the process. 

4. CONCLUSION 

ALD-growth of Li-O, Co-O, and Li-Co-O films was carried out using lithium butoxide, cabaltocene, and remote 
oxygen plasma. The growth rates of Li-O and Co-O systems were 0.080 ± 0.010 nm/cycle and 0.022 ± 0.003 
nm/cycle, respectively. Results showed that an increase the purge time to 10 s positively affects the uniformity 
of the films. The presence of cobalt in the films was confirmed by the EDX method. In contrast to the results 
presented in literature [3,11] the synthesized Co-O and Li-Co-O films contain well crystalline CoO and LiCoO2 
phases respectively. For as-deposited Li-Co-O thin films, LiCoO2 phase textured in (003) direction. According 
to CV study, there is a pronounced peak characterizing of the change in the oxidation state of cobalt from 3+ 
to 4+. Based on cyclic tests, the Li-Co-O films have high coulombic efficiency. 
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Abstract 

Cellulose, as the most abundant polymer in the world, and recently nanocellulose, have emerged as 
sustainable, biodegradable and recyclable substrates for flexible and printed electronics in applications that 
require rapid roll-to-roll manufacturing. However, the wetting and printability of any material surface are linked 
to its surface energy. These may be modified by cleaning and activation of the surface, i.e. removal, formation 
or alteration of the adventitious or functional chemical groups on it. Recently, novel surface treatment 
techniques compatible with roll-to-roll manufacturing have attracted considerable attention on the part of 
researchers. In this contribution, we present atmospheric-pressure plasma generated by diffuse coplanar 
surface barrier discharge (DCSBD) for the surface treatment of nanocellulose transparent paper. The effect of 
ambient-air, low-temperature plasma on the surface of nanocellulose was investigated. Water contact angle 
measurements revealed increased hydrophilicity of the surface after short plasma treatment. X-ray 
photoelectron spectroscopy was utilized for chemical analysis of the surface of the nanocellulose. Plasma 
treatment led to a decrease in carbon concentration and a corresponding increase in oxygen concentration. 
Analysis of carbon peaks in the spectra revealed decreased C-C bonds and the formation of oxygen polar 
groups. The formation of polar groups was directly related to the increased hydrophilicity. Scanning electron 
microscopy was used to observe the morphological effects of plasma treatment on the nanocellulose surface. 
No damage to the nanocellulose fibres was observed after plasma treatment, which confirms that low-
temperature plasma is suitable for large-area roll-to-roll treatment of nanocellulose. 

Keywords: Nanocellulose, plasma treatment, surface activation, roll-to-roll, printability 

1. INTRODUCTION 

Compatibility with rapid roll-to-roll manufacturing, along with its biodegradability and worldwide resource-
abundance has made nanocellulose paper an attractive option as a substrate in flexible and printed electronics. 
Compared to naturally-occurring cellulose, which consists of cellulose fibres 20-50 µm in diameter, the 
microfibrils that make up nanocellulose paper have diameters that lie in a measurement range of only tens of 
nanometres. This allows nanocellulose paper to match the desirable properties of plastic substrates, such as 
low surface roughness and thermal stability, while adding recyclability and enhanced flexibility [1,2]. 

Solution-based printing is an ideal deposition technique for roll-to-roll manufacturing [3]; its throughput is high 
and the price is low. Among other options, nanocellulose has been actively studied as a substrate and a range 
of electronic devices utilizing such “paper” have been demonstrated, including flexible organic field-effect 
transistors (OFETs) [4], foldable antennas [5], and organic light-emitting diodes (OLEDs) [6]. 

The successful printing of different materials requires a range of properties on the part of the substrate surface. 
Plasma treatment of the surface influences the surface energy of the material, which is linked to its 
printability [6,7]. Depending on the working gas, widely differing degrees of surface wettability can be achieved. 
The hydrophilicity of the surface may be increased by treatment in oxygen plasma, while hydrophobicity may 
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be achieved by treatment in the plasma generated in gases containing halogens, H2 or methane [9-11]. 
Moreover, even a “pristine” nanocellulose surface may contain contaminations; plasma treatment is capable 
of removing these, thus tailoring surface energy to practical requirements. 

Surface activation refers to the formation, alteration or removal of chemical groups on the surface of the 
material by plasma. The increased hydrophilicity of the surface is linked to oxidation and formation of oxygen 
polar groups on the surface [12]. However, changes in surface morphology may also influence wettability. This 
effect is often undesirable as it may damage the surface and affect the mechanical properties and overall 
performance of the material. 

In this contribution we present an ambient-air atmospheric-pressure plasma treatment of nanocellulose paper 
compatible with roll-to-roll processing. The diffuse coplanar surface barrier discharge (DCSBD) (see Figure 1) 
utilized herein provides high power density and a low working temperature, both compatible with nanocellulose 
paper. The macroscopically diffuse nature of the process provides a homogeneous surface treatment. Further, 
it does not lead to undesired pin-holing or other damage to the sample treated [7]. 

 

Figure 1 Diffuse coplanar surface barrier discharge (DCSBD) with curved configuration of electrodes 

2. EXPERIMENTAL PROCEDURE 

The nanocellulose paper was kindly provided by Dr. Juho Antti Sirviö of the Fibre and Particle Engineering 
Research Unit at the University of Oulu, Finland. The preparation process is thoroughly described in the works 
of Sethi et. al. and Li et. al. [13,15].   

The plasma surface treatment was performed by means of atmospheric-pressure ambient-air plasma 
generated by diffuse coplanar surface dielectric barrier discharge (RPS400 for roll-to-roll, Roplass s.r.o., Czech 
Republic) with a curved-coplanar configuration of electrodes (Figure 1). The plasma source has the capacity 
to deliver a power density 100 W/cm3. Plasma treatment times varied from 1 s to 16 s.  

The water-contact angle (WCA) measurement was carried by means of the See System (Advex Instruments, 
Czech Republic) with a 1-µl water droplet deposited on the surface using a micropipette. The image of the 
droplet was taken approximately 10 s after deposition. 

The chemical analysis and the stoichiometry of the surface were determined using X-ray photoelectron 
spectroscopy (XPS), with an ESCALAB 250Xi (ThermoFisher Scientific) instrument using the Al Kα spectral 
line. All samples were measured at one spot, with a take-off angle of 90° in 10-5 Pa vacuum at 20 °C. An 
electron flood-gun was used to compensate for charges on the sample surface.  

The effects of plasma treatment on the morphology of the nanocellulose surface were studied with a Mira3 
(Tescan, Czech Republic) scanning electron microscope (SEM). Prior to analysis, the samples were coated 
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with a 20-nm-thick layer of gold and palladium mixture with a concentration ratio of Au : Pd = 80 : 20. The 
images were captured at 50 kx magnification, 5 kV accelerating voltage and at a working distance of 5 mm.  

3. RESULTS AND DISCUSSION 

WCA measurements were taken from untreated and plasma-treated samples. The results appear in Figure 2 
and Table 1. The reference sample exhibited a WCA of 72°. After plasma treatment of just 1 s, WCA dropped 
sharply to just 19°. Longer plasma treatment times did not lead to any further decrease in WCA. This result 
suggests a very rapid and effective surface modification of the nanocellulose paper by plasma, achieving 
considerably enhanced wettability of the surface after very short plasma treatment.  

XPS was utilized for stoichiometric analysis of the reference and plasma-treated samples. Atomic percentages 
obtained from this analysis are summarized in Table 1. The untreated sample displayed concentrations of 
carbon and oxygen of 65.9 at. % and 34.1 at. %, respectively. Following 1 s of plasma treatment, the 
concentration of carbon dropped to 58.4 at. %, with oxygen concentration increasing to 41.6 at. %. Again, 
longer treatment times had only a slight effect on further stoichiometric changes. 

The ratio of carbon to oxygen disclosed in the samples is plotted in Figure 2, together with the WCA results. 
A clear correlation between C/O ratio and WCA can be observed. The decreasing WCA can therefore be 
related to the decreasing C/O ratio. This may be explained by the oxidation effect of the plasma treatment 
producing new, oxygen-rich functional groups on the surface [14]. 

 

Figure 2 Water contact angle on nanocellulose paper and carbon-to-oxygen ratio obtained from XPS as 
functions of plasma treatment time 

Table 1 XPS results of water contact angle measurements and concentrations of elements for a range of  
              plasma treatment times 

Treatment time (s) WCA (°) Carbon (at. %) Oxygen (at. ) C/O ratio 

0 72 ± 5 65.9 34.1 1.93 

1 19 ± 4 58.4 41.6 1.40 

2 20 ± 2 57.6 42.4 1.36 

4 17 ± 2 56.7 43.3 1.31 

8 19 ± 2 56.7 43.3 1.31 

16 16 ± 2 58.7 41.3 1.42 
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Figure 3 shows a high-resolution XPS peak of C1s obtained for the reference sample and the plasma-treated 
samples. The C1s peak of nanocellulose consists of chemical shifts that may be classified into four categories: 
unoxidized carbon (C-C); carbon with one oxygen bond (C-O-/C-OH); carbon with two oxygen bonds (O-C-
O/C=O); and carbon with three oxygen bonds (O=C-O) [16]. The spectra were referenced to the C-C peak at 
284.8 eV. Qualitative analysis of the C1s peak shows a pronounced decrease in the intensity of the C-C peak 
after very brief plasma treatment, just 1 s. This can be attributed to the breaking and oxidation of the unoxidized 
carbon bonds and to some extent to the removal of surface contamination arising out of plasma treatment [9].  

SEM images of untreated and some plasma-treated samples appear in Figure 4. No particular morphological 
change is visible on the plasma-treated samples. The short plasma treatment at low temperature did not do 
any damage to the nanocellulose paper surface. Thus, the increased hydrophilicity arising out of the treatment 
can be attributed solely to changes in the chemical composition of the surface.   

 

Figure 3 High resolution XPS peak C1s of untreated and plasma-treated nanocellulose paper with 
increasing treatment times. 

    

Figure 4 SEM images of nanocellulose a) untreated and plasma-treated for b) 1 s and c) 16 s  

4. CONCLUSION 

This contribution presents a study of the effects of atmospheric-pressure, ambient-air plasma generated by 
DCSBD for the surface treatment of nanocellulose paper. Hydrophilicity of the paper was successfully 
enhanced with very short treatment times (1 s). The increased wettability of the nanocellulose surface was 
linked to a decreased carbon/oxygen ratio. This arose out of plasma-induced oxidation of unoxidized C-C 
bonds on the surface and partly from removal of surface contamination. SEM images of untreated and plasma-
treated nanocellulose surface showed no significant change in the morphology of the surface. It may be 
concluded, therefore, that the plasma treatment left the surface undamaged and any morphological changes 
had no affect the hydrophilization of the nanocellulose paper.  
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Abstract 

The measurements of volatile organic compounds are becoming more important due to stringent 
environmental regulations and increasing health concerns. The human breath which includes many volatile 
organic compounds that can be used as biomarkers for different diseases as well. Metal oxide (MOX) sensors 
are well known as multifunction nanomaterials and employing MOX in detecting VOCs is one of the most 
studied areas. The advantages of metal oxide sensors are well known as low costs, short response time and 
versatility. Currently, these sensors are sufficiently sensitive for most applications. However, the use of them 
is limited due to their lack of selectivity, which has stimulated researchers to look for different strategies to 
overcome this drawback. Sensing mechanisms of gas sensors depend on temperature, and this is, in 
particular, true for metal-oxide semiconductors where the peculiar role of temperature suggested the 
modulation of temperature as a viable method to tune selectivity and sensitivity. In this work, a device consisted 
of metal oxide gas sensor array has been used to discriminate different volatile organic compounds. The device 
consists of three MOX commercial sensors (ASMLN, AS-MLK, AS-MLC), The behavior of these sensors was 
measured at different ranges of temperature. By Principal Component Analysis (PCA) as a recognition 
algorithm and modulated temperature, selective sensing has been accomplished. 

Keywords: Gas sensor array, metal oxides, selectivity enhancement, temperature modulation, principal  
                    component analysis 

1. INTRODUCTION 

Volatile organic compounds (VOCs) are carbon-based chemicals that easily emit from industry productions or 
indoor environments (e.g. furnishings, paints, and building materials), which is due to their rather low boiling 
points. VOCs are believed to have short-term and long-term adverse effects on the environment and human 
health, including the potential cause of cancer [1-3]. Moreover, some exhaled VOCs are found as effective 
biomarkers that could be used for the detection of some diseases, including lung cancer. Thus, there is a large 
demand for the sensitive and selective detection of VOCs in the gas phase for environmental monitoring, 
process control, and medical diagnostics purposes [4-8]. Consequently, many researchers have attempted to 
develop breath-monitoring systems [9]. Metal oxide semiconductors are widely studied and exploited layers in 
gas-sensing devices, MOX sensors change their electrical resistance upon contact with reactive gases. The 
operating principle is based on the chemisorption of gases in the presence of atmospheric oxygen. The 
potential of chemiresistor sensors arises from their sensitivity to several gases, their reduced size, and weight, 
which make them suitable to develop portable instrumentation and the reduced preparation costs [10]. On the 
other hand, these devices have poor selectivity, which has stimulated researchers to look for different 
strategies to overcome this drawback. The most popular solution is to use the so-called electronic nose (EN), 
an array composed of different sensors, each one showing a different response spectrum to gases, handled 
by a pattern recognition software. Besides this, other approaches based on temperature profile protocols or 
the exploitation of different sensing and transduction mechanisms have been and are still being studied 
worldwide [11,12]. The improvement of selectivity is investigated and reported in this paper by using electronic 
nose based on an array of commercial sensors (AS-MLN, AS-MLK, AS-MLC) with changing the operating 
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temperature of these sensors. The discrimination model based on principal component analysis (PCA) was 
implemented. 

2. EXPERIMENTAL 

2.1. Structure and material characterization of MOX sensors 

Metal oxide sensors (Applied Sensor) with different sensing layers were chosen to prepare the electronic nose 
system. The AS-MLX sensors are very convenient thanks to their miniature hot-plate design.  

          

Figure 1 Scanning electron and optical microscope image 

These sensors (AS-MLN, AS-MLK, AS-MLC) require low heating power 30 - 45 mW. Due to their low thermal 
capacity, these sensors react quickly to the temperature changes of the heating plate. The sensor with 
dimensions 2 x 2 x 0.38 mm is placed in the metallic case TO-39-4. Two pins relate to the gas sensor layer for 
the measurement of its resistivity changes, two other pins are for the heating element. The result of the 
scanning electron microscope in nanoscale and optical microscope for AS-MLN is shown in Figure 1. 

2.2. Sensor array measurement setup 

The experimental setup used for the testing of the thick-film sensor array is shown in Figure 2. The evaporation 
process took place in the test chamber by direct injection of prepared volatile organic compounds via a medical 
syringe, the measurements of the sensor resistivities and the heating elements resistivities for the temperature 
regulation were made with different temperatures during several cycles. The purging of the sensing chamber 
has been realized in each cycle.  

 

Figure 2 Description of measuring apparatus 
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3. RESULTS AND DISCUSSION 

3.1. The gas sensing measurement  

The sensor characterization was initially obtained by exposing six volatile organic compounds (VOCs) to an 
array of sensors in the temperature range of (60 °C - 273 °C). 

   

   

Figure 3 Response of the three sensors AS-MLN, AS-MLK, AS-MLC to six volatile organic compounds  
in the temperature range of (60 °C -273 °C)  

Figure 3 presents the response pattern of the sensor array to six different volatile organic compounds, the 
results showed that the sensors have very good sensitivity to the target gases, also that the response of the 
sensor array was increasing during increasing the temperature range from 60 °C to 200 °C and it starts to 
decrease after exceeding the temperature range (200 °C - 220 °C) especially for AS-MLK sensor,we had the 
max response of the sensor array in temperature range (170 °C - 200 °C), which will be very helpful information 
to obtain the ideal gas classification. 

3.2. Data analysis by pattern recognition algorithm (PCA): 

Figure 4(a) presents the result of applying PCA on the dataset which was extracted during temperature 
modulation in the range of (60 °C - 130 °C), Figure 4(b) in the temperature range of (175 °C - 205 °C), 
Figure 4(c) in the temperature range of (230 °C - 270 °C), in the three experiments first principal component 
(PC1) describes approximately 86 % of data variation and PC2 describes 9% of data variation which is 
neglected in comparison with PC1. The focusing is on PC1 in our comparison to evaluate the variation 
difference of different compounds. 

In a low-temperature range, an overlap (black circle) was detected between (Acetonitrile, Dimethylformamide) 
and partial overlap was detected between (Acetone, Dimethylformamide). In the intermediate-temperature 
range a high classification in clearly separated clusters is obtained. In the high-temperature range also an 
overlap was detected between (Hexane,Dimethylformamide), (Hexane, Dichloromethane) and (Hexane, 

Dichloromethane, Acetonitrile) which is the logical result because the response of sensors decreased. 
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a)  b)  

c)  

Figure 4 PCA results in the three temperature ranges (a) Low (b) Intermediate (c) High 

The impact of sensors number with different sensing layer in the EN have been studied, a comparison between 
using two sensors and three sensors in the intermediate temperature range is presented in Figures 5(a)  

and (b).  

 
a) 

 
b) 

Figure 5 PCA results in the intermediate temperature range (a) two sensors (b) three sensors 

The results in Figure 5 proved that using a higher number of sensors with different sensing layers enhanced 
the selectivity of the electronic nose (EN). 

5. CONCLUSION 

In this work, we studied the ability to carry out gas analyses with a metal-oxide sensor array, the advantages 
of these sensors are their high commercial availability and low cost. PCA was performed as the pattern 
recognition method in order to identify different compounds. The results pointed out that sensors have a very 
good classification in the temperature range of (175 °C - 205 °C). They also pointed out the importance of 
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increased sensor number in the EN. In spite of the low selectivity of the MOX sensors, the improvement of gas 
identification is realizable with cheap sensor array and a simple temperature programming method. 
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Abstract  

Two powdered wastes originating in building materials production (waste brick dust (WBD) from the production 
of ceramic blocks and concrete slurry waste (CSW) from prestressed poles production used also in Fe-
modified form (CSWFe)) were studied as potential adsorbents of ecologically risk cations (Cd2+, Pb2+) and 
anions (AsV as AsO43- and CrVI as CrO42-) from contaminated waters. The WBD indicated very good adsorption 

selectivity for Cd2+, Pb2+ and AsV at a high adsorption efficiency (90 %), and worse parameters for CrVI 

adsorption (30 % adsorption efficiency). The sorbent consumption was low (70 - 100 g per 1 g of 
contaminant) for cations (Cd2+, Pb2+) and more than four times higher for AsV. The adsorption of CrVI on WBD 
was ineffective. The adsorption of cations (Pb2+ and Cd2+) on CSW and anions (AsO43- and CrO42-) on CSWFe 
ran in the same manner as on WBD. Fe-modification of CSW to CSWFe increased its adsorption efficiency to 

anions by 15. - 20 %. The cations (Pb2+, Cd2+) were adsorbed almost quantitatively (≈100%) on the initial CSW 

at the sorbent consumption of 10 - 120 g per 1 g of contaminant. The adsorption of anions (AsV, CrVI) on CSWFe 
reached ˃95% for AsV and 40 - 60% for CrVI, at the sorbent consumption of 80 - 200 g per 1 g of contaminant.  

Keywords: Building waste, adsorption, heavy metals, toxic anions   

1. INTRODUCTION 

A secondary use of building waste has got into increased professional concern due to the growing development 
and production of building materials. The powdered waste brick dust (WBD), which arised at the production of 
ceramic blocks, is usually recycled in concrete production [1], or, in specific cases, it can be also applied as 
pozzolanic component of cement based materials to reducing the Portland cement consumption [2]. The 
annual production of Portland cement exceeds 4000 Mt [3,4] and is still rising. According to e.g. Damptoft er 
al. [5], the energy-intensive production of Portland cement .is responsible for about 5 % of global anthropogenic 
emissions of CO2, which initiated the development of new technologies primarily focused on recycling and 
secondary use of waste building products [6,7]. Fortunately, the powdered building wastes including WBD and 
CSW represent promising materials due to availability, low cost and appropriate properties. The chemical 
stability, environmental safety issues and silicate-like behavior determine their potential application as 
selective adsorbents in decontamination technologies [6,8].  

In natural adsorption systems the sorbent selectivity has been primarily controlled by the pH of zero point of 
charge (pHZPC) [9]. The solids with a low pHZPC (aluminosilicates, quartz) attract mostly cations, while a high 
pHZPC is typical for anion-active sorbents (Fe/Al oxides, gibbsite) [10,11]. The surface of mixed materials (soils, 
sediments, brick dust, slurries) mostly consists of diverse active sites, and the pHZPC corresponds more or less 
to the median of all particular components. Therefore, they can behave as both cation-active and anion-active 
adsorbents with respect to current conditions.  

The aim of this work was to study the sorption properties of WBD and CSW in initial and Fe-modified form on 
heavy metal cations (Pb2+ and Cd2+) and toxic oxyanions (AsV as AsO43- and CrVI as CrO42-). The optimal 

https://doi.org/10.37904/nanocon.2019.8772 
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adsorption parameters were investigated in model water systems and calculated according to the Langmuir 
model. 

2. EXPERIMENTAL PART 

2.1. Used sorbents 

The WBD is generated as a waste (grinding dust) during the production of vertically perforated ceramic blocks 
intended for thin joint masonry, while a sedimented CSW containing cement, mineral additives, fine fillers, 
admixtures and water, remains after the partial recycling of fresh concrete waste (1-4 wt.% of total concrete 
production). The elementary chemical composition, mineralogy and surface properties are given in Table 1.  

Table 1 Charcterization of WBD and CSW  

 
sample 

chemical composition (wt%) mineralogical 
composition 

SBET 
(m2/g) pHZPC 

 SiO2 Al2O3 Fe2O3 TiO2 CaO MgO    

WBD 
49.5 19.7 6.1 0.8 13.5 4.8 

illite, feldspar, 
quartz, micas, 

hematite 
3.3 4.9 

CSW 
32.3 6.6 1.3 0.1 46.9 1.8 

muscovite, 
portlandite, 

38.2 10.3 

     
CSWFe

*) 26.6 4.3 29.8 0.4 18.7 2.1 
calcite, quartz, 
(hornblende) 

118.2 7.5 

*) surface modification with Fe2+ 

2.2. Model solutions 

Model solutions of Pb2+, Cd2+, H2AsO4- and CrO42- were prepared from inorganic salts (PbCl2, Cd(NO3)2, 
KH2AsO4 and (NH4)2CrO4 of analytical grade and distilled water, in the concentrations of 0.1 and 0.5 mmol.L−1 
and the natural pH (i.e. pH ≈ 3.5 for cationic solutions and pH 5-6 for anionic solutions). The concentration 
range was selected as appropriate for the simulation of a slightly increased amount of the contaminant in a 
water system to a heavily contaminated solution. 

2.3. Fe-modification 

The suspension of CSW (20 g) in 0.6M FeSO4·7H2O (1 L) was shaken in a sealed polyethylene bottle at 
laboratory temperature (20 °C) for 24 h. Then the solid phase was filtered off, washed with distilled water, dried 
at 60 °C, and homogenized [12]. Only a tiny surface layer of available Fe ions in reactive form is sufficient for 
the adsorption of oxyanions on the active surface sites of bulk oxi(hydroxides) [13].  

2.4. Adsorption process 

In adsorption experiments the cations (Cd2+, Pb2+) were adsorbed on the WBD and CSW, whereas the anions 
(AsV, CrVI) were adsorbed on the WBD and Fe-modified CSWFe.  

The suspension of model solution (50 mL) and defined dosage (0.5-15 g L−1 of WBD and 1-20 g L-1 of CSW 
or CSWFe) was agitated in a batch manner at laboratory temperature (20 °C) for 24 hours [13]. The product 
was filtered off, and the filtrate was analysed for residual concentration of cations or anions. All adsorption 
data were fitted to the Langmuir isotherm [14,15] as the suitable and widely used adsorption model for natural 
sorbents, including oxides, aluminosilicates and soils.  
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2.5. Analytical methods 

Powder X-ray diffraction (XRD) was performed with a Seifert XRD 3000P diffractometer with CoKα radiation 
(λ= 0.179026 nm, graphite monochromator, goniometer with Bragg-Brentano geometry) in the 2θ range of 5 - 
60° with a step size of 0.05° 2θ.  

X-ray fluorescence (XRF) analyses of the solid phase were determined with an ARL 9400 XP+ spectrometer 
with a voltage of 20 - 60 kV, probe current of 40-80 mA and effective area of 490.6 mm2. UniQuant software 
was used for data evaluation.  

The specific surface area (SBET) was measured on a Micromeritics ASAP 2020 (accelerated surface area and 
porosimetry) analyzer using the gas sorption technique. The ASAP 2020 model assesses single and multipoint 
BET surface area, Langmuir surface area, Temkin and Freundlich isotherm analysis, pore volume and pore 
area distributions in the micro- and macro-pore ranges by the BJH method. The micro-pore option used the 
Horvath-Kavazoe method, with N2 as the analysis adsorptive and an analysis bath temperature of -195.8 °C. 
The samples were degassed at 313 K for 1000 minutes. 

The concentration of Pb and Cd in aqueous solutions was determined by atomic absorption spectrometry 
(AAS) using a SpectrAA-880 VGA 77 unit (Varian) in flame mode. An accuracy of AAS analyses was 
guaranteed by the Laboratory of Atomic Absorption Spectrometry of UCT Prague, CR, with the detection limit 

of 0.5 gL-1, with a standard deviation ranging from 5 - 10 % of the mean. 

The concentration of As in aqueous solutions was determined by Hydride Generation Atomic Fluorescence 
Spectrometry (HG-AFS) using a PSA 10.055 Millennium Excalibur apparatus. The samples were pre-treated 
with a solution of HCl (As-free, 36 % v/w) and KI (50 %) with ascorbic acid (10 %). The instrumental parameters 
included ppm and ppb modes, HCl (12 %) with KI + ascorbic acid solution as the reagent blank and 7% NaBH4 
in 0.1 mol.L-1 NaOH as the reductant. The declared detection limit was 0.05 ppm and the standard deviation 
was experimentally determined as 2.5 %. 

The concentration of Cr as Cr2O72- in aqueous solutions was measured with a UV/VIS spectrophotometer 
(Evolution 220, Thermo Fisher Scientific) at 350 nm following acidification with H2SO4 (10%wt.) [16]. The 

verified detection limit was 50 µgL-1 and the experimentally determined standard deviation was less than 5 %. 

3. RESULTS AND DISCUSSION 

3.1. Adsorption capacities (Langmuir model) 

The theoretical adsorption capacities Qt calculated according to the Langmuir model (Figure 1) indicated a 
higher adsorption affinity of cations (Cd2+>Pb2+) to WBD, and significantly better adsorption of oxyanions 
(AsO43->>CrO42-) to CSWFe. These results corresponded well to the previous studies of Doušová et al. [6,13] 
supporting the theory of inner-sphere surface complexation for Cd2+, Pb2+ and AsO43- adsorption, and both 
outer- and inner-sphere complexation with prevailed weaker monodentate forms for CrO42- [17]. Relatively 
different Qt values resulted from the distinct structural and binging properties (size, charge distribution, binding 
energy etc.) of tested ions. 

3.2. Adsorption efficiency 

The efficiency of adsorption process represents very important characteristic of adsorbent-adsorbate system. 
According to the percentage adsorption efficiencies (Figure 2), Pb2+ and AsV were selectively adsorbed (75-
99%) on all sorbents. The Cd2+ was almost quantitatively adsorbed on cation-active adsorbents (WBD and 
CSW), at the ineffective adsorption on anion-active CSWFe. This phenomenon was in agreement with the 
expected mechanism of cation adsorption [6,9]. A generally worse adsorption of CrVI associated with low 
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adsorption efficiency resulted from a lower adsorption energy of CrVI oxyanions and their tendency to the 
electrostatic binding via outer-sphere surface complexes [18].  

The highly alkaline WBD and CSW adsorption environment provided the formation of insoluble surface 
precipitates and polynuclear complexes, which could also improve the adsorption yield [19]. 
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Figure 1 Langmuir theoretical adsorption capacities Qt  

0

20

40

60

80

100

 

a
d

s
o

rp
ti

o
n

 e
ff

ic
ie

n
c

y
 (

%
)

 WBD
 CSW
 CSW

Fe

Cr
VIAs

V
Cd

2+Pb
2+

 

 

 
Figure 2 Percentage efficiency of adsorption processes  

3.3. Sorbent consumption 

According to obtained data, a hypothetical sorbent consumption for the removal of 1 g of toxic element was 
calculated for better estimation of its possible use in decontamination technologies (Figure 3).  

 
Figure 3 Sorbent consumption per 1 g of toxic element; a) WBD, b) CSW, c) CSWFe  
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As shown in the scheme (Figure 3), all adsorbents were perspective for Pb2+ removal at a low sorbent 
consumption (in tens of g per 1 g of Pb). In the case of Pb2+ the participation of predicted poorly soluble 
Pb(OH)2 clusters, which substantially increased the adsorption yields, should be considered [8]. The both 
cation-active adsorbents (WBD and CSW) were also promising for Cd2+ adsorption, particularly CSW. 

According to the excellent adsorption properties of arsenates associated with the inner-sphere surface 
complexation [13,17], AsV was selectively adsorbed on anion-active CSWFe at a low sorbent consumption (in 

tens of g per 1 g of As), and also effectively (75 %) but at a higher sorbent consumption (in hundreds of g per 
1 g of As) to the both WBD and CSW. From the sorbents tested, only CSWFe appeared to be perspective for 
CrVI removal at a sorbent consumption in hundreds of g per 1 g of Cr. For tested ions, the potential use of 
bulding wastes in decontamination technologies decreased in the order: Pb2+ ˃ Cd2+ ≈ AsV ˃ CrVI.  

4. CONCLUSION 

Powdered building wastes (WBD and CSW) can be used as selective sorbents of cationic and anionic 
contaminans at the adsorption efficiency more than 75 %. The pHZPC values of sorbents indicate the predicted 
affinity of adsorbed cations or anions, but a highly alkaline system promoting the formation of surface 
precipitations and clusters can cause the deviation from usual adsorption behaviour. The CSW appears to be 
even better adsorbent compare to the WBD and its surface modification with Fe2+ improved the selectivity to 
anionic contaminants. The utilization of tested sorbents to remove toxic ions from contaminated water 
decreased in the order: Pb2+ ˃ Cd2+ ≈ AsV ˃ CrVI. Lead as Pb2+ was selectively adsorbed on all tested sorbents 
at the sorbent consumption in tens of g per 1 g of Pb. In this case, the formation of insoluble surface 
precipitation Pb(OH)2 and clusters Pb4(OH)44+/Pb6(OH)84+ promoting the adsorption yield, could be considered. 
Cadmium as Cd2+ was similarly adsorbed on the CSW, and with a higher sorbent consumption (in hundreds g 
per 1 g of Cd) on the WBD. For AsV and CrVI removal, CSWFe was the most appropriate adsorbent with the 
sorbent consumption in tens of g per 1 g of As and hundreds of g per 1 g of Cr, respectively. Regardless of 
the sorbent consumption, the adsorption of Cd2+ on CSWFe and CrVI on WBD was completely ineffective. 
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Abstract 

Ecological concern has recently resulted in a natural sources which are rich in cellulose, cheap and provide 
good prospective as reinforcements fillers in polymer matrix composites as recyclability and environmental 
safety. Rice husk is a cellulose-based fibrous material and a waste product of the rice processing industry. 
Biocomposites made from linear low density polyethylene (LLDPE) and rice husks (RH) in different content 
(10, 20, 30, 40, 50 wt. %) were prepared by melt compounded in laboratory Brabender mixer. The LLDPE/RH 
biocomposites were characterized by using differential scanning calorimetry (DSC), dynamic mechanical 
analysis (DMA) and thermogravimetric analysis (TGA). The effects of RH content on the thermal properties of 
the biocomposites have been discussed. The DSC results showed that the addition of the RH and increasing 
the RH content in biocomposites increased the crystallinity degree of the LLDPE/RH biocomposites at lower 
filler concentration of RH, i.e. 10 and 20 wt.% due to nucleating ability of RH . The results obtained by DMA 
analysis show a decrease of glass transition temperature (Tg) of LLDPE when it was blended with RH. In terms 
of thermal stability it has been found that the addition of RH decreased the thermal stability of the neat 
LLDPE.  

Keywords: Linear low density polyethylene (LLDPE), rice husk (RH), biocomposites, thermal properties,  
                    thermal stability 

1. INTRODUCTION 

Usually biocomposites consist of a biodegradable polymer matrix and biofibers as reinforcement. Since both 
components are biodegradable, it is expected that the composite will be biodegradable as well. Biopolymers 
are usually biodegradable but do not possess the required thermal and mechanical properties required for 
engineering plastics. On the other hand, the best engineering plastics are obtained from synthetic polymers, 
but they are not biodegradable. The advantages of biofibers over traditional reinforcements such as glass 
fibers, talc and mica are low price, low density, high toughness, acceptable specific strength, good thermal 
properties and biodegradability [1]. The main drawback is that they are hydrophilic, thus affecting their 
compatibility with the hydrophobic polymer during production. Another disadvantage is the low processing 
temperature required by the fibers due to their possible degradation at higher temperature and volatilization of 
substances that may affect the properties of the composite. The processing temperature is therefore limited 
for most of the plant fibers up to 200 °C, although it is possible to use higher temperatures over short periods 
of time [2]. In the biocomposites the biofibers serve as reinforcements that increase the strength and rigidity 
of the composite. The reinforced polymer composites have several advantages such as: low price, 
biodegradability, they are renewable and have no health hazards [3]. The most commonly used types of 
biopolymers as food packaging materials are natural polymers such as: cellulose, starch, chitosan, and agar 
derived from carbohydrates, as well as: gelatin, gluten, whey protein and collagen derived from proteins. 
Agricultural plants are a source of raw materials for the production of natural fibers, independent of oil 

https://doi.org/10.37904/nanocon.2019.8450 
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derivatives and therefore particularly interesting due to their availability, renewability and acceptability from the 
point of view of environmental protection. Recent research in the field of polymer materials aims at finding new 
types of composites, especially those with natural fibers. Rice husks are lignocellulosic materials or agricultural 
industrial waste obtained as the by-product of the rice processing and is particularly important natural resource. 
Compared to wooden biocomposites, biocomposites reinforced with rice husks exhibit excellent chemical 
resistance, good mechanical properties, greater dimensional stability when exposed to moisture and lower 
cost. Cellulose is a partially crystalline polysaccharide while hemicellulose is a highly crosslinked amorphous 
polymer. Cellulose has better mechanical properties than most commonly used reinforcements and offers 
exceptional benefits such as biodegradability and biocompatibility, high strength and low density. To achieve 
better adhesion of the fibers within the polymer matrix the ash content as well as the fat must be minimal. The 
fats reduce the interlayer adhesion and as a result, the composite is disintegrated. The hydroxyl groups present 
in the cellulose of natural fibers reduce the interfacial interactions thus the composite is more hydrophilic. 
Lignocellulose natural fibers are biodegradable because organisms recognize a hydrocarbon polymer, mainly 
hemicellulose in the cell wall and have specific enzymes capable of converting it into digestive units [4]. The 
main focus of this paper is the fabrication of biocomposites containing fine minced rice husks (RH) in a linear 
low density polyetylene (LLDPE), thus to produce biodegradable polymeric material reinforced with waste or 
rice husks, as an alternative low cost LLDPE filler. After the preparation of the biocomposites, the influence of 
the rice husks contents (of 10, 20, 30, 40 and 50 wt%) on the thermal properties of LLDPE/RH biocomposites 
was investigated. 

2. EXPERIMENTAL 

2.1. Materials 

The biocomposites on the base of the 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 husks (RH) were obtained from Kocani, Macedonia, and the rice cultivar was 'Sant Andrea' 
(Oryza sativa L. 'Sant Andrea'), Italy. 

2.2.  Preparation of LDPE/RH biocomposites and films  

Biocomposites were prepared by mixing of LLDPE and RH in the Brabender mixer at the temperature of  
170 °C for 5 min. The content of RH was 10, 20, 30, 40 and 50 wt. %. Before mixing with LLDPE the RH were 
dried for 24 h at 105 °C to remove any residual water. The LLDPE/RH films 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 

Thermal transitions and related heat fusion of the neat LLDPE and LLDPE/RH biocomposites were studied 
using a differential scanning calorimeter DSC Mettler Toledo 822e. Dynamic measurements were performed 
in the temperature range from -100 to 150 °C with rate of 10 °C/min, in two heating/cooling cycles and inert 
atmosphere of nitrogen. 

Dynamic mechanical measurements are performed with a TA Instruments model DMA 983 Analyzer. The 
measurements are conducted over temperature range of -100 °C to 150 °C at a constant frequency of 1 Hz 
with amplitude of 0.3 mm. The heating rate was 3 °C/min. The samples were cooled to -100 °C using liquid 
nitrogen. 

In order to obtained the thermal stability thermogravimetric analysis was performed under a nitrogen 
atmosphere (60 ml/min) on a TA Instruments Q500 system analyzer. Samples of approximately 10 mg was 
heated from 25 °C to 600 °C ar a eating rate of 10 °C/min. 
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3.  RESULTS AND DISCUSSION 

3.1. Thermal behaviour of LLDPE/RH biocomposites 

The thermal behavior of LLDPE/RH biocomposites was investigated by means of DSC measurement. The 
DSC curves during heating and cooling of the neat LLDPE and LLDPE/RH biocomposites are shown in 
Figures 1a and 1b respectively. 

 

Figure 1 DSC curves of the neat LLDPE and LLDPE/RH biocomposites during heating (a) and cooling (b) 

The DSC heating curve of the neat LLDPE (Figure 1 a) shows melting temperature (Tm) at 123.1 oC and 
crystallization temperature at 108.0 oC. Table 1 gives the peak melting and crystallization temperatures and 
the heat of melting (∆Hm). From DSC curves and the Tm values in Table 1 it can be seen very small (2 °C) 
change in the Tm of the LLDPE crystalline phase by incorporation of RH and with the increase of their content. 
The added RH had no significant effect on the polymer melting point. The addition of the RH has decreased 
the crystallization temperature, Tc. This decrease in Tc suggested on the slower crystallization of LLDPE with 

the addition of RH. Degree of crystallinity, c, for LLDPE and LLDPE/RH biocomposite was determined 
according to Equation (1) and it increases at lower content of RH (10 and 20 wt%) (Table 1), what means that 

RH act as nucleating agens for LLDPE. In regard to the c it is seen that the increase of the RH content (30, 

40, 50 wt %) reduces the c, which suggests that the highest reduction in the crystalline phase of the LLDPE 
obtained.   

χ � & '()
'(�) ×+�,%./

0�� 12 × 100                                                                                                                                        (1) 

where: 

ΔHm - the value of melting enthalpy read from the surface of melting endothermn (Jg-1)  

ΔHmo - the melting enthalpy of 100 % crystalline LLDPE (293,0 Jg-1). 

Table 1 DSC results after 2nd heating/cooling cycle of the neat LLDPE and LLDPE/RH biocomposites 

Sample 
Tm 

(°C) 

Tc 

(°C) 

∆Hm 

(Jg⁻¹) 

c 

(%) 

LLDPE 123.1 108.0 118.18 40.33 

LLDPE /10 % RH 123.0 107.7 115.37 43.75 

LLDPE /20 % RH 123.4 106.7 120.12 51.25 

LLDPE /30 % RH 125.0 106.0 50.41 24.58 

LLDPE /40 % RH 125.8 105.8 55.34 31.48 

LLDPE + 50 % RH 124.7 108.0 58.11 39.67 
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3.2.  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 was investigated. The decomposition temperature for each step and the residue of the neat 
LLDPE and LLDPE/RH biocomposites under nitrogen atmosphere are observed from Figure 2. 

 
Figure 2 TG curves a) and DTG curves b) of the neat LLDPE and LLDPE/RH biocomposites  

The TGA results are presented in Table 2 which including the initial degradation temperature (Tini.), the 
temperature corresponding to final temperature of thermal degradation (Tend) temperature at the maximum rate 
of degradation (Tmax) and the residual mass of the composites at 600 °C. From the Figure 2a can be seen that 
the TG curve displays a main degradation step and almost no residue (1.41 %) is left for the neat LLDPE. The 
DTG curve (Figure 2b) shows a single peak with an inflection point at 482.9 °C where LLDPE degraded at the 
maximum rate. DTG curves showed the three stage degradation behavior for the LLDPE/RH biocomposites. 
The first stage, between 100 and 200 oC represented the loss of water that inside RH, the second stage 
corresponds to the degradation of RH while the third stage of degradation corresponds to the degradation of 
LDPE. The final decomposition temperature of the LLDPE/RH biocomposites in the present research work is 
closer to Tfin of LLDPE. From Table 2, it is clear that the addition of RH decreased the thermal stability of the 
biocomposites, also the thermal stability decreased with increasing RH content. This is due to the lower thermal 
stability of the RH. The residue at 600 °C increased with increasing RH content (Table 2). 

Table 2 TGA results of the neat LLDPE and LLDPE/RH biocomposites 

Sample T ini. (°C) T fin. (°C) T max
1 (°C) T max

2 (°C) 
Residue at 600°C 

(%) 

LLDPE 451.5 494.5 / 482.9 1.41 

LLDPE/10 % RH 350.4 495.6 349.3 482.8 5.77 

LLDPE/20 % RH 347.3 494.4 350.9 482.3 5.68 

LLDPE/30 % RH 293.9 490.3 351.6 475.9 13.96 

LLDPE/40 % RH 309.0 510.3 357.0 497.3 46.88 

LLDPE/50 % RH 288.2 494.0 349.9 482.6 15.76 

3.3.  Dynamic Mechanical Analysis (DMA) results 

DMA allows measurement of the storage modulus (E') characteristic of the stiffness, and loss modulus (E'') 
characteristic of damping at different temperatures. Figure 3 shows the storage modulus (E') and loss 
modulus(E") of the neat LLDPE and RH reinforced LLDPE biocomposites as a function of temperature. 
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Figure 3 DMA curves of Loss modulus a) and Storage modulus b) of the neat LLDPE  
and LLDPE biocomposites  

The E''curves of the neat LLDPE and LLDPE/RH biocomposites with different RH content as a function of 
temperature is shown in Figure 3a. All curves exhibit two relaxation peaks in the range of temperature 
analyzed. The low relaxation peak is related to the glass-rubber transition of the amorphous phase of LLDPE 
and is taken as the glass transition temperature (Tg) [5,6]. It can be seen that the area under these peaks 
decreases with RH content and this is easily related to the decreasing LLDPE concentration in the 

biocomposites. The high temperature peak corresponds to the h transition related to the LLDPE crystalline 

fractions [5,6]. The glass transition temperature, Tg, obtained from E” and temperature h transition are shown 
in Table 3. The LLDPE Tg determined from the E'' curves showed a marginal decreasing in the presence of 
RH, from -16 to -17 °C. As the RH content increased the mobility of LLDPE chains increased. Figure 3b shows 
the temperature dependence of the storage modulus (E') for the neat LLDPE and LLDPE/RH biocomposites 
with different RH content. It was observed that E′ of all the biocomposites increased with higher RH content 
across the entire temperature range due to the enhanced stiffness, as can be seen from Figure 3b and  
Table 3. Increasing the RH content a significant improvement of stiffness was verified. This is the expected 
effect caused by the addition of more rigid fillers into semi-rigid polymer matrices. 

Table 3 TGA results of the neat LLDPE and LLDPE/RH biocomposites 

Sample 
Tg 

(°C) 

h 

(°C) 

E'25ᴼC 

(GPa) 

LLDPE -16.6 12.6 0.8730 

LLDPE /10% RH -17.2 25.4 1.086 

LLDPE /20% RH -17.2 35.2 1.265 

LLDPE /30% RH -18.0 44.4 1.327 

LLDPE /40% RH -17.2 50.2 1.600 

LLDPE /50% RH -14.6 48.2 2.727 

4.  CONCLUSION 

The DSC results showed that the addition of the RH and increasing the RH content in the LLDPE/RH 
biocomposites increased the crystallinity degree of the biocomposites at lower filler concentration of RH (10 
and 20 wt.%) due to nucleating ability of RH. But the crystallinity degree was reduced on addition 30, 40 and 
50 wt % of RH. This may be attributed to the presence of the higher concentration of the silica from the RH in 
the crystal structure of LLDPE. The melting temperature of the biocomposites was not significantly changed, 
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the Tm was slightly increased with increasing RH content (30, 40 and 50 wt % of RH). In terms of thermal 
stability it has been found that the addition of RH decreased the thermal stability of the neat LLDPE. Initial 
degradation temperature of LLDPE/RH biocomposites decreased with the increasing of RH content suggesting 
that the biocomposites are less thermally stable. The results obtained by DMA analysis show a decrease of 
glass transition temperature (Tg) of LLDPE when it was blended with RH, mobility of LLDPE chains increased.  
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Abstract 

Nanoscale zero-valent iron (NZVI) is one of the most important nanostructure for degradative remediation of 

environmental contaminants. In our research, NZVI was for the first time functionalized with cyclodextrins (CD), 

recently considered as excellent, environmentally friendly and cheap absorbents of toxic pollutants. 

Functionalization of the nano zero-valent iron by CD, their derivatives and polymers, can not only improve the 

ZVI nanoparticles stability and dispersibility, but also can complex toxic contaminants inside the CD cavities 

that will be further reduced by NZVI to a less toxic products. By this, one of the largest obstacles in the NZVI 

field i.e. lack of NZVI selectivity could be overcome. Moreover, reactivity towards a recalcitrant non-polar 

compound, that under standard conditions is not very reactive with the NZVI alone, has been shown herein. 

Keywords: Nanoparticles, NZVI, cyclodextrins, water treatment, surface modification 

1. INTRODUCTION 

The wide range of persistent contaminants including inorganic and organic pollutants [1] in ground and surface 

waters is becoming more problematic due to, among others, rapid development of industrialization [2]. The 

constant need for clean water supply urges development of innovative methods for purification and treatment 

of water and wastewater. On the other hand, advancing technologies based on nanomaterials brought 

evolution to wide array of technologies in environmental, industrial and domestic applications, including new 

methods for water remediation [3] and improved drug delivery [4]. Nanoparticles in particular have received a 

significant attention due to the unique properties such as catalytic, magnetic, chemical and optical capabilities. 

Their enhanced catalytic activity comes from small size, meaning high specific surface area that improves the 

tendency to interact, adsorb and react with toxic contaminants [5]. Therefore, their potential use in wastewater 

treatment has sparked a great deal of interest.  

In the last twenty years, nanoscale zero-valent iron particles (NZVI) have been promising topic for groundwater 

remediation. NZVI was reported to be effective at degradation of contaminants such as: nitrates, heavy metals, 

phenols, almost all chlorinated solvents, pesticides, azo dyes and pharmaceutical pollutants [6-9] NZVI is also 

effective in immobilization of inorganic anions like chromium or arsenic and in recovery or removal of dissolved 

metals from the solution [10-12]. One of the main reasons why NZVI is used for remediation is due to their 

high specific surface area that allows for better accessibility to the NZVI surface and hence improved catalytic 

activity [13]. However, there are several key limitations for application of NZVI, such as restricted mobility, 

stability and selectivity (it tends to react with water instead of contaminants of concern). Moreover, their strong 
tendency to aggregate in aqueous environment results in lower specific surface area which can result in 

reduced catalytic reactivity [14]. To overcome these problems, many studies have proposed the modification 

of NZVI surface by using polymers (e.g. guar gum, gum karaya, chitosan and many others [15-17]), improving 

their dispersibility, stability and mobility in porous media [18,19]. 

https://doi.org/10.37904/nanocon.2019.8575 
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β-Cyclodextrins (βCD) are cyclic oligosaccharides with seven glucose units and are biodegradable [20]. 
Hydrophilic external surface of βCD makes them water-soluble [21], whereas their hydrophobic cavity, allows 
them to form host-guest inclusion complexes in which an organic guest can be sequestered [22]. In the 
literature it is reported that cyclodextrins can form moderately stable complexes with some classes of pollutants 
i.e. phthalic acid esters, chlorinated biphenyls or PAHs [23-25]. 

In this work, for the first time NZVI particles were synthesized together with βCD. Thus synthesized 
nanoparticles (βCD-NZVI) were characterized by several techniques by which we have determined their 
morphology and surface properties. βCD-NZVI composite was further used for the reduction of 4-nitrophenol 
(4-NP) to 4-aminophenol (4-AM). βCD-NZVI has shown enhanced performance in reductive degradation of 4-
nitrophenol compared to the NZVI without stabilization. 

2. MATERIALS AND METHODS 

2.1. Chemicals 

Iron (III) chloride hexahydrate (≥98 %, chunks), sodium borohydride (≥99%, granular), 4-nitrophenol (≥99 %), 
β-cyclodextrin (≥97%) were purchased from Sigma-Aldrich, Czech Republic. Sodium hydroxide (≥98 %) was 
purchased from LACH-NER, s.r.o., Czech Republic. Deionized water (18.2 MΩ·cm-1, ELGA, Veolia Water, 
Marlow, UK) was used in all experiments. 

2.2. Analytical 

Scanning electron microscope (UHR FE-SEM Carl Zeiss ULTRA Plus, Germany) was used to study the 
nanoparticles morphology, operating at acceleration voltage 0.5 - 2.5 kV. Energy-dispersive X-ray 
spectroscopy analysis was made to evaluate presence of different elements. Zetasizer ZS (Malvern 
Instruments Ltd, UK) was used for measuring the zeta potential with autocorrelation functions of 10 seconds. 
Triplicate measurements were taken, prepared in freshly suspension and each result was the average of 
triplicate. 

2.3. Synthesis of iron nanoparticles with βCD 

The synthesis of βCD-NZVI was performed in accordance with a modified method previously reported by 
Wang, et al. [26], who has synthesized iron(II,III) oxide with βCD. Briefly, 100 mL solution of iron (III) chloride 
hexahydrate

 
(0.02 M) and βCD (0.03 M; i.e. molar ratio of iron (III) chloride hexahydrate: βCD - 1:1.5) was 

created. First βCD was solubilized by stirring under 60 °C (200 rpm), and then iron (III) chloride hexahydrate
 

solution was added dropwise and the solution was stirred for additional 15 minutes under the nitrogen 
atmosphere. After that time, 10 mL of NaBH4 (1 M) was added dropwise and left for additional stirring for 10 
minutes. Then synthesized nanoparticles were washed with ethanol 3 times and separated by a strong magnet 
(MAGSY s.r.o., Czech Republic). Finally, the nanoparticles were freeze-dried and kept for further use. The 
same procedure was used for other synthesis reported in this work. 

2.4. Remediation test 

The remediation test for the reduction of 4-nitrophenol (4-NP) was carried out in 10 mL bottle. Based on a 
procedure of Baruah, et al. [27]. Following conditions were applied: 0.1 mL of NaOH (1 M) was added to 4-NP 
stock solution (10 mL) then 240 µL of 4-NP (5 mM) was added to reactor and mixed along with a certain 
amount of βCD-NZVI, rest of the volume was adjusted with DI water. Then, 1 mL of the sample was taken 
from the solution, filtered (CHS filterpure syringe filters 0.22 μm) and immediately transferred to a 1 cm quartz 
cuvette. Absorbance measurements were recorded by a UV-Vis spectrophotometer (Hach Lange DR 3900) at 
the wavelength of 401 nm [28]. 
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3. RESULTS AND DISCUSSION 

3.1. Morphology of βCD-NZVI 

To study the structure and shape of the synthesized nanoparticles in this work, SEM analysis was made 
(Figure 1). 

 

Figure 1 SEM images of a) bare NZVI and b) βCD-NZVI particles; c) EDX spectrum of βCD-NZVI  
and d) 3D model of βCD-NZVI composite 

Bare NZVI (Figure 1a) exhibits a quasi-spherical shape due to the oxidation of NZVI, and its morphology is in 
accordance with our previous reports [15]. The synthesized βCD-NZVI (Figure 1b) are also spherical with a 
visible organic layer at the surface. This has been also further validated by EDX analysis (Figure 1c), which 
confirmed the presence of carbon and oxygen on the NZVI surface. Presence of both elements could indicate 
a βCD layer on the NZVI. A 3D model of (as expected) βCD-NZVI was also created herein (Figure 1d). Based 
on the SEM analysis, particle size distribution was made for both NZVI and βCD-NZVI using ImageJ program. 
Average particles size distribution was found to be 155 and 86 nm for βCD-NZVI and bare NZVI, respectively. 

3.2. Zeta potential analysis 

Zeta (ζ) potential is an important parameter by which the stability and aggregation capability of the 
nanoparticles can be assessed [29]. The zeta potential values of nanoparticles typically range from -100 mV 
to +100 mV. Moreover, they could indicate the interactions between the nanoparticles also revealing their 
aggregation. In accordance with literature the ζ-potential above 30 mV produces a good stability [30,31] while 
around 20 mV gives only a short-term stability and values between +5 mV to -5 mV indicate fast aggregation 
[32]. Alterations in the pH have a significant effect on zeta potential of the particles and agglomerate size, 

a) 

c) 

b) 

d) 

C Fe 
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changing the pH of the medium in which the nanoparticle is suspended will result in differences in the surface 
chemistry of a nanoparticle [33]. Not surprisingly, the values of ζ-potential for βCD-NZVI varied depending on 
the pH value (Figure 2). 

 
Figure 2 Zeta potential of βCD-NZVI (ratio 1 : 1.5) in different pH conditions 

In more acidic conditions, ζ-potential was around +9 mV, +5 mV for pH 3 and 5 respectively. Under more 
neutral conditions (pH 7, 8) the values oscillated near +1 and 0 mV. The isoelectric point (IEP) for synthesized 
βCD-NZVI was determined to be at the pH 8. Measured ζ-potential is only negative when pH is higher than 
IEP since for pH 9 and 11, it was -2.5 mV and -16 mV respectively. Nanoparticles suspended in solutions with 
neutral pH could aggregate; however, in more acidic and alkaline conditions they could be more stable. 

3.3. Remediation tests 

4-NP was selected as a model pollutant since it is one of the most used chemicals for leather preservatives, 
drugs synthesis, pesticides and nitroaromatic compound production [34-37]. Due of its toxicity especially for 
bacteria, plants and humans [38-41] it is not surprising that 4-NP is commonly used as a model contaminant 
for catalytic studies [42-44]. 4-NP has the highest absorption peak at ~317 nm, by adding NaOH (1M) the 
absorption peak shifts to 401 nm, due to the deprotonation and formation of 4-nitrophenolate. Synthesized 
βCD-NZVI was tested for the hydrogenation of 4-NP to 4-AP (Figure 3).  

 

Figure 3 a) Comparison of different NZVI types for the hydrogenation of 4-NP (conditions: 0.2 g/L of NZVI 
and 0.12 mM of 4-NP; T: 25 °C) and b) reduction of 4-NP by βCD-NZVI (ratio 1 : 1.5 conditions: 0.12 mM  

of 4-NP; T: 25 °C) 
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For a better comparison of the reduction activity, it was chosen to compare the βCD-NZVI synthesized in three 
different ratios (1 : 1.5, 1 : 0.75 and 1 : 0.3) with a commercial NZVI-STAR and with the bare NZVI (without 
stabilization). Under the tested condition a better behavior in this process was shown by βCD-NZVI (ratio 
1 : 1.5), at the concentration of 0.2 g/L, the bare NZVI, NZVI-STAR and βCD-NZVI (1 : 0.75, 1 : 0.3) has not 
shown an appreciable effect. The enhanced catalytic properties shown by βCD-NZVI confirms our suspicions 
concerning synergistic effect of βCD on the surface of NZVI. The presence of βCD could enhance the 
accessibility of active sites on the nanoparticles by hosting the organic 4-NP in their cavities. The hypothesis 
that the βCD can enhance the hydrogenation of 4-NP has been strengthened by the fact that the average 
particle size of bare NZVI is smaller in comparison to βCD-NZVI (which normally indicates larger available 
specific surface area and better catalytic properties). However, the presence of βCD on NZVI surface could 
explain why synthesized βCD-NZVI were more efficient in the degradation process of 4-NP. Nonetheless, 
further studies are required in order to confirm this hypothesis. 

4. CONCLUSION 

For the first time NZVI particles were successfully synthesized and functionalized with βCD. Morphology of the 
particles was studied using SEM and their spherical shape was confirmed. Average particle size of the βCD-
NZVI composite was found to be 155 nm. Presence of the organic layer on the nanoparticles surface was 
confirmed by the EDX test. Zeta potential analysis of synthesized nanoparticles indicated their better stability 
in more alkaline/acidic conditions (-16 mV, +9 mV). However, further research is needed focusing on better 
stabilization of these nanoparticles. Their catalytic activity was compared with different NZVI’s during the 
reduction of 4-NP and synthesized herein nanoparticles were found to be the most effective in the removal of 
4-NP. Further studies are required for understanding the degradation kinetics of organic pollutants by βCD-
NZVI. 
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Abstract  

The use of nZVI is well known method for remediation of groundwater contaminated with chlorinated 
hydrocarbons. The present paper investigates the ability of traditional nZVI and S-nZVI modified with sulphide 
ion (HS-) to reduce CHC in real wastewater sample. In the effort to enhance longevity and efficiency of the 
treatment, experiments were performed under applied voltage (patent 304152, owner MEGA a.s., TUL). 
Results showed elevated reactivity of nZVI in reactors with passing voltage. The decomposition of the CHC in 
DC supported reactors occurred several times faster than in reactors without added voltage. However, the 
analysis of products suggests different pathway of decomposition when S-nZVI is used. The main product of 
reductive dechlorination was acetylene as opposite to regular nZVI which produced predominantly ethene and 
ethane. The nZVI provided with DC showed the most rapid decline of all contaminants in the time frame of 5 
days.  

Keywords: Zerovalent-iron nanoparticles, chlorinated hydrocarbons, surface modification, direct current 

1. INTRODUCTION 

Groundwater is the largest and the most sensitive freshwater source, which primarily serves is to supply the 
population with drinking water [1]. Thus, groundwater pollution is an emergent issue, therefore more efficient 
technologies and innovative materials are being sought. The most common type of groundwater contamination 
is chlorinated hydrocarbons (CHC) mostly due to careless anthropogenic activity [2]. Nano-sized iron particles 
(nZVI), which are efficient as well as environmentally friendly [3], have already been widely and successfully 
used for remediation of sites contaminated with CHC [3]. In the reaction of nZVI with contaminants, chlorinated 
hydrocarbons are decomposed (reduced) into gaseous products (ethene, ethane, acetylene) (viz. Figure 1) 
while the nZVI particles are oxidized to form iron oxides which naturally occur in the Earth's crust, where they 
do not pose a risk to the environment [3,4]. 

The aim of presented work is to compare the efficiency of the "traditional" commercially available nZVI and 
nZVI with the sulphide modification on particles surface (S-nZVI). The behaviour of these two materials was 
examined under the voltage passage through the reactor system. (patent 304152, owner MEGA a.s. and TUL) 
[7]. Despite the fact, that the commercially available nZVI is effectively used for remediation and its behaviour 
is well known, nZVI still represents an economically more demanding option of the reactive material for 
remediation in comparison to traditional techniques, and thus more available and sustainable methods are 
being investigated to further increase its efficiency and cheaper application [3].  

For the enhancement of nZVI reactivity various surface modifications being developed. One possible approach 
is the modification of the particle surface by means of formation of a sulphide shell. S.R.C. Rajajayavel et al. 

https://doi.org/10.37904/nanocon.2019.8742 
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discovered that the sulphide modified nZVI achieves up to the order of magnitude increase in reactivity 
compared to classical nZVI [6]. Due to the surface modification with the sulphide, the sulfation process takes 
place on the surface of nanoparticles, where sulphides, disulphides and polysulphides are formed and promote 
the reduction of chlorinated contaminants. The formation of sulphides also helps to reduce unwanted side 
reactions of nZVI with water. The added value of sulphide shell nanoiron lies in a positive effect on activity of 
sulphide bacteria and thus promotes the biological degradation of chlorinated hydrocarbons [5] 

 
Figure 1 Scheme of decomposition of chlorinated hydrocarbons, where a) reductive dehalogenation,  

b) hydrogenation, c) reduction of acetylene to ethene, d) reduction of acetylene to ethane. 

2. EXPERIMENTAL SECTION 

2.1. Materials 

In this research the commercially available nZVI NANOFER STAR and NANOFER 25DS (NANO IRON s.r.o.) 
were used. Powdered NANOFER STAR consist of 65 – 85 % of Fe0 and up to 20 - 35 % of iron oxides, which 
create a protective shell providing better stability of the nZVI particles. Second product, NANOFER 25DS is 
iron with a sulphide coating, around 1 wt.% of sulphides. NANOFER 25DS was received as suspension of 
20% nZVI in water and used directly without any other treatment or activation. The exact test configuration is 
shown in Table 1. 
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Sample of contaminated groundwater was supplied by Spolchemie a.s., industrial manufacturer of chemicals. 

The groundwater contaminants were mostly chlorinated ethenes of concentration 10 mg.L-1. 

2.2. Methods 

Experiments were performed in continuously mixed reactors. Glass bottles of 2.5 L were equipped with stirrer, 
ports for electrodes and sampling port. Experiment took place in two experimental setups: a) simple reactor, 
b) reactor with applied direct electric current (5 V) (viz Figure 2). 2 L of the contaminated groundwater was 
poured into reactors and appropriate nZVI was added to obtain concentration of 2 g.L-1. The reactors were 
tightly closed to avoid any leakage; outputs were connected to gas chromatograph for the online data 
recording.  

Table 1 Test configuration 

label nZVI used [2 g.L-1] reactor DC 

1 nZVI  a) - 

2 S-nZVI  a) - 

1+DC nZVI  b) 5V 

2+DC S-nZVI  b) 5V 
 

a) b) 

Figure 1 Reactor test configurations: a) a simple reactor; b) reactor with electrodes 

During the test, the reactors were sampled for 0, 1, 3, 7, 11, 14, 16, 18, 21 and 23 days. At each sampling, 
physico-chemical parameters were measured and recorded; afterwards the analysis of concentration of the 
contaminants and dechlorination products was performed.  

Physico-chemical parameters (pH, ORP, conductivity) were measured using a Multi 3430 Multimeter from 
WTW, Measurement and Analytical Technology, s.r.o. 

CHC were measured by GC/MS (Thermo Trace 1310) (Thermo TSQTM 8000 EVO). 

The concentration of reductive dehalogenation products (methane, ethane, ethene, acetylene) was measured 
by GC/FID (Varian Saturn 3800). 
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The concentration of ions was determined in the laboratory č. 1243 accredited by ČIA according to ČSN EN 
ISO/IEC 17025:2005. The standard used for the determination of ions was ČSN EN ISO 10304-1.  

3. RESULTS AND DISCUSSION 

3.1. pH, ORP, conductivity development within reductive dechlorination  

At the beginning of the experiment the pH value of water was slightly over 7 in all reactors. (Figure 3) Within 

several days the increase of pH was observed, however the reactor with S-nZVI showed the more moderate 

progress, likely as the result of sulphide shell protecting nZVI from fast reductive reaction with water when OH- 

groups are generated. Anyway, later the pH of modified S-nZVI has reached similar values as in reactors 

provided with DC, whereas simple nZVI exhibited gradual decreasing tendency what could signalize reducing 

of nZVI reactivity. The decrease of the ORP has the same trend in all reactors because of reductive capacity 

of nZVI and applied DC, which lowering ORP even alone. [8] Nevertheless, in the reactor 1, decreasing 

reductive ability occurs when the ORP slowly increase. The level of conductivity in the reactor can be attributed 

to several factors. One of them is presence of dissolved ions, which become less soluble when pH change; in 

general, the conductivity increases in low pH, what can be seen in reactor 1. In other words, the decrease of 

conductivity is connected to reduction of ions what was also proved by ion determination (Table 2). In the 

reactors 2, 1+DC and 2+DC the amount of HCO3- was significantly reduced and thus the conductivity 

decreased.  

 
Figure 3 Physico-chemical parameters 

Table 2 Chemical composition of groundwater  

 
SO₄²- HCO3

 - NO3
- Cl- 

mg.L-1 mg.L-1 mg.L-1 mg.L-1 

Init 1290 366 <5.00 583 

1+DC 1120 0 <5.00 648 

2+DC 1140 34 <5.00 651 

1 1260 262 <5.00 641 

2 1190 12 <5.00 634 

3.2. Products of reductive dechlorination  

The main observation from the experiments is the reactivity of both nZVI and S-nZVI supported with DC was 

remarkably higher. The decomposition of CHC in configuration 1+DC and 2+DC occurred within 10 days unlike 

the decomposition in reactors 1 and 2 where levels of DCE and VC were present even after 20 days  

(Figure 4). 
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In the graphs of the development of dechlorination products, the reactions nZVI and S-nZVI with CHC take 
place via different reaction route (Figure 5). S-nZVI decomposes TCE through formation of vinyl chloride and 
acetylene what suggest that TCE was reduced via reductive β-elimination (according to scheme, Figure 1), 
when triple C-C bond is formed. Acetylene is further reduced to ethene and ethane and vinyl chloride is reduced 
to ethene. What to highlight is the effect of DC when residual DCE and VC, which reduction can be less 
efficient, were reduced significantly faster than without DC.  

 

Figure 4 Concentration of CHC 

 

Figure 5 Concentration of dechlorination products 

4. CONCLUSION 

The main object of this research was to investigate reactivity of nZVI and nZVI modified with sulphides under 
an applied voltage (patent 304152, owner of MEGA a.s. and TUL). The results showed similar reactivity of 
both nZVI and S-nZVI, however the various reactive pathway was proved. S-nZVI reduced contaminants 
mostly via trans-DCE, what was discovered based on the analysis of products, which were mainly acetylene 
and vinyl chloride. After application of direct current into the reactors, dechlorination was significantly 
accelerated for both nZVI and S-nZVI. The nZVI system with DC current showed a 100 % decrease in VOC 
concentrations already after three days, the S-nZVI system with DC current shows the same efficiency after 9 
days. 
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Abstract 

Cytostatic drugs are a broad group of chemotherapy compounds mainly applied for tumor, skin diseases and 
infections treatments. Anticancer pharmaceutics are exhibited carcinogenic, mutagenic and teratogenic activity 
and have been recognized as low biodegradable so their concentration would increase in the environment. 
Effective removal of pharmaceuticals in municipal wastewater treatment plants plays a critical role in 
preventing them from getting into the aquatic environment. Presented work focuses on the photocatalytic 
removal of poor biodegradable actual micropollutant - Imatinib (IMA) from aqueous solution. The 2.5 wt. % 
multi-walled carbon nanotubes (MWCNTs) modified TiO2 nanocomposite was synthesized by two methods: 
sol-gel (s-g) and hydrothermal (hyd). The anatase as a photocatalysts’ structure was confirmed by using X-
day diffraction technique. Photoluminescence and UV-vis tests were used for investigation of photocatalysts 
optical properties. The scanning electron microscopy techniques used for morphology investigation showed 
the various location of MWCNTs in composites depending of synthesis method applied. Good photocatalytic 
properties of both 2.5% MWCNTs/TiO2 for imatinib degradation under UVA, and artificial solar light irradiation 
was showed. Imatinib was also removed and mineralized under visible light irradiation by 2.5% 
MWCNTs/TiO2(s-g). The study showed that MWCNTs contributed in increasing photocatalytic activity of TiO2 
in solar and/or visible light due to retardation of electron-hole recombination and visible light absorption by 
modification of band-gap and/or sensitization. 

Keywords: TiO2, multiwalled carbon nanotubes, photocatalysis, cytostatic drugs  

1. INTRODUCTION 

Carbon nanotubes, especially multi-walled carbon nanotubes (MWCNTs) show the potential to contribute in 
increasing photocatalytic activity of photocatalysts due to high-surface area and high quality active sites, 
retardation of electron-hole recombination and visible light absorption by modification of photocatalyst band-
gap and/or its sensitization [1]. Over the past decade the number of studies seeking to develop CNTs-TiO2 
composites with enhanced photocatalytic activity or CNTs used as a promising material for environmental 
treatment has been increased. All the reports have revealed that modification semiconductors by CNTs could 
enhance the performance of such obtained photocatalysts. It was observed that the method of synthesis 
affects the physicochemical properties and morphology of MWCNTs/TiO2 nanocomposite, which in turn 
influences on the photocatalytic activity [2]. The introduction should provide a clear statement of the study, the 
relevant literature on the study subject and the proposed approach or solution.  

Cytostatic drugs (antineoplastic/anticancer drugs) are a broad group of chemotherapy compounds mainly 
applied for tumor, skin diseases and infections treatments [3]. These drugs and their human metabolites can 
directly enter into the water cycle from the hospital effluent, household and industrial wastewater, and drug 
waste disposal [3-5]. Cytostatic pharmaceutics are exhibited carcinogenic, mutagenic and teratogenic activity 
and have been recognized as low biodegradable so their concentration would increase in the environment [5]. 
Effective removal of pharmaceuticals in municipal wastewater treatment plants plays a critical role in 

https://doi.org/10.37904/nanocon.2019.8702 
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preventing them from getting into the aquatic environment [3]. Imatinib (IMA) is one of cytostatic drugs with the 
high consumption all over the world. Starting in 2003, IMA was gradually introduced for use in newly-diagnosed 
chronic myeloid leukemia patients [23]. Up till now, there are no reports relative about the concentration of IMA 
in wastewater and aquatic environment [6]. Presented work focuses on the photocatalytic removal of poor 
biodegradable actual micropollutant - IMA from aqueous solution. In this study, the photocatalysts 
MWCNTs/TiO2 with 2.5%wt. of MWCNTs and pristine TiO2 were synthesized by sol-gel and hydrothermal 
methods. The influence of synthesis method and the presence of MWCNTs on the structure, morphology and 
optical activity of TiO2 photocatalyst were studied by XRD, SEM, UV-vis/DRS and PL. The photocatalytic 
activity was tested to IMA degradation under UV, solar and visible light irradiation. 

2. MATERIALS AND METHODS 

2.1. Hydrothermal synthesis of MWCNTs/TiO2 nanocomposite 

MWCNTs (diameter - 8 - 15 nm, length - 10 - 50 μm, purity - > 95%wt.), contents of COOH groups - 0.49%wt. 
were added in amount of 200 mg to a 250 mL one neck flask containing 7.5 mL of 65 % concentrated nitric 
acid and 142.5 mL deionized water. Then after being refluxed at boiling point for 45 min, the suspension was 
cooled down to room temperature and subsequently centrifuged. The received supernatant was removed by 
decantation. Black precipitates were washed several times using deionized water followed by successive 
decantation until the pH value reached to 6.0-6.5. The powders of MWCNTs were dried in an oven at 80 °C 
overnight and then stored in a vial for use. The amounts of 31 mg as-prepared MWCNTs were added to a 
mixture of 9 mL ethanol and 18 mL deionized water, and sonicated for 1 h to obtain homogeneous dispersion. 
Then a solution of 1.7 mL tetrabutoxide titanium in 9 mL ethanol was added dropwise into the above 
suspension of MWCNTs, while stirred by a magnetic stirrer. After another 3 h stirring, the resultant suspension 
was transferred into a 50 mL Teflon-sealed autoclave and the hydrothermal treatment was conducted at  
180 °C for 12 h. The product was centrifuged and washed with water several times, followed by a rinse with 
ethanol. The sediments were dried at 60 °C in an electric oven. Moreover, pure TiO2 were prepared by following 
the same procedures as stated above. Samples prepared via this method were labeled as TiO2(hyd) and 
MWCNTs/TiO2(hyd) 

2.2. Sol-gel synthesis of MWCNTs/TiO2 nanocomposite 

The preparation was performed at room temperature as following: 4.25g of Ti(OC4H9)4 was dissolved in 40 mL 
of ethanol and 10mL of deionized water. 0.09375g of functionalized MWCNTs described in section 2.1 was 
dispersed in 16.5 mL ethanol, 10 mL deionized water and 1mL 36.5 % concentrated hydrochloride and 
sonicated for 15 min to reach a uniform suspension. Next, a mixture of Ti(OC4H9)4 and ethanol were added 
dropwise into the as-prepared MWCNTs solutions under vigorous stirring at room temperature for 5 h. 
After 5 h stirring, the sample was undergoes centrifuged and rinsed with ethanol. The powder was dried in an 
oven at 80 °C overnight and undergoes further heat treatment in air at temperature of 450 °C for 2 h. Pure 
TiO2 were prepared by following the same procedures as stated above. Samples prepared via this method 
were labeled as TiO2(s-g) and MWCNTs/TiO2(s-g).  

2.3. Photocatalytical activity 

The photocatalytic activities of MWCNTs/TiO2 were evaluated by performing IMA solution degradation 
experiments under UV light lamp, the solar and visible light irradiation. Photocatalytic reactions were carried 
out in a glass reactor and with a magnetic stirrer. Before turning on lamps, the solutions mixed with composites 
were kept in the dark for 30 min to allowing the adsorption-desorption equilibrium to be reached. In the test 
with UV light Heraeus Mercury Medium Pressure Lamp 150 W were used. The lamp emitted radiation in the 
range from 200 nm to 400 nm, with the maximum intensity at the wavelengths in the UVA range. The 
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photocatalytic activity of nanocomposites in the solar and visible light irradiation were tested in ATLAS 
SUNLEST XLS+ solar light simulator without and with cut-off filter (λ> 420nm). The source of radiation was a 
1700 W Xenon lamp (430 W/m2). The concentration of the photocatalyst was 0.5 gL-1 MWCNTs/TiO2 and 
20 mgL-1 IMA aqueous solution. The solutions were irradiated for 150 min (UV) or 180 min (solar, visible light). 
The volume of the solutions were 15 ml, 75 ml and 75 ml for irradiation under UVA, solar and visible light, 
respectively. During all the experiments, the specimens of both drugs solutions were collected in appropriate 
time carefully by a plastic pipe, and filtered through 0.22 μm syringe filters to remove photocatalyst particles. 
Drug removal was analyzed using an HPLC chromatography (LIQUID CHROMATOGRAH LC - 20 ADXR 
Shimadzu with detector UV-Vis/DAD). Parameters of analytical methods are shown in our previously article 
[6]. 

3. RESULTS 

3.1. Photocatalysts characterization 

All sample prepared both methods: 2.5% MWCNTs/TiO2 and pristine TiO2 had patterns corresponding to bare 
anatase suggested only surface modification TiO2 by MWCNTs. No significant difference in morphology of 
TiO2 materials obtained by sol-gel and by hydrothermal method was found, and the morphological structure of 
studied photocatalysts were consistent with previous reports [7]. In contrast to this fact, MWCNTs/TiO2 
samples prepared by different methods characterized the different arrangement of MWCNTs on the TiO2 
surface. In the case of hydrothermal method, nanotubes are deposited on the surface and wrapped around 
the TiO2 particles, while in material prepared by sol-gel method nanotubes seemed to be placed between TiO2 
particles (Figure 1).  

 

Figure 1 SEM images of a) MWCNTs/TiO2 (s-g) and b) MWCNTs/TiO2 (hyd) 

All samples presented the typical absorption with an intense transition in the UV region, which can be assigned 
to the intrinsic bandgap absorption of TiO2. Both pristine TiO2 samples showed no absorption above absorption 
edge (385 nm). The MWCNTs/TiO2(hyd) sample exhibited strong absorption in the λ < 400 nm region of visible 
light. Improvement of the absorption in visible light range by a MWCNTs/TiO2(hyd) nanocomposite is due to 
the contribution of presented on the TiO2 surface MWCNTs absorption. MWCNTs/TiO2(s-g) synthesized via 
sol - gel method exhibited much lower improvement in light absorption than nanocomposite made by 
hydrothermal method. A fluorescence decrease was observed for the both MWCNTs/TiO2 nanocomposites 
compare to appropriate pristine TiO2. It can be explained by the electron transfer from excited TiO2 to MWCNTs 
and reduction the charge carriers e-/h+ recombination. 
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3.2. Photocatalytic studies 

The photocatalytic activity of prepared photocatalysts was examined in three wavelength of light and the results 
were shown on Figure 2.  

 

Figure 2 Photocatalytic decomposition of IMA under a) UVA, b) solar and c) visible light irradiation in 
presence of prepared photocatalysts  

3.2.1. UVA irradiation 

IMA was characterized the 75 % degradation efficiency in photolysis process and 25 - 27 % adsorption ability 
on all studied photocatalysts surface. The presence of MWCNTs with the high specific surface, increase the 
adsorption of drug on the MWCNTs/TiO2 composites up to 48 - 56 % (Figure 2a). Moreover a difference in 
adsorption capacity of MWCNTs/TiO2 prepared by hydrothermal and sol-gel method was found. This fact can 
be explain the presence of more easily accessible MWCNTs on the surface of photocatalyst prepared by 
hydrothermal method. Furthermore, it was found that degradation of IMA over MWCNTs/TiO2(s-g) achieved 
the highest almost 100 % removal efficiency after 60 min while IMA was decay over MWCNTs/TiO2(hyd) in 
100 % after 150 min. In both cases modification by MWCNTs of TiO2 increased photocatalytic removal of IMA 
from water solution. TOC and TN removal achieved the values of 58 % and 21 % respectively for TiO2 modified 
by MWCNTs prepared via sol-gel. The highest TOC and TN removal values reached 62 % and 37 % for 
MWCNTs/TiO2(hyd). 

3.2.2. Solar and visible light irradiation 

Photolysis of IMA under simulated solar and visible irradiation in the absence of a photocatalyst showed 
negligible time-dependent changes in the drug concentration (Figures 2b,c). The introduction of MWCNTs by 
hydrothermal method significantly enhanced the degradation efficiency compared to TiO2(hyd) sample from 
82 to 100 % in 180 min reaction. On the other side the MWCNTs/TiO2(s-g) composite revealed lower 
photocatalytic activity (96 %) compared to TiO2(s-g) (100 %). The comparison of photocatalytic activity of 
prepared by us samples of MWCNTs/TiO2 and previously synthetized and studied photocatalysts is difficult 
due to the ubiquitous use of dyes for the evaluation of the samples photocatalytic activity. MWCNT/TiO2 
samples were more efficient in IMA mineralization than pure TiO2 samples obtained in the appropriate method. 
Furthermore, the best mineralization reaching approximately 51 % after 180 min photocatalytic process was 
in presence of MWCNTs/TiO2(s-g). The TiO2 and the nanocomposite prepared by sol - gel method compared 
to TiO2 and MWCNTs/TiO2 obtained by hydrothermal method showed much higher TOC removal, while TN 
removal was not observed.  

3.2.3. Visible light irradiation 

TiO2 and MWCNTs/TiO2 prepared by sol-gel method seems to be more active in IMA decomposition under 
visible light than those prepared by hydrothermal method. The highest value TOC removal observed for 
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MWCNTs/TiO2(s-g) may have be caused by both processes the adsorption of the drug on the surface of 
photocatalyst and its activity in visible light. TN removal was not showed in any experimental conditions.   

4. CONCLUSION 

MWCNTs/TiO2 nanocomposite photocatalysts with different TiO2 morphologies on the surface of MWCNTs 
were prepared successfully by hydrothermal and sol-gel processes. The MWCNTs distribution in 
nanocomposite MWCNTs/TiO2 was proposed to be the critical factor for the efficiency photocatalytic activity 
these group of photocatalyst. The enhanced light absorption of the MWCNTs/TiO2 composites may led to the 
increase of photogenerated charge carriers production and to result in improved photocatalytic performance. 
However, fluorescence quenching can also be caused by reduced generation of electron hole pairs which can 
be observed during photocatalytic activity tests. The nanocomposite catalyst prepared by the sol-gel system 
has higher efficiency in cytostatic drug photodegradation than that prepared by the hydrothermal system with 
the same MWCNTs loading (2.5 wt %), respectively. Moreover, higher photocatalytic activity was also 
associated with more effective drug mineralization. The impact of MWCNTs on IMA degradation was examined 
and the mechanism of IMA decay in UV, solar and visible light was determined, showing slight differences 
depending on the electromagnetic wavelength. This is due to varying amounts of generating holes, superoxide 
anion and hydroxyl radicals which are capable of decay of IMA. Because of the above observations, the results 
indicate that the introduction of MWCNTs actually increases the photocatalytic capacity of the TiO2 material, 
and the sol-gel system was recommended for the preparation of the nanocomposites used to purify water from 
cytostatic drugs. 
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Abstract 

Precleaning of float glass is an important step in manufacturing processes based on combining its surface with 
other materials. Cleanness, together with surface roughness and chemical activity affect adhesion properties 
of the substrate that are crucial for the quality of the final product. Atmospheric pressure plasma pretreatment 
was studied as a dry alternative to conventional wet cleaning methods of glass, with the aim at industrial 
requirements. Diffuse coplanar surface barrier discharge (DCSBD) and multi-hollow surface dielectric barrier 
discharge in air at atmospheric pressure were used on soda-lime glass to prove the applicability of thermally 
non-equilibrium plasma. Surface analyses by water contact angle measurement, X-ray photoelectron 
spectroscopy, atomic force microscopy and Fourier-transform infrared spectroscopy were complemented by 
industrial ball drop and bending tests realized on laminated safety glass. A highly effective and non-invasive 
surface treatment suitable for large-area processing was achieved with the plasma of DCSBD. Targeting the 
industrial applications, the DCSBD system was adjusted to the devices to enable contactless and in-line 
electrode implementation to the manufacturing processes. Thanks to the cooperation with a glass 
manufacturing company, these DCSBD operating devices proved advancement also under industrial 
conditions. 

Keywords: Atmospheric plasma treatment, glass cleaning, laminated safety glass, DCSBD, 
Multi-hollow SDBD, adhesion improvement 

1. INTRODUCTION 

The main objective of laminated glass is ensuring front-impact crash resistance, which is a valuable property 
for automotive industry [1], civil engineering or arms industry [2]. The toughness of laminated products is 
dependent on the adhesion of contact surfaces. This study targets the adhesion improvement of glass surface 
without side-effects to its internal structure by precleaning and chemical activation [1], [3], [4]. In manufacturing, 
the float glass typically passes through a washing machine with brushes and conditioned water. Plasma can 
be considered an attractive tool for dry surface pretreatment of glass before coating with added layers [4], its 
bonding [1], [2] or laminating [5]. Reduction of power consumption and waste production demand alternatives 
such as plasma treatment. The use of thermally non-equilibrium plasma generated in air at atmospheric 
pressure reduces costs for surface treatment of materials like the widely used soda-lime glass (SLG) [6]. In 
this study, the effect of pretreatment by plasma generated using two different surface dielectric barrier 
discharges (DBD) was studied with the aim of contactless and in-line electrode implementation under industrial 
conditions. In previous studies of nonthermal plasma treatment on SLG including e.g. magnetron sputtering 
[4], or utilization of glide arc [5], plasma jet [1], volume DBD [7] and surface DBD [2], [3], [5], [8] only small 

https://doi.org/10.37904/nanocon.2019.8769 
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areas of glass were investigated, whereas in our experiments and industrial trials we were able to treat large-
area glass. 

2. EXPERIMENT 

In this study, plasma treatments were accomplished with two different surface dielectric barrier discharge 
systems operating in ambient air at atmospheric pressure: diffuse coplanar surface barrier discharge (DCSBD) 
and multi-hollow surface dielectric barrier discharge (MSDBD). The DCSBD plasma unit made by 

ROPLASS, s. r. o. (400 W, AC, 15 kHz, amplitude  10 kV) generates 0.3 mm thin plasma layer with areal 

dimensions 80 x 210 mm [6]. The MSDBD unit made by Kyocera (25-30 W, AC, 27 kHz, amplitude  10 kV) 
generates an active plasma area of 18 x 19 mm. The MSDBD plasma was employed during the plasma 
treatment procedures from various distances with or without flowing air served as the working gas. The listed 
values of supplying power for each discharge system resulted in generation of plasma with the same value of 
power density of 2.5 W/cm2. 

SLG samples from Polartherm-Flachglas GmbH used for laboratory plasma treatment had a thickness of 2.1 
or 2.8 mm and areal dimensions in the order of centimetres in dependence on the applied surface analytical 
method for studying the induced surface changes. Industrial conditions were simulated by leaving the samples 
uncleaned before water contact angle (WCA) measurement and X-ray photoelectron spectroscopy (XPS) 
analysis. All atomic force microscopy (AFM) roughness measurements, except for one comparative, were 
realised on samples precleaned in an ultrasonic cleaner (USC) with three liquids: acetone, isopropyl alcohol 
and double deionised water. Fourier-transform infrared (FTIR) spectroscopy targeted on the evaluation of 
cleaning effect of plasma treatment was carried out on SLG precleaned in acetone using USC, subsequently 
intentionally contaminated by 100 nm layer of stearic acid (SA) deposited in an evaporation chamber. 
Laminated safety glass examined by mechanical tests were composed of two float SLG of 4 mm thickness 
and a polyvinyl butyral (PVB) adhesive film with a thickness of 0.38 mm. Safety glass areal dimensions were 
in the order of meters, thus exceeding the range of active discharge units. This fact creates a demand for the 
non-contact leading of DCSBD plasma units implemented by pneumatic bearings or specially designed holder. 
Large samples for laminated safety glass examined by mechanical tests in Polartherm-Flachglas were 
precleaned by an in-line washing machine with conditioned water. Further processing of laminated glass 
included pressing, heating, and maturing in an autoclave. Presence of tin as a manufacturing residual was 
continuously controlled by various tin side detectors to ensure experimental consistency. The major part of 
experiments was accomplished on SLG sides without tin content; however, the surface that is bonded by the 
adhesive film in the lamination process usually contains tin, and it was also examined. 

The static WCA measurements analysed with See System by Advex Instruments, s. r. o. were performed with 
1 μl drops of double deionised water. The XPS analysis was realised with an analytic platform ESCALAB 250 

Xi by Thermo Fisher Scientific using Al Kα source and Rowland circle monochromator. Spectra calibration, 
processing and fitting routines were completed in Avantage software. An AFM topology analysis with Ntegra 

Prima by NT-MDT was accomplished on a 5 x 5 μm area in semi-contact mode. The FTIR spectra analysed 
with Horizon MB software were obtained with MB 3000 by ABB GmbH using 4 mm aperture. The ball drop 
testing of laminated glass on Kugelfall 5S by Torgauer Maschinenbau GmbH employed a 1 kg iron ball free 
fall from the height of 4 meters. The bending test evaluated with Glasprüfstand.vi software was accomplished 
with ZPM-U by ift Rosenheim GmbH using G indenter. Both mechanical tests followed the relevant 
DIN/EN/ISO standards. 

3. RESULTS AND DISCUSSION 

The WCA measurement revealed a significant wettability improvement of SLG surface after short-term 
exposure to the utilized plasmas. Figure 1 shows the WCA results achieved in experiments on uncleaned 
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glass with 1 and 3 s exposures from distances of 0, 0.3, 1 and 3 mm. The average reference value (26 ± 1)° 
from two sets of samples with comparable contamination was obtained on the sides without tin. Reference 
WCA measurement on the tin-side resulted in values equal within the range of uncertainty. DCSBD plasma 
treatment proved the most effective treatment-a 1 s exposure led to WCA reduction to (9.5 ± 0.3)°, which is 
less than reported in [7] and more than in [3] and [8]. However, 3 s MSDBD exposure in contact mode (distance 
0 mm) resulted in the lowest WCA value (6.3 ± 1.3)°, which is similar in the range of uncertainty to the result 
achieved with DCSBD for the same exposure time and also to the value referred to in [8]. Employing non-
contact mode of MSDBD leading at the 0.3 mm distance commonly used for DCSBD [6] resulted in WCA 
values higher than 10° without gas flow and 15° using air as working gas. MSDBD applied at the distance of 
1 mm from samples gives comparable results for both flow modes, while at 3 mm the use of air induced more 
significant hydrophilicity improvement. DCSBD plasma treatment showed better uniformity, which is evident 
from the accuracy of WCA measurement. Implementation of flowing air resulted in higher uncertainties 
independently on the distance, causing lower homogeneity of treatment effect. 

 

Figure 2 WCA values measured on uncleaned SLG after 1 and 3 s plasma treatments 

The XPS analysis of glass samples exposed to plasma for 3 s focused on the presence of silicon, carbon and 
oxygen on the surface. Resulting areas of peaks Si2p, C1s and O1s in relative units are shown in comparison 
to the respective values of WCA in Figure 2. Binding energies in the measured spectra were 102.9, 284.8 and 
532.4 eV for silicon, carbon and oxygen peaks, respectively. The presence of silicon in the analysable depth 
profile (< 10 nm), and its increase can be interpreted as a sign of decontamination of the SLG surface. This 
cleaning effect was demonstrated for plasma treatments from a distance of 0.3 mm and less. Carbon content 
follows two mechanisms: decrease by organic contamination removal and increase by the bonding of carbonyl 
and carboxyl functional groups. Generally, except for the treatment from 1 mm distance, a more significant 
relative decline of carbon content was achieved by MSDBD plasma independently of the employed working 
gas flow. Oxygen originates in the glass material, in contaminants from water vapour in the air, and also from 
chemically active functional groups. All investigated plasma treatments induced an increase in oxygen content, 
which was most significant for exposures from a distance 0.3 mm and less. Similar silicon, carbon, and oxygen 
proportional alterations were acquired with plasma jet [1], and DCSBD [3], where high-resolution spectra 
targeted on binding energies revealed a decrease of C─C or C─H bonds along with an increase of C─O and 
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O─C═O bond concentrations. Carbon and oxygen rearrangement caused by chemical activation is reflected 
in the O/C ratio approaching 1 on an untreated sample. The maximum increase of O/C to 9.1 was achieved 
by MSDBD in contact mode. DCSBD plasma treatment showed an O/C increase to 4.8, which was lower than 
values acquired with MSDBD plasmas applied from the same 0.3 mm distance independently of the flow mode. 

 

Figure 2 XPS analysis of elemental composition compared with WCA () decrease on uncleaned SLG  
after 3 s plasma treatments 

The AFM analysis of surface topology focused on the structural changes after the use of standard wet cleaning 
methods and investigated plasma techniques. Table 1 lists the root mean square roughness (Sq) and 
arithmetical mean roughness (Sa). Smoothing of the surface while cleaning with three liquids in a USC was 
proven by threefold Sq decrease, which is in agreement with [4]. Further experiments with 3 s plasma 
exposures on 3-liquid precleaned SLG revealed significant roughness change induced exclusively by the use 
of MSDBD in contact mode reflected by Sq doubling. DCSBD and MSDBD in non-contact mode applied for 
3 s showed a harmless effect on the SLG surface confirmed by an unaltered roughness, which was also 
achieved in previous studies of DCSBD treatment [5], [8], or of volume DBD in helium [7]. 

Table 1 AFM measurement of Sq and Sa on a 5 μm x 5 μm area of SLG surface 

Sample  Sq (nm) u(Sq) (nm) Sa (nm) u(Sa) (nm) 

Uncleaned 4.4 ± 1.6 2.3 ± 0.4 

3-liquid cleaned, 3 x 180 s 1.4 ± 0.4 0.5 ± 0.1 

DCSBD, 0.3 mm, 3 s 1.5 ± 0.2 1.1 ± 0.2 

MSDBD, 0 l/min, 0 mm, 3 s 2.8 ± 1.6 1.4 ± 0.6 

MSDBD, 0 l/min, 0.3 mm, 3 s 1.3 ± 0.6 0.7 ± 0.3 

MSDBD, 5 l/min, 0.3 mm, 3 s 1.2 ± 0.3 0.7 ± 0.2 

Based on the results presented up to this point, the DCSBD unit was implemented in Airpillow DCSBD-a device 
for non-contact leading of DCSBD unit at a perfectly accurate distance of 0.3 mm for large-area treatment. The 
FTIR spectroscopy measurement on intentionally contaminated SLG samples by SA layer resulted in spectra 
of absorbed radiation shown in Figure 3. Absorbances at the detected peaks of CH2 band at wavenumbers 
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2850 and 2917 cm-1 were gradually decreasing with the extending exposure time by repeated Airpillow DCSBD 
plasma treatments. This fact indicates surface decontamination, which was almost complete after a total sum 
exposure of 5 s. 

 

Figure 3 FTIR spectra interpreting SA decomposition from SLG surface 

The automatic ball drop test demonstrated a remarkable improvement of laminated safety glass crash 
resistance, illustrated in Figure 4. The composite of Airpillow DCSBD plasma-treated glass plates with the 
embedded DCSBD plasma-treated PVB adhesive film succeeded without fractures. 

As shown in Table 2, the bending test performed on safety laminated glass confirmed toughness enhancement 
reached by employing the DCSBD plasma pretreatment. Evaluation of breaking force proved 46 % progress 
for samples composed of glass treated by Airpillow DCSBD plasma, and 52 % with DCSBD plasma treated 
PVB adhesive film. A comparable improvement of adhesive strength of a joint composed of DCSBD plasma-
treated glass was demonstrated in lap-shear testing on small samples [2]. 

 

Figure 4 Photos illustrating the ball drop test results of safety laminated glass made without/with the 
implementation of DCSBD plasma 

Table 2 Breaking force evaluated by a bending test of laminated safety glass made without/with the   
 implementation of DCSBD plasma 

Glass  PVB film FMAX (N) u(FMAX) (nm) 

No treatment No treatment 651.1 ± 128.5 

DCSBD 3 s, 400 W, 15 kHz, 0.3 mm No treatment 949.4 ± 104.0 

DCSBD 3 s, 400 W, 15 kHz, 0.3 mm DCSBD 3 s, 400 W, 15 kHz, 0.3 mm 989.0 ± 89.3 
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4. CONCLUSION 

Surface treatment of SLG by the studied surface DBD plasmas showed a significant wettability improvement 
attributed to chemical activation by incorporation of oxygen-containing functional groups. Cleaning of organic 
contamination on the microscopic scale with respect to preservation of SLG structure was demonstrated. The 
DCSBD plasma unit proved suitable for non-contact leading implementation, which resulted in Airpillow 
DCSBD development. The mechanical tests of the DCSBD plasma-treated SLG manifested a significant 
improvement of safety glass strength and suitability of the DCSBD system for fast large-area in-line production 
in factory conditions. 
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Abstract 

Agarose hydrogel was used as the transport medium for the investigation of the diffusion of lignohumate 
through plant cuticle. The cuticles were isolated from Prunus laurocerasus by two different methods: chemical 
and enzymatic. At first, the diffusion coefficient of lignohumate in agarose hydrogel was determined by means 
of the technique of diffusion couple: the donor part was enriched by lignohumate with homogeneous 
distribution on its whole volume and connected with the “pure” acceptor part without lignohumate. The diffusion 
coefficient was calculated on the basis of time development of diffusion flux through the interface. After that, 
the cuticle was placed into interface between donor and acceptor parts and the barrier ability of cuticles were 
characterized by the decrease in diffusion flux and the change of the concentration of lignohumate at the 
interface between donor and acceptor hydrogels. The transport through chemically and enzymatically cuticles 
as well as the abaxial (stomatous) and adaxial (astomatous) cuticles was investigated. Diffusion characteristics 
were determined, compared and discussed. 

Keywords: Lignohumate, cuticle, agarose, diffusion, hydrogel 

1. INTRODUCTION 

Humic substances are the principal components of soil organic matter and have indispensable roles for soil 
and the environment in general. They play important role in plant nutrition and transport of nutrients in soils  
[1-3]. Nowadays, foliar fertilization and application of bio-stimulants has become a popular method for the plant 
nutrition and agronomy as an alternative or complement to standard root fertilizer treatments [4-7]. Trans-
cuticular penetration into leaf tissues and sorption on the leaf surface plays a key role in the foliar application 
of nutrients [8-10], surfactants [11,12] and different types of pesticides [13-16]. 

Plant surfaces play a major role in protection against multiple potential biotic and abiotic stress factors [15,17-
19]. They have a protective function for undesirable penetration of harmful substances [16,21] and also against 
water loss [20]. However, it can supress also the penetration of nutrients and bio-stimulants. Thus the main 
barriers for the foliar fertilization are plant cuticles and the penetrations of substances into leaves (and stems) 
are strongly affected by their properties [17,22].  

The plant cuticle is a thin continuous layer (<0.1-10m) of predominantly lipid material synthesised by the 
epidermal cells and deposited on their outer walls. The major structural model is a bilayer cuticular membrane 
in which the two layers are distinguishable by their ontogeny, ultrastructure and chemical composition [20,23]. 
The prevailing model considers the cuticle as a lipidic layer whose relationship with thecell wall is restricted to 
their adjacent position. According to this model, a cutin matrix with embedded intracuticular waxes and 
phenolics extends through the cuticle, while polysaccharides are restricted to the inner most cuticle 
region,i.e.,that in contact with the cell wall underneath. An additional layer of epicuticular waxes is deposited 
onto the cutin matrix and constitutes the organ-atmosphere interface [24,25]. 

Since the 1970s, several studies have assessed water and solute permeability and diffusion through cuticles 
and cutin from a wide variety of plants. In general, astomatous cuticles have a low water permeability, which 

https://doi.org/10.37904/nanocon.2019.8467 
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is a thousand times lower than the plant cell wall and remains in a range comparable to that of some 
hydrophobic synthetic polymers [25,26]. These studies consider the cuticle and cutin as solution-diffusion 
membranes for water; that is, individual water molecules follow a random pathway in a mostly lipophilic 
environment. It has also been suggested that water transport occurs via aqueous pores or channels, whose 
presence seems to be highly dependent on relative humidity and temperature. The next challenge in this area 
will be to characterize the diffusion mechanisms that take place in the cuticle [25-27]. The transport through 
the cuticle is generaly considered as a diffusion controlled process consisting of three parts involving: 1) 
sorption into the cuticle, 2) diffusion through the cuticle, and 3) desorption from the cuticle [20]. 

In this work, cuticles were isolated from Prunus laurocerasus in order to study their barrier properties for 
lignohumate used for foliar application. The transport through the abaxial (stomatous) and adaxial 
(astomatous) cuticles was investigated and compared. 

2. MATERIALS AND METHODS 

Leaf cuticles were isolated by two different methods (chemical and enzymatic) as described previously [17,28]. 
In both cases, plant cuticles were isolated from Prunus laurocerasus. The isolation procedures as wrll as the 
main characteristics of isolated cuticles are described in detail in [17].  

Agarose hydrogel (1 % wt.) was used as the transport medium for the investigation of the diffusion of 
lignohumat. At first, the diffusion coefficient of lignohumate in agarose hydrogel was determined by means of 
the technique of diffusion couple [17,29,30]. The donor part was enriched by lignohumate (0,1 % wt.) with 
homogeneous distribution on its whole volume and connected with the “pure” acceptor part without 
lignohumate. The preparation of agarose hydrogel and forming of lignohumate was described in [17]. In this 
work, the content of lignohumate was lowered in order to monitor both the concentration decrease in donor 
hydrogel and its increase in acceptor one. After that, the cuticle was placed into interface between donor and 
acceptor parts and the diffusion experiment was repeated. Both abaxial and adaxial cuticles isolated by the 
two different isolation methods (chemical and enzymatic) were subjected to diffusion experiments. During the 
diffusion experiments, all the diffusion couples were placed in a closed container above water level (to maintain 
constant humidity of the surroundings). Experimental conditions - in particular, relative humidity (100%) and 
temperature (25 °C) - were held constant during the whole experimental period. 

The transport of lignohumate from donor into the acceptor hydrogel was measured by a UV-VIS 
spectrophotometry (Varian Cary 50). At selected time intervals, the cuvettes were taken out and UV-VIS 
spectra of lignohumate in hydrogels were collected at given distances from the interface. The measurement 
of UV-VIS absorbance at different distances from the interface was performed by means of a special in-house 
made accessory providing controlled fine vertical movement of the cuvette in the spectrophotometer [17,31]. 

3. RESULTS AND DISCUSSION 

In general, if the diffusion couple was formed without a cuticle and both donor and acceptor hydrogel had the 
same structure, the concentration of lignohumate at the interface should be constant and equal to the half of 
its initial concentration in donor hydrogel [29,30]. We can see that this presumption was confirmed in this work 
(Figure 1). Experimental data were fitted by the concentration profile calculated according to the following 
mathematical model. In this work, the diffusion coefficient was calculated on the basis of time development of 
diffusion flux through the interface. The mathematical model was based based on Fick’s equation describing 
one-dimensional non-stationary diffusion 
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where c represents the concentration of the diffusing compound in the time t and the position x (the coordinate 
parallel to the direction of diffusion movement). Diffusion coefficient Def is the main parameter characterizing 
rate of the diffusion process. It is the so called “effective diffusion coefficient” in which the tortuous movement 
of the diffusing particles in the porous structure of hydrogel is involved. While solving this partial differential 
equation (1), appropriate initial and boundary conditions must be applied according to the particular 
experimental settings [29,30]. 

 

Figure 1 The concentration profile of lignohumate in the diffusion couple without cuticle after 1 day. 
Experimental data are fitted by equation (4). 

Mathematical description of diffusion in the diffusion couple without cuticle is relatively easy. Before the start 
of diffusion, the donor hydrogel has a constant concentration of lignohumate (c0) along the whole length 
whereas its concentration in the acceptor hydrogel is zero; therefore the initial conditions are  

             (2) 

              (3) 

and the solution of the second Fick (1) is  

         

    (4) 

It can be seen that concentration of diffused component on the interface is time independent and equal to c0/2. 
Total diffusion flux mt which goes through the interface between donor and acceptor hydrogels (x = 0) in time 
t can be calculated as [29,30]. 

              (5) 

One of the boundary conditions is that the concentration of lignohumate remains equal to zero for x  , it 
means “at the end of acceptor hydrogel”. At we can see in Figure 2, experimental data did not comply with 
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this condition for longer duration of experiment. It resulted in the “curving” of the dependence of mt on t. 
Therefore, only the linear parts of the obtained dependencies were fitted by equation (5). 

  

Figure 2 The concentration profiles of lignohumate for the acceptor hydrogel in the couple without cuticle 
after 1 (blue), 4 (khaki), and 6 (red) days - left; experimental data fitted by equation (4) for the diffusion 

couple withou cuticle (blue), with the stomatous chemically isolated (khaki), stomatous enzymatically isolated 
(red), astomatous chemically isolated (green), and astomatous enzymatically isolated (orange) - right. 

Table 1 Concentrations of initial solutions used to prepare hydrogels 

ratio stomatous 
chemically isolated 

stomatous 
enzymatically isolated 

astomatous 
chemically isolated 

astomatous 
enzymatically isolated 

c/ca 0.84  0.05 0.50  0.03 0.36  0.02 0.22  0.01 

m/ma 0.85  0.05 0.54  0.03 0.37  0.02 0.22  0.01 

The effective diffusion coefficient of lignohumate in agarose hydrogel was determined as (1.54  0.09)  10-10 
m2/s. This value was the same for all diffusion experiments (including experiments with cuticles), because Def 
characterize the transport in the hydrogel. The barrier properties of cuticles can be characterized by observed 
decreases in measured diffusion fluxes (see also Figure 2) and changes in the concentration of lignohumate 
at the interface. If we index the quantities valid for experiment without cuticle ca and ma, we can express the 
barrier ability of cuticle as the average ratios between concentrations at interface and total diffusion fluxes from 
donor into acceptor hydrogels as c/ca and m/ma, respectively. The calculated ratios are listed in Table 1. We 
can see that the presence of cuticle at interface between donor and acceptor hydrogels can reduce the 
diffusion flux as well as the concentration at interface for all used cuticles. The barrier ability decreased in the 
following order: stomatous chemically isolated > stomatous enzymatically isolated > astomatous chemically 
isolated > astomatous enzymatically isolated. The decrease was between 15 and 88 %. The highest barrier 
ability had the astomatous enzimatically isolated cuticle, the lowest stomatous chemically isolated one.    

4. CONCLUSION 

In this work, the barrier ability of cuticles isolated from Prunus laurocerasus by two different methods (chemical 
and enzymatic) was investigated. Lignohumate was used as an bio-stimulant for foliar application was used 
as diffusant. Agarose hydrogel was used as the transport medium for the diffusion couple formed by donor 
hydrogel enriched by lignohumate and initially pure acceptor hydrogel. The diffusion coefficient was calculated 
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on the basis of time development of diffusion flux through the interface between both hydrogels. In following 
experiments, the cuticle was placed into interface between donor and acceptor parts and the barrier ability of 
cuticles were characterized by the decrease in diffusion flux and the concentration of lignohumate at the 
interface between donor and acceptor hydrogels.  The highest barrier ability had the astomatous enzimatically 
isolated cuticle, the lowest stomatous chemically isolated one. Stomata due their relatively high sizes 12-14 

m [17] can support the transport of lignohumate which resulted in higher diffusion fluxes. Chemical isolation, 
used in this work, was probablz less suitable because of partial damage of cuticle resulting in the decrease in 
its barrier ability. 
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Abstract 

The recent progress in the field of immunoassays has been driven by introduction of various kinds of 

nanomaterials. In particular, photon-upconversion nanoparticles (UCNPs) proved to be excellent 

immunoassay labels due to their ability to emit light of shorter wavelengths under near-infrared excitation (anti-

Stokes emission), which prevents autofluorescence, minimizes light scattering, and thus reduces the optical 

background interference. These unique photoluminescent properties allow counting of individual biomolecules 

labeled with UCNPs by conventional wide-field epiluminescence microscopy and enable the development of 

single-molecule (digital) immunoassays. We have introduced a novel label based on UCNPs conjugated with 

streptavidin via poly(ethylene glycol) and applied it in a digital upconversion-linked immunosorbent assay 

(ULISA) for the detection of a cancer biomarker prostate specific antigen (PSA). The digital readout based on 

counting of individual immunocomplexes improved the sensitivity 16× compared to conventional analog 

readout and allowed to reach a limit of detection (LOD) of 23 fg·mL−1 (800 aM). Human serum samples were 

successfully analyzed achieving an excellent correlation with electrochemiluminescence reference method. 

The conjugates of UCNPs with streptavidin are also suitable for the detection of pathogenic bacterium 

Melissococcus plutonius, the causative agent of honeybee disease European foulbrood. The ULISA assay 

provided an LOD of 340 CFU·mL−1 and successfully analyzed real samples of bees, larvae and bottom hive 

debris. Due to the high reliability and relatively simple detection scheme, the digital ULISA can pave the way 

for a new generation of digital immunoassays with a strong potential for commercialization. 

Keywords: Single-molecule detection, photon-upconversion nanoparticle, bioconjugation, digital  

         upconversion-linked immunosorbent assay 

1. INTRODUCTION 

Due to their high specificity, immunochemical assays are widely useful for detection of various analytes within 

complex matrices. The most commonly used immunoanalytical method - enzyme-linked immunosorbent assay 

(ELISA) - relies on signal generation by enzymes, typically horseradish peroxidase [1]. The enzymes provide 

highly sensitive detection, because single enzyme molecule can transform numerous molecules of substrate. 

However, enzymes also suffer several disadvantages, most notably low stability [2]. The recent progress in 

nanotechnology has provided various nanomaterials, which can be used as labels in immunoassays [3]. The 

detection schemes can be based on: (i) transformation of substrate, similarly to the use of enzymes, or (ii) on 

direct detection of the label. For the detection based on substrate transformation, various kinds of catalytic 

nanoparticles (nanozymes) can be employed, typically mimicking the peroxidase activity [4]. The direct 

detection of the label often exploits fluorescent nanoparticles, including quantum dots [5] and carbon dots [6]. 

https://doi.org/10.37904/nanocon.2019.8445 
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The convenient readout of fluorescence signal is, however, accompanied by a serious disadvantage, the 

presence of background signal, which is especially important in case of complex biological matrices. 

The background signals can be avoided by the use of materials exhibiting anti-Stokes emission, such as 

photon-upconversion nanoparticles (UCNPs). The typical UCNPs consist of a hexagonal NaYF4 host crystal 

doped with well-defined amounts of lanthanides, in particular Yb3+ and Er3+ [7]. UCNPs strongly reduce 

autofluorescence and light scattering because they can be excited by near-infrared (NIR) light and emit light 

of shorter wavelengths [8]. Further advantages of UCNPs include a high photostability and multiple emission 

bands that can be tuned individually for the multiplexed assay formats [9]. The preparation of bioconjugates of 

UCNPs, especially with antibodies or streptavidin, allowed the development of upconversion-linked 

immunosorbent assays (ULISAs). ULISA assays were previously reported for detection of different analytes, 

including α-fetoprotein [10], cardiac troponin I [11], and sulfaquinoxaline [12]. Recently, we have developed a 

microscopic approach for detection of single UCNPs and applied it for the detection of cancer biomarker 

prostate specific antigen (PSA) [13]. The measurement was based on readout of individual sandwich 

immunocomplexes, consisting of anti-PSA antibody immobilized on the surface of microtiter plate, captured 

analyte PSA, and conjugate of anti-PSA antibody with UCNP. 

With the increasing sensitivity of the readout methods, the minimization of non-specific binding is getting ever 

higher importance. In this work, we have focused on the preparation of conjugates of UCNPs with streptavidin, 

based on PEG and coating by bovine serum albumin (BSA), with the focus on high sensitivity and the lowest 

possible level of non-specific binding. The conjugates were employed for the detection of PSA and bee 

pathogen Melissococcus plutonius. 

2. MATERIAL AND METHODS 

2.1. Preparation of UCNP-PEG-streptavidin labels 

The NaYF4:Yb3+,Er3+ and NaYF4:Yb3+,Tm3+-based UCNPs were synthesized by high-temperature co-

precipitation [14]. To prepare alkyne-PEG-neridronate, sodium neridronate was mixed with alkyne-PEG-NHS, 

the product was dialyzed (MWCO 3.5 kDa) against water and freeze-dried. The surface of the UCNPs was 

modified by mixing an aqueous UCNP dispersion with alkyne-PEG-neridronate. After stirring for 24 h at room 

temperature, dialysis (MWCO 14 kDa) was performed. The streptavidin-azide (7 Bioscience) was coupled to 

the surface of UCNPs via copper-catalyzed click chemistry. The alkyne-PEG-UCNPs were mixed with 

streptavidin-azide and sodium L-ascorbate and purged with argon to remove oxygen. Afterwards, CuSO4 was 

added to generate the Cu(I) catalyst in situ. The prepared conjugates were sonicated, dialyzed (MWCO 100 

kDa) and stored at 4 °C [15]. 

2.2. Digital ULISA for PSA detection 

A high-binding polystyrene 96-well microtiter plate (μClear, Greiner Bio-One) was coated with polyclonal horse 

anti-mouse antibody (3 μg·mL-1; Vector Laboratories) in coating buffer (50 mM carbonate/bicarbonate, 0.05 % 

NaN3, pH 9.6) at 4 °C overnight. All following incubation steps were performed for 1 h at room temperature. 

After each step, the plate was washed 4 times with washing buffer (50 mM phosphate, 150 mM NaCl, 0.05 % 

NaN3, pH 7.4). After blocking with 1 % BSA in washing buffer, monoclonal mouse anti-PSA antibody (0.3 

μg·mL-1; Ab403, Abcam) in assay buffer (50 mM Tris, 150 mM NaCl, 0.05 % NaN3, 0.5 % bovine gamma 

globulin, 0.2 % BSA, 0.01 % Tween 20, 0.2 % poly(vinyl alcohol), 1 % glucose, 5 mM EDTA, and 1 mM KF) 

was bound. Afterwards, the plate was incubated either with serial dilutions of PSA standard (Abcam, ab78528) 

or with clinical human serum samples (local hospital). Finally, biotinylated anti-PSA antibody (0.25 μg·mL-1; 

BAF1344, R&D Systems) was bound, followed by the UCNP-PEG-streptavidin conjugate (3.5 μg·mL-1). 
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For the conventional analog readout, dried microtiter plate was scanned using custom-built upconversion 

microtiter plate reader (Chameleon, Hidex). Before performing the digital readout, glycerol was added to the 

dry wells to minimize local heating effects during NIR excitation. A modified epifluorescence microscope 

(Eclipse Ti-E, Nikon) [13] was used to record 9 wide-field images per well. The total number of UCNPs was 

counted using software NIS elements (Nikon). For both readout modes, the average and standard deviation 

were calculated from three wells and analyzed using a four-parameter logistic function [15]. 

2.3. Preparation of UCNP-BSA-streptavidin labels 

The NaYF4:Yb3+,Er3+ UCNPs were first modified by carboxylated silica layer using water-in-oil microemulsion 

method [16]. Afterwards, streptavidin was conjugated to the UCNPs via BSA layer using copper-free click 

chemistry. First, fluorescent click-reactive BSA-alkyne was prepared. (1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-

ylmethyl N-succinimidyl carbonate (BCN-NHS) was mixed with 5-carboxyrhodamine N-succinimidyl ester (Rh-

NHS), the mixture was added to BSA solution and incubated for 4 h. The carboxyrhodamine-labelled BSA-

alkyne conjugate was purified by dialysis (MWCO 12.4 kDa). 

The BSA-alkyne was conjugated to the UCNPs to prepare a click-reactive product. The carboxyl groups of 

UCNPs were activated by mixture of EDC and NHS. The dispersion was sonicated for 10 min, followed by a 

short centrifugation and redispersion in solution containing BSA-alkyne. After 90 min of mixing, the UCNP-

BSA-alkyne conjugate was purified by centrifugation (1700 g, 5 times). 

Fluorescent click-reactive streptavidin-azide was prepared by coupling 5-azidopentanoic acid (APA) and 5(6)-

carboxyfluorescein (CF) with the streptavidin. Free carboxyl groups of APA and CF were activated using 

EDC/sulfo-NHS and incubated for 1 h. Then, the APA and CF solutions were mixed with streptavidin and 

incubated for 4 h. The click-reactive streptavidin-azide was purified by dialysis (MWCO 12.4 kDa). 

In the final copper-free click conjugation, UCNP-BSA-alkyne was centrifuged (1700 g) and redispersed with 

streptavidin-azide. The solution was then dialyzed against 100 mM sodium MES, pH 4.5, which allowed 

electrostatic attraction and enabled an efficient click-conjugation. The UCNP-BSA-streptavidin conjugates 

were centrifuged (1700 g), redispersed in 50 mM Tris, 50 mM H3BO3, pH 8.6, and stored at 4 °C [17]. 

2.4. ULISA for M. plutonius detection 

To allow specific detection of M. plutonius, rabbit polyclonal antibody was prepared [18]. The rabbits were 

immunized by M. plutonius cell wall fraction, followed by a booster antigen injection after 35 days. After 

10 days, rabbit serum was collected and immunoglobulin G fraction was purified on a protein G column. To 

prepare the detection conjugate, antibody was modified by biotin. Biotinamidohexanoic acid N-

hydroxysuccinimide ester (NHS-LC-biotin) was added in 15 times molar excess to the anti-M. plutonius 

antibody. The Ab-biotin conjugate was purified using Amicon Ultra 0.5 mL centrifugal filters 100K (MWCO 100 

kDa) and stored at 4 °C. 

For the ULISA assay, a high-binding microtiter plate (Microlon, Greiner Bio-One) was coated with anti-

M. plutonius antibody in PBS at 4 °C overnight. All following steps were carried out at room temperature, after 

each incubation, the plate was washed 4 times with washing buffer. The plate was blocked using 5 % powdered 

milk in PBS, followed by incubation either with standard dilutions of bacteria in assay buffer or spiked in bee, 

larvae or bottom hive debris extracts diluted in assay buffer. Afterwards, the microtiter plate was incubated 

with biotin-conjugated anti-M. plutonius antibody and UCNP-BSA-streptavidin conjugate. After drying, the 

microtiter plate was scanned using up conversion microplate reader equipped with a continuous 980 nm laser 

(Laserland) and CCD spectroscope QE65 Pro (Ocean Optics) [17]. 



  Oct 16th - 18th 2019, Brno, Czech Republic, EU 

 

 

314 

3. RESULTS AND DISCUSSION 

3.1. Digital detection of PSA using UCNP-PEG-streptavidin label 

The PEG-based conjugates were employed in the sandwich ULISA for the detection of PSA (Figure 1). After 

optimization of the assay parameters, the two readout modes were compared. The digital mode provided LOD 

of 23 fg·mL−1 (800 aM), which is approximately 20 times lower than the LOD of the analog mode (410 fg·mL−1). 

Compared to our previous work on PSA detection using UCNP-SiO2-antibody conjugates (LOD 1.2 pg·mL−1) 

[13], improvement of sensitivity of 50 times was achieved. This can be attributed to two factors: (1) The use of 

biotinylated antibody, which acts as a flexible linker facilitating the binding of the nanoparticle label. 

Furthermore, the high affinity of biotin-streptavidin interaction allows decreasing of UCNP label concentration, 

which has a positive effect on reduction of the non-specific binding. (2) The level of non-specific binding was 

further reduced by the PEG coating on the surface of the UCNP [15]. 

The optimized assay was used for the determination of PSA levels in clinical human serum samples. Random 

serum samples were collected in a hospital and analysed by an electrochemiluminescence immunoassay 

(Roche Elecsys) as a standard method. The digital ULISA provided recovery rates between 74 and 102 %. 

The achieved results, especially the low LOD value, demonstrate the potential of digital ULISA for monitoring 

of patients after radical prostatectomy, where monitoring of low PSA concentrations is required [19]. 

 

Figure 1 (A) Up conversion microscopy image of microtiter plate after specific binding of 100 pg·mL−1 of PSA 

with schematic representation of single immunocomplex. (B) Calibration curve for digital and analog ULISA 

assays for PSA detection [15]. 

3.2. Detection of M. plutonius using UCNP-BSA-streptavidin label 

In order to detect M. plutonius, the causative agent of European foulbrood, rabbit polyclonal antibody was 

prepared. The antibodies were tested by ELISA assay (LOD 1.4×105 CFU·mL−1), which later served also as a 

standard method for comparison of ULISA performance. The silica-coated UCNPs (Figure 2A) were modified 

by BSA layer with click-reactive BCN, which served for conjugation of azide-modified streptavidin. The 

successful bioconjugation was confirmed by dynamic light scattering and gel electrophoresis. Afterward, the 

UCNP-BSA-streptavidin was used as a label in the sandwich assay for M. plutonius. LOD of 340 CFU·mL−1 

with a wide working range up to 109 CFU·mL−1 was achieved, which is 400 times better than the LOD of the 

conventional ELISA [17]. 

The practical impact of the assay was demonstrated on the analysis of real samples of spiked bees, larvae 

and bottom hive debris. The 10 times diluted real samples provided LODs in the range between 540 CFU·mL−1 

and 8.5×103 CFU mL−1 (Figure 2B). Since the amount of M. plutonius in infected apiaries with clinical 
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symptoms is typically around 105 CFU·mL−1 [20], the ULISA assay is a suitable method for early-stage 

diagnosis of European foulbrood infections. 

 

Figure 2 (A) TEM image of silica-coated UCNPs. (B) Calibration curves of sandwich ELISA- and ULISA-

based detection of M. plutonius spiked in 10% bee extract [17]. 

4. CONCLUSIONS 

The streptavidin-conjugated UCNPs can serve as highly sensitive labels in immunoassays based on 

biotinylated antibodies. We have developed a digital ULISA for the detection of PSA, which provided sub-

femtomolar LOD of 23 fg·mL−1 (800 aM). The assay was successfully employed to analysis of clinical samples 

and provided excellent correlation with standard electrochemiluminescence method. Furthermore, we have 

developed ULISA assay for detection of M. plutonius, the causative agent of European foulbrood, with LOD of 

340 CFU·mL−1, and demonstrated its practical applicability on the analysis of real samples of spiked bees, 

larvae and bottom hive debris. 
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Abstract 

Photon-upconversion nanoparticles (UCNPs) are lanthanide-doped nanocrystals that can be excited by near-

infrared light and emit photon-upconversion luminescence of shorter wavelengths.  Advantages of UCNPs 

include near-infrared excitation, multiple and narrow emission bands, negligible autofluorescence and high 

stability, which make UCNPs ideal luminescence label for use in biological and chemical assays. These assays 

- e.g. upconversion-linked immunosorbent assay, western blot, lateral flow assay, gel electrophoresis, thin 

layer chromatography - commonly require the scanning of a planar surface with a high spatial resolution and 

an excellent sensitivity. The availability of commercial equipment is recently limited because of the novelty of 

the photon-upconversion phenomenon. Therefore, we report on the construction of photon-upconversion laser 

scanner. The scanner consists of a laser scanning head, which is attached to a xy-moving stage. The scanning 

head itself is constructed as an epiluminescence detector with excitation wavelength of 976 nm. A CCD array 

spectroscope is connected to the laser head and serves as a sensitive detector of photon-upconversion 

luminescence. The scanner possesses a spatial resolution of 200 µm, the scanning rate is up to 57 points per 

second and the sensitivity reaches down to single photon-upconversion nanoparticle.  

Keywords: Photon-upconversion, nanoparticle, laser scanner, hyperspectral imaging 

1. INTRODUCTION 

Multiplexed assays are suitable for parallel analyte detection. Even in complex mixtures, multiplexed detection 

reduces the consumption of sample, reagents, and other resources [1-5]. The applications of multiplexed 

assays range from single-cell [6] and single-molecule assays [7], medical diagnostics [1], detecting 

biomolecule interactions [8], environmental monitoring [9], pathogen detection [10], multiparameter chemical 

and biological assays [11] and screening of chemical libraries [12]. 

Photon-upconversion nanoparticles (UCNPs) are luminescence labels, which are widely considered as a vital 

alternative to fluorescence reporter in multiplexed assays [13-15]. UCNPs are lanthanide-doped nanocrystals 

that can be excited by near-infrared light and emit photon-upconversion luminescence of shorter wavelengths 

[16-18]. Advantages of photon-upconversion nanoparticles include near-infrared excitation, multiple and 

narrow emission bands, negligible autofluorescence and high stability. The assays with UCNPs - e.g. 

upconversion-linked immunosorbent assay, western blot, lateral flow assay, gel electrophoresis, thin layer 

chromatography - commonly require the scanning of planar surfaces with a high spatial resolution and an 

excellent sensitivity. Currently reported equipment (photon upconversion scanners) only allows for reading the 

sum of intensities in a single spectral range [19]. 

Here, we address this limitation and introduce a hyperspectral photon-upconversion laser scanner. The 

laboratory-made scanner consists of an epiluminescence laser scanning head, which is attached to a xy-

moving stage. A CCD array spectroscope is connected to the laser head and serves as a sensitive detector of 

photon-upconversion luminescence. We provide the comparison of scanning for three types of nanoparticles 

containing either Ho3+, Er3+ or Tm3+ as activator ions. We also show the capability of scanner to record emission 

spectrum from a single UCNP. 

https://doi.org/10.37904/nanocon.2019.8563 
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2. MATERIAL AND METHODS 

2.1. Scanner construction and control 

The scanner was composed of two modular parts. (A) The first part was an epiluminescence detector  

(Figure 1), which consisted of microscope objective (magnification 25×, numerical aperture 0.40 or 

magnification 100×, numerical aperture 1.25, Olympus), dichroic mirror (900 nm short pass, ThorLabs), optical 

filters (875 nm short pass and 925 nm long pass, Edmund Optics) and a CCD array spectrometer (QE65000, 

Ocean Optics). In each scanned point, the emission spectrum of photon-upconversion was recorded in a range 

from 430 to 875 nm. The spectroscope was optionally replaced with an sCMOS camera for single nanoparticle 

imaging (Zyla 5.5, Andor). Photon-upconversion luminescence was excited by 976 nm 1 W laser diode 

(Laserland). The dichroic mirror reflected the excitation laser beam on a scanned object through a microscope 

objective. The same microscope objective also collected emitted luminescence into the spectroscope. (B) The 

second part of the scanner was a xy-moving stage, which holds the epiluminescence detector and allowed its 

moving in two dimensions with step of 200 µm. The moving stage was controlled by Arduino Nano board. A 

universal serial bus was used for communication with personal computer with the Windows 10 operating 

system. A graphical Java application was used for controlling the scanner xy-moving stage and recording data 

from the spectroscope. The output data were saved in the form of text files. 

 

Figure 1 The scheme of epiluminescence detector. The dichroic mirror reflects the excitation laser beam 

(976 nm) on a scanned object through a microscope objective (black line). The same microscope objective 

also collects emitted luminescence from UCNPs into the spectroscope (red line). 

2.2. Nanoparticle synthesis and characterization 

According to previous reports, the nanoparticles were prepared by thermal decomposition of oleates at high 

temperature (~300 °C) [20]. After surface coating by carboxylated silica, the nanoparticles created stable 

dispersions in water [20,21]. The mass concentration of UCNPs in water was measured by a gravimetric 

method: The volume of 200 μL of UCNPs dispersion was loaded into a glass vial. The vial was placed first on 

a heater to evaporate water and then for 3 hours in an oven at 450 °C and the mass of remaining UCNPs was 

measured. To estimate the hydrodynamic diameters of UCNPs, dynamic light scattering (DLS) of UCNP water 

or cyclohexane dispersions was measured in a glass cuvette with a 10 mm optical path. The volume of 

dispersion was 1000 µL and the mass concentration of UCNPs was 0.5 mg mL-1. 
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3. RESULTS AND DISCUSSION 

3.1. Photon-upconversion nanoparticles 

Four types of UCNPs were prepared (Table 1). Three types of photon-upconversion nanoparticles  

(UCNP1-3) were prepared for hyperspectral scanning on a microtiter plate. The sizes of the luminescent core 

of these nanoparticles were approximately 30 nm. The chemical composition of these UCNPs differed in the 

type of activator ion (either Tm3+, Er3+ or Ho3+). The fourth nanoparticle type (UCNP4) with 127 nm luminescent 

core was used for the measurement of single nanoparticle emission spectrum. The emission spectra of 

UCNP1-4 (Figure 2) were recorded from water dispersions (100 µL per well) on a microtiter plate by photon-

upconversion laser scanner. The emission spectra revealed narrow emission peaks, which are typical for Ho3+, 

Er3+ and Tm3+ doped UCNPs as it is shown in Figure 2. 

Table 1 The list of prepared photon-upconversion nanoparticles 

Nanoparticle 
type 

Nanoparticle composition Hydrodynamic diameter 
without silica shell in 

cyclohexane (nm) 

Hydrodynamic diameter with 

silica shell in water (nm) 

UCNP1 NaY0.80Yb0.18Ho0.02F4 30.5  48.4  

UCNP2 NaY0.80Yb0.18Er0.02F4 31.2  83.5  

UCNP3 NaY0.80Yb0.18Tm0.02F4 28.4  39.4  

UCNP4 NaY0.80Yb0.18Er0.02F4 127  158  

 

Figure 2 Emission spectra of UCNPs. Emission spectra of UCNP water dispersions measured from the 

microtiter plate by a photon-upconversion laser scanner (100 µL per well, integration time 1 s). The 

concentrations of UCNPs were 10 mg mL-1, 0.25 mg mL-1, 0.13 mg mL-1 and 0.25 mg mL-1 for UCNP1-4, 

respectively. 

3.2. Scanning of nanoparticle dispersions on a microtiter plate 

Dispersions containing either UCNP1, UCNP2 or UCNP3 were prepared and dispensed into 96-well clear 

microtiter plate (100 µL per well). Utilizing a microscope objective with magnification 25× and numerical 

aperture 0.4, the plate was scanned with a spatial resolution of 200 µm. The integration time of 10 ms was 

used for recording the emission spectrum from each point with a reading speed of 57 points per second. To 

show the advantages of hyperspectral scanning, we recorded the sum of emission intensities for three different 
spectral ranges, i.e., detection channels. Those channels were subsequently used for constructing colored 

image (red channel: emission 621-707 nm, green channel: emission 512-572 nm, blue channel: emission 759-
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860 nm, Figure 3). From Figure 3, it is clear that hyperspectral scanning allows projecting different types of 

nanoparticles as different colors, which can be advantageously used for signal multiplexing. 

 

Figure 3 Hyperspectral scanning of UCNP dispersions on a microtiter plate. Dispersions of UCNP1-3 were 

loaded on 96 well microtiter plate (100 µL per well, 10 mg mL-1, 0.25 mg mL-1 and 0.13 mg mL-1 for 

UCNP1-3, respectively) and scanned with a resolution of 200 µm with 10 ms integration time per scanned 

point. Three channels are projected for three different spectral ranges (red channel: emission 621-707 nm, 

green channel: emission 512-572 nm, blue channel: emission 759-860 nm). These channels were projected 

as a colored image (red/green/blue). 

3.3. Recording the emission spectrum of single photon-upconversion nanoparticle 

We further tested whether the scanner is sensitive enough to record the emission of single nanoparticle on a 

planar surface, which can be important for the construction of photon-upconversion nanosensors. To record 

the emission spectrum of single nanoparticle, the glycerol immersion objective was used for focusing the 

excitation laser and collecting the emitted luminescence. The nanoparticles (UCNP4) were adsorbed on 

microscopic cover glass (150 µm thickness) and imaged by sCMOS camera (integration time 30 ms) as it was 

described previously. The emission spectrum was recorded (integration time 10 s, Figure 4) when the area of 

the substrate containing only single nanoparticle in the field of view was selected. 

 

Figure 4 Emission spectrum of single UCNP. The emission spectrum of a single UCNP4 was recorded.  

The inset shows the image of single UCNP4 from sCMOS camera. 

4. CONCLUSION 

We constructed a hyperspectral epiluminescence laser scanner, which allows recording an emission spectrum 

in each point of the scanned image. The scanner provides an advantage over laser scanners, which are able 

to record only the sum of intensities within single range of wavelengths. In this study we have shown that 

multiple detection channels can be extracted from recorded data and those channels can be used for 
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constructing colored images; different colors are projected for different types of photon-upconversion 

nanoparticles. We suppose that this multichannel sensing capability can be useful for analytical signal 

multiplexing and the development of multiplexed assays. We further showed that the scanner detector is 

sensitive enough even for recording the emission spectrum from single photon-upconversion nanoparticle, 

which can be useful for biosensor developing on the bases of single photon-upconversion nanoparticles. 
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Abstract 

In this paper photoluminescence properties of aqueous suspensions of carbon nanoparticles (nanodiamonds, 

carbon dots and complexes on their basis) with different ratio of surface carbon in sp3- and sp2-hybridizations 

were studied by methods of Raman, fluorescence and IR absorption spectroscopy. It was found that intensity 

of photoluminescence correlates with amount of carbon in non-diamond phase on the surface of nanoparticles. 

Nanoparticles with high non-diamond carbon phase content revealed more intense photoluminescence. The 

obtained results support the hypothesis about surface nature of photoluminescence of nanodiamonds and 

carbon dots. 

Keywords: Carbon nanoparticles, photoluminescence, carbon hybridization, spectroscopy 

1. INTRODUCTION 

Currently, а development of photoluminescent biomarkers - non-toxic, biocompatible, stable luminescent 

nanomaterials is extremely relevant. Nanodiamonds are one of the most promising [1-4] materials. In addition 

to the mentioned above properties, they have sorption properties, which makes it possible to use them as 

adsorbents or drug carriers [5-7]. The unique photoluminescent properties made the metal-containing quantum 

dots competitive with organic dyes and determined the high potential of their use as biological markers [1,2]. 

However, detected toxicity of these quantum dots limits the field of their application. An alternative to metal-

containing quantum dots are carbon quantum dots, which have not only stable photoluminescence, but also 

high biocompatibility [3].  

One of the most important discoveries of the last decades in the field of photoluminescent nanoparticles is the 

detection of bright luminescence in carbon nanoparticles (CNP) - carbon dots (CD) and nanodiamonds (ND) - 

during passivation of their surface or irradiation of diamond nanocrystals by high-energy particles. These 

luminescent carbon nanoparticles gradually come to the leaders among high-contrast optical materials for 

biovisualization due to compliance to the criteria of applicability in biology and medicine [1-7]. However, for the 

proper use of such CNP as photoluminescent biomarkers and drug carriers, it is necessary to be able to govern 

their photoluminescent and sorption properties. And it is possible only on the basis of understanding 

mechanisms of formation of photoluminescence and sorption ability of CNP. Unfortunately, at the moment the 

nature of surface fluorescence of CNP remains unclear. Photoluminescence caused by defects in the surface 

of carbon in sp2-hybridization is considered as one of the possible mechanisms of photoluminescence of CD 

and ND. Defects are defined as any disturbance of the carbon structure in sp2-hybridization which provides 

formation of additional surface electron levels or traps. According to assumption of the authors [8], the optical 

properties of carbon nanomaterials (including photoluminescent ones [9]) having carbon in their structure in 

both sp2-and sp3-hybridizations are determined by the π states of electrons of carbon atoms with sp2-

https://doi.org/10.37904/nanocon.2019.8569 
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hybridization. Photoluminescence in this system depends on electron-hole recombination in localized π states 

in the band gap [10,11]. Due to the wide size distribution of such sp2 clusters, caused by low value of the 

binding energy, wide spectrum of photoluminescence is observed from the visible range to the near IR [9].  

Thus, currently, one of the most common in the literature is the hypothesis that the photoluminescence of the 

CNP is to some extent determined by the amount of non-diamond phase of carbon, located on the surface of 

the CNP after cleaning and functionalization of the surface [9]. In this paper, this hypothesis is verified: the 

results of study of influence of the amount of non-diamond phase of carbon (primarily sp2-hybridized carbon) 

on the surface of nanoparticles on their photoluminescent properties are presented. For change and control of 

the amount of non-diamond carbon phase on the surface of nanoparticles, several types of CNP surface 

cleaning were carried out. Fluorescence spectroscopy, confocal Raman spectroscopy, and IR absorption 

spectroscopy were used to study the dependence of the CNP fluorescence on the amount of carbon in non-

diamond phase on the surface of nanoparticlesach or solution.  

2. MATERIALS AND METHODS 

2.1. Materials  

In this work, CNP, which significantly differ in the amount of non-diamond carbon phase on the surface: 

detonation nanodiamonds (DND), nanodiamonds, decorated with carbon dots (CDDND), and carbon dots (CD) 

themselves were investigated.  

DND and CDDND were synthesized by the explosion of a mixture of trinitrotoluene (TNT) and 1,3,5 - 

trinitrotoluene-1,3,5-triazine (hexogen) in a water-cooled medium [12]. Purification and surface treatment of 

nanoparticles were carried out in the International Technology Center (Raleigh, USA). CD are the product of 

chemical reactions of intercalation, delamination and oxidation of 400 nm nanographite sheets. CD synthesis 

was carried out in the international Technology Center [13].  

In order to change and control the amount of carbon in non-diamond phase on the surface of CDDND, their 

surface was cleaned in perchloric acid and in the mixture of sulfuric and nitric acids. The CDDND sample was 

treated with perchloric acid HClO4 for 3 hours at 180oC and mixture of nitric and sulfuric acids HNO3+H2SO4 

in 1:3 ratio for 3 hours at 130oC. In order to remove the acids, the samples were centrifuged till deposition, 

followed by the removal of the supernatant and dilution of the precipitate with distilled water. The process was 

repeated 5 times. The final removal of acids was carried out by placing the samples in a vacuum chamber, 

bringing to crystallization and subsequent sublimation of the solvent. Below in the text, these two samples will 

be denoted as CDDND(HClO4) and CDDND (HNO3+H2SO4). 

Deionized bi-distilled water with electrical conductivity of 0.1 µS/cm (Milli-Q) was used to prepare aqueous 

suspensions of the samples.  

2.2. Methods of research  

The composition of the samples was studied by Raman spectroscopy using the Horiba Jobin Yvon LabRAM 

HR-800 confocal laser spectrometer, wavelength 473 nm, the practical spectral resolution was 1 cm-1.  

The study of the functional cover of the CNP was carried out using IR absorption spectroscopy using the Varian 

640-IR FT-IR spectrometer, spectral resolution was 4 cm-1.  

Photoluminescence spectra of the samples were obtained when excited by diode laser (λex=405 nm, output 

power - up to 200 mW). PMT Hamamatsu H-8259-01, operating in the photon counting mode was used as 

detector. The PMT sensitivity in the visible range was 10 photons/count.  
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3. RESULTS AND DISCUSSION 

In this paper, the correlation between the intensity of fluorescence of CNP with different amounts of non-

diamond phase of carbon on the surface and the fraction of this carbon in these nanoparticles. In total, 5 types 

of CNP were used: CD, ND, CDDND, CDDND(HClO4) and CDDND(HNO3+H2SO4). The surface of 

nanoparticles was characterized by IR absorption spectroscopy and confocal Raman spectroscopy. The 

aqueous suspensions of ND, CDDND, CDDND(HClO4) and CDDND(HNO3+H2SO4) with concentrations 1 g/l 

and suspensions of CD with concentration 0.001 g/l were studied. It was established with the help of method 

of dynamic light scattering that sizes of all samples were about 5 nm. 

4. ANALYSIS OF SURFACE GROUPS OF CNP 

The method of IR absorption spectroscopy was used for determination of the composition of the surface groups 

of CNP. The IR absorption spectra of depositions of all 5 evaporated CNP samples are shown in Figure 1.  

 
Figure 1 IR absorption spectrum of studied CNP evaporated from water suspensions 

In the spectra of IR absorption of all five samples one can observe a lot of bands corresponding to the vibrations 

of oxygen-containing functional surface groups. Near 1630 cm-1 there is a band of bending vibrations of OH 

groups. The intense band with a maximum, which varies for different samples in the range of  

1720-1810 cm-1, corresponds to the valence vibrations of C=O groups and indicates a high carboxylation of 

the nanoparticle surface. This is confirmed by the band of bending vibrations of groups C-O-C in the region of 

1100-1140 cm-1[14]. Thus, it follows from the IR absorption spectroscopy data that carboxyl groups dominate 

on the surface of all samples. This means that the difference in the photoluminescent properties of the samples 

is not caused by the functional cover of CNP. 

5. DETERMINATION OF THE RATIO OF CARBON IN THE NON-DIAMOND PHASE AND WITH SP3 

HYBRIDIZATION ON THE SURFACE OF CNP 

The ratio of carbon in non-diamond phase and with sp3 hybridization on the surface of the CNP was 

determined by confocal RAMAN spectroscopy. The broadband signal of CNP photoluminescence was 

approximated linear function and subtracted from the obtained Raman spectra. The obtained Raman spectra 

are presented in Figure 2. 
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Figure 2 Raman spectra of powdered samples of all carbon nanoparticles 

As it follows from the obtained data, in the spectra of all ND there are bands of carbon with sp3 hybridization 

with a maximum near 1329 cm-1. The shift of this band from the value of 1332 cm-1, corresponding to the 

position of this band in the bulk diamond, and its broadening are caused by the phonon confinement effect 

[15,16] and indicate the small sizes of studied ND. In the spectra of all samples one can observe D- and G-

bands with maximums near 1400 cm-1 and 1610 cm-1, respectively. Since the G-band overlaps with the water 

Raman bending band (with maximum near 1630 cm-1), in order to obtain useful G-signal, the band of bending 

vibrations of OH groups of water was subtracted from the band in the range from 1500 to 1700 cm-1. The 

integral intensity of band of the sp3-hybridized carbon with maximum near 1329 cm-1 S(sp3) is proportional to 

the amount of sp3-hybridized carbon in the samples. Since in the range from 1500 cm-1 to 1700 cm-1 the  

G-band of the sp2-hybridization carbon dominates, the sp2 designation will be used in the calculations. By 

calculating the integral intensities of these Raman bands, the ratio of amounts of carbon in different 

hybridizations (V(sp2) and V(sp3)) can be obtained by the following formula: 
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where: 

σ - cross-section of scattering of carbon in the corresponding hybridization. (cm2) 

S  - integral intensity of band. (a. u.) 

V - ratio of atoms in special hybridization. (a. u.) 

The cross-section of Raman scattering for different bands of CNP spectra is different and also depends on the 

excitation wavelength. Unfortunately, for the excitation wavelength 473 nm used in this study, we could not 

find in literature the values of the scattering cross sections of CNP. The values of scattering cross-sections of 

diamond (sp3-hybridization of carbon) σ(sp3) = 2.7•10-29 cm2 and graphite σ(sp2) = 7•10-28 cm2 under excitation 

by laser radiation with wavelength of 514.5 nm obtained by the authors [17] can be used as one of the most 

suitable for our conditions. 

The results of calculations of the ratio of integral intensities of the corresponding spectral bands of Raman 

spectra and the amount of carbon in sp2 and sp3 hybridizations, as well as percent content of the amount of 

sp2-hybridized carbon from the total amount of carbon in the studied CNP are presented in Table 1. 
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Table 1 The ratio of the integral intensities of spectral Raman bands and the amount of carbon sp2/sp3- 

  hybridizations and percent content of carbon of non-diamond phase from the total carbon 

 DND CDDND CDDND HClO4 CDDND H2SO4+HNO3 CD 

S(sp2)/S(sp3) 14.2±2.4 19.1±0.4 1.62±0.10 3.6±0.3 - 

V(sp2)/V(sp3) 0.55±0.14 0.74±0.04 0.063±0.005 0.13±0.01 - 

Part of carbon sp2, % 35±8 42±1 5.9±0.6 12±2 100 

F0 16 52 0.52 1.1 548 

From the calculated data it is possible to make a series of increasing the ratio of the amount of surface carbon 

in sp2-hybridization to the amount of surface carbon in sp3-hybridization: 

ND-CD(HClO4) < ND-CD(HNO3+H2SO4) <ND <CDDND <CD          (2) 

6. PHOTOLUMINESCENCE SPECTROSCOPY OF AQUEOUS SUSPENSIONS OF CNP 

Photoluminescence spectra of the prepared aqueous suspensions of all samples of CNP were obtained when 

excited by laser radiation with a wavelength of 405 nm. The concentration of all samples, except CD, was 1 

g/l, CD concentration was 0.001 g/l. The value of pH for all suspensions was 8. The obtained 

photoluminescence spectra of CNP under 405 nm excitation are shown in Figure 3. The band with maximum 

near 470 nm is the band of valence vibrations of OH groups of water. 

 
Figure 3 Photoluminescence spectra of aqueous suspensions of CNP excited by laser radiation with 

wavelength of 405 nm. (pH = 8). Illustration of calculation of parameter F0 

In order to quantitatively characterize the photoluminescence of samples, the parameter F0 was calculated. It 

is equal to the ratio of the integral photoluminescence intensity of CNP Sfluor to the integral intensity of the 

water Raman valence band Swater (Figure 3) [18]: 

�� 

������

������
� ,              (3) 

where: 

Sfluor - integral intensity of fluorescence 

Swater - integral intensity of water Raman valence band 
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Parameters F0 were calculated for all obtained photoluminescence spectra of aqueous suspensions. For 

suspensions of CD this parameter was recalculated for the CD concentration in water 1 g/L. The values of 

parameters F0 are presented in Table 1. It should be noted that acid treatment of CDDND samples led to 

significant weakening of their photoluminescent properties: the parameters F0 for CDDND(HClO4) and 

CDDND(H2SO4+HNO3) are extremely small. 

It follows from the results that there is an unambiguous relationship between the amount of carbon of the non-

diamond phase on the surface and the intensity of the photoluminescence of the CNP: greater amount of non-

diamond carbon on the surface corresponds to more intense photoluminescence of the samples. On the basis 

of a comparative analysis of the calculated parameters F0, the following sequence of CNP according to the 

intensity of their photoluminescent properties (in ascending order): 

ND-CD(HClO4) < ND-CD(HNO3+H2SO4) < ND < CDDND < CD           (2) 

The obtained sequence corresponds well with series (1) of increasing ratio of surface carbon in sp2 

hybridization to surface carbon in sp3 hybridization. This agreement once again confirms the hypothesis that 

the more carbon in the non-diamond phase there is on the surface of CNP, the more intense is 

photoluminescence of these nanoparticles. 

7. CONCLUSION 

Photoluminescence of CNP with different amounts of carbon in the non-diamond phase on the surface of 

nanoparticles was experimentally investigated. The results of confocal Raman spectroscopy of ND, CD, ND-

CD, CDDND(HClO4), CDDND(HNO3+H2SO4) and photoluminescence spectroscopy of aqueous suspensions 

of these nanoparticles indicate that the intensity of the photoluminescence of CNP in water uniquely depends 

on the ratio of surface carbon in the non-diamond phase and surface carbon with sp3 hybridization. Greater 

amount of carbon in the non-diamond phase on the surface of CNP corresponds to more intense 

photoluminescence of these nanoparticles.  

This study has been performed at the expense of the grant of Russian Science Foundation project No 17-12-

01481.  
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Abstract  

Zinc oxide nanoparticles (ZnO NP) have shown great potential as a novel antibacterial material at a time when 

resistance towards conventional antibiotics is becoming more prevalent. We report bacteria inactivation by 

ZnO NP with novel hedgehog-like morphology using model gram-negative (E. coli) and gram-positive (S. 

aureus) bacteria. E. coli exposed to the novel ZnO hedgehog NP during growth resulted in 4 orders of 

magnitude reduction in viable cell concentration after 24 h, which is more than 2 orders higher reduction 

compared to commercially available ZnO NPs with nominal sizes from 50 nm to 20 um. There was a positive 

correlation between hedgehog NP concentration and bacteria cell concentration reduction within the range 

tested 0.1 - 1.0 mg/mL. S. aureus was less sensitive to ZnO NP exposure and inactivation effect of various 

ZnO NP, was comparable. The effect can be thus attributed to direct mechanical damage of the bacterial 

mebrane that is the most effective for the novel hedgehog ZnO NP. This conclusion was corroborated also by 

disk diffusion assays. 

Keywords: Nanotechnology, microbiology, zinc oxide 

1. INTRODUCTION 

Materials at the nanoscale possess different physicochemical properties than bulk material due to increased 

surface area enhancing reactivity, and one such example is zinc oxide (ZnO). A large body of literature exists 

for ZnO nanoparticles (ZnO NP) particularly in photovoltaics due to the materials semi-conductive properties, 

wide band gap and ultra-violet light absorption capability [1]. ZnO NP is also known to possess antibacterial 

properties and the mechanism of inactivation is thought to be an interplay between a number of different 

processes: nanoparticle morphology and surface charge interaction, physical contact between the nanoparticle 

surface and bacteria cell surface leading to permeabilisation, and reactive oxygen species (ROS) and zinc ion 

(Zn2+) generation and subsequent internalisation that damages intracellular biomolecules such as DNA [2]. 

Reports suggest that ZnO NP treatment can even re-sensitize multi-drug resistant (MDR) bacteria to antibiotics 

that were previously ineffective [3]. Other promising antibacterial applications of ZnO NP include wound 

treatment [4], cancer therapy [5,6] and as an additive in food packaging [7]. The precise mechanism of 

interaction between ZnO NP and biological cells is dependent on the unique physicochemical properties 

derived from the synthesis process.  

ZnO NP can be synthesized via a number of different techniques: physical (e.g. gas plasma [8]), chemical (e.g. 

hydrothermal growth [9] or sol-gel technique [10]) or biological (extraction from plant tissue [11]). Each 

technique produces nanoparticles with unique morphologies with differing antibacterial potentials. ZnO NP 

characterization using microscopic and spectroscopic methods supplemented with standardized antimicrobial 

susceptibility testing is needed in order to compare the antibacterial potential of different ZnO NP due to the 

https://doi.org/10.37904/nanocon.2019.8666 
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vast array of possible particle morphologies e.g. spherical, rod-like, wire-like, flower-shaped and tetrapod. 

Morphologies composed of rough surfaces and/or sharp, pointed projections could be well suited to bacteria 

cell inactivation through irreversible physical damage to the outer cell envelope. Functional groups on the ZnO 

NP surface result in ROS generation, accompanied by the release of zinc ions (Zn2+) and internalisation further 

contributes to the inactivation mechanism.  

The aim of this research was to investigate the antibacterial potential of ZnO NP synthesized with hedgehog-

like morphology (i.e. many long, thin tubules branching from a single nucleation point). Bacteria were exposed 

to different concentrations of ZnO in liquid during growth, and the number of viable cells after certain timepoints 

over 24h were recorded.    

2. METHODOLOGY 

2.1. Bacteria Culture 

Gram-negative Escherichia coli (E. coli) and gram-positive Staphylococcus aureus (S. aureus) microorganisms 

were reconstituted using 200 mL Mueller Hinton broth (MHB, Oxoid) and grown overnight at 37 °C in an orbital 

shaker (150 rpm, Biosan). 2 mL of this stock culture was added to 1 mL sterile glycerol and stored at -20oC 

until required. A fresh culture was prepared for each experiment by inoculating 2 x 1 mL of the thawed bacteria 

suspension onto 2 Mueller Hinton agar (MHA, Oxoid) plates and placed in incubator overnight at 37 °C. 

Resultant growth was removed from one plate using a sterile loop and mixed with 5 mL MHB (relative 100 

dilution). Three decimal serial dilutions using MHB were performed and 2 mL of the final dilution was 

transferred to a sterile conical tube (Sterilin) and mixed with equal volumes of ZnO solutions. For the positive 

experimental control, 2 mL sterile deionized water (dH2O, conductivity (σ) = 0.1 µS/cm) was added to bacteria 

instead of ZnO solution. 

2.2. Zinc oxide material synthesis & preparation 

The synthesis procedure and extensive characterization of the hedgehog ZnO NP used in this study have 

been reported previously [9]. Briefly, crystalline ZnO NP were produced by adding equimolar volumes (25 mM) 

of zinc nitrate hexahydrate (Zn(NO3)2·6H2O) and hexamethylenetetramine (HMTA) at 90 °C for 3 h. Precursor 

salt residue was removed from the sample by washing 3-times with dH2O followed by centrifugation at 

18,000 rpm (RCF: 23542g) for 20 min. Spherical ZnO (Sigma) with an average size of <50nm, and micron-

sized ZnO (20 µm) were used for comparison with the hedgehog ZnO NP. Stock solutions of 2 mg/mL were 

prepared in glass vessels using 10 mL dH2O, which was subsequently autoclaved then sonicated (30 min, 

Sonorex Digitec, Bandelin) immediately before use.  

2.3. Antibacterial assessment techniques 

The bacteria-ZnO suspensions were placed upon an orbital shaker (150 rpm) located inside an incubator and 

samples were taken at various timepoints, up to 24h. Decimal serial dilutions were performed using sterile 

0.9% sodium chloride solution (NaCl, Penta) and 1 mL of the dilutions were added to MHA plates in duplicate 

and placed in incubator. Images of the plates after 18-24h incubation were taken and the number of colonies 

on each plate was determined using ImageJ.  

3. RESULTS & DISCUSSION 

3.1. Viable cell concentration 

The number bacteria that remained viable and formed a colony on MHA after exposure to ZnO over an 

incubation time of 24 h can be viewed in Figures 1 and 2. Bacteria not exposed to ZnO act as a control sample.  
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Figure 1 Number of viable E. coli cells after exposure to 3 types of ZnO, micron-sized powder (micro ZnO), 

nanopowder (nano ZnO) and synthesised nanoparticles (hedgehog ZnO) at 1 mg/mL (A) and 0.1 mg/mL (B). 

 
Figure 2 Number of viable S. aureus cells after exposure to 3 types of ZnO, micron-sized powder (micro 

ZnO), nanopowder (nano ZnO) and synthesized nanoparticles (hedgehog ZnO) at 1 mg/mL (A) and 0.1 

mg/mL (B). 

For a concentration of 1 mg/mL ZnO, gram-negative E. coli growth was inhibited to a greater extent than gram-

positive S. aureus (Figure 1 A and Figure 2 A). In the case of E. coli, hedgehog ZnO NP showed the greatest 

antibacterial effect, resulting in approx. 4 orders reduction in viable cell concentration after 24h compared to 

the untreated bacteria. The nano-sized reference material (nano ZnO) inhibited growth by approx. 2.5 orders, 

and the micron-sized material (micro ZnO) was the least effective at inhibiting E. coli growth. Interestingly, 

when a lower concentration of 0.1 mg/mL ZnO was tested the hedgehog NP was the least effective compared 

to the other ZnO materials (Figure 1B).  

There was no significant difference in the antibacterial potential of the ZnO materials tested against S. aureus. 
The viable cell concentration was reduced by approx. 1.5 orders of magnitude compared to the untreated 

bacteria after 24 h for all ZnO material independent of concentration (Figures 2A and 2B). Thus, ZnO NP had 

generally a greater inhibitory effect against E. coli than against S. aureus.     

The observed difference in bacterial inhibition efficacy of ZnO between the two bacteria types could be due to 

the fundamentally different outer cell structures. Gram-positive bacteria have a thick peptidoglycan layer 

located outside the phospholipid bilayer that enhances cell rigidity and makes cell death due to physical 
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damage less likely. Gram-negative bacteria contain a much thinner peptidoglycan layer, as well as an 

additional phospholipid bilayer, resulting in a more fluid cell membrane which could be more prone to damage 

as a result of physical impact. This would explain the lower final cell concentration of E. coli cells compared 

with S. aureus after 24 h (Figures 1A and 2A). ZnO NP synthesised via the reaction between zinc nitrate and 

potassium hydroxide in ethanol achieved complete growth inhbition (8 orders reduction) of E. coli growth at a 

concentration of 200 µg/mL, yet under the same experimental conditions S. aureus inhibition was not complete 

(4 orders reduction [12]). However, flow cytometric analysis of live and dead cells after ZnO NP exposure 

revealed little difference between the bacteria strains. In our study, the size and morphology of ZnO 

particulates had a greater inhibitory effect on E. coli than S. aureus, where hedgehog-like NP caused the 

largest reduction in viable cells after 24 h compared to the untreated cells, followed by spherical nano-sized 

material and then micron-sized particles (Figure 1A). There was little difference in S. aureus inhibition due to 

ZnO particle morphology (Figures 2A and 2B), again possibly due to the more rigid outer cell structure 

providing greater resistance to damage by physical impact. A study that used similar sized ZnO reference 

materials alongside synthesised ZnO NP, albeit at a much lower concentration, reduced the viable cell 

concentration by 2 orders of magnitude regardless of particle size [13]. The synthesized NP resulted in a 

further 1 order of magnitude reduction in viable cells, and was equally effective against E. coli and S. aureus 

[13]. The nano-sized reference material had a structure with high crystalinity, whereas the synthesised NP had 

irregular shaped edges which indicated low surface crystalinity and increased surface defects attributed to 

oxygen or zinc vacancies in the crystal lattice structure [13]. The authors reported increased Zn2+ concentration 

using the synthesised NP compared with either reference material and proposed a mechanism of inactivation 

dependent on Zn2+ release from the NP surface due to the observed defects rather than ROS generation or 

physical NP-bacteria interaction [13].            

3.2. Disk diffusion assay 

Disk diffusion assay assesses the ability of an antibacterial solution to diffuse through agar and inhibit growth 

without coming into direct contact with the bacteria. For a concentration of 1 mg/mL we determined a zone of 

growth inhibition using ZnO-loaded filter paper disks that were placed directly onto the agar surface containing 

bacteria. Limited inhibition was achieved against S. aureus yet none for E. coli. Spherical ZnO NP synthesised 

via a wet chemical method using zinc chloride and sodium hydroxide produced a larger zone of inhibition for 

S. aureus than E. coli [14]. By 

using different Zn-containing 

precursor molecules, the authors 

were able to synthesise 

nanorods and multi-faceted 

grain particles that also inhibited 

bacterial growth but to a lesser 

extent. Grain-like ZnO NP that 

were synthesized from plant 

extract also inhibited S. aureus 

growth more than E. coli, and a 

synergistic effect was observed 

when applied in conjunction with 

streptomycin [11]. These data 

suggest that NP size and 

morphology can affect the 

antibacterial effect of ZnO. 

Figure 3 Images of bacteria on agar subjected to ZnO-loaded filter 

paper disks (a - E. coli; b - S. aureus). Bacteria concentration on agar  

= 1 x 105 cfu/mL. Inset plate layout displays positioning of disks and 

solutions: Z1 & Z2 are hedgehog ZnO NP, Z3 is nanosized reference 

material and C is 25µL of 0.1 M H2O2.  
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4. CONCLUSION 

We studied antibacterial potential of ZnO NP with hedgehog-like morphology and comparison with 

commercially available nano-sized and micron-sized ZnO material. The hedgehog ZnO NP inhibited both E. 

coli and S. aureus growth. More pronounced effect was achieved using higher concentrations up to 1 mg/mL. 

Both nano and micron-sized ZnO inhibited bacterial growth but to a lesser extent. E. coli was more sensitive 

towards hedgehog NP exposure than S. aureus when the interaction occurred in liquid with agitation. Growth 

inhibition was only observed when the NP directly interacted with the bacteria cell, which implies physical 

damage rather than chemical processes as the dominant mechanism underlying the antibacterial potential of 

hedgehog NP. These promising results provide evidence that ZnO NP shape is an important property which 

governs the antibacterial potential and ZnO NP with complex geometries such as the hedgehog-like particles 

could be used as an effective antibacterial treatment.  
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Abstract 

We developed a transdermal drug delivery system containing tetracycline as a model antibiotic for wound 

healing application. Our previous in vitro tests proved no cytotoxic effect nor antibacterial activity of the silica 

nanofiber based matrix. This study was designed to evaluate biocompatibility of our nanofiber-antibiotic system 

via reconstructed human skin model, and to confirm sustained release of the incorporated active compound. 

Further characterization showed that both moisture vapor permeability and enhanced hydrophilicity of the 

modified nanofibers remained consistent after functionalization. The summarized results proved that this drug 

delivery system is a perspective solution in potential medicated sustained release patch for wound healing. 

Keywords: Silica dioxide nanofibers, sustained release, wound healing, antibiotic, topical delivery. 

1. INTRODUCTION  

Skin diseases are global problem worldwide including chronic wounds affecting about 1-2% of the population in the 
developed countries [1,2]. Bacterial contamination is one of the main reasons of difficult-to-healing wounds 
development, resulting in need for therapies based on broad-spectrum antibiotics [3]. Unfortunately, conventional 
oral or intravenous administrations may lead to systemic toxicity, bacterial resistance or other side effects. To 
overcome this problem, many researchers focus their attention to develop novel drug delivery systems with 
sustained release of the active compound directly into the wound [4,5]. Due to their unique physical and 
chemical properties, especially the high specific surface and excellent vapour permeability combined to the 
microbe-resistant membrane structure, nanofibers represent a robust material for this biomedical application 
[6]. Besides the commonly used natural and synthetic polymers, nanofibers can also be fabricated of inorganic 
compounds. We have focused on silica dioxide for its better biocompatibility in comparison to other metal 
oxides and low immunogenicity resulting from the fact that the silica is natural for the body [7]. Moreover, their 
surface is suitable for common chemical modifications necessary for subsequent drug conjugation [8,9].  

We have previously demonstrated the antibacterial activity as well as the biocompatibility in vitro of the silica 
dioxide nanofibers functionalized by silanization and subsequent bonding of tetracycline [10]. In this paper we 
present results of the biocompatibility tests performed via skin irritation test and aim to show the sustained 
release of the model antibiotic (tetracycline). Finally, we have focused on verifying hydrophilicity and moisture 
vapour permeability of the functionalized fibers. 

2. MATERIALS AND METHODS 

2.1. Chemicals 

Tetraethyl orthosilicate (TEOS, silica fibers precursor), (3-aminopropyl)triethoxysilane (APTES, the coupling 

agent) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The remaining chemicals, all of analytical 

reagent grade, were supplied by Penta (Prague, Czech Republic). 

https://doi.org/10.37904/nanocon.2019.8770 
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2.2. Preparation of nanofibers 

The silica nano-fibrous sheets of surface density of 470 g/m2 were electrospun under stable conditions, at  

22 °C (air-conditioned space) using the NanoSpider device (NS 1WS500U, Elmarco Ltd.). The distance 

between an electrode and a collector was 175 mm. The spinning solution was prepared by sol-gel method 

using TEOS as a precursor, voltage of 70kV was applied. Finally, electro-spun sheets were thermally treated 

(180 °C) to ensure their prolonged stability. Surface functionalization was realized by silanisation [11] as 

nanofibrous mats were cut into 5 x 5 cm sheets and immersed into 3% (v/v) APTES solution containing 4% of 

water in ethanol (v/v). The pH was adjusted to 5.3 using acetic acid. After 2-hour silanization of nanofibers at 

a laboratory temperature under continual shaking, the samples were washed by the solution containing 4% 

water in ethanol (v/v). Finally, the nanofibers were dried at 110 °C/30min. Control samples were prepared 

evenly but immersed in the mixture water/ethanol (4/96) with pH 5.3 only, without APTES. 

2.3. Reconstructed human skin model 

Biocompatibility was evaluated via skin irritation test on reconstructed ex vivo skin models of epidermis 

EpidermTM (MatTek Corporation, Ashland, USA). The test was carried out in accordance with the instructions 

given in the MK-24-007-0023 IN VITRO EpiDermTM SKIN IRRITATION TEST (EPI-200-SIT) and OECD 

Guideline No. 1 test. 439 - In vitro skin irritation: Reconstructed human epidermis test method, OECD Guideline 

for Chemicals testing 431 - In vitro skin corrosion: Human skin model test and Method B.46 - In vitro skin 

irritation: Reconstructed human epidermis model test 761/2009. In the test, living tissue of the epidermis was 

exposed to test materials with potential for skin applications and drug delivery. In accordance with the protocol 

MK-24-007-0023, exposure to the tested nanofibrous layers was performed in a size equivalent to the surface 

area of the skin model. Exposure lasted 60 minutes and was followed by 44 hours incubation under standard 

conditions without test sample. The assay was then evaluated by evaluation of active metabolic conversion of 

3- (4,5-dimethylthiazol-2-yl) -2,5-diphenyltetrazolium (MTT).  

2.4. Release kinetic testing 

In vitro release studies were done using automated Franz diffusion cell apparatus coupled to low pressure 

chromatographic system [12]: Franz cell (PermeGear, Hellertown, USA) consisted of donor and acceptor 

compartments between which the mixed cellulose esters membrane (Merck KGaA, Darmstadt, Germany) was 

placed as a barrier. The experiments were conducted in three independent vertical Franz cells with a nominal 

volume of acceptor compartment of 15ml and the exposed membrane surface area of 3,14cm2. The nanofiber 

sample was placed on the cellulose membrane from the compartment side of the cell. The acceptor 

compartment was filled with ultrapure water (pH 4,5) maintained at 37 °C by a water bath in order to ensure 

the temperature of 32 °C on the surface of the membrane. These conditions were established to mimic the 

physiological conditions in the wound. The acceptor medium was stirred continuously. For each analysis, 

100µL of sample were removed every 15 minutes, injected into HPLC column and spectrophotometrically 

quantified at 365nm. The receptor compartment was topped off with fresh medium after each sampling. The 

release profile for each sample was followed for 8 hours. 

2.5. Moisture vapour permeability 

The change in the moisture vapour permeability of the test samples in the presence of test solution was 

determined according to the European Standard EN13726-2: test methods for primary wound dressings [13]. 
Sample of each fibrous sheet was applied to a Paddington cup containing 25 ml of test solution. The cup was 

then weighed and placed in an incubator at 37 °C. A tray containing 1 kg of freshly dried silica gel was placed 

in the bottom of the incubator to maintain a low relative humidity within the chamber. At determined time period, 

the entire system of the cup was weighed and the weight of moisture vapour loss through the nanofibers was 

calculated. 
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2.6. Water contact angle measurement 

To study the hydrophilicity/hydrophobicity rate, the contact angle was measured at different positions on the 

samples at room temperature using a Kruss Drop Shape Analyzer DS4. A total volume of 2 �L of distilled water 

was dropped on the surface of a dry membrane surface, and the average values of the contact angle were 

calculated. 

3. RESULTS 

3.1. Biocompatibility via reconstructed human skin model 

EpiDermTM is a multilayer tissue model consisting of primary human fibroblasts and keratinocytes allowing 

biocompatibility evaluation in the liquid /air interface and was validated in 2018 as a human relevant alternative 

to the in vivo skin irritation test. The results summarized in the Figure 1 show that none of the tested materials 

can be considered as irritating. In this test group, the viability of the models was evaluated to be significantly 

greater than 50% (Cut-off level). The viability significantly exceeded 90% in all samples and reached level of 

viability of the control (untreated epidermis model. In the case of nanofibers with immobilized antibiotic the 

average value was 101.3 ± 2.4% of NC viability. 

 
Figure 1 Results of in vitro skin irritation test on reconstructed human epidermis EpiDerm TM model (SiO2-O 

are the untreated nanofibers, SiO2-NH2 the nanofibers after surface functionalization and SiO2-TET the 

silanized nanofibers with further functionalization with antibiotic tetracycline. 

3.2. Release kinetics study 

Franz diffusion cell based experiments are emerging as a generally accepted in vitro release testing method 

for semisolid formulations [14]. These open chambre based studies can simulate a topical application of the 

tested formulation by the mean of synthetic membrane, a tissue construct or a biological construct placed 

between the sample and the acceptor medium. The system is then used to evaluate the penetration of a drug 

through the barrier immiting the skin. The Figure 2 summerizes both release profiles of the nanofibers 

conjugated to tetracycline with or without the amino groups incorporated on the surface. As the data show, 

during the monitored period, the amount of the antibiotic in the medium increases much more slowly for the 

sample of nanofibers that carry the incorporated amino groups on their surface. The tested hypothesis about 

the benefit of the silanization step before antibiotic conjugation on the sustained release of the drug is therefore 

supported by the obtained data. We have also tested different temperature conditions and have observed that 
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the increase of the temperature led to accelerated drug release (unpublished data). This situation simulates 

environment of a contaminated wound undergoing inflammation leading to temperature rise. Over the next 

months, additional measurements will be taken to monitor the release of the substance in days, not just hours. 

However, we are aware of the necessity of parallel testing of degradation products of tetracycline in the medium 

due to the long-term study and the testing conditions that are degrading for the antibiotic under test. 

 

Figure 2 Release kinetic profiles for pristine SiO2 nanofibers with adsorbed tetracycline (TET_A) and for 

silanized SiO2 nanofibers conjugated to tetracycline (TET_AK), under testing conditions of 32 °C, pH 4.5, 

HAWP membrane 

3.3. Moisture vapor permeability testing 

Another important parameter observed usually in skin covers is the ability to remove water vapor, i.e. moisture 

vapor permeability. The proposed nanofibrous systems have also been tested for this property using the 

standardized Paddington Cup method (The European Standard EN13726-2, Test methods for primary wound 

dressings - Part 2: Moisture vapour transmission rate of permeable film dressings). As can be seen from the 

Figure 3, the water vapor permeability of nanofiber samples has been maintained after functional surface 

treatments and is similar to the commonly used, certified polypropylen/viscose based patch cushion.  

 

Figure 3 Monitoring of water vapor leakage from Paddington Cup system through various type of materials: 

silica dioxide nanofibers non-treated (SiO2), silanized (SiO2_NH2), silanized/tetracycline conjugated 

(SiO2_NH2_TET) and commonly used viscose/polypropylene based patch cushion as a control sample 
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3.4. Water contact angle measurement 

An important property of materials considered for transdermal applications is their hydrophilicity. The basic 

prerequisite for proper wound healing is the possibility of draining excess exudate from the wound while 

maintaining the so-called moist healing if possible. Therefore, all considered materials were also evaluated 

from this point of view by measuring the contact angle of wetting on a drop sessile to the surface of the tested 

nanofibrous material. Figure 4 shows that hydrophilicity of the nanofibers has improved with the surface 

treatments: the surface of the material changed from very hydrophobic (water contact angle around 120°) to 

completely hydrophilic (0°).  

 

Figure 4 The size of the contact wetting angles on a drop adjacent to the surface of different types 

of nanofibers, measured in different time ranges between the drop and sensing (0 min, 1 min, 5 min) 

4. CONCLUSION 

Our results represented in this study have proven silica nanofibers to be an interesting drug delivery solid 

formulation for treatment of contaminated topical wounds. The biocompatibility test performed on 

reconstructed human epidermis model EpiDermTM in vitro has shown neither cytotoxicity nor irritant effect of 

silica nanofibers with or without immobilized tetracycline. The release kinetics analysis has shown impact of 

state of the wound on the released antibiotic quantum as the TET release was decreased relevantly through 

the HAWP membrane simulating skin (epidermis) barrier under 32 °C in T-AK samples proving the positive 

effect of the silanization procedure on the drug immobilization and its subsequent release. We have also 

demonstrated that changed surface energy or wettability had no significant effect on the vapour permeability 

within the seven days period, which is an important parameter of wound dressing applicability.  

ACKNOWLEDGEMENTS   

Realization and presentation of the research reported in this paper was supported by the TAČR 
project TH02020786, the MPO Trio project FV10605 realized at the Institute for Nanomaterials, Novel 

Technologies and Innovation of the Technical University of Liberec and by the Ministry of Education, 
Youth and Sports of the Czech Republic and the European Union - European Structural and 

Investment Funds in the frames of Operational Programme Research, Development and Education - 
project Hybrid Materials for Hierarchical Structures (HyHi, Reg. No. 

CZ.02.1.01/0.0/0.0/16_019/0000843) 



  Oct 16th - 18th 2019, Brno, Czech Republic, EU 

 

 

341 

REFERENCES 

[1] CHEREDDY, K. K., LOPES, A., KOUSSOROPLIS, S. Combined effects of PLGA and vascular endothelial growth 
factor promote the healing of non-diabetic and diabetic wounds. Nanomedicine Nanotechnology Biology and 

Medecine. 2015.  vol.11(8), pp. 1975-1984. 

[2] GAINZA, G., VILLULAS, S., PEDRAZ, J. L., HERNANDEZ, R. M., IGARTUA, M. Advances in drug delivery 

systems (DDSs) to release growth factors for wound healing and skin regeneration. Nanomedicine 

Nanotechnology Biology and Medecine. 2015. vol.11(6), pp. 1551-1573. 

[3] RAYMENT, E. A., DARGAVILLE, T. R., SHOOTER, G. K., GEORGE, G. A., UPTON, Z. Attenuation of protease 
activity in chronic wound fluid with bisphosphonate-functionalised hydrogels. Biomaterials. 2008. vol. 29(12), pp. 

1785-1795. 

[4] HUA, S. Lipid-based nano-delivery systems for skin delivery of drugs and bioactives. Frontiers in Pharmacology. 

2015. vol. 6, pp. 219 

[5] PACHUAU, L. Recent developments in novel drug delivery systems for wound healing. Expert Opinion on Drug 

Delivery. 2015. vol.12(12), pp. 1895-1909. 

[6] CHEN, S., LIU, B., CARLSON, M.A., GOMBART, A.F., REILLY, D.A., XIE, J. Recent advances in electrospun 

nanofibers for wound healing. Nanomedicine. 2017. vol.12(11), pp. 1335-1352. 

[7] MARTIN, K. R. The chemistry of silica and its potential health benefits. The Journal of Nutriotion Health and 

Aging. 2007. vol.11(2), pp. 94-97. 

[8] TOMÁNKOVÁ, H., ROTKOVÁ, J. and RYSOVÁ, M. Inorganic Silica Nanofibers in a Role of Bioactive Compound 

Carrier. TANGER Ltd. Nanocon. 2015 

[9]  DANILOVÁ, I. et al. 2014. Immobilization of esterase enzyme onto silica nanofibers for biomedical applications. 

Vlákna a textil. 2014. vol.21(2), pp. 3-11. 

[10] TOMÁNKOVÁ, H., RYSOVÁ, M., PAZOUREK, A. Plasma Treatment in Suface Modification of Silica Dioxide 

Nanofibers. TANGER Ltd. Nanocon 2018. 

[11] HERMANSON, G. T. Silane Coupling Agents. In: Bioconjugate Techniques (Second Edition). Academic Press, 

New York, USA, 2008. Chapter 13, pp. 562-581. 

[12] ALVES, C. A., RAMOS, I. I. On-line automated evaluation of lipid nanoparticles transdermal permeation using 

Franz diffusion cell and low-pressure chromatography. Talanta. 2016. vol.146, pp. 369-374. 

[13] British Standards Institute - BSI. (2002). BS EN 13726-1:2002: test methods for primary wound dressings. Part 2: 

Moisture vapour transmission rate of permeable film dressings. London: BSI. 

[14] LIU, D., ZHANG, C., ZHANG, X., WANG, P., LI, J., YI, D., JIN, Y., YANG, D. Permeation measurement of 

gestodene for some biodegradable materials using Franz diffusion cells. Saudi Pharmaceutical Journal. 2015. 
vol.23(4), pp. 413-420  

  



  Oct 16th - 18th 2019, Brno, Czech Republic, EU 

 

 

342 

PSEUDOPEROXIDASE ACTIVITY OF SILVER NANOPARTICLES (AgNPs) AND CHANGES 

IN PEROXIDASE ACTIVITY IN MAIZE PLANTS EXPOSED TO AgNPs  

1Zuzana TOTHOVA, 1,2,3Karel SEHNAL, 1,2Dagmar UHLIROVA, 1,2Martina STANKOVA,  
1,2Michaela VSETICKOVA, 2Bozena HOSNEDLOVA, 4Marta KEPINSKA, 2,3Branislav RUTTKAY-

NEDECKY, 1Josef RUZICKA, 1,3,5Yagmur OZDOGAN, 6Carlos FERNANDEZ,  
4Halina MILNEROWICZ, 2Jiri SOCHOR, 1,2,3,4Rene KIZEK 

1Department of Research and Development, Prevention Medicals s.r.o., Studenka-Butovice,  

Czech Republic, EU, uhlirova@preventionmedicals.cz  

2Department of Viticulture and Enology, Faculty of Horticulture, Mendel University in Brno, Lednice,  

Czech Republic, EU, bozena.hosnedlova@post.cz 

3Department of Human Pharmacology and Toxicology, University of Veterinary and Pharmaceutical 

Sciences Brno, Brno, Czech Republic, EU, kizek@sci.muni.cz    

4Department of Biomedical and Environmental Analyses, Faculty of Pharmacy with Division of Laboratory 

Diagnostics, Wroclaw Medical University, Wroclaw, Poland, EU, zalewska.m@gmail.com  

5School of Pharmacy, Altinbas University, Faculty of Pharmacy, Mahmutbey Mahallesi, Bagcılar/Istanbul, 

Turkey 

6School of Pharmacy and Life Sciences, Robert Gordon University, Garthdee Road, Aberdeen, Scotland, 

United Kingdom, EU, c.fernandez@rgu.ac.uk   

Abstract  

Some types of nanoparticles such as gold and silver show interesting chemical properties. Pseudoperoxidase 

activity has been found in iron- or gold-based materials, but some silver nanoparticles (AgNPs) also exhibit 

such properties. Pseudoperoxidase activity of AgNPs prepared by green synthesis using sage leaves was 

studied. The AgNPs (prepared by green synthesis using sage leaves) size ranged from 20 to 50 nm and zeta 

potential was found to vary from -10 to 20 mV, with absorption maximum being 430 nm. The peroxidase-like 

activity was monitored in the presence of 5 mM 3,3',5,5'-tetramethylbenzidine (TMB) and hydrogen peroxide 

(30%). The nanoparticles showed about 80% activity of 1 mU horseradish peroxidase (HRP). In addition, 

AgNPs were applied to maize seedlings (5 days in hydroponics system) at concentrations of 1 mg/L, 50 mg/L, 

and 150 mg/L. Peroxidase activity in leaves after 48 hours was 59.5, 67.5, and 57.2 µg.mL-1 of HRP, 

respectively. Peroxidase activity of untreated plant leaves was 58.8 µg.mL-1 of HRP. Peroxidase activity in 

roots after 48 hours was 101.6, 109.0, and 156.7 µg.mL-1 of HRP, respectively. The peroxidase activity level 

of the control variant in root of treatment was 98.7 µg.mL-1 of HRP. The results indicate that the determination 

of peroxidase activity could be used to assess the phytotoxicity of nanoparticles in plants.  

Keywords: Green synthesis, toxicity of nanoparticles, enzymatic activity, maize, nanotoxicity 

1. INTRODUCTION 

With the development of nanotechnologies and their subsequent applications in biology, there is considerable 

interest in their use in nanomedicine, in particular in the field of drug delivery, imaging or biological separation 

techniques. Despite the fact that nanoparticles have shown adverse effects, they are almost biologically and 

chemically stable [1]. Silver nanoparticles (AgNPs) are one of the most commonly used nanomaterials in 

various fields. Silver nanoparticles exhibit significant antibacterial effects thereby providing excellent potential 

for industrial applications [2]. In addition, ongoing climate change will lead to dramatic changes in ecosystems, 

https://doi.org/10.37904/nanocon.2019.8511 
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including bacteria [3]. Thus, the need to create new ways of protecting human and animal health from 

dangerous infections can be expected. As a result of their increased use, nanoparticles will increasingly be 

released into the environment and therefore knowledge of their effects on other living organisms is important. 

In addition, biological interactions and relationships that have not yet been described may be revealed [4]. 

More detailed information on the effect of nanoparticles on plants, including translocation and role in plant 

metabolism has been summarized by Faraz et al. [5]. In several works, AgNPs were prepared with the use of 

maize extracts [6,7]. After the administration of AgNPs, anatomical changes in maize plants and accumulations 

of the nanoparticles in their roots were observed [8]. Thus, finding suitable biochemical markers to assess the 

plant's stress response is a challenge [9]. In plants, phenolic compounds, flavonoids, antioxidant enzymes and 

others are commonly analysed. In addition, plants respond to the presence of heavy metal ions by the 

synthesis of thiol compounds (glutathione, phytochelatins) [10,11]. Horseradish peroxidase (HRP) is known to 

be an oxidoreductase that uses peroxide to oxidize many organic and inorganic substrates. HRP is also the 

most widely used enzyme in biotechnological applications where it provides a color reaction in the presence 

of hydrogen peroxide and a suitable chromogen 3,3',5,5'-tetramethylbenzidine (TMB) [12]. However, a 

significant disadvantage is its biological instability. The peroxidase-like activity has been reported in some 

types of nanoparticles, such as iron or gold [13,14]. The advantage of such particles is their excellent stability 

at normal and extreme temperatures, pH, etc. The aim of this work was to study the effect of different 

concentrations of AgNPs and silver nitrate (AgNO3) on maize seedlings (Zea mays) and the assessment of 

their peroxidase activity. 

2. MATERIAL AND METHODS 

Chemicals. All chemicals used in this study such silver nitrate, methanol, NaCl, 3,3′,5,5′-tetramethylbenzidine 

(TMB), H2O2 (30 %), mercaptosuccinic acid (MSA), Na2HPO4, NaH2PO4, HNO3, Trizma base and HCl were 

purchased from Merck (USA), in ACS purity. Propanol and NaBH4 were purchased from Merck (USA), and 

25 % aqueous NH4OH was purchased from Lach-Ner, s.r.o. (Neratovice, Czech Republic). All chemicals that 

we used for gel electrophoresis were purchased from VWR (Germany). All plastic materials used (tubes, tips) 

in this study were purchased from Eppendorf (Hamburg, Germany). Deionised water was prepared by using 

the reverse osmosis equipment Aqual 25 (Brno, Czech Republic), and was further purified by using an ELGA 

apparatus equipped with a UV lamp (Lane End, United Kingdom). Instruments. The absorbance spectra of 

nanoparticles were recorded using a UV-3100PC UV-VIS spectrophotometer (VWR, USA). Plant cultivation. 

Maize seeds (Zea mays) of Silen variety were sprouted on cellulose wadding in cultivation boxes (BATIST 

Medical a.s., Czech Republic) in an amount of 3 x 5 seeds and were watered by tap water (250 mL, conductivity 

of 480 µS/cm, pH 6.5). The boxes were left for one week at 25 °C. For our experiment, 5-day-old maize 

seedlings were selected. The plants were chosen to be uniform in size. After this time the seedlings were 

placed into a hydroponic system with 3 L of cultivation solution and with a light of 36 W/865, FAR of 100 

µmol/m2/s with light/dark intervals of 12 h/12 h. AgNO3 and AgNPs were applied at 1, 50, 150 mg/L. Distilled 

water was used as a negative control. Plant sample preparation. Physiological and morphological evaluation 

of plants: Stem (weight, length, number of leaves, shortest leaf, longest leaf) and root (weight, length of longest 

and shortest root, number of roots) morphology in the plants was observed. Other experimental details are 

given in Sehnal [15]). Peroxidase assay. A substrate was prepared to contain acetate buffer pH 4 (0.5 M), 

TMB (5 mM) and H2O2 (30%). The substrate (200 µL) was pipetted into a pre-washed plate and 10 µL of the 

sample was added. Measurement was done at room temperature for 30 min at 620 nm (Infinite F50, TECAN, 

Switzerland). The obtained kinetic curves were mathematically analyzed. Statistical analysis of data. 

Experimental work was performed in at least three independent experiments. Each sample in the experiments 

was analysed at least five times. The obtained data presented in this paper are the average values. No 

experimental points were excluded from the proposed experimental study. All the obtained data were stored 

in the Qinslab database (Prevention Medicals, CR). If possible, data were processed and evaluated 
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mathematically and statistically in the Qinslab database. The results were expressed as mean ± standard 

deviation (SD). Photos were processed by the ColorTest program (Prevention Medical), which assigns an 

intensity to the individual pixels of the studied image in a given color area. For preparing the publication, the 

data were processed using MICROSOFT software (USA).  

3. RESULTS AND DISCUSSION 

Peroxidase reaction participates in many biochemical pathways and biotechnological applications [16] due to 

the fact that some groups of compounds or nanomaterials may possess enzyme (also peroxidase) activity  

[16-18]. As shown in Figure 1, since 2015, the number of outputs regarding this research has dramatically 

increased.  

 
Figure 1 Number of items for the keyword “peroxidase-like activity” in Web of Science, data was evaluated 

for the years 2015 and 2019 (to the date of 30/7/2019). 

Finding suitable markers for plant stress response caused by nanoparticles action is a challenge. Plants 

including agriculturally very intensively used species such as maize could be exposed to nanoparticles present 

in the environment. However, there is very little information about the effect of AgNPs on maize in research 

studies. In previous experimental work, AgNPs were prepared by green synthesis. The nanoparticles were 

spherical in shape with sizes of 20‒50 nm and the absorption maximum was around 430 nm. The prepared 

nanoparticles were further precipitated with methanol and dried at 60 °C. They were then re-dispersed in water 

and used for this experiment. We found that AgNPs showed pseudoperoxidase activity by oxidizing the TMB 

substrate. A typical blue TMB color reaction was generated (Figure 3). AgNPs showed significant temperature 

(- 20 to + 100 °C) and pH (2 to 14) stability compared to HRP. In addition, long-term stability at the ambient 

temperature of about 25 °C was studied. No difference in peroxidase activity was observed over 30 days 

(95 ‒ 100 % of original signals) after 6 months of AgNPs storage, pseudoperoxidase activity reached 85 ‒ 

95 % activity of freshly prepared AgNPs. AgNPs prepared in this way showed antibacterial properties (Sehnal 

et al. - unpublished results). AgNPs were applied to maize seedlings (5 days in hydroponics system). The 

maize plants were exposed to AgNO3 and AgNPs for 120 h. Physiological growth parameters were evaluated 

at 24, 48, 96, and 120 h. Significant growth depression (statistically significant) was observed in plants exposed 

to AgNPs and AgNO3 (from 70 to 60 % of the control). With increasing concentration and time exposure, there 

was an increase in total growth depression mainly in the variant with AgNO3 (50 % of the control). In the AgNPs 

variant, the variability of results was observed but the average value was 102 % of the control. Significant 

effects were observed in the variant exposed to AgNO3. The observed effects on growth were statistically 
insignificant to the control at the concentration of 1 mg/L AgNPs. 
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Figure 2 Cumulative effects of AgNPs and AgNO3 (control,1, 50, and 150 mg/L) on maize plants:  

A) leave weight, B) root weight, C) leaf length, D) root length 

The maize plants treated with AgNPs and AgNO3 looked similar to the control variant. In the variants with 

AgNO3, color changes and a very intense change in leaf turgor were visible. Evidently, the variant with AgNO3 

was more toxic to plants. In addition, increases in levels of thiol compounds have been observed in plants 

exposed to metal ions. Peroxidase activity was tested for each test variant (Figure 2). We found that plant 

extracts from both leaves and roots showed peroxidase activity. AgNPs were applied at concentrations of 1 

mg/L, 50 mg/L, and 150 mg/L. The peroxidase activity level of the control variant in leaf after 48 hours of 

treatment was 58.8 µg.mL-1 of HRP. Peroxidase activity in leaves was 59.5, 67.5, and 57.2 µg.mL-1 of HRP, 

respectively. The peroxidase activity level of the control variant in root after 48 hours of treatment was 98.7 

µg.mL-1 of HRP. Peroxidase activity in roots was 101.6, 109.0, and 156.7 µg.mL-1 of HRP, respectively. Typical 

images of samples in the visual test for peroxidase activity are shown in Figure 3. 
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Figure 3 Typical images of samples in the visual test for peroxidase activity after 30 minutes. 200 µL 

of solution (TMB, H2O2, and acetate buffer pH 4) and 10 µL of the sample was pipetted into microtitration 

plate well. 

CONCLUSION 

It was found that AgNPs prepared by green synthesis showed pseudoperoxidase activity and are thus able to 

decompose hydrogen peroxide to water. AgNPs and AgNO3 were applied to maize plants in a hydroponic 

experiment (for 5 days). We found biological effects concerning both nanoparticles and silver ions. Statistical 

analysis showed that plants treated with silver nanoparticles exhibited a much higher weight and a much 

greater length than those treated with silver nitrate. Size of nanoparticles and their easy transport from root to 

leaves through xylem can be the reason of this result. We found that plants treated with nanoparticles had less 

peroxidase activity compared to plants treated with silver ions. It has been shown that nanoparticles are less 

phytotoxic for plants according to metal ions. Silver ions have been shown evident phytotoxicity on maize 

plants. Thus, peroxidase activity can be used as detector of phytotoxicity. In addition, peroxidase activity from 

the above-ground plant parts and root extracts of the maize was studied. Peroxidase activity was found to 

increase in the variants tested. 
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Abstract 

Cerium oxide (CeO2) nanoparticles present an interesting material for various applications in biotechnology 

and medicine. The mechanism of CeO2 nanoparticles biological activity is supposed to be related to the 

presence both Ce3+ and Ce4+ ions on the surface of the nanocrystal. We studied and compared the catalytic 

activity of CeO2 nanoparticles synthesized by chemical and physical methods. The cerium oxide was found to 

demonstrate catalase-like and peroxidase activity. CeO2 nanoparticles obtained by a chemical method showed 

more pronounced catalytic properties. In addition, this material catalyzed the decomposition of hydrogen 

peroxide by the enzyme horseradish peroxidase. 

Keywords: Nanoparticles, luminescence, defects, cerium dioxide, catalytic activity, enzymes, catalase 

1. INTRODUCTION 

Cerium oxide (CeO2) nanoparticles present a promising object for various applications, including biomedical 

research [1-3]. The CeO2 nanoparticles are characterized by a high oxygen non-stoichiometry. The formation 

of oxygen vacancies leads to the reduction of cerium ions to the Ce3+ state on the particle surface. Such 

property correlates with the catalytic activity of cerium oxide nanoparticles and is probably responsible for their 

biological activity. 

Many studies have reported on the multienzyme activity of cerium oxide nanoparticles, acting like superoxide 

oxidase [4] catalase [5] and oxidase [6] enzymes. CeO2 nanoparticles catalyze the reactive oxygen species 

decomposition such as superoxide radical and hydrogen peroxide. Compared with natural analogues of 

enzymes, enzyme-like substances based on nanomaterials provide lower cost, the ability to change their 

catalytic activity and improved stability under harsh conditions. As shown in [7], CeO2 nanoparticles possess 

enzyme-like catalytic activity and are stable over a wide range of pH values and temperatures, in contrast the 

natural enzyme horseradish peroxidase. Moreover, on the surface of nanomaterials there can be a larger 

number of catalytic centers as compared to natural enzymes, which have only one active center in the molecule 

[8]. The catalytic activity based on the cerium oxide nanoparticles ability to participate in the cycles of reduction 

and oxidation. 

The majority of researches are devoted to the study of cerium oxide nanoparticles obtained by various 

chemical methods (co-precipitation method, hydrothermal synthesis, sol-gel technique, etc.). During chemical 

synthesis, the nanoparticles surface may be coated with an organic shell [9-10]. This shell helps to improve 

the aqueous sols stability and allows subsequent conjugation with biological molecules. In addition, the organic 

coating can protect the CeO2 nanoparticles from oxidation, i.e., keep mixed valence states of cerium on the 

surface. 

At the same time, the features of physical methods for producing this material are less considered. As we 

showed earlier, CeO2 nanoparticles, obtained as a result of strongly nonequilibrium gas-phase synthesis 

https://doi.org/10.37904/nanocon.2019.8696 
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method conditions exhibit pronounced luminescent properties [11]. This fact allows us to assume the cerium 

ions of different valences presence on the nanoparticles surface.  

The purpose of the present work is to study and compare the catalytic properties of CeO2 nanoparticles 

produced by a gas-phase method and chemical technique. 

2. EXPERIMENTAL 

We studied two group of nanoparticles produced by different methods. The first group of CeO2 nanoparticles 

was obtained by a pulsed electron beam evaporation in a low-pressure gas on a NANOBIM-2 installation. The 

details of nanomaterial synthesis correspond to paper [12]. The second group of CeO2 nanoparticles was 

produced by chemical method according to paper [13] and coated with maltodextrin. We denote the first group 

as CeO2 (P), the second group - CeO2 (C). 

We used the suspensions of nanoparticles for catalytic activity research. The nanoparticles were dispersed in 

distilled water in concentrations of 5 mg/ml. The sodium citrate was used as a suspension stabilizer for the 

first group of nanoparticles. The dispersion was thoroughly mixed and treated with ultrasound for 40 min. 

The catalase-like activity of CeO2 nanoparticles was studied by measuring the optical absorption of the 

suspensions before and after the addition of hydrogen peroxide (3%). The optical absorption spectra were 

recorded with a Helios Alpha spectrophotometer (λ=190-1000 nm) equipped with the Vision 32 software. The 

peroxidase activity of CeO2 was determined using the TMB reagent (tetramethylbenzidine) by ELISA method. 

3. RESULTS AND DISCUSSION 

The catalase-like activity of CeO2 nanoparticles was evaluated by the suspensions change in the optical 

absorption in the region of about 400-450 nm after the H2O2 addition (Figure 1). There is an expressed change 

in optical density for the CeO2 nanoparticles produced by chemical method. At the same time, a similar effect 

is not observed for CeO2 nanoparticles synthesized by a pulsed electron beam evaporation. A small decrease 

in the optical density of a CeO2 (P) sample may be associated with effects of agglomeration and sedimentation. 

  

(a) (b) 

Figure 1 Change on optical absorption of CeO2 nanoparticles during interaction with H2O2:  

the solid line - before H2O2 adding (pure), the dashed line - after H2O2 adding (in 1 min);  

the dash-dotted line - after H2O2 adding (in 5 min). a) CeO2 (C), b) CeO2 (P) 
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Figure 2a shows the CeO2 (C) nanoparticles differential optical absorption spectra before and after adding 

H2O2 in 1 min and 5 min. Relative changes in the optical density of H2O2-containing samples were used for 

evaluation the catalase-like activity. The study results of the catalase-like activity dependence on concentration 

are presented in Figure 2b. 

  

(a) (b) 

Figure 2 a) Difference between optical absorption spectra of CeO2 (C) nanoparticles before and after adding 

H2O2 in 1 min (the solid line) and 5 min (the dashed line); b) The relative change dependence in the optical 

density of CeO2 (C) samples in the 450-500 nm region after the H2O2 addition to concentration 

The results of study on the peroxidase activity are presented in Figures 3-4. Figure 3 presents the study 

results of the CeO2 effect on the tetramethylbenzidine (TMB) oxidation. The synergistic effect of CeO2 

nanoparticles and the enzyme horseradish peroxidase when interacting with TMB are shown in Figure 4.  

  

(a) (b) 

Figure 3 Concentration dependence of the CeO2 nanoparticles effect on the TMB oxidation:  

a) CeO2 (C), b) CeO2 (P) 

The study’s results of the CeO2 nanoparticles catalytic activity show their catalase-like and peroxidase-like 

activity. The CeO2 nanoparticles action mechanism as a catalase enzyme involves a two-step process: Ce4+ 

ion is first reduced by H2O2 to Ce3+ state, and a hydroperoxyl radical (HO•) is formed, then this radical is 

involved in the Ce4+ state in Ce3+ reduction. Common reaction products are Ce3+ ions, protons, water, and 

molecular oxygen [14]. Recent studies have shown the oxidation of Ce3+ into Ce4+, induced by H2O2, leads to 
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the stable intermediate particles, such as peroxo- or hydroperoxoforms, associated with the nanoparticle 

surface [15]. The peroxidase-like activity mechanism also consists in the transformation of the hydrogen 

peroxide to water and molecular oxygen reduction [16]. 

  

(a) (b) 

Figure 4 Concentration dependence of the CeO2 nanoparticles and horseradish peroxidase synergistic 

effect on the TMB oxidation: a) CeO2 (C), b) CeO2 (P) 

The observed enzyme-like activity is most appeared for the nanopowder obtained by the chemical method. 

This may be due to the fact the maltodextrin shell obstructs the natural CeO2 oxidation processes and thus 

preserves the Ce3+ and Ce4+ ions presence on the particle surface. CeO2 nanoparticles obtained by the gas-

phase method have a rather high different valence cerium ions ratio [17]. However, strongly nonequilibrium 

evaporation conditions by an electron beam lead to a significant structural defects number, including on the 

nanoparticle surface [11]. The presence of structural defects leads to the formation of complex defects 

associated with Ce3+ ions and oxygen vacancies. This complicates the participation of Ce3+ ions in redox 

reactions and, probably, is a reason for the less expressed catalytic activity of these samples. 

Note, the maltodextrin-coated CeO2 nanoparticles exhibit catalytic activity that depends linearly on 

concentration. This is probably due to a sufficiently equable nanoparticles distribution in the sol. At the same 

time, the nanopowders obtained by the gas-phase method are characterized by the micrometer-sized elements 

presence as a synthesis result [12]. This can lead to a non-equitable nanoparticles’ agglomeration distribution 

and a sol stability deterioration. 

4. CONCLUSION 

This paper presents a catalytic properties study of CeO2 nanoparticles produced by a gas-phase method and 

chemical technique. Catalase-like and peroxidase-like activity of nanoparticles were detected. The most 

expressed catalytic activity is observed for nanoparticles obtained by a chemical method. Nanoparticles 

obtained by the gas-phase method are characterized by a non-equitable agglomerates distribution in size, 

and, accordingly, a lower sol stability. Probably, this may be the reason for the lower catalytic samples’ activity 

obtained by this method. The CeO2 nanoparticles and the horseradish peroxidase enzyme synergistic effect 

has been demonstrated. This allows to consider this object as a potential hydrogen peroxide biosensor in an 

enzyme-linked immunosorbent assay. 
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Abstract 

We report the optimal conditions for the separation of spermidine from different types of samples, for example 

blood or cancer cells and its subsequent determination by ion-exchange liquid chromatography (IEC) with UV-

VIS detector. Here in, we synthesized paramagnetic particles able to isolate and immobilize spermidine from 

blood of patients with cancer or cancer cells and thus preconcentrate it for analysis. Dowex surface was 

covered by nanomaghemite (γ-Fe2O3) or maghemite particles surface was modified by chitosan and 

sulfoxyethyl cellulose. The best separation properties showed Dowex microparticles. The paramagnetic 

particles can be used in the future for isolation of spermidine from real samples and diagnosis of cancer. 

Keywords: Ion exchange chromatography, maghemite, spermidine, chitosan and sulfoxyethyl cellulose    

1. INTRODUCTION  

Spermidine is a polyamine, usually isolated from sperm, located in the living cells, tissues and ribosomes [1]. 

Spermidine plays important role in various biological processes, such as regulation of plant growth, assisting 

in vitro process of transcribing RNA, and/or inhibition of nitric oxide synthase (NOS) [2]. Spermidine and 

spermine, are promising biomarkers of Parkinson disease (PD). Each polyamine enhance longevity via 

autophagy induction, under physiological conditions demonstrated ability of their metabolite to act as an 

diagnostic, age-related and severity of Parkinson disease [3]. On the other hand, increased levels of 

polyamines are toxic to cells, and can facilitate cell death based on the oxidative stress [4]. Polyamines, such 

as spermidine, spermine and putrescine have antioxidant properties, play major roles in the prevention of 

chronic diseases for example cardiovascular diseases and in the differentiation and development of immune 

system [5]. Currently, different methods are developed for spermidine detection. Most of them are based on 

chromatography (GC, HPLC) [6,7] with tandem of mass spectrometry (MS) [8], IEC [9] or CE [10]. In our study, 

we decided to use ion exchange chromatography with post-column ninhydrin derivatization and VIS detector 

for spermidine determination [10].  

2. METHODOLOGICAL BASES AND EXPERIMENTAL PART 

2.1. Chemicals 

Spermidine of purity 99 % was obtained from Sigma Aldrich (St. Louis, Missouri, USA).  Solution of spermidine 

for preparing of calibration curve was prepared in the dilution buffer Na: TDG (N3Na - 0.10 g, NaCl -11.5 g, 

C6H8O7 - 14 g per 1L H2O). For experiment were used citric acid, NaCl, N3Na, TDG, HCl 35 %, ninhydrine, 

https://doi.org/10.37904/nanocon.2019.8496 
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sulfoxyethyl cellulose, chitosan and Dowex from Sigma - Aldrich, Methylocelosolve (Ingos, Prague, Czech 

Republic), SnCl2 (Ingos, Prague, Czech Republic). 

2.2. Ionex chromatography  

An AAA 400 (Ingos, Czech Republic) liquid chromatography apparatus was used for determination of amino 

acids. The system consists of a glassy filling chromatographic column and steel precolumn, two 

chromatographic pumps for transport of elution buffers and derivatization reagent, cooled carousel for 25 test 

tubes of 1.5 - 2.0 mL volume, dosing valve, heat reactor, VIS detector and cooled chamber for derivatization 

reagent. Chromatographic columns for transfer of elution buffers and derivatization reagent are able to work 

at flow 0.01-10 mL•min−1 under a maximum pressure of 40 MPa. Volume of injected sample was 100 µL with 

an accuracy of application RSD of about 1%. A two-channel VIS detector with a 5 µL flow volume cuvette was 

operated at wavelengths of 440 and 570 nm. 

2.3. SEM characterization of PMPs 

Structures of particles were characterized by electron microscope MIRA 3 XMU (Tescan, a.s., Brno, Czech 

Republic). The SEM was fitted with Everhart-Thronley type of SE detector, high speed YAG scintillator based 

BSE detector, panchromatic CL Detector. For automated acquisition of selected areas, a TESCAN proprietary 

software tool called Image Snapper was used.  

2.4. Preparation of microparticles   

MAN 1 

Iron chloride(III) hexahydrate (2g) was dissolved in water (160 mL) and a solution of NaBH4 (0.4 g) in 3.5 % 

NH3 (20 mL) was added with stirring. After hydrogen evolution, the mixture was heated to boiling for 2 h and 

left overnight. Nanomaghemite was separated on magnet and washed several times with water. Sulfoxyethyl 

cellulose (0.5 g) was poured into nanomaghemite suspension, agitated overnight, separated on external 

magnet and dried at 40 ºC.  

MAN 16 

Nanomaghemite was prepared as described for MAN 1. Dowex (1 g) was poured to nanomaghemite 

suspension instead of cellulose.  

MAN 25 

In the preparation chitosan solution (1 ml, 1 %) was added with stirring to the suspension of nanomaghemite. 

Product was treated as in previous cases.  

3. RESULTS AND DISCUSSION 

Goal of our paper was primarily isolation and separation of spermidine, based on the adsorption of analyte on 

the paramagnetic microparticles and subsequent determination using ion-exchange liquid chromatography 

(IELC). We modified nanomaghemite with sulfoxyethyl cellulose (MAN 1), DOWEX (MAN 16) and chitosan 

(MAN 25). SEM characterization of the prepared microparticles is visualized of Figures 1 and 2. Paramagnetic 

particles on the surface of Dowex sphere are well seen on Figure 1A (MAN 16). The fibres of sulfoxyethyl 

cellulose covered with magnetic particles are visualized on Figure 1B and C for MAN 1, whereas the structure 
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of MAN 15 is seen on Figure 2 at three different magnifications. All the three kinds of microparticles are stable 

in solution and are perfectly separated from the solution by external magnetic field. In our experiments of 

amines binding to paramagnetic particles, we have tested six amines. The results can be seen on graphs in 

Figure 3. These PMPs showed excellent properties for binding of spermidine (recovery 37.25 %) for MAN 16, 

15.6 % for MAN 25 and 14.32 % for MAN1 (Figure 3D). We used Britton-Robinson buffer with pH 2 which 

causes spermidine protonation that leads to positive charging of molecules due to its pI = 5.3 for spermidine. 

Interaction between surface of magnetic microparticles and positively charged molecules provides the binding 

between them. These interactions depend on isoelectric points of polyamines, which are in this mode behaving 

as the ion-exchangers.  

 

Figure 1 Characterization of paramagnetic particles. (A) SEM scan of paramagnetic microparticle MAN 16 in 

resolution of 5 µm, showing the particle size, (B) SEM scan of paramagnetic microparticle MAN 1 in 

resolution of 50 µm and (C) SEM of MAN 1, scale 500 µm.  

 

Figure 2 Characterization of paramagnetic particles MAN 25. (A) SEM scan of paramagnetic  

microparticles in resolution of 5 µm, showing the particle size. (B) SEM scan in resolution of 50 µm.  

(C) 500 µm. 
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Figure 3 IELC characterization of paramagnetic particles (A) MAN 25, (B) MAN 16, (C) MAN 1, (D) IELC 

results showing ability of paramagnetic microparticles bound required substances specifically 

3. CONCLUSION 

In our study, we synthesized new paramagnetic microparticles able to bind spermidine that can be considered 

as promising biomarker of Parkinson disease. The paramagnetic microparticles (MAN 16) have potential to 

better isolation from the samples of plasma, cells and/or or tissue and in future can serve for application as a 

biosensor.  
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Abstract  

Prostate cancer is the most common malignant tumor in men, whose incidence is significantly different 

geographically and increases with age. For rapid diagnostics, new tumor markers with higher prognostic 

relevance are still being sought. A very promising candidate molecule is the amino acid sarcosine. The aim of 

this work was to design a highly sensitive photometric detection system for the sarcosine determination. An 

original methodology for determining the amino acid sarcosine using Trinder's reaction with sarcosine oxidase 

and Amplex Red fluorophore has been proposed. To improve the enzymatic reaction sarcosine oxidase and 

horseradish peroxidase were immobilised on superparamagnetic irone oxide nanoparticles (SPIONs). 

Absorbance dependence on sarcosine concentration read off at the wavelength of 572 nm was linear over a 

total range of 0 - 1000 μM (r ≥ 0.99) with limit of detection (LOD) of 2 μM and limit of quantification (LOQ) of 6 

μM. The suggested procedure allows to analyze the content of sarcosine in real urine specimens. The 

proposed method is capable of detecting sarcosine at micromolar concentrations. 

Keywords: Sarcosine; prostate cancer; photometric detection; red amplex; sarcosine oxidase   

1. INTRODUCTION  

The issue of the incidence of prostate cancer in men has long been a serious health problem [1,2]. In recent 

years, an increase in the incidence of prostate cancer has been observed, especially in developed countries. 

According to WHO statistics are diagnosed each year worldwide more than 1.1 million new cases and 

registered about 300,000 dead men. Suitable tumor markers are sought for rapid diagnostics [3,4]. A very 

promising potential marker is the amino acid sarcosine (N-methylglycine) [5,6]. Sarcosine is an amino acid that 

is part of the metabolic pathways of glycine, serine and threonine [7]. Enzymatic methods are very suitable for 

automated determination of creatinine, uric acid, triacylglycerol, cholesterol, glucose or other analytes using 

Trinder reactions. This reaction is based on the use of a suitable dye (such as 4-aminoantipyrine, 3,3′,5,5′-

tetramethylbenzidine and other suitable molecules) in the presence of hydrogen peroxide and peroxidase. An 

enzymatic-coupled colorimetric assay has been developed to quantify urinary sarcosine [8]. A number of 

analytical techniques are used to detect sarcosine: photometry, electrochemistry, mass detection and liquid 

https://doi.org/10.37904/nanocon.2019.8596 
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chromatography [6,9]. Reaction solutions (including nanoparticles) for the determination of sarcosine by the 

enzymatic method for use in conventional photometers or in fully automated systems have been described 

[10-14]. Zinc has been shown to have a significant effect on sarcosine oxidases [15], it is therefore appropriate 

to use it in assays, and reaction solutions containing this enzyme. Furthermore, enzymatic methods have been 

proposed on various carriers (gold magnetic nanoparticles), which are useful for quantitative and qualitative 

analysis of sarcosine in a biological sample. The proposed method is a specific reaction based on the formation 

of hydrogen peroxide (H2O2) by sarcosine oxidase (SOX). The released H2O2 reacts with Amplex Red in the 

presence of horseradish peroxidase (HRP) to form a red-fluorescent oxidation product, resorufin, which can 

be measured spectrophotometrically (OD570). Reaction conditions such as pH and reaction time have been 

optimized. Amplex Red is a highly sensitive and stable H2O2 probe, a great fluorogenic substrate for peroxidase 

[16]. In the presence of horseradish peroxidase (HRP), Amplex Red reacts in stoichiometry 1: 1 with H2O2 to 

form a highly fluorescent resorufin [8,17].  

 

Figure 1 Schematic representation of Amplex Red conversion into Resorufin Horseradish peroxidase 

(HPR) enzyme uses hydrogen peroxide as an oxidizing agent to convert Amplex Red into the fluorescent 

Resorufin 

2. MATERIAL AND METHODS 

Chemicals: sodium citrate dihydrate, hydrogen tetrachloroaurate(III) tetrahydrate, hydrogen peroxide, sodium 

carbonate anhydrous, sodium hydrogen carbonate, disodium hydrogen phosphate, sodium 

dihydrogenphosphate, acetic acid (HAc), and sodium acetate (NaAc) were all purchased from Merck 

(Germany). Amplex Red was purchased from Thermo Scientific (UK). All reagents were of analytical grade 

and used without any further purification. Ninhydrin, hydrindatin were purchased from Ingos (Czech Republic). 

Aqueous solutions for size analysis were prepared using Ultra (Elga, UK) resistivity 18 MΩ-cm. For other 

purposes deionized water was used. Modification of SPION with SOX: The method was described in the work 

of Uhlirova at al. [18]. Shortly: SPIONs/Au/NPs (40 mg) were washed 3 times with 1000 µL of 1xPBS (pH 7.0), 

120 rpm for 60 seconds, and then separated using a neodymium magnet. Subsequently, SPIONs/Au/NPs 

were dispersed using ultrasonic (USC-T, VWR Germany) 40 W for 10 min. The prepared NPs were then 

modified with acetic acid and chitosan (8 mg/mL) and 100 µL of SOX. Incubation of the NPs took place for 30 

minutes on a rotator (Multi-Rotator RS 60, Biosan, Lithuania). Absorbance scan was carried out in the range 

from 300 - 850 nm by 2 nm steps, intervals between measuring were every 5 minutes. Data was evaluated at 

572 nm. All measurements were performed at 25 °C (V UV-3100PC, VWR, Germany), cuvette Brand 

(Germany). Blanc was measured (only reaction solution). Samples of mixed urea was pipetted to cuvette with 

reaction solution and add addition of sarcosine. The samples for measurements (100 µL) were placed in 96 

well polystyrene plate (Gamma, Czech Republic). The absorbance or spectra in plate were recorded by using 

a reader Varioskan Lux (Thermo Scientific, UK). Absorbance scan was measure in the range from 450 - 600 
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nm, at 37 °C, 240 rpm, completely 30 min (2 nm every 5 min). Lyophilisation was processed for 48 h at - 80 °C 

and 0.1 mbar (Labconco, USA). Test Samples: Artificial urine samples were prepared according to available 

protocols [19]. Urine samples obtained from healthy volunteers (K) were collected at time intervals. Samples 

P were obtained from patients-voluntary donors with a histologically confirmed diagnosis of prostatic carcinoma 

(PCa). All procedures were performed in accordance with ethical principles. Sarcosine content was analysed 

by the proposed method. All participants signed informed consent to use their biological sample (E01/2019). 

From all participants, the informed consent for the collection and analysis of clinical samples was obtained. 

Sample analysis was performed by the methodology developed in this article. Data treatment and descriptive 

statistics. The experimental work was carried out in three independent experiments. The analysis of each 

sample was carried out 5 times. The obtained data are presented as average values. From the proposed study 

no experimental subjects were excluded from the proposed experimental studies. All the obtained data were 

stored in the QINSLAB database (Czech Republic). If possible, data was processed and evaluated 

mathematically and statistically in the QINSLAB database. Photographs were processed by programme 

ColorTest, which assigns intensity to the individual pixels of the studied image in the color area. For the 

publication purpose, data were processed using Microsoft (USA).  

3. RESULTS AND DISCUSSION 

The development of a simple assay for sarcosine analysis requires modification of conventional procedures. 

Our design uses superparamagnetic irone oxide nanoparticles (SPION) modified by SOX and HRP enzymes 

[13] as shown in Figure 2A. For long-term use, SPION enzyme nanoparticles were lyophilized for 48 h  

at -80 °C and 0.1 mbar pressure in glass vials. After successful lyophilization, a layer of modified nanoparticles 

was formed at the bottom of the vial. The nanoparticles thus prepared exhibited long-term stability of more 

than 3 months at room temperature (enzyme activity decrease by about 10 %). Lyophilized SPION / HRP / 

SOX were activated by addition of reaction solution (its composition was optimized in our previous work 

[10,13]) and then a studied urine sample was applied. The sensitivity of the method to sarcosine was good 

when using various artificial urines (LOD between 1 and 5 µM) [11], however, when the protocol was applied 

to a real urine sample, the sensitivity was affected and the LOD was around 20 µM. Therefore, we proceeded 

to search for a novel modification using the reaction of peroxide with 10-acetyl-3,7-dihydroxyphenoxazine to 

the color 7-hydroxy-3H-phenoxazine-3-one (Figure 1). Figure 2B shows a typical color reaction (Amplex Red, 

0.5 mM) and sarcosine (100 µM). The obtained intense pink color was in the visible area and there was clear 

fluorescence under the UV lamp. In other experimental works we observed the absorption spectrum of 

sarcosine (20 µM), which was very reproducible and the signal intensity was 20 - 40 % higher compared to 

the method using the reaction with 4-aminoantipyrine (Figure 2C). Figure 2D shows the temporal change in 

the signal of resorphine produced by the hydrolysis of sarcosine SOX (20 µM). The analysis was performed at 

intervals every 5 minutes for a total measurement time of 60 min. The resulting spectra show two absorption 

maxima, one around 530 nm and the other around 570 nm. These changes will be related to the course of 

oxidation of 10-acetyl-3,7-dihydroxyphenoxazine to color 7-hydroxy-3H-phenoxazine-3-one [16]. For 

quantitative evaluation of sarcosine concentration, it is preferable to use a signal at 570 nm. The main objective 

of the experimental work was to apply the proposed procedure to real urine samples. Therefore, experiments 

were carried out in various environments (phosphate buffer pH 7, artificial urine AU-N and real urine). We 

found that limit of detection (LOD) in phosphate buffer was around 2 µM (RSD 4.75 %), in AU-N, LOD was 

about 1 µM and RSD was 5 %, in real urine LOD was about 6 µM (RSD 10.87 %), when the number of 

repetitions was 5.  

Subsequently, we focused on a more detailed study of reaction behavior in real urine samples. Mixed urine 

was prepared for this purpose (collected during the day, then sterilized and filtered; conductivity 25 mS, K 26 

mmol /L, Cl 202 mmol /L, Na 11 mmol /L, pH 7.28, density 1.0210 g.cm-3, creatinine 10.4 mmol /L, ascorbic 
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acid 3.97 µmol/L, uric acid 4 mmol/L, urea 290 mmol/L, protein 7 mg/L, redox 21.5 mV). We observed changes 

in sarcosine color reaction signals at different concentrations (0 - 50 µM), RSD ranged from 9.79 to 18.51% 

and LOD was around 2 - 4 µM sarcosine concentration. In other experiments we focused on monitoring the 

effect of Amplex Red concentration (0; 0.10; 0.20; 0.50; 1.00 mM). Typical absorption spectra showed that the 

maximum sarcosine response (100 µM) was around 0.50 mM at Amplex Red, and no increase in color 

resorphine signal was observed at higher Amplex Red concentrations above 0.50 mM. Lower concentrations 

of Amplex Red led to the formation of less colored resorphine and thus reduced sensitivity of the method. On 

the other hand, a color reaction was observed in real urine samples without sarcosine present at higher Amplex 

Red concentrations applied (over 5 % of test samples). Decreasing the Amplex Red concentration resulted in 

a false positive below 5 %. Potential interfering substances, especially albumin and creatinine, were studied 

in other experiments. We found that increased concentrations of these compounds in the real urine sample 

increase RSD by about 5 - 10 %. In addition, the effects of uric acid, urea, increased ionic concentration (Na, 

K, Cl) and total protein on signals were studied. Here again, there was no significant effect on the course of 

the reaction. Only changes in the range of 5 - 10 % RSD were observed. The photoactivation of the test under 

irradiation with a conventional fluorescent lamp was found to be the most serious interfering effect. In this case, 

a color reaction developed in the control variant (no sarcosine) within 30 min. This negative effect was 

completely eliminated by preventing the access of lighting. The reproducibility of such a test at the applied 

sarcosine concentration (100 µM) was very good and recovery ranged between 95 - 105 %. 

 

Figure 2. Probable scheme of SPION modified by SOX and HRP. Sarcosine is hydrolyzed to form glycine, 

formaldehyde and hydrogen peroxide. Hydrogen peroxide in the presence of 10-acetyl-3,7-

dihydroxyphenoxazine reacts to the colored 7-hydroxy-3H-phenoxazine-3-one (A). Typical color reaction of 

sarcosine (100 µM); intense pink color in the visible area and under the UV lamp bright fluorescence (B). The 

typical absorption spectrum of sarcosine (20 µM) after 30 min interaction at 25 ° C, the gray line is a 

sarcosine-free reaction (C). Time change of signal of resorphine produced by sarcosine hydrolysis (20 µM), 

measurement intervals every 5 minutes for a total measurement time of 60 min (D). 

We tested various real urine samples (n = 10) using the Amplex Red method for visual evaluation of the color 

reaction (Figure 3). We found that we were able to recognize sarcosine at concentration range from 2.5 to 5 

µM. The specificity and sensitivity of the test was then evaluated. In the subsequent evaluation of the ROC 

curves we found a sensitivity of about 0.8 and a specificity of about 0.9, but some samples showed a specificity 

of only 0.2. The average ROC curve obtained had an AUC of 0.727, which is justified and good according to 

the classification ratings used. The obtained results are completely piloted and the proposed methodology will 

be tested in more detail on a larger sample set. 
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Figure 3 Visual assessment of the color reaction of the sarcosinuria test in a real urine sample. Typical 

reaction when evaluating higher urine concentrations (A) and lower urine concentrations (B). Other 

experimental conditions are given in Material and Methods section. 

4. CONCLUSION 

The high sensitivity method for detecting the amino acid sarcosine using Amplex Red has been optimized. The 

proposed method increased sensitivity in a real urine sample with an LOD of around 2 µM (RSD 10 %). In 

addition, the proposed procedure is also suitable for visual assessment when sarcosine concentrations around 

2.5 µM could be detected. When evaluating the ROC curves, the area under the AUC curve was 0.727. 
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Abstract 

In the poster a novel approach of a single nanoparticle binding event detection is presented, allowing detection 

of gold nanoparticles down to 40 nm diameter. The system is based on a surface plasmon resonance excited 

on an optical grating combined with a supercontinuum laser and a tuneable filter allowing a use of an optimal 

spectral region. A large visual field enables a detection of binding events at low concentrations, with a possible 

application in the field of biochemical analysis. 

Keywords: Surface plasmon, surface plasmon polariton microscopy, nanoparticles, digital detection 

1. INTRODUCTION 

Surface plasmon resonance microscopy (SPRM) is a method capable of imaging individual metal 

nanoparticles (NP) binding to metal surface. SPRM allows for imaging individual metal NPs near the metal 

surface in real time via the scattering of surface plasmons polaritons (SPPs) propagating along the surface [1]. 

In this work, we report on a new SPRM system based on diffraction gratings (DGs) and explore its potential 

for the detection of gold NPs. 

2. INSTRUMENTATION 

The optical system for SPRM consists of a light source, collimating optics, a diffraction grating and a detector. 

The light source is a supercontinuum laser, combined with a tunable filter which generates light of a selected 

wavelength and 1 nm spectral width. The emitted light is collimated and made incident on the DG at normal 

incidence. The gold-coated DG is interfaced with a flow-cell that allows incubation of the surface of DG with 

liquid samples. The beam reflected from the DG passes through a beam splitter and is focused on the CCD 

detector by 2x telecentric optics. 

Image data are generated in the form of differential images that are created from a current image by subtracting 

the reference image collected in the beginning of the experiment. Acquisition times varies between 0.2 and 2 

s. The imaged area is about 10 mm2 large. 

 

https://doi.org/10.37904/nanocon.2019.8768 
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Figure 1 Photograph and scheme of the optical system of SPRM 

DIFFRACTION GRATTINGS: 

The DGs were optimized for the highest sensitivity to a refractive index (RI) change in a proximity of the 

surface. Three spectral regions were chosen, around 750, 650 and 600 nm (the gratings optimized for these 

spectral regions are denoted as @750, @650 and @600). 

Table 1 Parameters of DGs employed in the system 

DG  
DESIGNED 
PERIOD [nm] 

FABRICATED 
PERIOD [nm] 

DESIGNED 
DEPTH [nm] 

FABRICATED 
DEPTH [nm] 

SENSITIVITY 
[RIU-1]* 

@750  527.5  405.5  40  45  -8.71 

@650  453  452  35  32  4.51 

@600  407.2  528.3  25  24  3.21 

* The sensitivity is the simulated sensitivity on the RI change of 20nm-thick layer on the gold surface. 

3. EXPERIMENTAL 

The performance of the SPRM system was characterized in model experiments, where gold NPs were 

adsorbed on the DG that had been functionalized with a self-assembled monolayer of alkylthiols. SPP 

resonance wavelength was measured for each DG using SPP spectroscopy and the illumination wavelength 

for SPRM was determined which yields the best performance (highest image contrast).  

Figure 2 Signal-to-noise ratio as a function of 

wavelength. DG - @650, NP diameter - 80 nm, 

dip position - 648 nm 
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TEMPORAL RESOLUTION: 

Our experiments show that longer acquisition times reduce the noise of the image and improves its contrast 

(Figure 3). The NPs are considered detectable when the SNR exceeds 2.5. 

 

DG @750, NP diameter 80 nm  

 

DG @650, NP diameter 40 nm 

 

DG @600, NP diameter 40 nm 

Figure 4 Detected patterns of gold NPs. Acquisition time is 1 s for all the images. 

Figure 3 Influence of acquisition time on 

background intensity, intensity of the NP 

pattern and SNR. DG - @750, NP diameter - 

80 nm. 

The SPR enables observation of NPs: 

DG @750 

NPs down to a diameter of 60 nm 

temporal resolution down to 0.2 s 

DG @650 and @600 

NPs down to a diameter of 40 nm 

temporal resolution about 1 s 
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4. CONCLUSIONS 

We demonstrate a new SPRM system that allows observing gold NPs down to a diameter of 40 nm with a 

temporal resolution down to 0.2 s. 
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Abstract 

In this work, composite layers of hexamethyldisilazane (HMDSN) and lactic acid (LA) were prepared using 

chemical vapor deposition process by a nitrogen atmospheric pressure plasma jet source. The HMDSN 

vapours were introduced into the plasma jet. Varying LA admixture was added into the jet in the form of aerosol. 

The chemical composition, morphology and wettability of resulting films were studied. Infrared spectra and 

XPS analysis show both Si-O like and hydrocarbon structures. With increasing amount of LA admixture, the 

oxidation of the layers increases. The morphology of the films was measured with SEM. The films prepared 

with no LA have a foam-like structure. With increasing amount of LA the structure changes into more fractal-

like. The X-ray diffraction analysis suggests the presence of amorphous SiO2 domains in the films. The films 

exhibited superhydrophobic properties that can be modified by the post-treatment of the samples in DBD 

discharge.  

Keywords: Lactic acid, hexamethyldisilazane, atmospheric plasma jet 

1. INTRODUCTION 

(Bio)degradable polymers, like polyethylene oxide and polylactic acid, are used in biomedical field [1], food 

industry, packaging or medicine [2]. For such applications, preparation of these materials in the form of thin 

films with controlled properties via plasma-based methods was found viable [3][4], including deposition in 

atmospheric pressure plasma [5].   

Atmospheric pressure plasma jets have been used to produce thin films based on siloxanes [6][7] or silazanes 

[8][9]. While the monomer is more typically introduced into the discharge in the form of vapours, deposition 

from aerosols has also been demonstrated [10][11]. In this work, a combined deposition from HMDSN vapours 

and lactic acid aerosol in atmospheric pressure plasma jet has been studied. 

2. EXPERIMENTAL 

2.1. Preparation of the films 

The films were prepared using atmospheric pressure DC plasma jet fed with nitrogen (Figure 1) [12][13]. The 

total N2 flow used was 7 l/minSTP. Of this, 0.1 l/minSTP (100 sccm) was fed into the bubbler with HMDSN, 

effectively then carrying about 3 sccm (0.025 ml/min) of HMDSN. Lactic acid was supplied by a syringe pump 

into an ultrasonic sprayer (nebulizer). The resulting aerosol was carried with the rest of the N2 flow. The 

resulting mixture of N2, HMDSN vapours and LA aerosol was fed into the plasma jet. The plasma jet was 

https://doi.org/10.37904/nanocon.2019.8767 
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operated at 10.2 kV and 11.3 mA. The deposition time was 5 minutes. The films were deposited on single-side 

polished silicon and gold-coated silicon. 

 
Figure 1 Scheme of deposition setup 

2.2. Characterization of composition and morphology of the films 

The chemical structure of the films was characterized using infrared spectroscopy (FTIR-RAS, Bruker Equinox 

55) and X-ray photoelectron spectroscopy (XPS, Specs Phoibos 100). Morphology of the films was 

characterized by scanning electron microscopy (SEM, Tescan Mira III) and X-ray diffraction (XRD, Rigaku 

SmartLab). Water contact angle measurement and the dielectric barrier discharge (DBD, Ceplant) setup for 

post-treatment [14] were custom built. 

3. RESULTS AND DISCUSSION 

3.1. Infrared spectra 

The infrared spectra of the films (Figure 2) generally resemble more the HMDSN monomer than LA, despite 

the relatively high LA input into the nebulizer. That can be probably explained by a worse transmission of the 

LA aerosol through the gas conduit in comparison with the HMDSN vapours. The most prominent features of 

the films can be attributed to bonds for silazanes (Si-N-Si, N-H), siloxanes (Si-O-Si) and alkyl-substituted 

silanes (Si-H, Si-(CH3)x, CHx) with the presence of OH groups and a very small amount of C=O bonds.  

With increasing LA admixture most visible changes can be seen in the peak around 1100 cm-1. The shape of 

the peak shifts in favour of Si-O-Si bonds compared to nitrogen and carbon containing bonds, but the overall 

intensity of the peak decreases in comparison to the signal of Si-bound CH3 group. 

3.2. X-ray photoelectron spectroscopy 

The elemental composition of the films (Figure 3) was established using XPS. The amount of silicon in the 

films remains roughly constant. However, with increasing LA admixture, the amount of oxygen in the films 

increases and the amount of carbon and nitrogen decreases. 

The shape of the high-resolution peaks was found to be too symmetrical to allow reliable assignment of all the 

various bonds possibly present in the films. The elemental composition of films on gold-coated substrates was 

measured as a double-check to avoid the influence of the silicon substrate on the apparent film composition. 

No significant difference to the composition of the films on pure silicon was found. 
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a)  

b)  

Figure 2 Infrared spectra, absorbance. a) Films prepared at a varying amount of lactic acid admixture. 

Intensity normalized on peak at 1270 cm-1. b) Tabulated spectra of lactic acid and hexamethyldisilazane. 

   

Figure 3 Elemental composition of films obtained by XPS for varying LA admixture. 

3.3. Chemical composition - summary 

The amount of silicon in the films seems to be almost independent of the concentration of LA added into the 

working gas. The concentration of nitrogen is very low (in HMDSN monomer the Si/N ratio is 2, in the films it 

is 8 or more) and for layers prepared with some LA, the nitrogen nearly disappears. We can also see that there 

is a lot of oxygen in all layers, including those without LA admixture. The plasma jet column itself carries in the 

ideal case only nitrogen with precursors, so we suppose that oxidation from the ambient air around the jet 

takes place in the process. An increase of the oxidation with increasing LA admixture shows a fragmentation 

of LA molecule, bringing more oxygen into the process. The plasma polymerization of lactic acid takes place 

in a very small amount if at all - if it were the case, the C/O ratio would not drop with LA admixture.  
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   LA 0 ml/min            LA 0.05 ml/min         LA 0.1 ml/min          LA 0.2 ml/min           LA 0.5 ml/min 

a)  

b)  

c)  

Figure 4 SEM images of the film for varying LA admixture a) top view b) close-up top view c) side view 

3.4. Morphology of the films 

The SEM images of the films are shown in (Figure 4). The films show a foam-like or fractal-like structure for 

lower or higher LA admixture, respectively. The size of the structures seems also to slightly increase with 

increasing LA admixture. 

The film thickness increases with increasing LA amount 

input (Figure 5). However, the films then also appear to 

be visually less dense. The effective deposition rate of 

the films is 1-2 m/min. 

 

 
Figure 5 Thickness of the films in dependence on the 

LA admixture 
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3.5. X-ray diffraction 

The X-ray diffraction data were obtained for the samples prepared at 0.1 ml/min and 0.2 ml/min of LA 

admixture. A weak peak around 2Φ=23° was detected. The corresponding lattice constant can match SiO2 

domains that can be present in the structure of the films. The width of the peak (~10° FWHM) suggests that 

these domains are amorphous. 

3.6. Wettability properties of the films and DBD treatment of the films 

The films were found to be superhydrophobic and slippery (water contact angle ~180°, no hysteresis in 

advancing/receding contact angle). Films prepared with 0 and 0.2 ml/min LA admixture were treated with 

dielectric barrier discharge in air. After treatment with the discharge with a power density of 3 W/cm2 for 10 s 

these films were found to be superhydrophilic. This switching between the extremes of wetting behaviour of 

nanostructured films due to chemical changes on their surface have previously been demonstrated on other 

nanostructured films [15][16]. 

4. CONCLUSIONS 

Thin films from hexamethyldisilazane and lactic acid have been prepared using atmospheric pressure plasma 

jet. The LA is found to be strongly fragmented in the discharge. The resulting nanostructured films have a 

general composition of oxidized organosilicones with domains of SiO2. The films exhibit superhydrophobic 

properties. 
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Abstract 

In this paper, we report the optimal conditions for the isolation and preconcentration of branched chain amino 
acids (BCAAs) - leucine, valine and arginine from different types of matrix, such as tissue, plasma, blood, 
bacteria or cells.  Herein, we focused on the synthesis of paramagnetic particles able to isolate and immobilize 
amino acids and thus preconcentrate it for subsequent analysis on ion-exchange liquid chromatography with 
VIS detector. We modified nanomaghemite (γ-Fe2O3) by multi walled carbon nanotubes (MWCNT) and 
hyaluronic acid as the functional carriers providing excellent affinity properties. Our paramagnetic particles 
have potential for better isolation of BCAAs mainly from plasma or bacteria and in the future they can also be 
applied as a platform of delivery system. 

Keywords: Ion Exchange Chromatography, Maghemite, MWCNT, BCAAs, valine, leucine, arginine 

1. INTRODUCTION  

Branched chain amino acids (BCAAs) play metabolic and physiologic roles in the processes in mammalian 
bodies, for example protein synthesis [1], signalling pathways [2], and metabolism of glucose, may be used as 
possible marker of diabetes mellitus type 2. Oxidation of BCAAs may increase fatty acid oxidation and play a 
role in obesity. BCAAs, play major physiological roles in the brain function and/or in immunity [3]. They are 
involved, for example in the cardiac hypertrophy in regulation of proteosynthesis [4]. BCAAs are used in many 
cases as a bioactive part of cationic peptides with antimicrobial activity (mostly leucine-rich, arginine-rich and 
valine-rich, having high antibacterial activity and perfect hemocompatibility) [5,6]. Paramagnetic particles 
(PMPs) are very important for targeted drug delivery directly to the centre of the disease under different 
conditions and, thereby, treat it purposely and/or to enhance the interactions between delivery system and the 
selected target (cancer cells, bacteria’s cells etc.) [7]. Maghemite particles for isolation or preconcentration of 
BCAAs from fluids of the body may be applicable as magnetically-immobilizable recognition elements in 
biosensors. Nowadays, various methods are developed for branched chain amino acids (BCAAs) such as 
valine, leucine and arginine determination. Most of them are based on chromatography (GC, LC, UHPLC) [8] 
with tandem of mass spectrometry (MS) [9], IEC [10] or CE [11]. In our paper, we decided to use ion exchange 
chromatography with post-column ninhydrin derivatization and VIS detector for valine, leucine and arginine 
detection [10].  

2. METHODOLOGICAL BASES AND EXPERIMENTAL PART 

2.1. Chemicals 

Arginine of purity 99 % was obtained from Sigma Aldrich (St. Louis, Missouri, USA). Solution of arginine for 

preparing of calibration curve was prepared in the dilution buffer Na: TDG (N3Na-0.10 g, NaCl-

https://doi.org/10.37904/nanocon.2019.8497 
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11.5g, C6H8O7-14 per 1L H2O). For experiment were used Citric acid, NaCl,N3Na,TDG,HCl 35 % from Sigma 

- Aldrich (St. Louis, Missouri USA), Ninhydrin from Sigma - Aldrich (St. Louis, Missouri,USA), Methylcellosolve 

(Ingos, Prague, Czech Republic), SnCl2 (Ingos, Prague, CzechRepublic). 

2.2. Ionex chromatography  

An AAA 400 (Ingos, Czech Republic) liquid chromatography apparatus was used for determination of amino 

acids. The system consists of a glassy filling chromatographic column and steel precolumn, two 

chromatographic pumps for transport of elution buffers and derivatization reagent, cooled carousel for 25 test 

tubes of 1.5-2.0 mL volume, dosing valve, heat reactor, VIS detector and cooled chamber for derivatization 

reagent. Chromatographic columns for transfer of elution buffers and derivatization reagent are able to work 

at flow 0.01-10 mL•min−1 under a maximum pressure of 40 MPa. Volume of injected sample was 100 µL with 

an accuracy of application RSD of about 1%. A two-channel VIS detector with a 5 µL flow volume cuvette was 

operated at wavelengths of 440 and 570 nm. 

2.3. SEM characterization of modified maghemite particles  

Structure and elemental composition of paramagnetic microparticles were characterised by electron 

microscope. For documentation of the selected nanomaterials a FEG-SEM MIRA XMU (Tescan, a.s., Brno, 

Czech Republic) was used. This model is equipped with a high brightness Schottky field emitter for low noise 

imaging at fast scanning rates. The SEM was fitted with Everhart-Thronley type of SE detector, high speed 

YAG scintillator based BSE detector, panchromatic CL Detector and EDX spectrometer. The MIRA 3 XMU 

system is based on a large specimen chamber with motorized stage movements 130×130 mm. Samples were 

coated by 10 nm of carbon to prevent sample charging. A carbon coater K950X (Quorum Technologies, 

Grinstead, United Kingdom) was used. For automated acquisition of selected areas a TESCAN proprietary 

software tool called Image Snapper was used. The Accepted Article software enables automatic acquisition of 

selected areas with defined resolution. Different conditions were optimized in order to reach either minimum 

analysis time or maximum detail during overnight automated analysis. An accelerating voltage of 15 kV and 

beam currents about 1 nA gives satisfactory results regarding maximum throughput. 

2.4. SCEM determination of relative current response of modified maghemite particles PMPs  

Identification of the relative current response before and after BCAA binding was performed using a scanning 

electrochemical microscope, Model 920D (CH instruments, Austin, TX, USA). Measurements were carried out 

with 10 μL of paramagnetic articles in concentration of 10 μg·mL−1 mixed in ACS water. The electrochemical 

microscope consisted of a 10 mm platinum disc probe electrode with a potential of 0.2 V. Another platinum 

disc electrode was used with an O-ring as the conducting substrate with a potential of 0.3 V. During scanning, 

the particles were attached to the substrate platinum electrode by magnetic force from a neodymium magnet. 

The liquid used in the analyses consisted of 5 % ferrocene in methanol (w/v) mixed in ratio 1:1 with 0.05 % 

KCl in water (v/v). Measurements were performed in a Teflon cell with volume of 1.5 mL according to the 

following parameters: amperometric mode, vertical scan area 40 μm × 40 μm, and scan rate of 30 μm·s−1. 

2.5. X-ray fluorescence analysis of PMPs 

XRF elemental analysis of PMPs was carried out on Xepos (SPECTRO analytical instruments GmbH, Kleve, 

Germany) fitted with three detectors: Barkla scatter - aluminium oxide, Barkla scatter - HOPG and 

Compton/secondary molybdenum respectively. Analyses were conducted in Turbo Quant cuvette method of 

measuring. Analysis parameters were set to - measurement duration: 300 s, tube voltage from 24.81 to 47.72 

kV, tube current from 0.55 to 1.0 mA, with zero peak at 5000 cps and vacuum switched off. 
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2.6. Preparation of microparticles   

MAN 26 

Maghemite particles were prepared by sodium borohydride (NaBH4) reduction of iron chloride (FeCl3·6H2O). 

To 1 g of FeCl3 • 6H2O dissolved in 100 mL of water was added with stirring 0.2 g of NaBH4 in 10 mL of 3.5 % 

NH3. After hydrogen release, the mixture was heated for 2 h at 100 °C and left on stirrer overnight. The product 

was collected by magnet and washed 5 times with water. Product was dispersed in water (150 mL), 100 mg 

of MWCNT was added and agitated on Biosan OS-10 for 2 h followed by addition of 1mL of hyaluronic acid 

(1 g HA/50 mL), stirred 2 hours and separated with magnet. Finally, product was washed with water and dried 

at 40 °C. Product weight was 0.3 g. 

3. RESULTS AND DISCUSSION 

 

Figure 1 Characterization of paramagnetic particles called MAN 26. (A) X-ray fluorescence elemental 

analysis, showing elemental composition of paramagnetic microparticles. (B) SEM scan of paramagnetic 

microparticle in resolution of 1 µm, showing the particle size. (C) SEM scan of paramagnetic 

microparticle microparticle surface in resolution of 200 nm. (D) IELC results showing ability 

of paramagnetic microparticles bound required substances specifically. (E) SECM scan showing relative 

current response of paramagnetic microparticle without valine bound. (F) SECM scan of paramagnetic 

microparticle with valine bound showing increased relative current response. 

Aim of our study was primarily isolation and 2D separation of the branched chain amino acids (BCAAs), based 

on the adsorption on the paramagnetic microparticles and subsequent determination using ion-exchange liquid 
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chromatography (IEC). We modified maghemite with MWCNT and hyaluronic acid, and these PMPs showed 

excellent properties for binding of valine (recovery 31.82 %) (Figure 1D). We used Britton-Robinson buffer 

with pH 2 which causes (BCAAs) protonation that leads into a positive charging of molecules due to its pI = 

5.97 for valine, pI = 5.98 for leucine and pI = 10.76 for arginine. Interaction between surface of magnetic 

microparticles and positively charged molecules provides the binding between them. These interactions 

depend on isoelectric points of amino acids, which are in this mode behaving as the ion-exchangers. Other 

amino acids and tripeptides such as GSH and GSSG, showed also relative good recoveries (arginine recovery 

15.1 %, leucine 22 %, sarcosine 0.9 %, GSSG 0.5 %, GSH 0.45 %, serine 0.88 %).   

After confirmation of capability to bind amino acids valine, leucine and arginine, we carried out a different 

characterization of PMPs. Primarily characterization was XRF analysis providing information about element 

composition of microparticles. In the Figure 1A can be seen that iron was determined to be the most  

abundant element (Fe represented 86.24 %), cobalt (Co represented 0.2153 %) and magnesium  

(Mg represented 0.0115 %). In Figure 1B can be seen a micrograph expressing microparticles surface and 

morphology in resolution of 1 µm for MAN 26 and in Figure 1C is SEM micrograph of PMP surface in resolution 

of 200 nm. On these micrographs, MWCNTs are well seen together with some smaller particles (in nm 

dimensions) of maghemite on their surface, but most of maghemite forms aggregates with MWCNTs on its 

surface. Although, there are some nanoparticles of maghemite, it is better to speak about microparticles that 

were formed after drying process and used for experiments. In Figures 1E, F can be seen 3D images, 

expressing a relative current response of PMP surface without valine and with valine bound. 

4. CONCLUSION 

In our study, we synthesized new paramagnetic microparticles able to bind branched chain amino acids as 

possible markers of obesity. Leucine and valine are important markers for diagnosis of diabetes mellitus type 

2 and arginine is possible marker of metastatic tumor growth. The paramagnetic microparticles (MAN 26) have 

potential to better isolation from the samples of plasma, cells, bacteria’s cells or tissue and in future can serve 

for application as a platform of delivery system and/or application as a biosensor.  
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Abstract 

In this contribution, we present the new approach for plasmon assisted grafting of anisotropic gold nanorods 

(AuNRs) with spatial selectivity, which was used for creation of nanoparticles with amphiphilic surface. The 

surface modification was carried out in two stages with implementation of: (I) the plasmon-activated iodonium 

salt (IS), and (II) the aryl diazonium salt (ADT). The plasmon assisted activation of IS was performed under 

the illumination of AuNRs with wavelength corresponded to the longitudinal plasmon resonance of AuNRs and 

resulted in grafting of organic moieties (Ar-(CF3)2) to AuNRs edges. The AuNRs lateral sides remains 

ungrafted and were further decorated with ADT-COOH. As result of varying substituents in the chemical 

structures of iodonium and diazonium salts the amphiphilic NPs with spatially divided hydrophobic (grafted to 

AuNRs edges) and hydrophilic (grafted to AuNRs lateral sides) chemical groups were obtained. Corresponded 

UV-Vis and Raman measurements confirm the success of AuNRs chemical grafting. As result, the AuNRs with 

spatially separated chemical moieties were created in very simple way, primarily in solution and without the 

need of sophisticated technique of NPs mobilization or their surface screening.  

Keywords: Plasmon-assisted chemical transformation, gold nanorods, surface grafting, amphiphilic  

                   nanoparticles 

1. INTRODUCTION 

In recent years, gold and silver nanoparticles (metal nanoparticles - MeNPs) have been used as effective 

optical transducers for chemical and biochemical sensing in many areas of medicine and safety [1-10]. Of 

particular interest is the potential spatial selective introduction of chemical moieties on MeNPs surfaces for 

potential design of new elements for monitoring and removal / separation of microorganisms and cells [11]. 

For example, recently developed nanoparticle-based materials for cancer therapies can be mentioned [12]. 

Gold nanomaterials, especially gold nanorods (AuNRs), attract much scientific attention. First, the effective 

excitation of surface plasmon resonance (SPR) on AuNRs makes it possible to effectively absorb light even 

with a small amount of nanoparticles [13,14]. Second, the SPR absorption band of AuNRs can easily be moved 

into the near infrared spectral region (NIR) where light has a "biological" transmission window [15,16]. Finally, 

AuNRs can be readily modified with organic compounds by thiol Au-S and covalent bonds [17-19]. However, 

the uncontrolled and unstable process of modifying the surface of nanoparticles can be a serious problem 

when using nanoparticles in (bio)environment. Especially the non-covalent nature of the commonly used Au-

S interaction may cause some instability of grafted functional groups. 

In this contribution, we propose the new approach for spatially selective plasmon-controlled surface 

modifications of AuNRs. The modification was carried out with using of iodonium and diazonium chemistry and 

nanoparticles with amphiphilic surface were obtained. The resulting surface modified AuNRs can be used in 

next generation of biochemical and molecular genetic diagnostic systems. 

https://doi.org/10.37904/nanocon.2019.8614 
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2. EXPERIMENTAL 

2.1. Materials 

Chloroauric acid tetrahydrate (99.9  %), silver nitrate (99  %), ascorbic acid (99 %), 

hexadecyltrimethylammonium bromide (≥ 98 %), sodium borohydride (≥99 %), copper (II) chloride (99 %), 3,5-

Bis(trifluoromethyl)phenyl-boronic acid (≥95 %), 1-iodo-3,5-bis(trifluoromethyl)benzene (98 %), boron 

trifluoride diethyl etherate (99 %), 3-Chloroperbenzoic acid (≤77 %), 4-aminobenzoic acid (ReagentPlus, 

≥99 %), tert-Butyl nitrite (90 %), acetic acid (reagent grade, ≥99.7 %), diethyl ether, methanol and 

Toluenesulfonic acid monohydrate (≥98.5 %) were purchased from Sigma-Aldrich. All reagents were used 

without further purification. Throughout the all experiments deionized water was used. 4‐
carboxybenzenediazonium tosylate was prepared according to [20]. Di-[3,5-bis(trifluoromethyl)phenyl] 

iodonium tetrafluoroborate was prepared according to [21]. 

2.2. Samples preparation 

AuNRs were prepared by the slightly modified method described in [22]. The seeds were prepared by reduction 

of CuCl2 solution (500 µl of 10 ppm) with freshly prepared ice-cold NaBH4 (100 µl of 10 mM). The reagents 

were loadings is as follows: 10 ml of 100 mM CTAB, 500 µl of 10 mM HAuCl4*3H2O, 65 µl of 10 mM AgNO3, 

and 70 µl of 100 mM AA and then 100 µl of the Cu seed particles. The solution was kept undisturbed for 3 h 

at room temperature. Then the solution temperature was decreased to 8 °C for 1 h. The obtained AuNRs were 

purified using the subsequent cycles (3x) of centrifugation and ultrasound-assisted re-dispersion.  

Plasmon assisted iodonium surface grafting 

To the solution of IS (1 ml of 1 mM water/methanol solution (9:1, respectively) was added the colloid 

suspension of gold nanorods (2 ml) under stirring and illuminated with LED light under the continuous mixing 

for 2 h. Laser triggering was performed using the 785 nm (mW) continuous laser source. The laser beam spot 

(ca 5 cm2 in area) was set up to homogeneously illuminate the reaction mixture. After the modification process, 

AuNRs were collected by centrifugation and washed sequentially by water and a water/methanol mixture (1:1). 

Spontaneous diazonium surface grafting 

To suspension of IS grafted AuNRs was added an aqueous solution of the 4-carboxybenzenediazonium (1 ml 

of 1 mM) and stirred for 2 h in dark. The nanoparticles were then collected by centrifugation and washed 

thoroughly by several centrifugation/washing cycles by water and a water/methanol mixture. 

2.3. Measurement techniques 

For the characterization of the solutions, the UV/Vis/NIR spectroscopy technique was used in the spectral 

range 300-900 nm, scanning rate 480 nm min-1, data collection interval 1 nm. The solutions were measured in 

1 cm quartz cells. 

TEM images were obtained on a JEOL JEM-1010 transmission electron microscope with a SIS MegaView III 

digital camera, STEM observations and EDX analyses were performed on a JEOL JEM-2200FS electron 

microscope equipped with a 100 mm2 JEOL Dry SD100GV EDX detector with a Super UTW window. 

Raman spectra were measured on ProRaman-L (Laser power 30 mW) Raman spectrometer with 785 nm 

excitation wavelengths. Spectra were measured 50 times, each of them with 5 s accumulation time. 

3. RESULTS AND DISCUSSION 

Recently anisotropic nanoparticles in the form of rods attracted particular attention due to their unique optical 

properties. The absorption spectrum of such nanoparticles contains two SPR bands (in the visible and near-
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infrared regions) related to dipoles oscillating along and across the axis of the cylinder, which corresponds to 

the longitudinal and transverse plasmon resonances, respectively. The practical utilization of nanorods 

requires their surface functionalization to protect against aggregation, as well as to control the optical, 

electronic, and catalytic properties. In our experiments nanorods were obtained by a method described in [22]. 

The resulting solutions had a dark purple color. The obtained nanoparticles were characterized by UV-type 

spectroscopy and TEM analysis (Figure 1).  

 
Figure 1 (A) - UV-Vis spectra of pristine AuNRs, AuNRs after the plasmon assisted grafting of IS, and 

AuNRs after the diazonium-based grafting of AuNRs lateral sides; (B) - TEM images of pristine AuNRs, 

involved in further experiments 

From Figure 1B it can be seen that the applied technique really leads to the formation of cylindrical 

nanoparticles, the length of which is 40-50 nm. The resulting nanorods have two absorption peaks at 532 and 

780 nm, which corresponds to transverse and longitudinal plasmons, respectively (Figure 1A). Surface 

modification of IS - di-[3,5-bis(trifluoromethyl)phenyl] iodonium tetrafluoroborate - IS - was carried out by 

adding a water-alcohol solution of salt to a suspension of nanorods under a Raman laser with a wavelength of 

785 nm. The advantage of the ISs is its a relatively high reduction potential, which results in these salts being 

practically not susceptible to spontaneous binding to the surface, but can be activated by plasmon triggering, 

allowing speed control and spatial control of grafting. In addition, which, as you know, iodonium salts are a 

source of highly active types of aryl radicals. The main concept of modification is based on plasmon activation 

of IS under the illumination at the wavelengths corresponding to the longitudinal plasmon resonance band and 

interaction of created radicals with spatially-closed nanorods edges. Thus, organic moieties are grafted only 

on the side surfaces of nanoparticles, in the site of plasmonic hot spots excitation (schematic representation 

of process is given in Figure 2). 

A B 
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Figure 2 Scheme for obtaining surface modified gold nanophores using IS in wavelength laser irradiation, 

activation of longitudinal surface 

After modification, a plasmon shift of the corresponding longitudinal section occurs (Figure 1A, red spectrum)., 

which confirms the activation of the longitudinal surface at a wavelength of 785 nm, while the lateral side 
remains unscreened and can furthers be used for second step of surface modification by spontaneous 

diazonium grafting After the functionalization of the nanoparticles with ADT in the spectrum, we can observe 

a shift in the absorption peak corresponding to the transverse plasmon (Figure 1A, blue spectrum).  

The two steps of AuNRs grafting procedures were checked also using the surface enhanced Raman 

spectroscopy (SERS) measurements (Figure 3). 

 

Figure 3 SERS spectra, measured on AuNRs grafted with Ar-(CF3)2 (AuNRs edges - red spectrum)  

and Ar-COOH (AuNRs lateral sides - blue spectrum) 
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The spectra were adjusted along the baseline by subtracting the SERS spectrum from the primary AuNRs and 

removing the uninformative signal from the absorbed CTAB. After the grafting procedure, the Raman bands, 

typical for Ar -(CF3)2 and Ar -COOH become apparent (characteristic bands are designated by arrows). The 

results of SERS confirm a spatially selective grafting. 

4. CONCLUSION 

In this work, we present a new method of spatially selective plasmon-activated modification of anisotropic 

AuNRs to produce an amphiphilic surface. Activation of the longitudinal surface by incident light led to grafting 

of organic fragments (Ar-(CF3)2) to the edges of AuNR. The remaining transverse surfaces were then modified 

spontaneously with the diazonium salt of ADT-COOH. As a result, AuNPs with spatially separated hydrophobic 

(grafted to AuNR edges) and hydrophilic (grafted to the lateral sides of AuNR) chemical groups were obtained. 

Proposed approach was realized in solution and does not require the surface assistance in the spatially 

selective modification of AuNRs. The resulting surface modified gold nanoparticles can be used to create a 

next generation of biochemical and molecular genetic diagnostic systems. 
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Abstract  

Nowadays, cancer is one of the most outrageous diseases affecting millions of people throughout the world. 

In this study, the sensitive biosensor for miRNA-21 detection was developed. Through a facile sulfonamide 

coupling reaction a miRNA-21 specific DNA hybridization probe was immobilized onto a glassy carbon 

electrode (GCE) modified with electrochemical reduced graphene oxide (erGO). miRNA is a small non-coding 

RNA molecule which plays an important role in gene expression. The level of miRNA in extracellular fluids 

varying in the presence of cancer and it can serve as potential biomarker for early detection of cancer. An 

elevated level of miRNA-21 represents a common feature of pathological cell growth or cell stress and is 

connected with almost all types of cancer and with cardiovascular diseases, as well.  

The aim of this study was improve the electrochemical properties by using erGO as a modification for better 

sensitivity of the developed biosensor. After the modification with erGO, 1-amino-2-naphthol-4-sulfonic acid 

(AN-SO3-) was electrodeposited on the GCE surface. --Finally, the amino terminated capture probe was 

immobilized on the GCE via the sulfonamide coupling reaction. The developed biosensor for the detection of 

specific miRNA sequence was optimized and modified for using in further experiments. 

Keywords: Reduced graphene oxide, miRNA, biosensor, electrochemical detection 

1. INTRODUCTION  

Nowadays, one of the most studied potential biomarker for early-phase cancer detection is a microRNA 

(miRNA) molecule. miRNAs are small non-protein coding sequences, long approximately around 19-25 

nucleotides. Cancer is most studied disease, because of its broad widespread occurrence. An early-stage 

detection of this disease could be a key for saving millions of lives. miRNA plays an important role in the 

various physiological processes such as cell development, differentiation, immune system and expression of 

large number of genes [1,2]. The expression of miRNAs is specific in tissues and tumours. Abnormal levels in 

tumours have a profound role in disease development. In general, miRNA is divided into two groups, tumour 

suppressor and oncogenic miRNA.  In the presence of cancer, the level of tumour suppressor miRNA is lower 

in body fluids. On the other hand, the level of oncogenic miRNA in the presence of cancer is higher in-

comparison with the non-cancerous state. One of the most studied oncogenic miRNAs is miRNA-21, which is 

associated with prostate, ovarian, breast, and lung cancer. The role of miRNA as a biomarker lies in tracing 

the level of miRNA in the body fluids such as urine, blood serum, saliva, etc. [2]. The level of miRNA in afore 

mentioned fluids is very low (nano, femtomolar), that is why selective and sensitive detection of miRNA is more 

than necessary. One of the most promising approaches for the detection of miRNA is using electrochemical 

biosensor. This method is known for its capability to measure very low concentrations, in short analysis time 

with cheaper instrumentation, the possibility of miniaturization and possibility of parallel detection of large 

number of samples. Compared to the most commonly used conventional methods such as Northern blotting 

https://doi.org/10.37904/nanocon.2019.8615 
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or RT-PCR, which are often time-consuming, laboriousness and expensive, biosensors have real potential in 

the future. 

In this work, we prepared a sensitive, label-free biosensor, based on GCE modified with erGO and AN-SO3- 

electrodeposition with sulfonamide coupling reaction for immobilization of oligonucleotide´s probe selective for 

oncogenic miRNA-21. Graphene-family nanomaterials have various essential features and are used in diverse 

areas, especially for anti-microbial action, cancer therapy, pathogen bio-detection, etc. The ability of erGO to 

enhance the sensitivity of the biosensor was utilised in this experiment. In the terms of electrical conductivity, 

graphene oxide (GO) is reported as an insulator. On the other hand, the reduction of GO is increasing the 

electrical conductivity [3]. 

2. MATERIALS AND METHODS 

2.1. Chemicals  

Chemicals used in this study were purchased from Sigma-Aldrich (St. Louis, MO, USA). The deionized water 

was prepared using reverse osmosis equipment Aqual 25 (Aqua Osmotic, Tisnov, Czech Republic). The 

resistance was 18.2 MΩ∙cm. The pH was measured using pH meter WTW inoLab (Weilheim, Germany). 

Phosphate buffered saline (PBS) 25 mM pH 7, was prepared by mixing 20.0 g NaCl, 0.5 g KCl, 3.6 g Na2HPO4 

and 0.6 g KH2PO4 into 1000 ml of MilliQ water. 10 mM 1-amino-2-naftol-4-sulfonic acid (AN-SO3-) was diluted 

in PBS. Other used chemicals: 40 mM PCl5 in acetone, Tris-EDTA (TE buffer) pH 8. All measurements were 

taken in 5 mM potassium ferro/ferri cyanide and 0.1 M KCl. GO was prepared according to the procedure 

previously described [5]. The sequences of the oligonucleotides used:  

DNA probe (anti-miRNA-21): 5’-NH2-C6-TCAACATCAGTCTGATAAGCTA-3’  

miRNA-21: 5’-UAGCUUAUCAGACUGAUGUUGA-3’. 

2.2. Electrode cleaning 

The glassy carbon electrode (GCE) was polished by using 1.0; 0.3; 0.05 μm Alumina slurry and 0.5 μm 

diamond suspension each for 90 s. Between each step, electrodes were sonicated in acetone, ethanol, and 

water for 90 s respectively. And finally, GCE was dried under the argon gas. 

2.3. Electrode modification 

GO synthesis was carried out using the Hummers method [4]. Prepared GO was diluted to concentration of 

0.5 mg ∙ mL−1 and depositedon the working electrode surface GCE [5]. As reference electrode Ag/AgCl 

1 M KCl and platinum electrode were used. All electrochemical measurements ware performed with 

potentiostat/ galvanostat (Autolab PGSTAT 101, Metrohm, Herisau, Switzerland) and for data evaluation 

software NOVA 2.1 was used. On the immersed GCE in the GO solution current +1 V for 480 s was applied. 

Next electrode was slightly rinsed in MilliQ water. The deposited film of GO was reduced by performing cyclic 

voltammetry (CV) (scan from 0.0 V to −1.5 V, scan rate 50 mV ∙ s−1) in 0.2 M acetate buffer (pH 5) to produce 

reduced graphene oxide (erGO) [5]. The other step was electrodeposition of AN-SO3- in PBS buffer using CV 

(scan from +1.5 V to −0.5 V, scan rate 20 mV ∙ s−1, 8 cycles) [6]. Subsequently the GCE was immersed in a 

PCl5 solution for 30 min to transfer the sulfonic groups on the sulfonyl groups on the GCE modified with AN-

SO3- [6]. 

The last step was the immobilization of the target miRNA complementary sequence to. Complementary DNA 

sequence was diluted to 1 µM and then heated up to 80 °C for 2 min. After that, 10 μl of DNA was dropped on 

the surface of GCE and placed in an oven where it remained for 90 min at 80 °C [7]. After drying, electrode 

was rinsed with TE buffer. Electrical impedance spectroscopy method (EIS) was set at a DC potential of 0.23 V 
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between frequencies of 0.01 Hz to 10 kHz with an AC of 5 mV [7]. The miRNA hybridization was carried out 

at room temperature for 45 min in TE buffer. 

3. RESULTS AND DISCUSION 

3.1. Electrochemical reduction of GO 

Figure 1 shows GO reduction process. In the voltammograms, the irreversible reduction signal at −1.1 V can 

be observed in the first cycle which completely disappeared in others. This is the verification that the reduction 

went correctly and that the erGO arose on the electrode. 

 

Figure 1 Reducing of GO by CV in 0.2 M acetate buffer  

GO is a non-conductive material, on the contrary erGO is conductive very well [3]. This is supported by the 

Nyquist plots in Figure 2, where erGO has a much lower resistance than GO. 

 

Figure 2 Nyquist plots from measurement of GCE with deposited GO and GCE with erGO 

3.2. AN-SO3- electrodeposition on GCE 

Electrodeposition of AN-SO3- was carried out on the electrode surface by CV, running 8 cycles until the stable 

layer was achieved [8]. In Figure 3 we can see two oxidation peaks at the position 0.2 V (P1) and 0.65 V (P2) 
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and two reduction peaks at position 0.1 V (P3) and -0.2 V (P4). With an increasing number of cycles, the layer 

from AN-SO3- is growing thus the deposit is more stable.  

 
Figure 3 Electrodeposition AN-SO3- by CV 

3.3. Hybridization of miRNA-21 with DNA probe 

In this part of the experiment different concentrations of miRNA-21 target were measured with the prepared 

concept of the biosensor. The data were measured with EIS. Concentrations ranged from 10-16 (100 aM) to 

10-10 (100 pM) (Figure 4). The target miRNA-21 was dissolved in TE buffer at exact concentration and 

incubated for 45 min with a prepared electrode at room temperature. Irregular results were obtained at lower 

concentrations than 100 aM, therefore they were not included in the calibration curves. Measurement was 

processing by NOVA 2.1 software. Data generated for calibration were counted as the difference between the 

final point and the starting point of the Nyquist semi-circle graph. 

 

Figure 4 Nyquist plots: various concentrations of miRNA-21, measured with EIS 
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3.4. Calibration curve 

Consequently, the calibration curve was prepared to evaluate data from the measurement. For showing a 

linear dependence the concentration data are presented in Figure 5 as log c (M) values. Calibration starts with 

10-16 (100 aM) and ends with 10-10 (100 pM) concentration. LOD which we reached by measurement is 100 

aM and counted LOD is 111 aM, then the counted LOQ is 367 aM. 

 
Figure 5 Calibration curve of different miRNA-21 concentrations 

Table 1 Analytical table for LOD and LOQ 

Sample Regression Equation 
Linear dynamic 
range log c (M) 

R2 
LOD 
(aM) 

LOQ 

miRNA-21 y = 135.42x + 4307.1 -10 to -16 0.9646 111 367 

4. CONCLUSION 

Sensitive biosensor for the detection of miRNA-21 was designed. For better sensitivity of the biosensor erGO 

modification was used following by the electrodeposition of AN-SO3- and immobilization of amino terminated 

DNA probe via the sulfonamide coupling reaction. LOD is calculated to be low as 111 aM and LOQ 367 aM. 

These results show an excellent sensitivity of the proposed biosensor, which is necessary for the detection of 

miRNA molecule because of its low concentrations in body fluids. 
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Abstract  

DNA methylation is one of the most studied and basic epigenetic process related to several diseases such as 

diabetes, neurodegenerative or cardiovascular diseases and even cancer. Methylated DNA presents a new 

generation of biomarkers which can be used for point-of-care detection. Electrochemical biosensors provide 

simple, fast, cost-effective, easy-to-use, reliable and efficient detection in contrast with conventional diagnostic 

methods. These biosensors can be used for early diagnosis of mentioned diseases and increase patient 

recovery by early clinical interventions. In this study, methylated DNA was detected electrochemically by the 

developed biosensor. The bare gold electrode was modified by drop-casting reduced graphene oxide with 

silver nanoparticles which enhance electrochemical signal due to their strong affinity to thiol modified DNA 

probe via a disulfide bridge. Afterwards, the sensitivity and selectivity of the nanocomposite were examined. 

The faradic electrochemical impedance spectroscopy was used for determination of the hybridization of the 

DNA probe with a methylated DNA sequence. The fabricated biosensor shows promising analytical features 

with a wide detection of the linear range. 

Keywords: Reduced graphene oxide, silver nanoparticles, nanomaterials, methylated DNA, electrochemical  

                   biosensor          

1. INTRODUCTION  

Epigenetics deals with modifications that inherently affect gene expression without altering the primary genetic 

information, especially the nucleotide sequence in the DNA. These modifications include DNA methylation, 

histone modification, chromatin remodelling and posttranscriptional gene regulation by miRNA. DNA 

methylation plays a crucial role in the regulation of several biological processes. Moreover, methylated DNA 

is associated with several diseases including cancer [1]. Early treatment of cancer requires preventive and 

accurate diagnosis, which is very expensive, time-consuming, requires specialized staff and complicated 

instrumentation and only can be performed in the hospitals [2]. Every year in the Czech Republic, nearly 

100,000 of the world population suffer from malignant carcinoma, and last year nearly 30,000 people died 

because of cancer. However, due to the lack of rapid diagnostics, these numbers are rapidly increasing. The 

number of newly diagnosed patients is expected to increase rapidly in the coming years. Recent studies [3, 4, 

5] show that methylated DNA is a new generation of biomarkers, which are a promising alternative for use in 

both clinical diagnostics and therapy [6]. Nevertheless, classical methods are expensive, time-consuming and 

require skilled staff. On the other hand, electrochemical biosensors are promising for clinical diagnosis and 

can be used as analytical tools in the point-of-care application. 

The proposed work was aimed to create a simple and universal biosensor for the detection of DNA methylation 

and M. SssI activity assay. To achieve the better sensitivity and selectivity was used the nanocomposite 

https://doi.org/10.37904/nanocon.2019.8610 
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consisted from reduced graphene oxide with silver nanoparticles (rGO-AgNPs), because of the good chemical 

stability and ability to facilitate electron transfer between electrodes and biomolecules [7]. 

2. MATERIAL AND METHODS 

2.1. Reagents 

In this study were used synthetics oligonucleotides DNA_1: HS-(CH2)6-5'-CCT CGT GCG GGA TCA TTG TTA 

TTA GGCA-3' and DNA_2: 3'-GGA GCA CGC CCT AGT AAC AAT AAT CCGT-5', enzymes: CpG MTase 

M.SssI is supplied with 10× NEBuffer 2, 200× S-adenosylmethionine (SAM, 32 mM) and restriction 

endonuclease HpaII with 10× CutSmart buffer (Thermo Fisher), methylene blue (MB) chemicals for buffer 

preparation: sodium hydroxide (NaOH), potassium sulfate (K2SO4), potassium hexacyanoferrate(III) 

(K3[Fe(CN)6]), potassium hexacyanoferrate(II) (K4[Fe(CN)6]), sodium dihydrogen phosphate (NaH2PO4) and 

sodium phosphate dibasic (Na2HPO4). Reagents for the synthesis of GO and rGO-AgNPs: silver nitrate 

solution (AgNO3), 37% HCl, potassium permanganate (KMnO4), sodium borohydride (NaBH4) and H2O2. All 

used chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise stated. High purity 

deionized water (Milli-Q Millipore 18.2 MΩcm-1, Bedford, MA, USA) was used throughout the study.  

2.2. Synthesis of GO and rGO-AgNPs 

GO was prepared by chemical oxidation of 5 g graphite flakes (100 mesh, ≥75 % min) in a mixture of 

concentrated H2SO4 (670 ml) and 30 g KMnO4 according to the simplified Hummer’s method [8]. The reaction 

mixture was stirred vigorously. After 4 days, the oxidation of graphite was terminated by the addition of H2O2 

solution (250 ml, 30 wt%). Formed GO was washed 3 times with 1 M HCl (37 wt%) and several times with 

Milli-Q water (total volume used 10 l) until constant pH value (3-4) was achieved. Afterwards, the 1 ml of GO 

solution (5 gl-1) was added dropwise into the 50 ml of AgNO3 (10 mM) under vigorous stirring. After that 40 

mg of sodium borohydride (NaBH4) was added slowly to the reaction mixture and the resulting mixture was 

stirred intensively for 24 h to allow reduction. The final composite was washed with Milli-Q water several times. 

2.3. The procedure of electrode surface preparation 

Firstly, the bare gold electrode (GE) with a 2 mm radius (Ch Instruments Inc., Austin, USA) was mechanically 

and electrochemically polished. The three bare GEs were firstly sonicated in ultrasonic cleaner Elmasonic 

P60H (Singen am Hohentwiel, Germany) for 15 mins in ethanol (EtOH) and then mechanically polished on a 

polishing pad (Buehler) with water-based diamond suspension and an alumina slurry. As the last step were 

electrodes cleaned electrochemically in 0.5 M H2SO4 by 50 scans of CV by potential scanning between −0.05 V 

and +1.1 V. The GEs were rinsed with Milli-Q water. 

2.4. Biosensor development 

The proposed biosensor was fabricated step by step as it described in Scheme 1. Firstly, the 5 µl of rGO-

AgNPs was drop-casted onto the surface and let it dry. Then the 1 µM DNA_1 was immobilised onto rGO-

AgNPs and let it incubate overnight in the fridge (4 °C). After incubation, the DNA_1 hybridized with 100 nM 

DNA_2. While the hybridization was successful, the electrode was treated by enzyme M. SssI 

methyltransferase, which added the methyl groups (‒CH3) to the fifth carbon of cytosine. At least the restriction 

HpaII, which blocked the cleaving at a specific site. To evaluate the sensitivity of developed biosensor, the M. 

SssI activity was tested. The modified GE was treated by a different concentrations of M. SssI (5; 25; 50; 100; 

200; 300; 400 and 500 Uml-1) and measured in 20 µM MB solution. 
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Scheme 1 Step by step of the biosensor fabrication 

2.5. Electrochemical measurements 

Synthesised rGO-AgNPs was evaluated via scanning electrochemical microscopy (SEM). Process of 

biosensor development was characterised via electrochemical impedance spectroscopy (EIS) in Faradaic 

mode, with a frequency range from 100 kHz to 100 MHz. All the electrochemical measurements were 

performed in a standard three-electrode system. Sensitivity and reliability were characterised by differential 

pulse voltammetry (DPV). EIS and DPV were performed in 5 mM Fe(CN)64−/ Fe(CN)63− diluted in 100 mM 

phosphate buffer (PB, pH 7.0). Parameters of DPV were following: potential range from 0.0 V to −0.6 V, 

amplitude 0.02 V and scan-rate 0.015 Vs-1. 

3. RESULTS AND DISCUSSION 

3.1. Synthesis of GO and rGO-AgNPs 

AgNPs were stabilized on the GO surface by using 

NaBH4 as a reducing agent. The resulting material is 

rGO-Ag nanocomposite with uniformly distributed AgNPs 

onto rGO. The morphology of nanocomposite rGO-Ag 

was observed using SEM (Figure 1). 

 

 

 

 

 

 

Figure 1 SEM picture of the rGO-AgNPs  

nanocomposite 



  Oct 16th - 18th 2019, Brno, Czech Republic, EU 

 

 

394 

3.2. Electrochemical performance of the developed biosensor 

The modified surface of GE by rGO-AgNPs nanocomposite was characterized by Electrochemical Impedance 

Spectroscopy (EIS). Recorded Nyquist plots (Figure 3) show increasing charge transfer value due to the 

change between redox potential and the GE surface. Moreover, the sensitivity of the proposed biosensor was 

obtained by differential pulse voltammetry (DPV). The linear equation was obtained from calibration curve I(µA) 

= −0.0005c (U/ml) − 0.1003; (R2 = 0.9922) and has shown a broad linear range from 

5 U/ml to 500 U/ml of M. SssI. The error bars were calculated as a standard deviation from measurement 

(n = 3). 

 

Figure 2 A) Nyquist plots obtained from EIS measurement in 5 mM Fe(CN)64−/ Fe(CN)63−  in 100 mM PB. (a) 

The bare GE, (b) GE/rGO-AgNPs, (c) GE/rGO-AgNPs/DNA_1, (d) GE/rGO-AgNPs/probe DNA_1/ DNA_2, 

(e) GE/rGO-AgNPs/DNA_1/ DNA_2/ M. SssI MTase (500 U/ml)/ HpaII (20 Uml-1) and (f) GE/rGO-AuNPs/ 

DNA_1/ DNA_2/ M. SssI MTase (500 Uml-1). B) DPV records obtained from various concentrations 

measurement. The DNA was methylated by 5; 25; 50; 100; 200; 300; 400 and 500 U/ml M. SssI. C) 

Calibration curve responds to the accumulated MB in the helix structure. Error bars were calculated in 

dependence on standard deviations from the measurement. 

4. CONCLUSION 

Herein, a simple and sensitive biosensor for specific detection of DNA methylation and M. SssI MTase was 

fabricated. The biosensor modified with rGO-AgNPs nanocomposite has shown the determination of M. SssI 

with a broad linear range from 5 Uml-1 to 500 Uml-1. Our biosensor provides an easy measurement of DNA 

methylation. The main advantage of this is, that it does not require expensive instruments, PCR amplification 

and multiple-step procedures. From the preliminary data is obvious, that our biosensor can be easily 

transferred to lab-on-a-chip and be part of smart device, which will be created in the future.  
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Abstract 

A biosensor was developed for monitoring H2O2 based on reduced Graphene Oxide-Cerium Oxide 

(rGO-CeO2) nanocomposite (NC). The NC shows catalytic effect on the electrochemical reduction of H2O2 at 

−0.3 V. The effect of the NC on the electrochemical reduction of H2O2 was studied by cyclic voltammetry and 

compared with bare glassy carbon (GC) and GC/r-GO. Moreover, to improve the signal a complex containing 

copper was incorporated in the dispersion of the nanocomposite which acts as a mediator. It was found that 

the electrochemical reduction of H2O2 takes place at less negative potential with increased peak current 

attitude at GC/r-GO-mediator. The developed sensor GC/r-GO-mediator, was applied for the continuous 

monitoring of H2O2 by chronoamperometry. The applied potential was −0.3 V which results in the enhanced 

sensitivity of the developed biosensor. The developed biosensor shows good stability, and reproducibility. The 

reproducibility of the developed electrode was evaluated by calculation of relative standard deviation value 

6.77%. The linear range was found to be 3.4 - 23.48 µg/ml. Furthermore, limit of detection and limit of 

quantification were 0.68 µg/ml and 2.27 µg/ml respectively. 

Keywords: Nanocomposite, reduced graphene oxide-cerium dioxide, biosensor, biomimetic,  

        chronoamperometry 

1. INTRODUCTION 

Hydrogen peroxide (H2O2) a simple molecule in nature belongs to the class of reactive oxygen species with 

greater significance in the field of pharmaceutical, environmental, mining, textile, food manufacturing and 

processing industry, clinical and diagnostic field [1]. Physiologically and pathological importance of H2O2 is 

associated with many important cellular process like signal transduction, immune cell activation, apoptosis, 

etc. [2,3]. H2O2 is widely used in the food and processing industry as preservative due to its bactericidal 

activities and used as sterilization in the packaging industry [4]. However excessive use of H2O2 in food 

packaging and processing is harmful for health as it acts as an adulterants leading to severe gastrointestinal 

problem [5]. In rainwater, H2O2 can be formed due to photochemical reaction and present in industrial waste 

to contaminate the ground and surface water, a threat to the environment [6]. Therefore, continuous monitoring 

and sensitive detection of H2O2 is important for environmental protection, food industry, clinical and diagnostics 

application [7-10]. In recent years, real-time monitoring of H2O2 is significant to study the physiological and 

pathological changes leading to investigate the process of oxidative stress in vivo and in vitro due to its 

chemical properties. Several methods like spectrophotometric, fluorimetric methods were used for the 

detection, analysis and estimation of H2O2 [11-13]. Several disadvantages like expensive chemical, require 

skilled technicians, extended time for the analysis and suffering from interferences are common issues with 

these conventional methods for continuous monitoring. Electrochemical detection is selective, sensitive, 

https://doi.org/10.37904/nanocon.2019.8613 
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simple, easy to use, accurate, cost-effective, and quick [6]. Moreover, amperometric methods can be applied 

to measure accurate kinetic information in real-time to image the continuous release of H2O2 [14]. The 

detection and estimation of H2O2 by using electrochemical amperometric techniques have attracted great 

attention for its application in biosensors and online monitoring. The development and preparation of sensors 

and biosensors were enriched after the discovery of the carbon nanomaterials. Different carbon 

nanocomposites (NC) such as single-walled carbon nanotubes, multiwalled-carbon nanotubes, graphene, 

graphene oxide (GO) and reduced graphene oxide (rGO) were used to promote and enhance electron transfer 

reaction in the development of biosensors [15,16]. Different types of sensors are used for the detection of 

biologically complex molecule like enzyme based biosensor, non-enzymatic sensors, nucleic acid based 

sensors, peptide based sensors. Enzymatic biosensors possess various challenges regarding the instability of 

the enzyme, immobilisation on the electrode surface leading to leakage and low effective binding on the 

surface of the electrode which causes low activity of the sensor. Moreover, enzymes increase the overall cost 

for the preparation of the sensor and put obstacles for the preparation of cost-effective sensors [17,18]. These 

serious challenges lead to the development of NC possessing biomimetic properties with stability, long lifetime, 

and cost-effective characteristics. For fast detection and successful analysis amperometric method will be 

relied on the applied potential. The applied potential was selected at less negative potential to acheive better 

sensitivity and stability of the developed sensor. The main aim of this work is to develop a non-enzymatic, cost 

effective, sensor for the rapid detection and analysis of H2O2 with higher sensitivity, stability which is cost-

effective as well. A copper containing complex, tris(2,2’-bipyridyl)copper(II) dichloride was synthesized and 

modified accordingly to be used as a mediator together with rGO-CeO2 to achieve sensitive analysis of H2O2 

at low potential [19,20]. 

2. MATERIALS AND METHODS 

Graphite flakes (100 mesh, ≥75% min), Sulfuric acid (H2SO4), Potassium permanganate (KMnO4) 

Nafion 117 (NF), Cerium trinitrate (Ce(NO3)3), Sodium chloride (NaCl), Potassium chloride (KCl), Sodium 

phosphate dibasic (Na2HPO4), Potassium dihydrogen phosphate (KH2PO4), N,N-Dimethylformamide (DMF), 

Hydrogen peroxide (H2O2) are analytical grade and purchased from Sigma-Aldrich (St. Louis, MO, USA). The 

water (18.20 MΩ·cm) used for solution preparation was first double distilled by an Aqua Osmotic 02 (Aqua 

Osmotic, Tisnov, Czech Republic) and then deionized by using a Millipore RG (MilliQ water, Millipore Corp., 

Billerica, MA, USA). An Autolab electrochemical analyzer model PGSTAT-101 operated via NOVA 

2.1 software (Metrohm Autolab, Utrecht, Netherland) was used for the voltammetry experiments. 0.01 M 

Phosphate buffer saline (PBS) was prepared with 0.132 M of NaCl, 0.0027 M KCl, 0.01 M of Na2HPO4 and 

0.0018 M of KH2PO4 were mixed to prepare 1.0 l buffer solution. The pH was adjusted at 7.4 by 1.0 M NaOH. 

The entire study was conducted by using this buffer. The conventional three-electrode configuration was used 

in which a platinum electrode used as a counter electrode, Ag/AgCl 1.0 M KCl as the reference electrode and 

a modified glassy carbon electrode (GCE) served as the working electrode. 

2.1 Preparation of nanocomposite (NC) 

Following Hummer’s procedure GO was prepared by the chemical oxidation of graphite flakes in a mixture of 

concentrated H2SO4 and KMnO4 [21]. The modified NC of rGO-CeO2 was synthesized after getting inspired 

from the previous study [22]. Modified NC with mediator was prepared after mixing 1.0 ml of rGO-CeO2 with 

0.1 mg of copper mediator (M) tris(2,2’-bipyridyl)copper(II) dichloride sonicated for 40 min. 

2.2 Preparation of modified electrode 

The bare GCE was polished on a polishing pad by using diamond suspension in water (0.5 micron) for 2 min 

followed by sonification in MilliQ water for 5 min and in absolute ethanol for another 5 min. The electrode 

cleaning procedure was repeated with polishing with alumina slurry of (1.0 micron) and (0.5 micron) 
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respectively. The polished electrode was modified by using different composition of NC. Figure 1 presents 

modification of electrode by drop casting 10.0 µl of the NC on the bare electrode and allowed to be dried in 

room temperature (RT). 5.0 µl of 1.0% NF was drop casted and left for drying in RT. The NF was prepared by 

neutralization of NF using 8.0% ammonium solution. 0.1 M of H2O2 was freshly prepared as stock solution as 

analyte. 

 

Figure 1 Preparation of modified electrode 

2.3 Electrochemical measurement 

The electrochemical behaviour of H2O2 at the developed electrode was studied by cyclic voltametry (CV). The 

CV parameters were start potential 0.0 V, stop potential +0.4 V, scan rate 50 mV/s, upper vertex potential 

+0.5 V and lower vertex potential −1.0 V. The potential was scanned towards anodic direction. The rapid 

electrochemical detection of analyte was conducted by chronoamperometry at the selected applied potential. 

The chronoamperometric study was carried at a selected potential of −0.3 V at working electrode for 3000 s. 

The current directed between the working and counter electrode was sampled every 1 s. 

3. RESULTS AND DISCUSSION 

3.1 Study of electrochemical behaviour of H2O2 by CV  

The CV study was conducted with bare GCE, GCE modified with rGO, GCE modified with rGO-CeO2, GCE 

modified with rGO-CeO2 and M as different NC in blank and 0.1 M H2O2. As seen in Figure 2 with addition of 

250 µl of 0.1 M H2O2 in PBS, a broad reduction current appeared at rGO. The attitude of the reduction 

increased at rGO-CeO2 indicating an improved electro catalytic properties of the synthesized NC. However, 

including the M into the rGO-CeO2 as rGO-CeO2+M resulted in a shift in the potential of the reduction peak to 

less negative potential and an increase in the reduction peak current. This might be due to the synergic electro 

catalytic and biomimetic properties of the NC along with the mediating activity that of the mediator. 

 

Figure 2 Electrochemical behaviour of different modified GCE using CV at 0.1 M H2O2 
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As depicted in Figure 3 copper is first electrochemically reduced at the electrode surface from Cu(II) to Cu(I). 

Cu(I) in solution reduces the H2O2 to water while itself oxidises to Cu(II) again. Therefore, the reduction current 

of Cu(II) to Cu(I) is related to the amount of the H2O2 which reduces to water. The high surface, electro-catalytic 

and biomimetic properties of the NC results in an enhanced reduction current at such small potential 

magnitude. 

 

Figure 3 Expected mechanism of the NC 

3.2 Amperometric study 

The sensitivity of the different developed electrodes was studied at an applied potential corresponding to the 

reduction of H2O2. For comparaing the sensitivity, different calibration curves obtained by the 

chronoamperometry at −0.3 V were plotted and the slopes of the calibration curves are represented in Table 1. 

As can be observed the highest sensitivity belongs to that of rGO-CeO2+M. 

Table 1 Detail sensitivity of different NC on GCE at −0.3 V 

Nanocomposites (NC) rGO rGO-CeO2 rGO-CeO2+M 

Sensitivity (µA·ml/µg) 0.067 0.801 2.956 

At −0.3 V, the sensitivity was found to be highest with GCE/rGO-CeO2+M/NF. The reproducibility of the sensor 

was studied by continuous injection of 20 µl of 0.1 M H2O2. All the experiments were carried out thrice to check 

the stability of the NC on the electrode surface along with the reproducibility of the sensor. 

 

Figure 4 Chronoamperometry and calibration curve of GCE/rGO-CeO2/NF at 0.01 M PBS 

The calibration curve of GCE/rGO-CeO2/NF and GCE/rGO-CeO2+M/NF with their corresponding  

chronoamperometric study were presented in Figure 4 and Figure 5 respectively. A good linearity between 
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the reduction current and the continuous injection of H2O2 in the reaction buffer was observed. The sensitivity 

of the GCE/rGO-CeO2+M/NF was found to be better in-comparison with the GCE/rGO-CeO2/NF electrode. 

Very low response was obtained with the GCE modified with GCE/rGO/NF. 

 

Figure 5 Chronoamperometry and calibration curve of GCE/rGO-CeO2+M/NF at 0.01 M PBS 

The limit of detection (LOD) and limit of quantification (LOQ) were calculated to be 0.68 µg/ml and 2.27 µg/ml 

with linear range of detection 3.4 - 23.48 µg/ml. The RSD% of the modified electrode was calculated as 6.77. 

5. CONCLUSION 

The proposed study was conducted to develop a non-enzymatic sensor using modified carbon NC, able to 

detect H2O2 with high sensitivity at small potential magnitute. The combining effect of the carbon NC with the 

copper mediator increases the electron transfer capacity and electrical conductivity to acts as a better 

transducer material. Increase in sensitivity, higher repeatability obtained with a simple, rapid and inexpensive 

method were the advantages of the prepared sensor. This preliminary study confirms the biomimetic property 

of the modified carbon NC to be used for the fabrication, modification, detection and analysis of analyte by the 

sensor. For future perspective this sensor can be modified into biosensor by immobilisation of enzyme which 

will be able to detect some complex biological molecule as analyte. Due to low applied potential, the stability 

and integrity of the enzyme will remain intact and expected to perform at highest activity. The selectivity and 

interference study will be performed in future to check the biomimetic activity of the modified carbon NC at 

different conditions. 
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Abstract  

Cancer is one of the most common causes of death in developing countries and in the developed world. The 

function of the p53 protein plays an important role in the development of cancer. The protein p53 regulates the 

expression of genes that are responsible for the control of cell growth, apoptosis or for repair of damaged DNA. 

It t is encoded by the tumor suppressor gene TP53. If this gene mutates, its product will be damaged. It was 

found that mutations in the TP53 gene is present in more than 50% of cancer cases. Electrochemical 

biosensors have proved to be a suitable method for the detection of TP53 and also its mutations. 

Electrochemical deposition of gold nanoparticles on the surface of working electrode increases the active 

surface area of the sensor, this leads to a more sensitive detection of the TP53 gene and its mutations. By 

developing an electrochemical biosensor based on gold nanoparticles modified screen printed electrodes, an 

efficient platform for detecting the TP53 gene in biological samples is obtained.  

Keywords: Screen printed electrode, gold nanoparticles, gene TP53, protein p53, electrochemistry  

1. INTRODUCTION 

The TP53 gene is located on the 17th chromosome (specifically at the 17p13.1 locus). It is known as the 

guardian of the genome, because there just occur most somatic mutations, which result in malfunction of the 

gene products. It is reported that mutations in the TP53 gene is present in more than 50 % of cancer cases 

[1]. The main product of the TP53 gene is the p53 protein that controls cell proliferation. The p53 protein is 

also involved in the maintenance of cellular homeostasis and in complex regulatory interactions [2]. Normally, 

the level of TP53 in cells is relatively low [3,4]. Cancer is one of the most common diseases of the world, early 

cancer diagnosis reduces mortality by several tens of percent. The rapid and specific recognition and 

quantitative detection of the TP53 gene is extremely important for basic research and early treatment of cancer 

[5-7].  

The aim of the present work is to develop sensitivity electrochemical DNA biosensor for the determination of 

gene TP53 on gold nanoparticles using methylene blue (MB) as an electrochemical indicator. The deposition 

of gold nanoparticles on the surface of working electrode enlarge function surface of the electrode and improve 

its sensitivity. 

2. MATERIALS AND METHODS 

2.1. Chemicals 

All chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA). High purity deionized water (Milli-Q 

Millipore 18.20 MΩ/cm, Bedford, MA, USA) was used throughout the study. 

https://doi.org/10.37904/nanocon.2019.8611 
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2.2. Gold nanoparticles fabrication 

All electrochemical experiments were performed with a potentiostat (Autolab PGSTAT 101, Metrohm, Herisau, 

Switzerland). An Ag/AgCl 3 M KCl as a reference electrode and platinum electrode was auxiliary. 

Electrochemical software NOVA 2.1 (Metrohm, Herisau, Switzerland) was used for data evaluation. The 

surface of the screen printed carbon working electrode (SPCWE) was before each measurement modified in 

situ with gold nanoparticles. The SPCWE were immersed into solution 6.0 mM HAuCl4 and 0.1 M KNO3. The 

gold nanoparticles were deposited on the electrode surface using constant potential −0.4 V for 900 s. The 

working electrode was then rinsed with distilled water and dried under a nitrogen stream. 

2.3. Preparation of electrochemical biosensor  

On the surface modified SPCWE was applied 5.0 µl ssDNA ([ThiC6] GGC ACA CAC CTC AAC ACG AA). 

Immobilization was carried out for 12 hours at 4° C. After immobilization followed rinsing the SPCWE with 

0.2 M phosphate buffer (PB) with pH 7. 

The first step of hybridizing was blocking the free binding sites with 1mM 6-mercapto-1hexanol for 1 hour. The 

electrode was then rinsed with PB again. After this was on the electrode applied the complementary strand of 

DNA (TT GAG GTG CGT GTT TGT GCC) and incubated for 1 hour at 37° C. 

2.4. Electrochemical determination of gene TP53 

The modified electrodes were immersed in 10 mM methylene blue (MB) for 10 minutes. Then they were 

washed with 20 mM PB. Electrochemical determination was performed by differential pulse voltammetry (DPV) 

with the following parameters: initial potential of 0 V, end potential −0.4 V, step −5 mV, modulation amplitude 

25 mV, modulation time 50 ms, interval time 0.5 s. As supporting electrolyte was used PB pH 7. 

3. RESULT AND DISCUSSION  

 

Figure 1 Optimization of time deposition of gold nanoparticles on the electrode surface in dependence on 

the lowest detectable concentration 

Obviously, deposition time influences the current response of the analyte and stability of the biosensor. The 

Figure 1 shows the optimization of the deposition time, which affects the formation of different sizes of gold 
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nanoparticles. As an optimal deposition time was chosen 900 s, which was achieved at the lowest limit of 

detection of complementary DNA. With a higher deposition time, the saturation capacity of SPCWE is reached. 

 

Figure 2 SEM characterization of gold nanoparticles modified SPCWE 

In the Figure 2 shows the structure of gold nanoparticles which were produced by electrochemical deposition 

on the SPCWE surface. On the electrode is formed of gold “shrubby structures" that are branched into space. 

With these gold structures increased active surface of the working electrode. 

 

Figure 3 Differential pulse voltammogram of the gold nanoparticles modified SPCWE for detectionTP53 
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Under the optimal conditions, the biosensor was hybridized with different concentrations of the complementary 

DNA sequence and the reduction peak current of MB was measured. A typical DPV record with concentrations 

is shown in Figure 3. The lowest measured concentration was 1 nM. 

4. CONCLUSION 

In conclusion, the new modification of working electrode for determination of TP53 was developed. This 

modification allows to measure the concentration of the TP53 gene in the physiological range with limit of 

detection 1 nM. Normally the level of TP53 is very low and due to the cancer proliferation the level of TP53 is 

increasing. Determination of TP3 gene concentration is important for early detection of cancer.  
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Abstract 

Metalloproteins (MTs) are one of the most diverse classes of proteins, with the intrinsic metal atoms providing 

a catalytic, regulatory and structural role crucial to protein functioning. When stored under aerobic conditions, 

MTs might form dimers (as well as higher oligomers) that play an essential role as mediators in oxidoreduction 

signalling pathways. In this work, we explore the non-oxidative dimerization process characterized by metal 

(Cd) bridging of MT monomers by Förster resonance energy transfer. The formation of MT dimers/oligomers 

was investigated by applying capillary electrophoresis and matrix-assisted laser desorption/ionization with 

mass spectrometric detection. 

Keywords: Metallothionein, dimerization, capillary electrophoresis, Förster resonance energy transfer  

1. INTRODUCTION 

Metallothioneins (MTs) are a family of low molecular weight proteins (6-7 kDa). MTs are involved in the 

metabolism of heavy metals and they serve as an intracellular reservoir of essential trace elements. In 

mammals they occur in four isoforms (MT-1 to MT-4) that vary in expression and localization in individual 

tissues. Each molecule consists of a single polypeptide chain of 61-68 amino acid residues with high cysteine 

content (30 %). The sulfhydryl group of cysteine express the most notable functional potential. It can form 

disulphide bonds by which MTs can create oligomers. Oligomers can be formed either under oxidative (e.g. 

presence of NO or hydrogen peroxide) or non-oxidative conditions (addition of excess of Cd2+). Investigation 

of their structural arrangement can help understand the development of oxidative stress and mechanism of 

transport of toxic metals. In addition, the oligomer formation may play an important role in a number of 

neurological disorders such as Alzheimer´s or Parkinson´s diseases [4,5]. Due to the MT characteristics, such 

as low molecular weight, unique primary structure with lack of aromatic amino acids, and numerous isoform 

occurrence analysis of MTs represent a demanding task in terms of satisfactory sensitivity and specificity. In 

addition to traditional analytical techniques, such as gel electrophoresis and liquid chromatography, capillary 

electrophoresis (CE) has proven to be a powerful separation method for MT analysis. CE belongs to those few 

analytical methods enabling the separation of single MT isoforms and their sensitive detection [1-3]. Matrix-

assisted laser desorption/ionization with mass spectrometric detection (MALDI MS) represents another 

effective tool for identification of the MT isoforms and/or MT oligomers. 

Förster resonance energy transfer (FRET) is defined as a “long-range” dipole interaction between probes (the 

donor and the acceptor system) through resonance dipole-dipole coupling occurring in the pico- to nanometer 

range and thus at a scale relevant to changes in protein conformation [6]. Organic fluorophores such as 

cyanine dyes and quantum dots (QDs) are widely exploited as FRET probes for numerous chemical and 

biological applications such as protein folding investigation or for sensing and imaging of macromolecular 

interactions [7,8].  

https://doi.org/10.37904/nanocon.2019.8566 



  Oct 16th - 18th 2019, Brno, Czech Republic, EU 

 

 

407 

In the present work, the conjugation of MTs with QDs was investigated using CE coupled with absorbance 

detector and MALDI MS technique. We propose that the conjugation of protein to QDs could efficiently 

employed in FRET system which may subsequently serve for efficient investigation of MTs oligomerization. 

2. MATERIALS AND METHODS 

2.1. Materials and reagents 

MT isoform (MT-1) from rabbit liver was obtained from Enzo Life Science, USA. Sodium borate, zinc acetate, 

cadmium acetate, sodium phosphate, mercaptosuccinic acid (MSA), isopropanol, N-Ethyl-N′-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC) and N-Hydroxysulfosuccinimide sodium salt (Sulfo-

NHS) were purchased from Sigma-Aldrich in ACS quality. The stock solution of MT (1 mg/mL) was prepared 

in ultrapure water and stored in the dark at -20 °C. Ultrapure water purified by Milli-Q system was used for 

preparation of all solutions.  

2.2. Preparation of QDs 

Suspension of ZnCd QDs was prepared by mixing stock solutions of the 6 mM zinc acetate, 6 mM cadmium 

acetate, 20 mM sodium phosphate buffer (PB) pH 7 and 16 mM mercaptosuccinic acid (MSA). The resulting 

mixture with the typical molar ratio of 1:4:4:6 (Cd2+:MSA:PB:Zn2+) was exposed to UV irradiation for 5 minutes. 

The ZnCd QDs were precipitated by isopropanol and then isolated by centrifugation. Finally, ZnCd QDs were 

suspended in sodium phosphate buffer (PB, pH 7.2) and sonicated for 2 minutes before use.  

2.3. QDs bioconjugation 

At first, conjugation of ZnCd QDs with 0.2 mM MT-1 was carried out by a method using coupling agents EDC 

and Sulfo-NHS according to the protocol published elsewhere [9].  

2.4. MT dimerization  

Dimers (or higher oligomers) of MTs were obtained by storing MT-1 (0.1 mM) in 20 mM PB (pH 9.2) in presence 

of different volumes (0.5, 1 and 1.5 µL) 0.5 mM Cd2+ at 8 °C under aerobic conditions for 1 week.  

2.5. Capillary electrophoresis 

Analyses of MTs conjugates were performed using CE 7100 (Agilent technologies, Waldbronn, Germany) 

equipped with UV/Vis absorbance detector. Fused silica capillary with an internal diameter of 75 μm, total 

length of 64.5 cm and effective length of 56 cm was used. The capillary was flushed with background electrolyte 

(BGE) for 15 minutes prior to the first use. The capillary was rinsed for 120 s with background electrolyte before 

each run to obtain stable measurements. Sample was injected hydrodynamically by pressure of 50 mbar 

applied for 4 s. Separation voltage was set to 20 kV. Sodium borate buffer (20 mM, pH 9.2) was used as a 

BGE. The signal was registered at 254 nm. 

The method of “short-end injection” [10] was also introduced to be able to visualize the protein 

dimers/oligomers. Samples were injected at the end of the capillary near to the detector. Effective length of 

the capillary was 8.5 cm. This was achieved by injecting the sample at the outlet end of the capillary (short-

end injection), the capillary was air conditioned to temperature of 25 °C.  

2.6. MALDI-MS 

MT-1 was analysed using MALDI-TOF-MS (ultrafleXtreme instrument, Bruker Daltonik GmbH, Bremen 

Germany) equipped with a laser (operating at wavelength of 355 nm with an accelerating voltage of 25 kV, a 
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maximum energy of 43.2 μJ, and a repetition rate of 2000 Hz) in linear positive ion mode. Organic matrix - 

namely 2,5-Dihydroxybenzoic acid - was chosen. Matrix (1 µL) was applied on the prepared sample of MT-1 

with Cd2+ (probably dimers or higher oligomers) and dried under atmospheric pressure and ambient 

temperature (25 °C). The laser frequency was set to 1000 Hz and laser energy was optimized prior to each 

measurement. External calibration using a protein standard mixture I and II (Bruker Daltonics, Bremen, 

Germany) was applied in the range of m/z 1-30 kDa. A total of 3000 spectra were summed for each spot using 

the Random Walk raster pattern, with no evaluation criteria and were analysed with the Flex Analysis software 

(Version 3.4).  

3. RESULTS AND DISCUSSION  

A solution of metallothionein isoform MT-1 at millimolar concentrations stored under aerobic conditions at  

8 °C per 1 week produces a new species characterized here as dimers and/or higher oligomers. Here we 

confirmed that the environment has a great influence on the oxidation rate. Non-oxidative dimerization caused 

by Cd2+ addition occurred and metal bridges were formed. Samples of MTs with Cd2+ were analysed by CE. 

The obtained electropherograms are shown in Figure 1, where distinct changes in the signal intensities are 

observed. These changes suggest that the Cd2+ addition causes significant changes in the MTs structure.   

 

Figure 1 Electropherograms of metallothionein with different volumes (0.5, 1 and 1.5 µL) of 0.05 mM Cd2+,  

at positive polarity (A) and negative polarity (B) by short-end injection. 

The short end injection method was used to demonstrate the dimerization of MT-1. As shown in the  

Figure 1A, with the increased amount of Cd2+, the peak of MT-1 monomer with migration time of 0.9 minute 

decreased (Figure 1A), while the peak of MT-1 dimer with migration time 3.8 minutes increased (Figure 1B). 

Based on these results we hypothesise that the highest volume of Cd2+ (1.5 µL 0.05 mM Cd2+) directly affects 

the formation of metal bridges in the investigated protein MT-1 causing a subsequent dimerization of MTs. 

MALDI-TOF-MS analysis of the identical samples confirmed the formation of dimers increased after addition 

of 1.5 µL of 0.05 mM Cd2+ to the MT-1 sample and one-week storage at the 8 °C under aerobic conditions 

(Figure 2).  

Even though the CE and MALDI-TOF-MS were able to detect and determine the formation of MT 

dimers/oligomers, these methods do not provide any information about the structure of the formed species. 

For this reason, we suggest the use of FRET technique for following investigation. At first the FRET pair 

composed of ZnCd QD and cyanine dye was proposed. 
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Figure 2 MALDI-TOF-MS spectra of MTs. Sample of MTs without Cd2+ addition analysed immediately 

(bottom) and sample of MTs with Cd2+ addition after 1 week-storage (top) 

At first, the conjugation of MTs with quantum dots (QDs) was studied in order to evaluate the ability of the 

FRET system to indicate the structure of MT dimers or oligomers. However, the short-end injection method did 

not provide sufficient separation resolution. Therefore CE method with the effective length of the capillary of 

56 cm was used resulting in successful separation of MT, QDs and their conjugates (Figure 3). The 

conjugation of MTs with organic fluorophores will be subject of further research aiming to study a protein 

oligomerization by FRET.  

 
Figure 3 Electropherograms of protein (MT-1) conjugation to quantum dots 
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CONCLUSION 

Metallothionein (MT) may form dimers (as well as higher oligomers) upon storage under aerobic conditions. 

This dimerization may play an essential role as a mediator in oxidoreduction signalling pathways. In this study, 

the oligomerization of MT was investigated using capillary electrophoresis coupled to absorbance detection 

and mass spectrometry. Dimers/higher oligomers of MT were studied by a CE and verified by a MALDI-TOF-

MS analysis after Cd2+ addition and 1 week-storage. The method of protein conjugation to QDs was employed 

in order to investigate the FRET system applicability for structural characterization of protein dimerization. 

Generally, fluorescence-based detection techniques are very sensitive as well as highly selective with high 

potential for multiplexing. Moreover, Förster resonance energy transfer enables the measurements of 

distances at the molecular level and monitor distance changes in nanometer range. This phenomenon is highly 

dependent on the distance between acceptor and donor fluorophores. In conclusion, analysis based on a 

combination of CE FRET could be a very useful tool for study of protein oligomerization due to low cost and 

ease of use. 
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Abstract 

In recent years, scientific research has been associated with diminishment the size of analytical tools with 

simultaneous improving their characteristics. In this regard, one of the most perspective areas is the 

microfluidic-based analytical platform. The utilization of microfluidic approach enables the analysis of small 

volumes of fluids (micro- and nanoliters). In addition, the microfluidic makes it possible to develop a new class 

of equipment - the so-called complex laboratory (Lab-on-a-chip) devices that allow analyzing complex analytes 

in various mixtures. In present work, the microfluidic-based micromixer with incorporated AuMs (gold 

multibranched NPs) nanoparticles with surface grafted oleophilic chemical moieties for detection of 

pharmaceutics with low solubility in water (ibuprofen has been used as a model compound due to the fact that 

this is a common pharmaceutics contaminant) was demonstrated. The proposed microfluidic device utilizes 

the unique advantages of microfluidic, which explores the unusual behavior of liquids limited by microscale 

and Surface-Enhanced Raman (SERS), capable of recognizing one molecule of the target analyte. The 

proposed approach is especially relevant in medical diagnostics to determine the drug digestibility and 

environment monitoring and protection areas. 

Keywords: Lab-on-a-chip, SERS, 3D printing, microfluidics system, micromixer, ibuprofen 

1. INTRODUCTION 

Today microfluidic is one of the most relevant and rapidly developing areas of science and technology [1-4]. 

The microfluidic approach can reduce the size of all kinds of analytical laboratory devices and improve their 

technological characteristics [5,6]. Moreover, in combination with Surface-enhanced Raman spectroscopy 

(SERS), microfluidic devices can detect extremely low concentrations of the targeted analytes. In this work, 

we present a SERS/microfluidic-based approach, which allows detecting low concentrations of targeted 

analyte - ibuprofen. The ibuprofen has taken into account and has chosen for its wide medical utilization and 

related requiring of its detection in biofluids (drug digestibility estimation) or wastewater analysis [7-9]. 

2. EXPERIMENTAL 

2.1. Materials  

3D microfluidic micromixer was formed with polymer Clear resin (purchased from Formlabs, USA). Isopropyl 

alcohol (≥98.5 %), deionized water, toluene (99%), Ibuprofen were purchased from Sigma-Aldrich and used 

without further purification. The ADT-C16H33 salt was prepared by the procedure reported in [10,11]. 

2.2. Sample preparation 

Microfluidic model preparation 

The microfluidic micromixer was made using 3D printing (the model is shown in Figure 2C). The model for 

printing was designed by using the program COMSOL Multiphysics. After fabrication, the microfluidic 

https://doi.org/10.37904/nanocon.2019.8624 
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micromixer was additionally irradiated by UV-source for 30 min, watched with isopropyl and dried at 40° C for 

12 h. 

Description of AuMs preparation 

Gold multibranched nanoparticles (AuMs) were synthesized using the procedure.[12]: 100 μL of 10 mM 

aqueous HAuCl4 solution was mixed with 3 mL of deionized water, and then 6 μL of 10 mM aqueous AgNO3 

solution was added under magnetic stirring for 30 s. After the solutions had been thoroughly mixed, 2 μL of 

100 mM ascorbic acid was “quickly” added, and the solution was stirred vigorously for 10 s at room temperature 

(RT). When the reducing agent was added, the color of the mixture changed immediately from yellow to dark 

blue, indicating the formation of AuMs. Then the AuMs were dispersed in 3 mL of water and were purified three 

times by centrifugation at 5000 rpm for 10 min [13]. For further use, the resulted precipitates were redisclosed 

in deionized water. 

Diazonium modification AuMs 

The obtained nanoparticles were spontaneously modified by soaking in 6 mM freshly prepared aqueous 

solution of ADT-C16H33, in advance prepared according to the procedure described in [10,11] for 45 min. After 

modification, the nanoparticles were rinsed with water, methanol, and acetone and dried at room conditions. 

The procedure of AuMs rinsing/drying was repeated three times. Finally, the grafted AuMs were dispersed in 

the toluene. 

Raman spectroscopy investigations- concentration dependence  

Raman data were acquired in the microfluidic chip at room temperature, using the customized microfluidic 

device equipped with microscopic Raman spectrometer ProRaman-L (785 nm excitation laser). The excitation 

power was 0.6 mW and the measurement time was 10 s with 60 times average. The presented Raman spectra 

were obtained by subtracting the toluene spectrum from the raw spectra. 

Schematically the proposed microfluidic SERS (Surface-enhanced Raman spectroscopy) platform chip is 

demonstrated in the Figure 1. 

 

Figure 1 Graphical depiction of microfluidic micromixer and schematic of the concept of SERS  

measurement 
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3. RESULTS AND DISCUSSION 

 

Figure 2 Figure 2 A - The mathematical model of a fluid mix in a micromixer, calculated with Comsol 

Multiphysics software. B - Photo of a real microfluidic sample. C - SERS spectra measured on bulk ibuprofen 

and concentration dependent ibuprofen (after baseline correction - subtraction of toluene response), 

measured in the microfluidic regime. 

The well-known problem in the field of microfluidics has solved in the work - the thinner the channel, the greater 

role the viscous resistance of the liquid plays. Thus, the thinner the channel, the worse liquids are mixed since 

the flow is laminar. The developed model solves the problem of micromixing of liquid, as shown in Figure 2A. 

It is also known that Brownian particles (for example, nanoparticles spread very slowly over the channel cross-

section. The only process that causes such particles to mix is diffusion. Unfortunately, the diffusion process is 

rather slow and cannot be used in modern analytical devices. Therefore, the passive (i.e. without moving parts) 

micromixer, which would effectively mix a suspension of nanoparticles and a solution with an analyte was 

developed (schematic representation n is given in the Figure 2A).  

In this work, the microfluidic model of a micromixer incorporating AuMs nanoparticles with oleophilic properties 

in a solution for SERS-based identification of poorly water-soluble drugs (ibuprofen was used as an example) 
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was demonstrated (Figure 2B). The detection circuit includes two fluid streams mixing in a developed 

micromixer. The first stream is an aqueous solution containing various concentrations of ibuprofen. Toluene 

was chosen for the second stream because it mixes poorly with water but dissolves ibuprofen well. AuMs 

nanoparticles were prepared separately and their surface was grafted by ADT-C16H33 for increasing the stability 

of AuMs in toluene. The grafted AuMs were suspended in toluene and used as SERS probe. The system was 

designed in such a way that the ibuprofen with stirring gets into a solution of toluene containing nanoparticles 

and thus increase the SERS signal. 

In order to present the work of our model more clearly, the water in the first stream was tinted with rhodamine 

6G. As can be seen from Figure 2B, toluene does not mix with water, but small droplets form successfully 

flow through the microfluidic channel. 

Raman data were acquired in the microfluidic chip at room temperature, using a customized microscopic 

Raman spectrometer equipped with a 785 nm excitation laser. During the test, the ibuprofen in water solution 

and AuMs nanoparticles in toluene were injected into the microchannel using syringe pumps. Raman spectra 

show that ibuprofen was detected in different concentrations 10-2 M, 10-4 M, 10-6 M, 10-8 M as shown in the 

Figure 2C. As the concentration of ibuprofen decreases, the intensities of the peaks of Raman scattering 

gradually decrease and almost disappear at a concentration below 10-8 mol⋅L−1. In conclusion, our approach 

allows us to extract and detect low concentrations of poorly water-soluble drugs. 

4. CONCLUSION 

In this work, the novel design of microfluidic-based micromixer chip for SERS detection of ibuprofen was 

presented. The microfluidic chip was designed in Comsol and fabricated using 3D printing. Numerical 

simulations were used for the optimization of micromixers structure for achieving the extraction of ibuprofen 

from water by the toluene phase. The AuMs modified with the aliphatic diazonium salt were added to the 

toluene and served as a SERS probe. In conclusion, our approach allows us to detect concentrations up to 

10-8 mol⋅L−1 of poorly water-soluble drugs and this approach was demonstrated by using ibuprofen. 
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Abstract  

Virus-induced haemorrhagic fevers often show a rapid, dramatic course. Infectivity and mortality are very high. 

Such viruses are known to attack primates as well as other animal species. Fast, sensitive, selective 

diagnostics can be very beneficial for early anti-epidemic measures right in the outbreak. Quantum dots (QDs) 

have excellent features that make them useful as detection labels. Their use increases the sensitivity of the 

analytical assay. The use of biologically active components in QDs synthesis brings new properties. Quantum 

dots are nanocrystals that due to their high stability, ease of preparation and biocompatibility are suitable for 

labeling biomolecules. CdTe QDs modified with mercaptosuccinic acid (MSA), reduced glutathione (GSH), and 

plant extracts were prepared. Green synthesized CdTe QDs showed emission depending on the amount of 

extract applied. Thus, QDs were prepared in full-color scale from blue to red. The modified biomolecules of 

QDs are applicable for the labeling of nucleic acids. Their long-term stability, including their application onto 

paper, was tested. CdTe QDs exhibit very good electrochemical detection with the limit of detection (LOD) in 

nanomolar concentration. 

Keywords: Dangerous viral diseases, QDs, green synthesis, viral infection, CdTe, sensors, electrochemistry,  

                   electrochemical biosensor 

1. INTRODUCTION 

Quantum dots (QDs) are semiconductor nanocrystals (their size varies from 1 to 20 nm) that have been 

described about 40 years ago. The quantum dot is composed of 100 to 100,000 atoms. These nanocrystals 

are formed by the action of reducing agents in thermal synthesis [1-3]. It is possible to replace chemical 

reducing agents with mixtures (bio-extracts) [4]. Biosynthesis is a new way of synthesizing nanomaterials. The 

main advantage of this method is its environmental friendliness and further reduction of toxicity [5,6]. In 

addition, some of the substances contained in the extracts may have other significant biological properties [7]. 

If QDs are biosynthesized outside the organism, we are talking about extracellular synthesis. This type of 

https://doi.org/10.37904/nanocon.2019.8650 
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synthesis allows nanoparticle size control by means of temperature or pH. Intracellular synthesis takes place 

within the cells of the organism, nanoparticles are formed and deposited inside the cells. Nanoparticles 

prepared in this way are intricately separated from the organism. QDs are used in nanomedicine as fluorescent 

labels, mainly due to their fluorescence capabilities. They are used in microscopy for labeling tissues, cells 

and antibodies, as well as in medicine for the delivery and location of drugs, for the detection and monitoring 

of diseases. Their future uses include targeted tumor therapy. They are being used in photodynamic therapy 

(PTD) as an effective diagnostic treatment for tumor growth. PDT is used for local treatment of less developed 

tumors. Its principle is the application of a photosensitive substance that accumulates preferentially in the 

fastest-dividing (tumor) cells, causing the cells to die after irradiation with light. QDs can be used as detection 

labels when they are used as a biosensor [8]. African Swine Fever Virus (ASFV) is a DNA virus of the Asfivirus 

genus of the Asfarviridae family that is found in blood, body fluids, internal organs and all secretions and 

excretions and can be secreted 1‒2 days before clinical symptoms [9]. ASFV was described more than 40 

years ago. This virus spreads pandemically among members of the Suidae family, and the mortality rate of the 

virus-related disease is approaching 100 % [10]. The design and construction of sensors/biosensors require 

very sensitive detection and recognition parts. Very sensitive tools for analyte identification are fluorescence 

methods. In addition to their fluorescence properties, their electrochemical behaviour can be used. CdTe 

detection limits may be in nM. The aim of this work was to propose a procedure for QDs modification and their 

sensitive electrochemical detection. The quantum dots served as labels that would be usable for DNA 

biosensor design. 

2. MATERIAL AND METHODS 

Chemicals. All chemicals used in this study such as Cd(CH3COO)2 · 2H2O, Na2TeO3, mercaptosuccinic acid 

(MSA), Trizma base, KING F: 5’-CTGCTCATGGTATCAATCTTATCGA-3’, KING R: 5’-

GATACCACAAGATCAGCCGT-3’ and HCl were purchased from Sigma-Aldrich (St. Louis, MO, USA), in ACS 

purity. Propanol and NaBH4 were purchased from Merck (Darmstadt, Germany). All plastic materials used 

(tubes, tips) in this study were purchased from Eppendorf (Hamburg, Germany). Deionised water was prepared 

by using the reverse osmosis equipment Aqual 25 (Brno, Czech Republic), and was further purified by using 

an ELGA apparatus equipped with a UV lamp (Lane End, United Kingdom). The resistance was 18 MΩ and 

the pH was measured using the pH meter (WTW).  

Instruments. For absorption spectra, the wavelength was in the range from 400 to 800 nm. For fluorescence 

spectra, there were an excitation wavelength of 250 nm and an emission wavelength in the range from 350 to 

800 nm (Varioskan, Thermo Fisher Scientific, USA). The optical properties of nanoparticles were studied by 

spectral analysis. The absorbance spectra of nanoparticles were recorded within the range of 400 to 800 nm 

using a UV-3100PC UV-VIS spectrophotometer (VWR, Germany). 

CdTe quantum dots synthesis. The preparation of CdTe quantum dots (QDs) was performed as follows: 10 

mL of solution Cd(CH3COO)2· 2H2O (0.02 M), 76 mL of H2O, 1 mL of mercaptosuccinic acid (MSA) solution 

(0.4 M), 5 mL of Na2TeO3 (0.02 M), and 40 mg of NaBH4 were stirred with a magnetic stirrer (VMS-C4, VWR 

International Ltd., Darmstadt, Germany) for at least two hours until the bubbling stopped. Subsequently, the 

volume was adjusted to 100 mL. Then 2 mL of the prepared solution was pipetted into the glass vials (Sigma 

Aldrich, St. Louis, MO, USA) with a white cap (Anton Paar, Graz, Austria) and a Teflon cap (Anton Paar, Graz, 

Austria). The vial containing the mixture was placed in a microwave. During CdTe QDs synthesis using GSH 

1 mL of MSA solution (0.4 M) was replaced with mixture containing 0.8 mL of MSA solution (0.4 M) and 0.2 

mL of GSH solution (1 mM) in the 4 : 1 variant or 0.5 mL of MSA solution and 0.5 mL of GSH solution in the  

1 : 1 variant. During CdTe QDs biosynthesis, an extract from maize leaves was used together with MSA 

solution (0.1 mL of maize extract and 0.9 mL of 0.4 M MSA solution). The preparation of the maize extract was 

as follows: 1 g of maize leaves were homogenized using mortar and pestle with sand into 2 mL of phosphate 
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buffer, then the mixture was shaken for 15 min, and finally, the extract was separated by centrifugation at 

10 000 g for 15 min. Surface morphology of the nanoparticles was investigated with field emission scanning 

electron microscopy (FESEM) using an operating voltage of 10 kV in the SEM (Zeiss) instrument. Surface 

charging effect was minimized by coating the samples with gold on copper stubs with a coating instrument. 

Transmission electron microscope (TEM) and higher resolution TEM (JEOL) were determined on a copper 

stub with carbon glue and coated with gold before analysis. The samples for TEM and HRTEM were placed in 

vials containing absolute ethanol and ultrasonicated for 10 min. Thereafter, holey/lacey carbon grids (10 μm) 

were dipped into the vials containing the ultrasonicated samples and dried before microstructural 

determination. Determination of ODNs and Cd2+ by difference pulse voltammetry (DPV) was performed at 663 

VA Stand (Metrohm, Switzerland). A standard cell with three electrodes was used, and a hanging mercury 

drop electrode (HMDE) with a drop area of 0.4 mm2 was employed as the working electrode. An Ag/AgCl/3M 

KCl electrode acted as the reference and a carbon electrode was auxiliary. For data processing, VA database 

software by Metrohm was employed. The analysed samples were deoxygenated prior to measurements by 

purging with argon (99.999 %). 0.2 M acetate buffer (pH = 5) was used as a supporting electrolyte. The 

parameters of the measurement were as follows: initial potential ‒1.2 V, end potential 0 V, deoxygenating with 

argon 120 s, accumulation time 120 s, step potential 5 mV, modulation amplitude 25 mV, the volume of injected 

sample: 50 µL and volume of measurement cell 10 mL. CdTe QD-modified ODNs were analyzed using the 

adsorptive transfer method.  

Statistical analysis of data. Experimental work was performed in at least three independent experiments. Each 

sample in the experiments was analysed at least five times. The obtained data presented in this paper are the 

average values. No experimental points were excluded from the proposed experimental study. All the obtained 

data were stored in the Qinslab database (Prevention Medicals, Czech Republic). If possible, data were 

processed and evaluated mathematically and statistically in the Qinslab database. The results were expressed 

as mean ± standard deviation (SD).  

3. RESULTS AND DISCUSSION 

In this work, we focused on possibilities of using plant extract for QDs preparation. CdTe QDs were prepared 

using modification of MSA, GSH, and maize leaf extract. Thermal synthesis of QDs was carried out in a 

microwave at 300 W, with only 3 minutes of synthesis producing green and yellow dots, orange dots appeared 

after 4 minutes of thermal synthesis and red dots began to form after 5 minutes. Different particle formation 

rate is due to the size of QDs. In another experimental work, we focused on assessing the possible substitution 

of modifying agents in the QDs preparation process. Quantum dots were made by chemical synthesis using 

MSA. Typical color variants were obtained (Figure 1). The synthesis process was very reproducible, so a slight 

modification of the chemical synthesis was undertaken. MSA was added at the end of the reaction solution 

preparation process. After 3 minutes of thermal synthesis, green and yellow quantum dots were formed, after 

4 minutes orange quantum dots were created. Red quantum dots formed after 4‒5 minutes of synthesis. All 

manufactured QDs modified (MODI) were fluorescent. 

QDs MODI printed on filter paper were also characterized to determine their stability. All samples were 

fluorescent for more than 6 months. Quantum dots were also produced by replacing part of MSA with GSH. 

Two variants of MSA : GSH 4 : 1 and 1 : 1 ratios were prepared. In the 4 : 1 ratio of reducing agents, yellow, 

green, and blue QDs MSA : GSH were formed after the thermal synthesis. The blue color may be due to the 

small core size of the QDs or the modified surface. In a 1 : 1 ratio of MSA : GSH, QDs MSA : GSH were yellow 

and orange. All QDs MSA : GSH formed were fluorescent. Quantum dots synthesized with MSA : GSH 

reducing agents in 4 : 1 and 1 : 1 ratios were printed on filter paper. All loaded samples showed fluorescence 

properties. Quantum dots were made also biosynthetically. MSA was added at a 9 : 1 ratio with a maize leaf 

extract. 
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Figure 1 CdTe QDs MODI, a typical color spectrum after microwave synthesis (A) Photographic 

documentation of CdTe QDs printed on filter paper and subsequently photographed on a transluminator (260 

nm). (B) SDS PAGE of CdTe QDs. 10 µL of a sample was applied to the gel. (C) Fluorescence under UV 

lamp 310 nm, 5 mW. 

 

Figure 2 CdTe QDs fluorescence synthesized using MSA : GSH in a 4 : 1 ratio. Yellow, green and blue 

quantum dots (A) were observed. (B) SDS PAGE of CdTe QDs MSA : GSH. (C) SDS PAGE of CdTe QDs 

GPE (they were made biosynthetically using maize leaf extract). 10 µL of a sample was applied to the gel. 

Fluorescence was recorded under a UV lamp of 310 nm and 5 mW. 

Plants were transferred to the hydroponic growth system with only aerated distilled water with a different 

concentration of cadmium (Cd2+) ions. It is known that Cd2+ reduces the activity of antioxidant enzymes and 

thus increase cell damage [11]. After thermal synthesis, the QDs green, yellow, and red were formed and all 

were fluorescent. The stability of QDs was monitored over several weeks and was very good. The design of 

our experiment is the development of a suitable sensor/biosensor using QDs. It is known that organisms on 

Earth protect themselves from heavy metal ions by their binding to thiol compounds (glutathione, 

phytochelatins, metallothioneins) [12,13]. For such purposes, it is necessary to provide sufficient stability of 

the prepared nanomaterial. For this purpose, we have applied QDs to a suitable carrier (a paper in our case). 

QDs were applied by printing. After printing, the samples were tested for fluorescence. Individual images were 

scanned and evaluated by ColorTest. We found that a change in fluorescence of up to 10% was observed 

within 6 months. We assume that QDs prepared by us are stable over the long term. Quantum dots CdTe/MSA, 

CdTe/MSA MODI, CdTe/MSA GSH, CdTe/GPE were printed on paper. Each sample was printed in 15 

replicates. The individual samples were loaded in a volume of 4 µL of the sample, the printing speed was 10 

µL/s, the band length was 5 mm. The carrier gas was nitrogen (purity 5.0) at 5 kPa. After sample loading, the 

paper was irradiated with UV light (365 and 230 nm) and the image was taken (10 mPx). For the diagnosis of 

serious viral infections, new ways are sought [14,15]. The amount of cadmium was analysed electrochemically. 

A proposed scheme of the detection part of the prepared biosensor for detecting viral particles is shown in 
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Figure 3. The CdTe QDs were subsequently electrochemically determined on the working electrode. All QDs 

used have been found to provide very good electrochemical signals (typical green, yellow, orange, and red 

QDs signals). The CdTe QDs calibration relationship was linear (r = 0.999, LOD = 0.5 nM). The proposed 

detection system was used to analyse viral particles with very good repeatability (RSD up to 10 %). Detailed 

information on created QDs is summarized in Table 1. 

Table 1 Spectrometric characterization of various types of CdTe QDs 

Type of CdTe QDs 
Absorbance 

maximuma (nm) 
SD Excitation (nm) Emission (nm) 

Difference Ex-
Emb 

Color 

       

CdTe QDs-MSA-1 311 3.6 409 436 -27 red 

CdTe QDs-MSA-2 267 24.0 317 436 -119 yellow 

CdTe QDs-MSA-3 279 35.8 398 432 -34 red 

CdTe QDs-MSA-4 247 15.9 398 438 -40 red 

Average 276 20 381 436 -55   

CdTe QDs-GSH-1 337 1.7 388 442 -54 red 

CdTe QDs-GSH-2 331 1.5 395 441 -46 red 

CdTe QDs-GSH-3 310 3.1 382 440 -58 red 

CdTe QDs-GSH-4 308 1.0 389 444 -55 red 

CdTe QDs-GSH-5 299 1.0 386 444 -58 red 

CdTe QDs-GSH-6 317 1.5 384 444 -60 red 

Average 317 2 387 443 -55   

CdTe QDs-extract-1 250 4.3 337 446 -109 orange 

CdTe QDs-extract-2 250 3.6 347 446 -99 orange 

CdTe QDs-extract-3 260 2.0 349 440 -91 orange 

CdTe QDs-extract-4 256 7.3 339 446 -107 orange 

CdTe QDs-extract-5 258 4.5 338 441 -103 orange 

CdTe QDs-extract-6 265 5.8 355 444 -89 green 

CdTe QDs-extract-7 268 3.2 349 449 -100 green 

CdTe QDs-extract-8 265 5.8 351 446 -95 green 

CdTe QDs-extract-9 268 3.2 355 447 -92 green 

CdTe QDs-extract-10 260 2.1 362 442 -80 green 

Average 260 4 348 445 -97   

CdTe QDs-MOD-1 302 1.7 331 419 -88 yellow 

CdTe QDs-MOD-2 302 3.0 396 420 -24 orange-red 

CdTe QDs-MOD-3 317 2.1 217 412 -195 red 

CdTe QDs-MOD-4 301 0.6 475 429 46 yellow 

CdTe QDs-MOD-5 256 7.0 309 417 -108 red 

Average 296 3 346 419 -74 - 

a Average VIS spectra (300-700 nm), n = 3 
b The difference was calculated as follows: Excitation - Emission  

SD - standard deviation 
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Figure 3 Scheme of CdTe QDs hybridization biosensor. A sample originating from the infected organism is 

collected. Viral nucleic acid from samples is isolated by standard protocol. The prepared specific 

hybridization probe labeled with CdTe QDs binds to the target nucleic acid. The electrochemical signal of the 

presence of CdTe QDs is monitored. 

As for viral nucleic analysis, CdTe QD-modified ODNs were analyzed by the adsorptive transfer method. Due 

to this technique, ODNs and QDs unadsorbed to the working electrode surface were washed away. The 

electrochemical reduction signal of adenine and cytosine (CA signal) and the cadmium redox signal from CdTe 

were obtained. The average signals of the potentials are summarized in Table 2. The potential of CdTe QDs 

to ODN bound was around -0.58 V and the potential for QDs alone was -0.56 V. The CA signal was around -

1.30 V for unmodified ODNs, and for modified ODNs, the signal was shifted very slightly to a more negative 

potential around -1.31 V. In addition, differences between ODN signals (Ip, Ep) after their interaction with QDs 

have been demonstrated.  

Table 2 The average signals of the potentials 

Experimental analysis Cd signal (V) CA signal (V) 

KING F/CdTe QDs -0.58 ± 0.003 -1.31 ± 0.003 

KING R/CdTe QDs -0.58 ± 0.001 -1.30 ± 0.002 

CdTe QDs  -0.56 ± 0.002 n.d. 

n = 10 
n.d. - non-detected 

4. CONCLUSION 

So far, very little information about the green synthesis of QDs is known. In this study, green synthesis of CdTe 

QDs is presented. Various modified CdTe QDs were prepared. The prepared QDs evinced high stability 

making them suitable for ODN labeling. Based on the results, it can be concluded that the changes in the 

structure of the DNA can significantly affect the electrochemical behavior and these changes should be taken 

into account in its detection. In addition, the findings can be used to design new types of biosensors. 
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Abstract  

The functional plasmon active surfaces was designed and constructed for advanced Raman spectroscopy 

purposes. There is a huge demand in biochemistry and medicine for on-line observation of microorganism’s 

behavior, including the biofilms formation. For this goal the Raman spectroscopy measurements can be used. 

The obstacle we face is that the (bio)liquid may contain a lot of different sized biomolecules. To cut-off 

unnecessary molecules we propose the utilization of molecular sieve - mesoporous silica thin film (MSTF) 

deposited on plasmon active surface (periodical gold grating). Our biosensors detect trace amounts of 

cytotoxic ions and molecules, released from biomaterials. The plasmonic surface was functionalized with 

MSTF with the aim to provide the selective interaction/entrapping of the targeted objects of interest. Proposed 

approach also allows to directly monitor cell behavior on the variously modified surfaces and, moreover, 

surfaces with different morphologies. Development of proposed ideas and concepts introduces an innovative 

approach in the analysis of complex (bio)molecules system, get new information about the microorganism 

behavior as well as shed light on previously unknown phenomena in the microbiology field. 

Keywords: Mesoporous silica, SERS, plasmon-active surface 

1. INTRODUCTION 

Plasmonics represents an unique approach for creation of several analytical components, favourable by 

extreme sensitivity (the absolute detection limit can be achieved - single molecule recognition), wide usability 

(plasmon-based sensor as component can be used as a part of spectroscopic system, prepared in the form of 

fiber probes for local sensing, integrated into the flow system and so on) and reliability [1,2]. Among the various 

plasmon-based analytical approaches, two main directions can be distinguished: the sensors on the base of 

the shift of plasmon resonance wavelength position as a function of surrounding refractive index changes, 

referred to as surface plasmon sensor (SPR), or utilization of plasmon surface-induced enhancement of 

traditionally weak Raman signal, referred to as surface-enhanced Raman spectroscopy (SERS) approach  

[3,4]. Development of both approaches makes a revolution in the field of analytical chemistry and biochemistry, 

as well as many other related fields, where the measurement‘s results provide principally new information or 

significantly reduce the complexity or required detection route [5]. On the other hand, the growing demands in 

the field of microbiology, implantology, medicine and other (bio)sciences require the creation of more and more 
sensitive systems for the analysis of complex samples or recognition of vanishingly small concentrations of 

targeted molecules in complex samples. Plasmonics is able to give a satisfactory answer to many of these 

requirements, through the further development and optimization of the plasmon structures. For example, the 

functionalization of plasmon surfaces with mesoporous silica can cut off large biomolecules and let small ones 

reach surface and be detected. Mesoporous silica represents a new class of materials containing periodic 

arrays of channels and cavities, that are tunable over the range 20-100 Å [6]. 

2. RESULTS AND DISCUSSION 

2.1. Surface characterisation 

The main idea of our work is follow: application of SERS provided by Au grating can detect small amounts of 

targeted molecules, but (bio)samples analysing face a problem - very interfered and difficult to interpret 

https://doi.org/10.37904/nanocon.2019.8619 
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spectra. All molecules - big and small - absorb on plasmon-active substrate surface and contribute to SERS 

signal. The solution we find attractive is mesoporous silica thin film (MSTF). When covering substrates with 

MSTF before measuring, this addition layer is supposed to work as sieve. Since MSTF got porous structure it 

can cut-off molecules bigger than pore width and let smaller molecule flow through MSTF and reach grating 

surface. So that only small (targeted) molecules will give SERS signal. Additionally, we can sort (bio)molecules 

near SERS surface by adjusting pore size. To claim it we change different MSTF deposition conditions 

(deposition time, voltage, silica precursor to detergent ratio etc). 

 

Figure 1 Schematic representation of mesoporous silica substrate preparation 

  

 

Figure 2 Confocal microscopy images of substrates with mesoporous silica deposited for different time. 

Samples were made from solution with CTAB:TEOS ratio 0.32 (A) and 0.5 (B). 

To characterise silica surface structure the confocal microscopy was applied. Results are presented in  

Figure 2 and very smooth surface is evident before MSTF deposition. After 3 seconds deposition both types 

(0.5 and 0.32 Si-coating solutions) the continual homogeneous silica film is formed. For 0.32 ration and 7 

seconds deposition the MSTF film keeps being even, but for 0.5 ration we already can observe the formation 

of aggregates (dark dense spots). The formation of aggregates becomes more noticeable with deposition time 

increase. 10 and 30 seconds of depositions results in surfaces that are very heterogeneous with many 

aggregates merging together. Formation of aggregates and high roughness is undesirable outcome since 

aggregates can block pores so that analyte molecules will not reach gold grating surface. For those reasons, 

we restricted the deposition time with up to 7 second. 
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There is another reason why we do not need to deposit our substrates for too long time. We performed scratch-

tests using the AFM technique to determine thickness of silica films and how fast it grows. After results 

evaluation we determined that an average speed of silica growth is 7,5 nm/s. Film thickness should be around 

20 nm so molecules will not stuck in pores and easily reach plasmonic surface.  

So, based on the confocal and AFM microscopies results we came to a conclusion that deposition time for 

mesoporous silica thin films on Au sputtered substrate should be no more than 3 seconds. Consequently with 

3 seconds deposition or less we will get homogeneous, continual film with no aggregates on top of it and with 

optimal film thickness. 

More detailed investigation of surface morphology was performed by SEM. Results are presented in  

Figure 3. From those images we see aggregates on top of silica surface which are subsequently washed away 

with ethanol/HCl solution. Moreover SEM results prove that silica stays on surface after interaction with ethanol 

and CTAB removing. 

 

Figure 3 SEM images of MSTF from 0.32 solution before (A) and after (B) surfactant removal 

2.2. Surfactant removal 

To prove CTAB removal with acidic ethanol solution we did SEM-EDX measurements (Table 1). In particular, 

the Table 1 show the EDX-measured surface elements concentration before and after CTAB removing. Their 

relative comparison allows us to state CTAB was successfully removed, since there are no nitrogen and 

bromine on samples surfaces after washing in ethanol/HCl solution. Also we see reduction of carbon which 

can also occur due to surfactant removal. 

Table 1 SEM-EDX results for MSTF substrates before and after CTAB template removal  

Element 

Before removal After removal 

Apparent 
Concentration 

Wt% 
Wt% 

Sigma 
Apparent 

Concentration 
Wt% 

Wt% 
Sigma 

C 1.08 51.28 1.57 0.42 33.62 0.59 

N 0.24 3.24 1.24 0 0 0 

O 1.52 20.18 0.83 2.53 37.57 0.45 

Al 0.03 0.26 0.9 0.01 0.08 0.1 

Si 1.63 15.78 0.56 2.21 28.73 0.33 

Br 0.67 8.68 1.8 0 0 0 

Mo 0.04 0.57 0.76 0 0 0 

Total  100   100  
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Removal of CTAB was also confirmed by IR spectroscopy. IR spectra were taken before and after samples 

immersion in ethanol solution. As can be expected the spectrum of pristine sample (Au grating, before MSTF 

deposition) is plane, without any characteristic features. In turn, CTAB IR spectrum, measured in powder and 

presented for comparison has two pronounced characteristic peaks, located at 2920 and 2850 cm-1. These 

characteristic peaks are clearly seen on Au grating/MSTF spectrum before CTAB removing. After the 

immersion in ethanol/HCl solution the CTAGB characteristic peaks disappear, but very wide and broad peak 

appears confirming presence of alcohol groups remaining after extraction of surfactant.  Disappearance of 

these band (and conservation of SiO2 structure - see SEM-EDX result) indicate successful removing CTAB 

while keeping silica on Au grating surface. 
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Figure 4 FTIR spectra of pristine substrate, pure CTAB, and samples before and after CTAB removal 

2.3. SERS with analyte standard 

After finding the optimal MSTF deposition conditions the SERS measurements were performed in the next 

step. At the first stage the model SERS analyte - crystal violet (CV) was used. The CV was dissolved in water 

to obtain 10-6 mol/l concentration and drop-deposited on Au/MSTF surface. Results of SERS measurements 

are presented in Figure 5. Appearance of characteristic SERS signal from both CV and SiO2 indicate analyte’s 

ability to reach the Au grating surface and that silica is still remaining after CTAB removal.  

 
Figure 5 Raman spectra of crystal violet powder and MSTF sample with drop-deposited crystal violet on it 
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So, using the described parameters we created MS structure, able to allow to small molecules reach the 

plasmonic active surface. Our future work will be focused on proving MS ability to cut-off big molecules while 

letting small ones be detected in the context of peptide solution with analyte dye. Further we will be analysing 

more complex bio samples containing different sized molecules e.g. bacterial strains and films 

3. CONCLUSION 

To prevent interfered and difficult to interpret spectra when analysing complex bio samples mesoporous silica 

thin films were synthesised on Au-grating substrate. The conditions of MSTF deposition were carefully 

optimized. The created functional SERS substrates were involved in SERS measurements of model analyte. 

Our future work will be focused on proving MS ability to cut-off big molecules while letting small ones be 

detected in the context of peptide solution with analyte dye. Further we will be analysing more complex bio 

samples containing different sized molecules e.g. bacterial strains and films 
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Abstract 

Surface-enhanced Raman spectrometry (SERS) represents a powerful method for analysis of a broad 

spectrum of analytes ranging from inorganic ions to biomolecules of high complexity. It combines the potential 

of Raman spectrometry for a definite identification of an analyte with remarkable sensitivity achieved by the 

surface enhancement effect occurring on metal nanoparticles. While low ionic strength influences positively 

the sensitivity of the SERS measurement, a higher level of inorganic salts leads to fast ruining of colloidal 

character, which completely devastates the effect of the surface enhancement. The common stabilization of 

nanoparticles by a layer of polymers has a negative impact on the SERS sensitivity since it shields the 

nanoparticle surface from the analytes. In this work, we aim at the development of the bi-ligand system of 

nanoparticles surface modification for improved stability of colloid in saline solution at sustaining the potential 

for sensitive SERS analyses. The proposed system relies on the binding of 3-mercaptopropionic acid and 

thiolated polyethylene glycol in a suitable ratio onto the nanoparticle surfaces. While the short chains of the 

acid sustain the accessibility of the surface for analytes, the polymeric structures act as a steric barrier 

preventing colloid aggregation. 

Keywords: Bi-ligand, nanoparticle, saline solution, stability, surface-enhanced Raman spectrometry 

1. INTRODUCTION 

From the late 1960s, Raman spectrometry belongs to the methods particularly useful in bulk material 

characterization. It provides information about the rotational-vibrational states of the analyte, being a key to its 

definite identification. The Raman spectrum is recorded from inelastically scattered photons, which are (in 

comparison to elastically interacted photons) very rare. It is estimated that only 1 photon out of 106 - 107 

induces a Raman signal. This hurts the method sensitivity limiting greatly the sphere of potential applications. 

However, in the 1980s surface enhancement effect was discovered occurring on the nanostructured metal 

surfaces. [1] Due to the suitable optical properties of nanoscaled silver and gold, they belong to the most 

commonly used metals.  

The effect of the enhancement was, for the first time, observed on a rough silver electrode [1]; however, soon, 
other platforms were developed usually dealing with precisely organized structures. [2] Their fabrication 
commonly involves lithographic techniques requiring high-tech equipment and a skilled operator resulting in 
extensive costs. The use of colloids represents an alternative system for achieving surface enhancement. 
Their chemical synthesis is simple (reduction of respective salts by a suitable agent) and requires neither any 
complicated equipment nor extensive costs. Moreover, the nanostructures in the form of dispersion bring much 
more freedom to experimental design. [3]  

SERS provides a particularly strong signal in the spaces called hot-spots, which are formed between the 

closely located nanostructures. While at solid substrates the hot-spots depend on the surface geometry, in 

https://doi.org/10.37904/nanocon.2019.8480 
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colloids they are obtained by controlled aggregation. The aggregation is usually induced by a mild increase in 

the ionic strength of the sample. Although this can be a very promising strategy in the analysis of model 

mixtures, it can cause difficulties in the analysis of real-world samples, which often consist of a high level of 

inorganic ions. This high ionic strength (more than 0.1 M) causes an extraordinary fast aggregation process 

leading to the loss of colloidal character (i.e., ruining enhancement effect) within the scale of seconds. [4] Such 

challenging samples can be found across many areas - medical research (e.g., biological fluids) [5], 

environmental analysis (e.g., wastewater) or food industry. 

The stability of colloids can be achieved by their surface modification, typically by large polymeric structures. 

Unfortunately, this prevents direct nanoparticle-analyte interaction, resulting in a significant decrease in the 

sensitivity. [6] In this work, we introduce a feasible system of surface modification of silver nanoparticles (NPs) 

composed of two ligands, where one of them (long-chained) acts as a steric barrier preventing aggregation, 

whereas the second one (short-chained) allows close interaction of NP surface with analytes. 

2. EXPERIMENTAL  

2.1. Chemicals and methods 

The silver colloid was synthesized by a standard Lee-Meisel protocol [7], based on the reduction of silver 

nitrate (Sigma Aldrich) by sodium citrate (Lachema). The obtained dispersion provided absorption maximum 

at 420 nm and an average nanoparticles diameter in the range of 60-70 nm.  

For the surface modification of this colloid (Figure 1) mixture of 3-mercaptopropionic acid (MPA) and O-(3-

Carboxypropyl)-O′-[2-(3-mercaptopropionylamino)ethyl]-polyethylene glycol (3000 Da, PEG-SH) were used, 

both purchased in Sigma-Aldrich. Both compounds were mixed in deionized water in the desired ratio (for 

details see the results) to create their mutual solution. This reaction mixture was added into a silver colloid and 

immediately vortexed for 2 minutes, followed by mild mixing for further 30 minutes. The reagents covalently 

bound to the nanoparticles via their thiol functional group. The stock solutions of thiolated compounds were 

prepared freshly every day. 

 

Figure 1 The design of the proposed surface modification of the silver nanoparticles. The figure is  

not in scale. 

2.2. Instrumentation 

The colloids were characterized using UV-Vis spectrometer (UV-1800, Shimadzu), transmission electron 

microscopy (FEI Morgagni 268D, Thermo Fisher Scientific), and dynamic light scattering (ZetaSizer Nano ZS, 

Malvern Instruments).  
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3. RESULTS AND DISCUSSION 

Many real-world samples (e.g., urine, wastewater, food extracts) provide a high content of inorganic salts 
leading to increased ionic strength. Since the colloidal character of the nanoparticles would be in such an 
environment devastated within several seconds [4], expensive and complicated strategies are usually 
employed for SERS analysis of such a sample. [5] An example of the aggregation behavior of the silver colloid 
is shown in Figure 2, clearly demonstrating the formation of larger entities. This work focuses on the 
development of a unique system for surface modification of silver nanoparticles, which would lead to reliable 
and sensitive SERS analyses in salinated samples.  

 

Figure 2 TEM figures of silver nanoparticles:  

A - at stable conditions, B - in an aggregated form after the increase of ionic strength 

The proposed design is based on the combination of short and long chains of 3-mercaptopropionic acid (MPA) 
and thiolated polyethylene glycol (PEG-SH), respectively (see Figure 1). At a suitable ratio of these 
components, areas accessible for the analyte should be formed on the nanoparticle surface (due to the short-
chained MPA), while the long-chained polymer should suppress direct NP-NP interactions, thus, preventing 
their aggregation.  

One of the important aspects of the formation of described surface modification is finding a suitable 

concentration of a modifier, which would ensure complete saturation of the surface of the nanoparticles. 

Although it is possible to estimate it from theoretical calculations, due to the possible variances in the shape 

and amount of the nanoparticles (both influencing the surface area), the experiments should bring more 

relevant data. UV-Vis spectrometry belongs to simple and very effective tools, which can reveal any changes 

on the nanoparticle surface due to the shifts of the surface plasmon (corresponding to the absorption curve).  

Thus, we employed UV-Vis spectrometry to find an optimal concentration of MPA for complete saturation of 

silver colloid. Figure 3 shows the normalized absorption spectra of six colloids modified by MPA using its 

various concentrations in the reaction mixture, covering the range of 0.5 µM - 250 µM. Interestingly, 

concentrations higher than 1.25 mM resulted in rapid colloid aggregation (data not shown). The obtained data 

nicely showed the shift of absorption maximum from 420 to 424 nm, which can be attributed to the binding of 

the acid molecules onto the nanoparticles. The saturation was reached at the level of 10 µM; however, to cover 

possible batch-to-batch variances in colloid surface capacity, the concentration of 20 µM was evaluated as the 

most appropriate.  

The functionality of the proposed bi-ligand design is highly dependent on the suitable ratio of both reagents. 

While the too high surface concentration of PEG-SH would lead to the blockage of the NPs surface, its shortage 

would result in a significant drop in the colloid stability, both spoiling the SERS sensitivity. In this work, we 

tested several molar ratios of MPA and PEG-SH (i.e., 5:1, 10:1, 20:1, 50:1) and modification by PEG-SH only. 
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In the reaction mixture, a final concentration of thiolated compounds was always 20 µM. The modified 

nanoparticles were introduced into the saline solution, i.e., 0.9 % NaCl (w/v), and their UV-Vis absorption 

spectra were immediately collected. This procedure brought an insight into the stability of colloid in the 

biological relevant environment. Our observations revealed that the most appropriate molar ratio of MPA:PEG-

SH is 10:1 (data not shown). This represented the lowest concentration of PEG-SH in the reaction mixture, at 

which the unchanged character of UV-Vis spectra was reliably achieved.  

 

Figure 3 Normalized absorption spectra of silver colloid modified by 3-mercaptopropionic acid (MPA).  

The legend gives concentration of used MPA. 

Our measurements proved the improved stability in salinated solutions; however, it is important to confirm that 

the conformation of PEG-SH does not block the nanoparticle surface. The conformation of polyethylene glycol 

is related to its concentration on the nanoparticle surface. At low intermolecular distances, PEG-SH forms so-

called brush (molecules interact with each other and are unbent), which would shield the nanostructures from 

analytes. [8] We aim at a mushroom conformation (depicted in Figure 1), which brings more potential for NP-

analyte interaction. Since both conformations differ in PEG-SH size, they affect also the overall nanoparticle 

diameter. Thus, dynamic light scattering was used for the investigation of an average diameter of two various 

colloids - modified by PEG-SH only and by MPA:PEG-SH (10:1). A significant change in the dispersion 

diameters was observed. While the nanoparticles modified by PEG-SH only provided an average diameter of 

121 nm, the addition of MPA resulted in its decrease to 107 nm. This proves the formation of the mushroom 

conformation at the nanoparticle surface.  

The aggregation of the silver colloid in the UV-Vis spectra can be observed as a drop of the absorption band 

at 420 nm, sometimes accompanied by increased absorbance around 600-800 nm. [9] We prepared three 

batches of colloid modified by MPA:PEG-SH (10:1), MPA (only), and PEG-SH (only) to follow their stability in 

saline solution within 30 minutes, which provides sufficient time scale for running SERS measurements of the 

sample. Figure 4 shows the comparison of the UV-Vis spectra taken immediately after the introduction to the 
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saline solution and after 30 minutes. Modification by MPA does not have any stabilization effect on the 

nanoparticles. On the contrary, PEG-SH acts as an excellent stabilizing agent, where no apparent changes 

were recognized within the followed time. The use of the combination of both agents resulted only in a very 

mild aggregation and the colloid sustained its character of the dispersion. 

 

Figure 4 The comparison of the aggregation behavior of three types of modified nanoparticles in a saline 

solution. Nanoparticles were modified by MPA, PEG-SH, and MPA:PEG-SH (10:1). The final concentration 

of thiolated compounds in the reaction mixture was always 20 µM. 

4. CONCLUSION 

In this work, we prepared silver nanoparticles with unique bi-functional surface modification. This modification 

effectively prevents uncontrolled nanoparticle aggregation (at least for 30 minutes) and has great potential for 

being a powerful tool for sensitive SERS analyses in solutions of high ionic strength. The design is based on 

the combination of large polymeric structures and short-chained organic acid. We believe that the adjustment 

of this short-chained ligand can significantly contribute to the selectivity of the measurement. In the upcoming 

investigations, these modified nanoparticles will be used for SERS analysis of biomolecules from saline 

solution to prove their functionality fully. During the SERS measurement, we are going to achieve a favorable 

aggregation by laser-induced sintering. [10] 
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Abstract 

Metal nanoparticles proved to be effective signaling tags in combination with laser ablation followed by 

inductively coupled plasma mass spectrometric detection. The surface may be suitably modified by various 

biorecognition elements such as antibodies or aptamers. Moreover, molecularly imprinted polymers can be 

prepared on their surface. In this study, the biorecognition capabilities of nanoparticles functionalized by 

antibodies and molecularly imprinted polymers were compared. 

Keywords: Nanoparticles, LA-ICP-MS, antibodies, molecularly imprinted polymers 

1. INTRODUCTION 

Nanotechnology is focused on studying particles or materials in size ranges from 1 to 100 nm in at least one 

dimension. Such nanomaterials may be composed of organic substances, carbon or metals and their oxides. 

Nanoparticles can have different shapes, such as spheres, stars, rods, tubes, spirals, hollow cores, etc. Their 

shape, composition and size are responsible for their unique physical, chemical and biological properties 

compared to their equivalent in the macro scale. This is mainly due to the large ratio of particle surface to 

volume. The large active surface of particles can be used for chemical modification [1]. 

The surface of nanoparticles can be modified by binding to antibodies [2] or aptamers [3] used for specific 

recognition. The possibility of forming a molecularly imprinted polymer on the surface of magnetic particles 

was also presented. These particles can then also be used for specific recognition of imprinted structures in a 

complex sample, or isolation of target molecules [4]. 

Molecularly imprinted polymers (MIPs) are a technology of synthesis of polymers in the presence of a template 

molecule. After polymerization, the template molecule is removed to form selective recognition sites. The 

advantage of this method is that it can be used for analytes for which antibodies are not available, or their 

preparation is complicated. Not only small analytes but also proteins or whole cells can be imprinted [5]. 

Nanoparticles modified by antibody or molecularly imprinted polymers can be used for specific detection of 

analytes. The modified particles are used as a biorecognition tool. Laser ablation with inductively coupled 

plasma mass spectrometry (LA-ICP-MS) appears to be a suitable method of detection. LA-ICP-MS is a method 

of sample elemental analysis, which provides information not only about the elemental composition of the 

sample but also about spatial distribution [6,7]. 

2. MATERIAL 

Recombinant Human standard of protein p53 (ab43615) was purchased from Abcam, Cambridge, UK. An anti-

53 antibody DO-1 was delivered from Masaryk Memorial Cancer Institute in Brno. 

https://doi.org/10.37904/nanocon.2019.8632 
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For the conjugation with antibodies and preparation of MIPs was used a commercial kit of europium 

nanoparticles Europium Conjugation Kit from Expedeon, San Diego, USA.  

Dopamine hydrochloride Sigma-Aldrich (USA) was used as a functional monomer for MIP preparation 

3. METHODS  

3.1. Conjugates preparation 

Conjugation of 200nm EuNPs with anti-p53 antibody was performed according to the kit manufacturer's 

protocol. Conjugate was afterwards used for dot-blot analysis. 

3.2. MIPs 

10 μl of 200 nm EuNPs without antibody was washed 3 times by 200 μl 20mM Tris-HCl pH 8.5 and centrifuged 

for 10 minutes, 17 000 rcf. After that 600 μl of lysozyme 0.2 mg/ml was pipetted. The mixture was gently mixed 

on Multi RS-60 (Biosan, Latvia), 10 rpm. Then 100 μl of 3,5 mg/ml dopamine was added to create a polymer 

on the surface of nanoparticles. Polymerization lasted for 15 hours. Subsequently, the template of lysozyme 

was washed out 3 times with 200 μl 10% HAc and finally 200 μl 20mM Tris-HCl. 

NIPs (non-imprinted polymers) were prepared as a negative control was in the same way. The only difference 

was the addition of water instead of the lysozyme template. 

These modified particles were used for dot-blot analysis.  

3.3. Dot-blot 

The Dot-blot analysis with following LA-ICP-MS was performed according to Tvrdonova et al. 2019 [7] Briefly, 

on the activated PVDF membrane (Bio-Rad, USA) were applied the samples of protein p53 (0.5 μl) or lysozyme 

(1 μl) in different concentration. After 30 minutes the membrane was blocked by blocking buffer also for 30 

minutes. Subsequently, incubation with modified nanoparticles was carried out for 1 hour. Finally, the 

membranes were three times washing with PBS-T for 5 min and then analyzed by LA-ICP-MS. 

4. RESULTS AND DISCUSSION 

4.1. Antibody-modified nanoparticles 

The conventional immunoassay is a well-established 

technique; however, new and improved alternatives have 

been still searched. From this point of view, a powerful 

elemental analytical method such as LA-ICP-MS may be 

beneficial, therefore in this study, an anti-p53 antibody was 

labeled by 200nm europium nanoparticles and employed as 

a biorecognition element in the dot-blot analysis of p53. As 

shown in Figure 1, the detection of the target analyte at the 

nanogram level was enabled.  

 

Figure 1 Dot blot analysis of p53 protein using anti-53 

antibody labeled by 200nm europium nanoparticle and 

detected by LA-ICP-MS 
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4.2. MIPs on the surface of nanoparticles 

Due to some disadvantages of antibodies as biorecognition elements which include relatively poor chemical 

stability, high price, unavailability for certain analytes or ambiguity in specific chemical antibody-antigen 

interaction mechanisms, MIPs may serve as an alternative overcoming the above-mentioned obstacles. 

Therefore, we decided to combine the power of LA-ICP-MS in sensitivity of detection, the high metal signal 

provided by metal-based nanoparticles due to the content of the high number of metal atoms, and benefit 

provided by biorecognition abilities of MIP surface. 

Figure 2 shows the Eu signals of nanoparticles with 

surface imprinted by the polydopamine layer 

specifically developed to selectively recognize 

lysozyme as a target. Lysozyme was selected due to its 

relatively small molecular mass because the imprinting 

efficiency is higher for smaller templates. For imprinting 

of larger molecules, epitope imprinting is commonly 

utilized. As shown in Figure 2, non-imprinted polymeric 

layer (NIP) provides a significantly lower signal.  To 

verify the approach, iron oxide magnetic particles were 

also tested (Figure 3). 

 

As shown in Figure 3, the signal intensities were 

significantly higher compared to signal provided 

by Eu nanoparticles, however the iron oxide 

nanoparticles are significantly higher in diameter 

(1 µm), therefore also the nonspecific sorption is 

higher. However, there is still a satisfactory 

difference between MIP and NIP particles. To 

improve the performance of the assay, gold 

nanoparticles can be used, polymer providing 

better imprinting properties (e.g. methacrylate) is 

applicable, epitope imprinting approach would be 

beneficial, and finally, nanoparticle surface 

blocking strategies (similar to those used in 

conventional immunoassay analyses) may be 

tested and optimized.  

 

 

 

5. CONCLUSION 

In this study, MIPs as biorecognition elements were synthesized on the surface of metal-based nanoparticles 

and used in dot blot analysis of proteins with coupling to LA-ICP-MS detection. The use of MIPs as the 

Figure 2 Dot blot analysis of lysozyme using 

polydopamine MIP on the surface of Eu nanoparticles 

(200 nm) and detected by LA-ICP-MS 

Figure 3 Dot blot analysis of lysozyme protein using 

polydopamine MIP on the surface of magnetic iron oxide 

nanoparticles (1 µm) and detected by LA-ICP-MS 
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alternative to antibodies may be beneficial in cases when antibodies are not available or provide undesirable 

cross-reactivity. The combination of MIPs, metal particles and LA-ICP-MS is a promising technique 

complementing the existing family of bioanalytical techniques. 
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Abstract  

3D printing is a modern and widely used technology that has reached virtually all sectors of human activity, 

from the automotive industry to medical fields. Silver nanoparticles (AgNPs) have considerable industrial 

potential and are intensively studied regarding their antibacterial capability. Using green synthesis, the 

nanoparticle surface can be coated with molecules that exhibit biologically significant properties. By combining 

3D printing technology and antibacterial activity of AgNPs, a unique antibacterial material can be prepared. 

The aim of this work was to modify the printing filament with AgNPs, to prepare the antibacterial material by 

3D printing and to test the antibacterial activity of the prepared material using the JIS (Japanese industrial 

standards) L 1902 method. Such material can be used in hospital facilities to adjust various devices to prevent 

nosocomial infections. 

Keywords: Green synthesis, 3D printing, silver nanoparticles, antibacterial capability, infectious diseases 

1. INTRODUCTION 

Research on 3D printing technology is progressing very rapidly. In medical applications, 3D printing already 

occupies an irreplaceable place and is used for various purposes (Figure 1). Currently, it is possible to prepare 

different tissues using 3D printing [1]. Moreover, great success is the replacement of damaged bone tissues 

[2]. Nanoparticle research is one of the fast-developing areas of nanotechnology. Silver nanoparticles (AgNPs) 

are the subject of intensive studies because of their antibacterial properties [3-5]. Due to their stability, AgNPs 

are already widely used in several areas of industry where their antibacterial, antiviral and antifungal activities 

are essential. When changing pH, AgNPs break down into ions that bind to the bacterial cell wall and produce 

oxygen radicals. Oxygen radicals together with silver ions interact with DNA and proteins and increase the 

permeability of the cell wall, thereby damaging the cell. The green synthesis uses plant extracts as reducing 

agents. Using this method, it is possible to modify the surface of AgNPs with biomolecules contained in the 

https://doi.org/10.37904/nanocon.2019.8518 
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extracts. Due to the modification of the printing filament with AgNPs, the material with excellent antibacterial 

effects using 3D printing can be prepared. The indisputable advantage of the material fabricated in this way is 

that it is antibacterial not only on its surface but also in its entire volume.  

 

Figure 1 Graph showing the use of 3D printing. The graph was constructed based on keywords searched in 

the Web of Science. The found articles have been categorized and the graph was generated with the 

percentage of individual searched results. 

2. MATERIALS AND METHODS 

Silver nanoparticles were prepared using green synthesis, whose methodology was previously optimized. A 

plant extract from sage (Salvia officinalis) was used [6]. Dried plant samples were purchased from Valdemar 

Grešík ‒ Natura s.r.o. The dispersion of purified AgNPs in a mixture of acetone and water (1:1) was applied to 

3D printing filament (ABS ‒ acrylonitrile-butadiene-styrene) at a concentration such that the final concentration 

of AgNPs in the printed material was 40 mg AgNPs/1 g ABS. The density of the printed material was 30 %.   

The Japanese Industrial Standards (JIS) L 1902 method, titled "Testing Antibacterial Activity and Efficacy on 

Textile Products", is designed to test the ability of fabrics that have been treated with antimicrobial agents to 

prevent microbial growth and to kill microorganisms, over an 18 hour period. After the mixture had dried on the 

filament, the material (2 x 2 x 0.5 cm) with potential antibacterial effects (Figure 2) was printed. The 

antibacterial activity of the material was tested using the JIS L 1902 method. 

The bacterial suspension of Staphylococcus aureus in LB medium was diluted to an optical density of OD = 

0.035 (c = 1x107 CFU/mL). 83 µL of the diluted suspension was mixed with 917 µL of a sterile solution of PBS-

T. 30 µL of the suspension was pipetted onto the test material (2 x 2 cm). The material with the suspension 

was covered with sterile parafilm (1.5 x 1.5 cm). Then, it was placed on a sterile Petri dish that was covered 

and the bacteria were allowed to incubate in an incubation box (35 °C) for 24 hours. On next day, the material 

with parafilm was placed in a tube with 10 mL of PBS-T. Subsequently, it was allowed to vortex for 1 minute 

to separate the bacteria from the material into the mixture. To increase the detection limit, the mixture was 

centrifuged (14 000 g, 2 min) and diluted 10x, 100x, and 1000x in PBS-T. Then, 50 µL of the mixture was 

pipetted onto a Petri dish. On day 3, the number of grown colonies from a bacterial suspension that was 

cultured on modified and unmodified material was compared. The experiment was performed in three 

replicates. Three identical printed AgNPs-modified platforms (AgNPs+) and three equal printed AgNPs-

unmodified platforms (AgNPs-) were tested. The scheme of the method is summarized in Figure 2. 
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Figure 2 Scheme of the JIS L 1902 antibacterial test. Comparison of the antibacterial effect of modified and 

unmodified material. (A) Application of bacterial suspension of S. aureus on the material. (B) Covering the 

suspension with parafilm. (C) The placement of the material with parafilm in PBS-T solution after incubation, 

vortexing, and centrifugation. (D) Applying the mixture to a Petri dish (3 replicates). Bacterial suspension 

used in the Petri dish was 30x diluted, AgNPs-modified platforms (AgNPs+), AgNPs-unmodified platforms 

(AgNPs-). 

3. RESULTS AND DISCUSSION 

The surface of AgNPs was characterized by biochemical methods. The high-resolution transmission electron 

microscopy and the hydrodynamic light scattering were used to determine AgNPs sizes (average size of 

AgNPs was 40 nm). The absorption maximum was found at 450 nm. Several shapes and sizes of AgNPs in 

the prepared mixture have been demonstrated by density gradient centrifugation and gel electrophoresis. It is 

known that the shape and size of AgNPs affect antibacterial activity [7]. The prepared nanoparticles were 

subsequently studied for changes in the biochemical profile in S. aureus [8]. We found that AgNPs affected 

the metabolism of xylose (decrease by more than 50 %), trehalose (decrease by more than 30 %), arabinose 

(decrease by 80 %), and ribose (decrease by 75 %). The data indicate that the rate of glycolysis was affected. 

Thus, the bacterium increases the energy gain that probably uses for the defence mechanisms removing 

AgNPs from cells. In addition, AgNPs also affects the pentose cycle and increases the metabolism of sugars.  

Moreover, changes in amino acid metabolism, a reduction in glutamine production of an average change of 

about 35%, were noted. The effect on urea cycle metabolism was about 25%. The experimental work clearly 

shows the significant effect of AgNPs on a wide range of metabolic processes in bacterial cells. Thus, the 

process of developing bacterial cell resistance to AgNPs is more limited. 

After evaluation of the JIS L 1902 test, the excellent antibacterial activity of the prepared material against S. 

aureus was proved. The number of bacterial colonies observed on the Petri dish was evaluated. In areas of 

application of bacterial suspension that was then cultured on the modified material (AgNPs+), a very marked 

growth inhibition was observed compared to the control (AgNPs-). Bacterial colonies on the AgNPs+ material 

were observed only when the undiluted suspension was applied to a Petri dish. Of three repetitions, on 

average, only 5 colonies grew up. For further dilutions, no further colonies were observed in AgNPs+. 
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4. CONCLUSION 

Silver nanoparticles were prepared using a green synthesis approach. Nanoparticles prepared using sage 

extract showed strong antibacterial activity. Dispersed AgNPs were applied to the printed 3D filament and the 

material obtained was tested for antibacterial activity using JIS L 1902 test. Antibacterial activity was tested 

on the Gram-positive bacteria S. aureus. It has been proven that the prepared material exhibited excellent 

antibacterial activity. Silver nanoparticle-modified material could be used in hospital facilities to eliminate 

nosocomial infections.  
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Abstract 

Nucleobases are the main building blocks in DNA and RNA playing very important roles in cell metabolism. 

Changes of bases in DNA sequence may affect function of products of gene expression - proteins, and this 

can lead to inherited diseases and most human cancer types. Pharmacological studies, clinical diagnosis and 

others areas need a quick, inexpensive and exact method for determination of nucleobases. In this work, we 

explore the possibility of improving detection of nucleobases by using capillary electrophoresis in combination 

with isolation by magnetic particles modified by molecularly imprinted polymer. 

Keywords: Capillary electrophoresis, nucleobases, magnetic particles, molecularly imprinted polymers  

1.  INTRODUCTION 

Deoxyribonucleic acid (DNA) is probably the most important biomolecule in living organisms, which encodes 

genetic information via combination of four bases: guanine, adenine, thymine and cytosine [1]. The changes 

in the concentration of each nucleobase may lead to mutation and may also indicate the presence of various 

diseases [2]. For example, abnormal changes of thymine concentration or a deficiency of thymine in DNA my 

result in symptoms of mental retardation, renal failure cardiovascular disease or cancer [1]. Therefore, the 

determination of such changes in biological samples has a great significance for clinical diagnostics [3]. Up to 

now, various analytical methods including gas chromatography [4], liquid chromatography [5], fluorescence 

spectroscopy [6] and electrochemical methods [7] have been used to determine the DNA bases. However, 

these techniques are expensive and demanding for sample preparation techniques [1]. 

Molecular imprinting is a method of solid phase extraction based on creating of selective binding sites for 

targeted analytes [8]. Molecularly imprinted polymers (MIPs) have attracted attention due to their advantages 

of predetermination, low cost, easy preparation, physical and chemical stability and great specificity [9]. So far, 

MIPs have been used for selective separation of proteins, drugs [10], pesticides [11] and others substances.   

The use of nanomaterials - magnetic nanoparticles - in combination with MIPs provides large surface-to-

volume ratio and well defined shape, moreover possibility of rapid separation of magnetic particles by the aid 

of an external magnet is favorable [1,9]. 

Dopamine (DA) is a small molecule which can self-polymerize to generate polydopamine at alkaline pH and 

spontaneously adhere to different kinds of materials form a conformal layers [12]. Polydopamine has number 

of advantages such as stability and durability; it is practical, eco-friendly and contains a lot of functional groups. 

Therefore, DA can serve as suitable functional monomer facilitating the synthesis of MIPs [9]. 

In this work, the conditions of formation of molecularly imprinted polymers on the surface of magnetic 

nanoparticles for separation and detection of nucleobases were investigated. Furthermore, the resultant 

polymers were used for detection of thymine in combination with capillary electrophoresis (CE) in real samples.  

https://doi.org/10.37904/nanocon.2019.8567 
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2.  MATERIALS AND METHODS 

2.1.  Materials and reagents 

Dopamine hydrochloride, Trizma® base, sodium dodecyl sulfate and thymine were purchased from Sigma-

Aldrich (St. Louis, MO, USA) in ACS purity. Dynabeads™ MyOne™ Silane magnetic particles and sodium 

tetraborate decahydrate were obtained from Thermo Fisher Scientific (Waltham, MA, USA).  

2.2.  Preparation of magnetic MIPs 

Briefly, 50 µl of magnetic nanoparticles (MPs) (40 mg·ml−1) were washed by 200 µl of 20 mM TRIS (pH 8.5) 

for three times. Thymine (0.5 mg·ml−1) was dissolved in 20 mM TRIS (pH 8.5) and 500 µl of solution was added 

to the washed MPs for preparation of MIPs. To prepare non-imprinted polymers (NIPs) used as a control, only 

500 µl of 20 mM TRIS (pH 8.5) was added to the washed MPs. The mixtures were stirred for 1 hour and then 

100 µl of dopamine (17.5 mg·ml−1) disolved in 20 mM TRIS (pH 8.5) was added and the reaction was continued 

overnight at room temperature. The product was collected with a magnet, supernatant was removed and 

discarded. The template was washed out three times by 200 µl of 20 mM TRIS (pH 8.5). 

2.3.  Sample preparation 

After washing of MIPs and NIPs by 20 mM TRIS (pH 8.5), 200 µl of sample was added and mixture was left 

shaking for 2 hours. After supernatant removal, MIPs and NIPs were washed three times with 200 µl of 20 mM 

TRIS (pH 8.5) and samples were analyzed by CE. 

2.4.  Detection by capillary electrophoresis (CE) 

Quantification of thymine was performed by CE instrument 7100 (Agilent Technologies, Germany) with 

absorbance detection at wavelength of 260 nm. Fused silica capillary with an internal diameter of 75 µm, with 

the total length of 64.5 cm and an effective length of 56 cm was used. The sample was introduced 

hydrodynamically by 40 mbar for 5 s and a separation voltage of 15 kV was applied. A background electrolyte 

(BGE) was composed of 40 mM sodium borate buffer, 60 mM sodium dodecyl sulfate (SDS) at pH 9.8. Prior 

to the analysis, the capillary was washed for 100 seconds using BGE. 

3. RESULTS AND DISCUSSION 

3.1. Preparation of molecularly imprinted magnetic nanoparticles  

The MIP-based separation procedure using MPs is schematically shown in Figure 1.  

 

Figure 1 Separation of magnetic 

particles by the aid of an external 

magnet 
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Before the created imprinted material can be used for chosen application, it is necessary to optimize several 

crucial steps. Briefly, the template molecules have to be washed out by an appropriate solution, because 

washing can cause changes and damages of binding sites. Five different approaches were used for template 

washing (Figure 2A). Interesting result was obtained for 6 M ethanol however this solvent caused the damage 

of thymine specific cavities and polydomamine layer. From this reason, 20 mM TRIS was chosen at the most 

effective approach.  

As can be seen from Figure 2B, the surface of magnetic MIPs has to be washed several times to remove 

almost all template molecules from cavities. The first column represents the signal of thymine (0.5 mg·ml−1) 

and after third washing of MIPs, the peak area of eluted template decreased to 1 % of its original value.  

 

Figure 2 Optimization of MIP properties. (A) MIPs washing by five different solvents - 6 M ethanol (EtOH), 20 

mM TRIS (pH 8.5), 0.1 M NaOH and 5 % acetic acid (HAc) *Standard = CE analysis of 0.1 mg·ml−1 thymine. 

(B) Optimization of number of washing steps for perfect removing of template *Standard = CE analysis of 0.5 

mg·ml−1 thymine without MIP process  

3.2. Selectivity verification  

Detection of nucleobases is important not only for pharmacological studies and clinical diagnostics, but also 

for other areas of science. However, the selectivity of extraction/isolation and subsequent detection is 

essential. Therefore, in this study, all canonical nucleobases were tested using the magnetic MIPs developed 

for thymine and thymine was by far the most efficiently isolated nucleobase, which proofs that the selectivity 

was more than satisfactory compared to even structurally very similar analytes (e.g. thymine vs. uracil). 

Moreover, as shown in Figure 3, the nonspecific sorption on polymeric layer without presence of cavities was 

reasonably low and this background signal can be subtracted for quantification purposes. 

 

Figure 3 Electropherograms nucleobase mixture 

applied on the polymeric layer with (MIPs) and 

without (NIPs) cavities selective for thymine. CE 

separation parameters: BGE - 40 mM sodium 

borate buffer, 60 mM SDS, pH 9.8; detection - 

260 nm; hydrodynamic injection - 40 mbar for 5 s; 

separation voltage - 15 kV 
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However, when analyzing complex biological samples, appropriate sample preparation is critical, because 

these samples, such as tissues, blood, urine and saliva, are complex matrices with moderate-to-high levels of 

proteins and other interferents. Traditional methods of sample pretreatment are time-consuming, require 

various consecutive steps and often expensive material [13]. Thus, the isolation of the thymine by magnetic 

MIPs is currently being evaluated in the environment of more complex biological samples to eliminate the 

adsorption of proteins and improve the sample washing procedure.   

4. CONCLUSION 

Power and variability of molecular imprinting technology in combination with high surface area of nanomaterials 

and magnetic properties of iron oxide creates an extremely effective tool for bioanalytical applications. As 

demonstrated in this study, the reasonable selection suitable polymer and low sample volume analytical 

technique (CE) enables to improve the determination of small molecules which are even structurally very 

similar. 
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Abstract 

A quantitative comparison was made of the efficiency of conjugation of immunoglobulins G and gold 

nanoparticles obtained by the Turkevich-Frens method. The conjugates were synthesized by physical 

adsorption and covalent immobilization using orthopyridyl disulfide polyethylene glycol succinimidyl ester 

(OPSS-PEG-NHS). The study is conducted using an original method of determining the composition of protein 

nanoconjugates based on measuring the intrinsic fluorescence of tryptophan in the protein. The percentage of 

bound immunoglobulins was higher when using OPSS-PEG-NHS: 43% versus 22% for adsorption conjugation 

at an added IgG concentration of 2.3 μg/ml. After increasing the IgG concentration to 4.6 μg/ml, the percentage 

of binding immunoglobulins was close for the two methods of the conjugation: 26% and 22%, respectively, 

which may indicate the filling of the surface of the particles. 

Keywords: Gold nanoparticles, conjugates, tryptophan fluorescence, immunoglobulin 

1. INTRODUCTION 

Conjugates of gold nanoparticles (GNPs) with bioreceptor molecules (e.g., antibodies) have found use as 

applications for solving many biochemical and bioanalytical tasks [1,2]. The main method of obtaining GNPs 

is the citrate reduction of hydrochloric acid (Turkevich-Frens method) [3,4]. This technique has several 

advantages: a simple and reproducible synthesis, the ability to obtain particles in a wide range of sizes (10-

150 nm), and the stability of the colloid due to the stabilization of particles by citrate ions. Citrate ions can be 

easily replaced by other molecules; therefore, such stabilization does not limit the possibility of surface 

modification. 

For the functionalization of GNPs by the biomolecules, two main approaches are used: physical adsorption 

and covalent binding [5-8]. Physical adsorption is the most widespread technique as a result of its 

methodological simplicity and minimal impact on the structure and properties of the adsorbed molecules [9]. 

The main disadvantage of noncovalent immobilization is the possible partial desorption of protein molecules 

and, consequently, a decrease in the functional activity of the conjugate [10,11]. 

Despite many methods having been proposed for studying the composition of nanoconjugates (see the review 

in [12]), the number of molecules bound to the GNP remains debatable. This is a consequence of significant 

differences in methods and conditions for the preparation of conjugates. 

A comparative study was conducted on the composition of GNPs’ conjugates with antibodies obtained in two 

ways: direct adsorption and covalent binding using orthopyridyl disulfide polyethylene glycol succinimidyl ester 

(OPSS-PEG-NHS). The quantitative composition of the conjugates was determined by fluorescence 

spectroscopy [13]. This method is based on determining the intrinsic fluorescence of tryptophan in the protein 

and allows for evaluation of the composition of protein conjugates without the need for additional labels. 

https://doi.org/10.37904/nanocon.2019.8500 
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2. EXPERIMENTAL 

The present study used monoclonal anti-troponin I antibodies, IC4 clone (“Bialexa”, Russia). OPSS-PEG-NHS 

(MW = 5,000) and thiolated PEG (PEG-SH, MW = 5,000) were obtained from Creative PEG Works (Chapel Hill, 

NC, USA). 

2.1. Synthesis of GNPs 

GNPs were synthesized according to the Frens method [3] with modifications [14]. First, 1.0 ml of a 1 % 

aqueous solution of hydrochloric acid was added to 97.5 ml of deionized water and brought to a boil. Then, 

1.5 ml of a 1% aqueous sodium citrate solution was added and stirring. The mixture was boiled for 25 min, 

cooled, and stored at 4-6 °С. The spectra of GNPs’ preparations were recorded using a Biochrom Libra S60 

spectrophotometer (Biochrom, UK). 

2.2. Synthesis of antibody-GNP conjugates by adsorption immobilization 

In accordance with the procedure described previously [15], GNP solutions (D520 = 1.0, pH 9.0) were added to 

the solutions of antibodies at concentrations of 4.6 and 2.3 μg/ml. Antibody concentrations were chosen on 

the basis of theoretical calculations of the amounts of antibodies forming a monolayer coating on the surface 

of the GNPs with different diameters. The mixtures were incubated for 30 min at room temperature and stirred, 

after which an aqueous PEG-SH solution was added to a final concentration of 0.25 %. GNP-IgG conjugates 

were separated from unbound antibodies by centrifugation for 10 min at 12,000 g and 4 °С using an Allegra 

64R centrifuge (Beckman Coulter, USA). The precipitate was suspended in a 20 mM Tris-HCl buffer, pH 7.6, 

containing 1.0 % BSA, 1.0 % sucrose, 0.1 % Tween 20, and 0.1 % sodium azide. 

2.3. Synthesis of antibody-GNP conjugates by covalent immobilization 

First, OPSS-PEG-NHS cross-linker was reacted overnight with IC4 at a 10:1 molar ratio in 100 mM sodium 

bicarbonate (pH 8.5). Modified antibodies were purified by gel filtration. Then, OPSS-PEG-NHS-treated 

antibodies were added to GNPs for 2 h to obtain the conjugates (final concentrations of OPSS-PEG-NHS-

treated antibodies were 4.6 and 2.3 μg/ml). In the next step, 20 μL of 1 mM PEG-SH was added to additionally 

stabilize the nanoparticles. Finally, the conjugates were centrifuged at 12,000 g for 10 min. 

2.4. Determination of the composition of nanoconjugates 

The supernatant after centrifugation of the conjugates was divided into two parts. The first part, in a volume of 

200 μl, was added to the microplate wells (Nunc MaxiSorp white microplates; Roskilde, Denmark). IC4 

antibodies were added to the second part to a final concentration of 6 μg/ml, and 200 μl of the obtained 

solutions was transferred to the microplate wells and used as a calibration solution. The fluorescence was 

measured on a microplate reader (Perkin Elmer En Spire 2300, Waltham, MA) with excitation and emission 

wavelengths of 280 nm and 350 nm, respectively. 

The protein concentration in the supernatant (in μg/ml) was determined by the following formula:  

6 * N / (C - N), 

where N is the fluorescence in the supernatant, C is the fluorescence in the calibration solution, and 6 is the 

concentration of added antibodies in the calibration solution in μg/ml. 

The difference between the initially added protein concentration and its concentration in the supernatant gives 

the concentration of the protein conjugated with GNPs. 
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3. RESULTS AND DISCUSSION 

3.1. Characteristic of GNPs 

Dimensional characteristics of the GNPs’ preparation were obtained by transmission electron microscopy. The 

average diameter of the particles was 33.7 nm. Particle concentration was determined by ICP-MS according 

to the method described by Byzova et al. [16]. According to the data obtained, 1.3 • 1011 GNPs were contained 

in 1 ml of the solution. 

IgGs were added to GNPs in two concentrations, based on the calculation of 25 nm2 and 50 nm2 of the particle 

surface area per one IgG molecule. The calculated amounts of GNPs and immunoglobulins are summarized 

in Table 1. 

Table 1 Quantitative parameters of GNPs and added IgG during the conjugation 

Diameter, 
nm 

Surface 
area, nm2 

GNPs / ml 
IgG per particle 

(1)* 
IgG per particle 

(2)* 
[IgG] (1)*, 

μg/ml 
[IgG] (2)*, 

μg/ml 

33.7 3566 1.3 • 1011 72 143 2.3 4.6 

* (1) at the rate of 1 IgG molecule on 50 nm2 of the GNP surface; (2) at the rate of 1 IgG molecule on 25 nm2 

of the GNP surface. 

3.2. Determination of the composition of nanoconjugates 

The intrinsic fluorescence of a protein is a 

convenient tool for determining its 

concentration. Tryptophan is the most 

intensely fluorescent amino acid [17]. 

However, its fluorescence strongly depends 

on its molecular environment, including the 

ion composition of the solution [13]. This does 

not allow the use of calibration solutions that 

differ from the test sample in ionic 

composition. To account for this, the addition 

of a known amount of protein directly in the 

analyzed sample is proposed. In this case, 

the difference in fluorescence in the sample 

with and without an additive allows for 

estimation of the signal-to-protein ratio and, 

thus, calculation of the protein concentration 

in the sample. For this, it is necessary that in 

the entire range of measured concentrations, 

strict proportionality of the signal and concentration is observed. Proportionality was verified by measuring the 

fluorescence of IgG solutions in the supernatants after centrifugation of GNPs. 

The dependence of the fluorescence intensity at 350 nm on the concentration of added protein was determined 

in the calibration solutions and in the test samples. In the concentration range of 0-30 μg/mL, dependence of 

the intensity of the protein fluorescence on the concentration in the calibration solution was linear (R was 
>0.99; Figure 1). 

Next, fluorescence was measured in the samples obtained after centrifugation of the conjugates of GNPs with 

IgG and calibration solutions. The calibration solutions for each sample were aliquots of the corresponding 

Figure 1 Fluorescence in solutions containing known IgG 

concentrations 
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sample with added IgG at a final concentration of 6 μg/ml. The volume of an aliquot after the addition of IgG 

changed by no more than 2.5 %; therefore, the change in the concentrations of the components of the sample 

can be neglected. 

The obtained fluorescence values for 4 samples and 4 corresponding calibration solutions are presented in 

Figure 2. 

 
Figure 2 Fluorescence in supernatants of conjugate samples (1-4) and calibration solutions (5-8). The 

supernatants of the GNPs conjugates: 1-2.3 μg/ml of IgG, covalent conjugation; 2-4.6 μg/ml of IgG, covalent 

conjugation; 3-2.3 μg/ml of IgG, adsorption conjugation; 4-4.6 μg/ml of IgG, adsorption conjugation. 

Based on the obtained fluorescence values, the protein concentrations in the supernatants and in the 

conjugates were calculated (Table 2). 

Table 2 Quantitative parameters of GNPs and added IgG during conjugation 

Sample 
IgG concentration 
in the supernatant 

IgG concentration 
in the conjugate 

% of 
binding 

GNPs + 2.3 μg/ml of IgG, covalent conjugation 1.3 1.0 43 

GNPs + 4.6 μg/ml of IgG, covalent conjugation 3.4 1.2 26 

GNPs + 2.3 μg/ml of IgG, adsorption conjugation 1.8 0.5 22 

GNPs + 4.6 μg/ml of IgG, adsorption conjugation 3.6 1.0 22 

The presented data indicate a more efficient binding of IgG during covalent immobilization by OPSS-PEG-

NHS than with adsorption. However, for a denser fit, the advantage of the covalent method is negligible. 

Probably, in this case, steric difficulties for contact of IgG with the surface became a limiting factor. 

4. CONCLUSION 

Covalent immobilization of IgG appears to be a more effective way of functionalizing GNPs than physical 

adsorption. Despite the complication of the conjugation procedure, covalent immobilization allows the 

achievement of a higher coverage of the particle surface by IgG. In addition, a higher strength of interaction 

suggests the greater stability of covalent nanoconjugates during their storage. 
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Abstract 

Hierarchical structures found in nature exhibit specific properties such as low wettability or low reflectance. 

The aim of this initial study is to present the behaviour of a synthetic hierarchical structure prepared by the 

replication of plant surfaces, such as from the pansy flower. Natural materials serve their purpose for the 

necessary time. Synthetic hierarchical structures should be used in technical practice in the long term, for 

precisely required purposes. However, they do not have self-repairing capabilities, since they are not dynamic 

but static systems. The polyethylene used to replicate the selected natural structure shows very good results 

and the prepared replicas match the natural patterns very well. In addition, polyethylene is a commercially 

available, easy-to-process material with satisfactory mechanical properties. Its disadvantage is easy 

scratching of the surface. Depending on the material used and the specific nature of the surface structure, 

different pH environments (pH 5, pH 9) were selected for the evaluation of degradation. Circulating water with 

quartz sand particles of 20 to 60 microns were selected for surface abrasion simulation. Furthermore, the 

degradation test of samples in an outdoor environment and evaluation of selected substances adsorption on 

the sample surface was performed. The degradation processes were monitored and evaluated for 1 month in 

this initial study. Scanning electron microscopy was used as a basic method for characterization of polymer 

replicas surface changes. 

Keywords: Hierarchical structures, plant surface replicas, polyethylene, degradation 

1. INTRODUCTION 

Hierarchical surfaces found in nature are interesting in many ways. Lately, flowers of roses and pansies belong 

to one of the most studied surfaces that are inspiring for humans as they are able to minimize the reflection of 

incident radiation [1-3]. At the same time, these structures are highly hydrophobic. Flower surfaces consist of 

cones with a pentagonal or hexagonal base. The diameter of the cones at the base is usually about 30 to 40 

µm, the height of the cones reaches 40 to 50 µm. On the surface of cones are also visible folds with a width of 

300 to 400 nm. These structures are referred to in the literature as "light-trapping structures". The flower of the 

plant thus obtains the maximum amount of energy needed for its growth and development. Hierarchical 

structures are studied both in terms of their function in plants and their application in technical applications [4, 

5]. The pitfalls that emerge from imitating natural structures are related to the fact that plants are living, self-

healing, dynamic systems that serve a given purpose for exactly the required time. If waterdrops fall on the 

plant's flower, they are removed not only due to the above-described structure covered with natural waxes, 

but also because of the fact that the leaf or flower bends and the drop rolls off upon impact. Among other 

things, flowers and leaves grow more often in the vertical direction than in the horizontal direction.  

Replicas are currently prepared from different types of polymers, but their stability in real environments [6-8] 

is not yet evaluated. Replicas made of polyethylene have a highly structured surface [9]. Polyethylene is a 

material resistant to many chemicals, but its disadvantage is that it is easily scratchable. This paper aims to 

evaluate the influence of the selected environments on the degradation of synthetically created hierarchical 

surfaces, which simultaneously include nanostructures, sub-micrometre structures, and microstructures and 

are prepared from a non-polar material - high-density polyethylene. 

https://doi.org/10.37904/nanocon.2019.8552 
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2. EXPERIMENTAL PART 

2.1. Materials  

Pansy flower surface, which is characterized by a hierarchical structure of epidermal cells at micrometre and 

sub-micrometre levels, was selected for the process of replication. The pansy flower conical cells show a 

diameter of approximately 30 to 40 µm at the base, wrinkles on top of epidermal cells and folding typical for all 

cultivars of a pansy. Clearly visible folds show thickness from 300 to 400 nm. The epidermal cells height is 

about 40 µm. High-density polyethylene HDPE (Goodfellow GmbH) was used for the preparation of petal 

surface polymer replicas. A two-step replication process was used to prepare the petal surface polymer 

replicas. Citric acid p. a. (Fisher Scientific), sodium hydroxide p. a. (Fisher Scientific) was used to adjust the 

pH of the test solutions. Quartz sand particles having a diameter in the range of 20 to 60 µm in distilled water 

at a concentration of 1 % by weight were selected to assess the degradation of the samples by abrasion in an 

aqueous medium. 

2.2. Degradation of samples 

Polyethylene specimens with replicated surface hierarchical structures were placed in several selected 

environments - different pH environments, abrasive particles, and real outdoor environments. Adjustment to 

pH 5 was performed with citric acid, to pH 9 with sodium hydroxide. The temperature of the solutions was  

23± 2 °C. Another degradation medium was distilled water with 1 wt. silica sand particles having a size in the 

range of 20 to 60 µm. The particulate water was stirred in a beaker with a magnetic stirrer. The speed was 300 

rpm, the water temperature was 40 °C, the bath was heated and not cooled. Another set of samples placed 

on a Petri dish was exposed to the normal environment for 1 month from the 18th of July to the 18th of August. 

Temperatures in this period ranged from 15° to 40 °C. In this period, samples were exposed to normal sunlight, 

rain, dust particles or mildew spores. 

2.3. Evaluation of samples degradation 

Samples were investigated by scanning electron microscopy (FE SEM Zeiss ULTRA Plus). All samples were 

sputter-coated with a 3 nm Pt-Pd layer (Quorum Q150R ES) before SEM investigation. The static contact angle 

was determined at See System E. 5 l droplets of distilled water were applied to the surface replicas. 

3. RESULTS AND DISSCUSSION 

High-density polyethylene replicas create a very good image of the natural pattern. Electron microscope 

images clearly show the conical shape of the epidermal cells, the diameter, the height of the cells, the 

hexagonal bases of these cells, their interconnection and folds on the surface of cells at the level of hundreds 

of nanometres. Besides, a fine fibrillar structure is visible on the surface of the folds and is transversally 

mounted to this surface. The dimensions of the fibres forming this structure range from 10 to 20 nm -  

Figure 1. This initial study aimed to assess the influence of selected degradation environments on the 

hierarchical structure generated by the natural pattern replication process. All samples were evaluated both 

after their preparation and after exposure in selected environments. Scanning electron microscope sample 

evaluation did not reveal any major changes in the hierarchical structure after the degradation process. The 

exception was the grinding of cones in an abrasive environment. However, by measuring the wettability or 

determining the contact angle values, changes due to the degradation environment were identified. Changes 

in the chemical composition of the polymer surface were not evaluated in more detail in this work because no 

air conditioning chamber was used. 
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Figure 1 Pensy (Viola x wittrockiana) - the natural petal surface. The hierarchical structure of dried epidermal 

conical cells of pansy and dried natural petal surface [9,10] 

The surface of pansies, or the natural sample used in this experiment, is characterized by a specific hierarchical 

structure. A thin layer of epidermal cone cells with a minimum water content was removed from the flower 

surface - Figure 1. Due to the high water content in all plant samples in general, they undergo considerable 

deformation due to water loss when dried before electron microscope insertion. 

    

Figure 2 PE replica surface of a pansy flower after sample preparation - overview and detailed image of the 

surface with characteristic substructure 

The replica surface of a pansy flower shows excellent resemblance to its natural pattern. Besides, it has a 

substructure that is missing from the natural pattern. The substructure is made up of fibrous formations at the 

level of tens of nanometres - Figure 2. Pansy flower surfaces, as well as their replicas, are non-wettable. The 

contact angle for the natural pattern is 140°, for replicas made of high-density polyethylene 138°. In both cases, 

hydrophobic behaviour is ensured simultaneously by structure and chemical composition. The contact angle 

measured for high-density polyethylene without structured surface is 77°. Samples exposed to different pH 

environments do not cause changes to be observed by scanning electron microscopy, either in the 

substructure or surface storage area - Figure 3. However, there is a change in wettability, in a pH 5 

environment the contact angle decreases by 5.8 %, pH 9 decreases by 9.4 % - Table 1. 

Within one month, degradation of samples was performed by abrasion of the surface of replicas prepared from 

high-density polyethylene. Since polyethylene is a soft material, surface destruction occurred very quickly, in 

a matter of hours after insertion into the test solution. As can be seen from the images presented, the surface 

portion of the cones wears while the substructure is retained - Figure 4. At the same time, the wettability has 
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changed, the contact angle decreased by 92.7 % and more. During the test, the temperature increased from 

23 °C to 40 °C. This temperature is not essential for the destruction of the samples used. The melting point of 

the high-density polyethylene is above 100 °C. This temperature was not reached in the experiment. No sand 

particles were found to be used as abrasives in any of the scanned images. 

    

Figure 3 PE replica surface of a pansy flower after monthly exposure in pH 5 (left) and pH 9 (right) 

environments - detailed surface images with substructure characteristic of the replica 

Within one month, degradation of samples was performed by abrasion of the surface of replicas prepared from 

high-density polyethylene. Since polyethylene is a soft material, surface destruction occurred very quickly, in 

a matter of hours after insertion into the test solution. As can be seen from the images presented, the surface 

portion of the cones wears while the substructure is retained - Figure 4. At the same time, the wettability has 

changed, the contact angle decreased by 92.7 % and more. During the test, the temperature increased from 

23 °C to 40 °C. This temperature is not essential for the destruction of the samples used. The melting point of 

the high-density polyethylene is above 100 °C. This temperature was not reached in the experiment. No sand 

particles were found to be used as abrasives in any of the scanned images. 

    

Figure 4 PE replica surface of a pansy flower after monthly exposure in an abrasive environment - overview 

and detailed image of the surface with characteristic substructure 

Evaluation of degradation of a sample in real natural environment showed that there was no change of the 

microstructure and thus the cones warehouse, or to change substructures. Electron microscope images show 
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the presence of micrometre particles on the surface of the replica. The substructure on the surface shows that 

it has not broken despite the dimensions in nanometre units - Figure 5. 

    

Figure 5 PE replica surface of a pansy flower after monthly exposure in a real environment - overview and 

detailed image of the surface with characteristic substructure 

The evaluation of the contact angle shows a significant decrease of 56.5 %. This reduction is probably related 

to the degradation of the material at the supra-molecular level. Sample degradation is related to the 

environment that has been applied to the samples for 1 month. Comparing the temperatures to which the 

samples were subjected in this and previous measurements, it is likely that a slightly elevated temperature will 

not cause material degradation. The degradation will be caused by solar radiation, which in the first phase is 

manifested by a change in hydrophobicity. 

Table 1 Contact angle of plant pattern and structured polymer replicas before degradation and after a  

    month of degradation 

Samples 

Contact angle  
of replica surface 

before degradation 
(o) 

Contact angle  
of replica surface 
after degradation 

(o) 

Decrease 
of contact angle 

(%) 

Plant pattern - Viola x wittrockiana 140 non relevant non relevant 

HDPE replica - pH5 138 130 5.8 

HDPE replica - pH 9 138 125 9.4 

HDPE replica - abrasion in water 138 10 and less 92.7 and more 

HDPE replica - environmental condition 138 60 and less 56.5 and more 

4. CONCLUSION 

These measurements show that the prepared and described samples do not withstand the degradation 

processes. This degradation in the first approximation resulted in a change in the wettability of the sample 

surfaces and the hydrophobic surface became hydrophilic. Assessment of the chemical changes that occurred 

was not performed in this experimental study because the samples were exposed to the outdoor environment 

and the sunshine hours, temperature, humidity, cycles, and their numbers were not precisely defined. The 

degradation of polymer samples with a hierarchical structure is evident and is probably strongly conditioned 
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by the existing large specific surface area. At the moment, many works are focused on the creation of replicas, 

so this issue should be examined in more detail. 
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Abstract  

The AgNPs have considerable industrial potential and are intensively studied with regard to their antibacterial 

properties. Using green synthesis, the nanoparticle surface can be coated with molecules that exhibit 

biologically significant properties. Increased use of nanoparticles enhances the risk of their release into the 

environment. However, there is still little known about the behaviour of AgNPs in the eco-environment. In this 

study, the effect of AgNPs prepared by green synthesis on germinated plants of maize was investigated. The 

effects on germination, basic growth and physiological parameters of the plant were monitored. AgNPs and 

silver nitrate were applied to maize seedlings (5 days in hydroponics system) at concentrations of 1 mg/L, 50 

mg/L, and 150 mg/L. Chlorophyll a and b content was determined. We found that the growth inhibition of the 

above-ground parts of plants was about 40 % and AgNPs and silver nitrate had a significant effect on 

photosynthetic pigments. Chlorophyll a and b content changed with time and concentration. 

Keywords: Green synthesis, electrochemistry, phytotoxicity, phyto-nanotechnology 

1. INTRODUCTION 

Nanoparticle research is one of the rapidly developing areas of nanotechnology [1]. The most studied 

nanoparticles are gold (37 %), silver (24 %), and zinc (10 %) nanoparticles (according to WOS analysis) [2]. 

Silver nanoparticles (AgNPs) are studied because of their antibacterial properties but also exhibit potential 

antitumor activity. In addition, ultra-stable silver nanoparticles of unique structure have been prepared [3]. In 

case of their industrial use, however, their possible release into the environment can be expected [4]. To date, 

https://doi.org/10.37904/nanocon.2019.8521 
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little is known about the effect of AgNPs on plants [5], although silver ions are commonly used to stimulate 

growth in explant cultures [6]. The effect of AgNPs on germination [7], morphological changes in maize 

seedlings [8], plant auxin hormones [9], crop yield and quality of wheat [10,11] were investigated. In addition, 

biosynthesis of nanoparticles by plants has also been observed [12], which may thus reduce the potential 

toxicity to the eukaryotic cell. These effects may vary depending on the size, shape and concentration of the 

nanoparticles and the age and species of the plant. In our previous work we studied the effects of AgNPs and 

Ag (I) ions on maize seedlings, we found that AgNPs are toxic to plants [13]. AgNPs are known to induce 

oxidative stress in eukaryotic cells, disrupt the organelle membranes, cause nucleic acid damage, affect 

photosystem I (PSI) and mitochondrial metabolism, including the respiratory chain. However, only a very 

limited number of publications have so far dealt with the interaction between higher plants and AgNPs. It is 

necessary to study the effects of AgNPs on morphological and physiological changes in plants. The aim of this 

work was to study the effect of different concentrations of AgNPs on maize (Zea mays) seedling chlorophyll 

content.  

2. MATERIAL AND METHODS 

Chemicals. Silver nitrate, methanol, NaCl, and other chemicals were purchased from Merck (USA) at a purity 

>99 %. All chemicals that we used for gel electrophoresis were purchased from VWR (Germany). All plastic 

materials used (tubes, tips) in this study were purchased from Eppendorf (Hamburg, Germany). Photometry: 

BS-300 chemical analyser from Mindray (China), cuvettes 5 x 6 x 30 mm, optical path 5 mm, a volume of 

reaction mixture in the cuvette 180‒500 μL. Photometric detector measuring at wavelengths: 340, 405, 450, 

510, 546, 578, 630, and 670 nm. Spectrophotometry: a UV/VIS UV-3100PC, VWR (USA) single-beam 

spectrophotometer was used to record the UV-VIS spectra. The VIS spectrum was measured every 2 nm in 

the range of 350‒700 nm in plastic cuvettes with an optical path of 1 cm. The Infinite F50 (Tecan, Switzerland) 

was used for measurement on a polystyrene microtiter plate (Gama Group a.s., Czech Republic). 

Electrochemical analysis of silver was performed by differential pulse voltammetry (DPV) method, 0.2 M 

acetate buffer (pH 5), scan from -0.1 to 0.6 V, polarization rate of 25 mV/s. (working carbon electrode, Metrohm. 

Switzerland). Surface morphology of the nanoparticles was investigated with field emission scanning electron 

microscopy (FESEM) using operating voltage of 10 kV in the SEM (Zeiss) instrument. Surface charging effect 

was minimized by coating the samples with gold on copper stubs with a coating instrument. Transmission 

electron microscope (TEM) and higher resolution TEM (JEOL) were determined on a copper stub with carbon 

glue and coated with gold before analysis.  

Preparation of AgNP., by green synthesis. Dried sage leaves (Salvia officinalis) were purchased (Valdemar 

Grešík ‒ Natura s.r.o., Czech Republic). The mixture was homogenized by milling to 1‒2 mm particles, then it 

was extracted and subsequently stirred in ultrapure water (80 °C, 60 min) at a ratio of 5 g DW/100 mL, v/w. 

The leachate was further centrifuged (30 min, 4000 g) and then mixed with 0.1 M AgNO3 (1:1). The solution 

was stirred on a magnetic stirrer (80 °C, 24 h). The particles were washed with methanol.  

Determination of chlorophyll content. Zea mays seeds of the Silen variety were watered with tap water (250 

mL, conductivity 485 µS/cm, pH 6.6, 25 °C) and germinated. For the experiment, 7-day-old maize seedlings 

were selected. The seedlings were then placed into a hydroponic system with 3 litres of cultivation solution. 

Distilled water was chosen as a negative control. Ag (I) ions (from silver nitrate) and AgNPs were applied at 

concentrations of 1, 50, and 150 mg/L. During 5 days of cultivation physiological and morphological 

examination of plants (every 24 hrs) was performed. For sample preparation, leaf parts of plants from each 

day smashed in mortar with acetone and sea sand. After smashing the samples were transferred into 2 ml 

tubes. This tubes were put into ultrasonic for 10 minutes, multi-rotator for 10 minutes and centrifuged for 10 

minutes at 11 000 g. Chlorophylls and carotenoids contents were measured as described in [14]. Briefly, 

chlorophylls and carotenoids were extracted from plant leaves with acetone. Absorbance of the extracts was 
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measured using a spectrophotometer. Contents of chlorophyll a (Ca), chlorophyll b (Cb), and carotenoids (Cx+c) 

were calculated using the formula described in [14]. According to spectrophotometer results Ca, Cb and Cx+c 

values were calculated according to the following formulas: 

Ca = 12 x A663 - 2.69 x A645                                                                                                                                                          (1) 

Cb = 22.9 x A645 - 4.68 x A663                                                                                                                                                      (2) 

Cx+c = 4.968 x A440 - 0.268 x (Ca + Cb)                                                                                   (3) 

Statistical data analysis. Experimental work was performed in at least three independent experiments. Each 

sample in the experiments was analysed at least five times. The obtained data presented in this paper are the 

average values. All the obtained data were stored in the Qinslab database (Prevention Medicals, Czech 

Republic). If possible, data were processed and evaluated mathematically and statistically in the Qinslab 

database. The results were expressed as mean ± standard deviation (SD). Photos were processed by the 

ColorTest program, which assigns an intensity to the individual pixels of the studied image in a given color 

area [19].  

3. RESULTS AND DISCUSSION 

Changes in physiological parameters of plants exposed to AgNPs  

The plants were cultivated in a hydroponic experiment (see in Material and Methods part). The experiment 

was checked twice a day and samples were taken each day in the morning. Basic physiological parameters 

were measured. The length of the longest root was measured for each sample. After 120 hours of cultivation, 

the mean leaf length values were calculated: untreated control 3.33 cm, plants treated with AgNPs 4.00 cm 

and plants treated with Ag (I) ions 2.88 cm. The length of the longest leaf was 23.2, 27.0 and 15.4 cm, 

respectively. The length of the shortest leaf was 6.0, 5.8 and 7.2 cm, respectively (there were no statistical 

differences).   

 
Figure 1 Average cumulative changes (concentrations: 1, 50, 150 mg/L) in the effect of AgNPs and Ag (I) 

ions on the fifth day of experiment A) fresh weight of leaves; (B) fresh weight of roots. Other experimental 

details see in Material and Methods part. 

Results of the fresh weight of leaves and roots after 120 hours of cultivation are shown in Figure 1. The mean 

fresh weight values of leaves were calculated: untreated control 0.39 g, plants treated with AgNPs 0.60 g and 

plants treated with Ag(I) ions 0.16 g (statistically significant differences). The total number of roots was on 

average: untreated control 11.3, plants treated with AgNPs 12.6 and plants treated with Ag(I) ions 11.7. The 
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shortest roots were on average 1.9, 1.9 and 1.6 cm long, respectively. The longest roots were 26.0, 34.9 and 

21.9 cm long, respectively. Mean fresh weight of roots was 0.58, 0.78 and 0.38 g, respectively (Figure 1). 

After administration of AgNPs, plants showed a gradual leaf tip drying and a slight change in leaf and root 

colour. A significant change in plant growth parameters (growth reduction of about 40 %) was observed. There 

was a change in root biomass, but the number of roots remained unchanged. Compared to control, statistically 

significant differences were found in all studied variants at 95 % significance level. The expected effects of 

AgNPs phytotoxicity are, in addition to those on the nucleus and mitochondria, also on chloroplasts and thus 

also on the number of photosynthetic dyes. Figure 2 shows typical chlorophyll spectra after treatment with 

AgNPs or Ag (I) ions.  The records are similar and will be further studied in greater detail.  

 

Figure 2 Typical spectra of Z. mays leaf extracts for the determination of chlorophylls and carotenoids after 

120 hours of the experiment using 0 (A) and 150 mg/L AgNPs (B) or Ag (I) ions (C). Other experimental 

details see in Material and Methods part 

Furthermore, the amounts of chlorophyll a, chlorophyll b, carotenes and xanthophylls were calculated (see 

Material and Methods part). The results are shown in Figure 3. We found that the amount of photosynthetic 

dyes was the following: chlorophyll a untreated control 35 mg/g of leaf (FW), plants treated with AgNPs 45 

mg/g of leaf, and plants treated with Ag (I) ions 30 mg/g of leaf. The increase in the amout of photosynthetic 

dyes by more than 20 % in the presence of AgNPs is likely caused by plant defensive reactions due to 

increased oxidative stress. However, this possible link should be further studied [15]. Amount of chlorophyll b 

was the following: untreated control: 18 mg/g of leaf, plants treated with AgNPs 25 mg/g of leaf, and plants 

treated with Ag (I) ions 15 mg/g of leaf. Amount of carotens was the following: untreated control: 3 mg/g of leaf, 

plants treated with AgNPs 5 mg/g of leaf, and plants treated with Ag (I) ions 2.5 mg/g of leaf. A statistically 
significant difference compared with control was found in all studied variants at 95 % significance level.  

 
Figure 3 The average content of chlorophyll a (A), chlorophyll b (B) and carotenoids  

(C). Other experimental details see in Material and Methods part. 
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4. CONCLUSION 

Silver nanoparticles were synthesized from the sage leaves using green synthesis. AgNPs were biophysically 

characterized and their phytotoxicity was tested in germinated plants of maize. AgNPs were chemically stable 

over the course of the experiment and showed the effect on the germinated plants in most of the analysed 

morphological parameters. We studied the effects of AgNPs and Ag (I) ions on changes in chlorophyll levels. 

We found differences between chlorophyll levels in plants treated with AgNPs, in which the chlorophyll content 

was slightly increased and Ag (I) ions, in which the chlorophyll content was slightly decreased. The data 

obtained from the project are very interesting and will be further studied in detail. 
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Abstract 

Silver nanoparticles (AgNPs) exhibit excellent antibacterial effects against both Gram-positive and Gram-

negative bacteria. They represent a possible way to combat bacteria resistant to conventional antibiotic 

treatment. Over time, bacteria also become resistant to AgNPs. One solution is to modify the AgNP surface 

with various simple or more complex biomolecules with antibacterial activity. Such modifications can be 

achieved using so-called green synthesis. The green synthesis of AgNPs is based, for example, on the use of 

plant extracts as reducing agents. The AgNPs obtained have biomolecules derived from the extract bound to 

their surface. The aim of this work was to identify other plant species with a high content of secondary 
metabolites with the potential antibacterial activity that would make them suitable for green synthesis. A large 

number of plants occurring in tropical areas of Vietnam contain a lot of hitherto unspecified substances with 

the potential antibacterial effect.  Nanoparticles prepared using extracts of harvested plants were characterized 

by physical and biochemical methods. Silver nanoparticles with the modified surface can be used to combat 

resistant bacteria. 

Keywords: Ethnobotany, biochemical analysis, antioxidant activity 

1. INTRODUCTION 

In recent years, nanotechnology is developing rapidly and is being used in all sectors of human activity. 

Nanomaterials, due to the excellent antibacterial effect, are being explored for possible health applications [1]. 

Nanoparticles can also be used for their physicochemical properties suitable as tags in sensor / biosensor 

analysis [2,3]. Green synthesis introduces new technologies that are more compatible with biological systems 

and molecules. Various kinds of plant-derived biomolecules can be used for such synthesis [4]. In addition, 

https://doi.org/10.37904/nanocon.2019.8522 
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the synthesized nanoparticles can be coated with a cationic polyelectrolyte layer to further enhance the 

nanoparticle effect [5]. Adhesive hydrogels are of great popularity in biomedical applications, but there are a 

number of adhesion and antibacterial problems. Lignin hydrogels with silver nanoparticles (AgNPs) have been 

designed to significantly improve these properties. Lignin hydrogels with AgNPs have been designed to 

significantly improve these properties [6]. For example, different ways how to prepare various AgNPs-based 

nanotransporters for targeted therapy of tumour or bacterial diseases are being sought. The antibacterial 

properties of AgNPs are most studied and discussed [5,7]. However, their biological effect is still not very clear 

and must be carefully studied [8,9]. Indeed, AgNPs are characterized not only by antibacterial but also antiviral, 

antifungal [10] and antitumor effects [11]. The aim of this work was to prepare AgNPs with the modified surface 

to increase their antibacterial abilities and to test this activity. By using green synthesis, such modifications 

can be easily achieved. Typical for green synthesis is the use of plant extracts that replace chemical reducing 

agents in the reaction, such as NaBH4 or LiAlH4. Tropical and subtropical forests represent a great potential 

as there is a large number of endemic plant species in which a lot of chemical compounds (low-molecular-

weight substances) as well as biologically important molecules (peptides, proteins, nucleic acids, etc.), have 

been described. Especially phenolic substances, namely flavonoids, are important in antibacterial activity. 

2. MATERIAL AND METHODS 

Biological material collection sites have been selected in the cooperation with CEMM researchers. Plant 

samples were collected in the university campus of the VNU University of Science, Thong Nhat and Tuoi Tre 

part, Hoan Kiem lake, and Hanoi Botanical Garden, Hanoi Night Market, Tu Dung Homestay Botanic Garden 

in Can Tho and Cat Tien National Park. All activities were handled in direct collaboration with workplaces at 

Vietnamese universities. Plant species were collected in tropical forest areas in Vietnam as a part of a scientific 

expedition in July 2019. Six plant species were selected. GPS coordinates were recorded for each plant. Plants 

used in experiments were as follows: Lagerstroemia indica, Lagerstroemia speciosa, Alstonia scholaris, 

Polyalthia longifolia, Aglaonema multifolium, and Delonix regia. Individual plant species were classified into 

families and genera primarily by the appearance of their leaves, stems, and overall plant appearance. 

Alternatively, flowers or fruits were used to identify plants. Plant identification was provided by the Department 

of Pharmacognosy of the Faculty of Pharmacology at Tra Vinh University. 

Short description of nanoparticle preparation: Immediately after collection, the plants were washed in distilled 

water and divided into smaller parts. Subsequently, all samples were transferred to a Petri dish and placed in 

an oven (HN101, Lang-Shan, China) for 24 hours at 60 °C. The samples were then homogenized to a fine 

homogeneous powder using a mixer (Mixer Grinder HL1643/06, Philips, Netherlands). The material thus 

prepared was used to prepare the plant extract. 1 g of the prepared plant material was mixed with 50 mL of 

distilled water heated to 80 °C. Extraction was carried out for 1 hour with stirring (IKA RH basic, Malaysia) at 

80 °C and 300 g. Each plant extract was filtered and allowed to cool to room temperature. After filtration, the 

plant extracts were mixed with 0.1 M AgNO3 (1:1) and allowed to stir with a magnetic stirrer (IKA RH basic, 

Malaysia) at room temperature (23 °C) for 18 hours. During the formation of nanoparticles, the colour of the 

resulting solution gradually changed (increasing the absorbance in the area of 450 nm due to the formation of 

nanoparticles). 

VIS absorption spectra were measured in the 250‒750 nm range. (Biochemical analysis of AgNPs surface 

was performed on BS-300 automatic analyzer (Mindray, China). DPPH (2,2-diphenyl-1-picrylhydrazyl), ABTS 

(2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) and FRAP (ferric reducing ability of plasma) methods 

were used for sample analysis [12,13]. Infinite F50, (Tecan, Switzerland) was used to measure bacterial growth 

curves. The antimicrobial activity of the AgNPs prepared by green synthesis was determined by the 

microdilution method, with some modifications. Different volumes of the stock solution AgNPs and broth media 

were added to 96-well microtiter plates to obtain tested concentrations with a final volume of 250 µL. Then a 

1-10 µL of the microbial inoculums were inoculated in microtiter plate wells to obtain a final concentration of 
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104 cells/mL. The plates were incubated for 24 h at 30 °C and after incubation, viable cell numbers were 

enumerated, and the colony-forming units per millilitre (CFU/mL) were determined. Positive and negative 

controls were included in all assays. Probit analysis used to determine the minimum inhibitory concentrations 

(Qinslab Information System, Czech Republic). 

3. RESULTS AND DISCUSSION 

In the experimental work, AgNPs were prepared by green synthesis with yields between 60 - 80 % 

depending on the individual plant species used for the synthesis. 

 

Figure 1 Typical absorption spectra of AgNPs: (A) Lagerstroemia indica, (B) Lagerstroemia speciosa, (C) 

Alstonia scholaris, (D) Polyalthia longifolia, (E) Aglaonema multifolium, (F) Delonix regia. (G) XRD analysis of 

AgNPs (H,I) HRTEM analysis of AgNPs. Other experimental details are given in Material and Methods part. 

Evidence of formation of AgNPs was indicated by the presence of absorption maxima of about 450 nm  

(Figure 1). Spherical AgNPs showed only one peak. The more the absorption maximum was shifted to higher 

wavelengths, the larger the AgNPs were. The appearance of peaks with a smaller area under the curve at 

lower wavelengths confirmed the presence of monodisperse nanoparticles. On the other hand, peaks with a 

larger area under the curve at higher wavelengths confirmed the presence of polydispersion. Characterization 

of AgNPs: The size of nanoparticles ranged from 20 ‒ 60 nm, which is similar to the average size (27 nm) of 

those prepared by Nicolescu et al. [14] that found the maximum peak at 400 ‒ 440 nm. On the contrary, some 

researchers reported the maximum peak in the area of 340 ‒ 620 nm [15]. The HRTEM analysis confirmed a 

polyhedron shaped AgNPs. By obtaining the XRD spectrum, we confirmed the presence of carbon and oxygen 

on the surface of AgNPs (Figure 1). 

In further experiments nanoparticles were characterized in terms of secondary metabolites bound to their 

surface. AgNPs were dispersed in ultrapure water, with 40 W., ultrasound for 30 min and then analysed. 

Chemical analysis (phenolic compounds, ABTS, DPPH, FRAP) showed the presence of phenolic groups on 

the AgNPs surface. The total concentrations of phenolic compounds and the ability of AgNPs to quench free 

oxygen radicals are summarized in Figure 2. The highest concentration of phenolic compounds was found in 
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AgNPs prepared with L. speciosa extract. The most significant antioxidant activity, measured by ABTS method 

was observed in A. scholaris, by DPPH method in P. longifolia and by FRAP method in A. scholaris.  

 
Figure 2. Biochemical characterization of AgNPs. (A) Concentrations of total phenolic compounds on the 

surface of AgNPs. (B, C, D) AgNPs ability to quench free oxygen radicals ‒ ABTS, DPPH, and FRAP 

methods. GAE- gallic acid equivalent. 

Antibacterial activity was monitored for Gram-positive S. aureus and M. luteus, for Gram-negative E. coli and 

S. marcescens. In the diffusion test, the diffusion zones about 1.5 ‒ 2 cm were observed. Growth curves and 

Probit analysis showed minimal inhibitory concentrations between 0.8 ‒ 5 mg/ml. The highest antibacterial 

effect was shown for AgNPs form A. multifolium. This nanoparticle form have moderately high concentration 

of phenolic compounds and have strongly high ability to generate free oxygen radicals, especially FRAP. The 

lowest MIC value was shown for AgNPs from P. longifolia. We can suggest, that the concentration of phenolic 

compounds correlates with antibacterial properties of green synthesis silver nanoparticles. The highest 

susceptibility to silver nanoparticles in our experiment was shown for E. coli strain. There is no significantly 
difference, between AgNPs effect on Gram-positive and Gram-negative bacteria (p < 0.05) see in Table 1. 

Table 1 - Effect of green synthesized AgNPs on bacterial cells in diffusion test  

Treatment 
 

Strain 

AgNPs from 

L. indica 

AgNPs from 

A. scholaris 

AgNPs from 

P. longifolia 

AgNPs from 

A. multifolium 

E. coli < 0.8 1.3 1.6 < 0.8 

S. marcescens < 0.8 1.3 5 0.8 

S. aureus 2.5 1.3 3.2 < 0.8 

M. luteus 1.3 1.3 5 1.3 - 0.8 

Minimal inhibition concentration (MIC) of AgNPs is given in mg/mL 
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4. CONCLUSIONS 

We have prepared silver nanoparticles using a green synthesis approach in which plant extracts prepared 

from plant species collected in Vietnam were used. In these areas, there are many plant species in which not 

all secondary metabolites have been described in detail. However, these substances may have potential 

antibacterial activity. Using the green synthesis, the AgNPs surface can be modified with these substances to 

improve their antibacterial activity. Such nanoparticles can be used to combat bacterial resistance very 

effectively. Our results show that applying the principles of green chemistry can allow the synthesis of 

nanoparticles with biologically important molecules that have higher antimicrobial activity and less impact on 

environment than nanoparticles prepared by chemical synthesis.  
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Abstract  

In this work, we focused on the green synthesis of silver nanoparticles (AgNPs). In the green synthesis, plant 

extracts are used as reducing agents. AgNPs contain surface-bound biomolecules from the used plant extract. 

We used an aqueous extract from sage (Salvia officinalis). This plant is known for its high content of secondary 

metabolites with excellent antibacterial activity. Antibacterial activity of AgNPs prepared by green synthesis 

was investigated. Gram-positive bacteria Staphylococcus aureus and Gram-negative bacteria Escherichia coli 

were selected for testing. Methods such as agar diffusion assay and inhibition of bacterial growth curves were 

used. Minimum inhibitory concentrations (MICE. coli = 250 µg/mL; MICS. aureus = 50 µg/mL) were determined.  

The radiuses of inhibition zones were about 1.5 cm in both bacterial strains. AgNPs prepared by this method 

can play an important role in dealing with the problem of bacterial resistance. Bacteria develop resistance not 

only to typical antibiotics. Bacterial cells are also able to eliminate the effect of AgNPs. By modifying their 

surface with antibacterial molecules, resistance can be effectively combatted. 

Keywords: Green synthesis, silver nanoparticles, antibacterial activity, minimum inhibitory concentration  

1. INTRODUCTION 

Sage (Salvia officinalis) is used in traditional medicine for its antibacterial effects [1,2]. The antitumor activity 

of sage was also reported [3]. This plant is found in the temperate, subtropical, and tropical areas [4]. Sage is 

known for its content substances, especially phenolic compounds with the highest content of caffeic acid, 

vanillic acid, ferulic acid, luteolin, apigenin, quercetin, rosmarinic acid and their derivatives [5-7]. The main 

secondary metabolites playing an important role in antibacterial activity are primarily phenolic substances, 

such as salviol and thujone [8-11] (Figure 1).  

https://doi.org/10.37904/nanocon.2019.8573 
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Figure 1 The most common secondary metabolites of sage (Salvia officinalis) 

The antibacterial effect of silver nanoparticles (AgNPs) has been well known for more than 10 years [12]. 

AgNPs disintegrate into silver ions upon pH change, producing free oxygen radicals and inhibiting cell growth 

(Figure 2). 

 

Figure 2 (A) The antibacterial activity of the silver nanoparticles is based on their disintegration into silver 

ions, which bind into the cell wall and produce oxygen free radicals. (B) Reactive oxygen species (ROS) 

increase both cell wall and membrane permeability, causing immediate cell death. (C) In addition, they 

inactivate the enzymes, thereby inhibiting the many chemical reactions required for the bacterial life. (D) 

Silver ions interact with DNA to which they bind and damage transcription and translation. (E) They act on -

SH groups of proteins and inhibit their synthesis. 

In the procedure of green synthesis aqueous extract of sage was used to replace classical chemical reducing 

agents. When using green synthesis, the antibacterial activity of AgNPs is supported by bound antibacterial 

molecules found in the plant extract. Recently, there have been discussions about the possibility of modifying 
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AgNPs with molecules of antibiotics and other antibacterial agents or various cytostatics to improve the 

chemotherapeutic effect.  

World population is facing problems associated with resistant bacteria. According to the European Center for 

Disease Prevention and Control (ECDC), these bacteria cause 33,000 deaths in Europe annually. Our work is 

focused on investigation of antibacterial activity of AgNPs prepared using the so-called green synthesis 

process. Because of the bonded biomolecules on the surface of AgNPs prepared by this synthesis, AgNPs 

can be used to treat infections caused by antibiotic resistant bacteria.  

2. MATERIAL AND METHODS 

AgNPs green synthesis and characterization 

An aqueous extract of S. officinalis was used for green synthesis. The dried plant was purchased from 

Valdemar Grešík - Natura s.r.o. The plant was homogenized to fine dust by grinding. An aqueous extract 

(10 g/100mL) was prepared at 60 °C. The mixture was stirred on a magnetic stirrer for 1 hour. The mixture 

was further centrifuged (14,000 g, 15 min) and filtered. The obtained extract was mixed with 0.1 M AgNO3 in 

1:1 ratio. A visible color change occurred during the reaction (24 hrs) with stirring. After the reaction, the mixture 

was stirred with methanol for 1 hour in 1:1 ratio, centrifuged (30 min, 14,000 g), the supernatant was pipetted 

off and the pellet was dried (60 °C, 24 hrs). An aqueous dispersion of AgNPs was prepared by sonication (40 

min) with which was used for further experiments.  

AgNPs were characterized by spectral analysis (Single-beam spectrophotometer VWR, USA) and by 

hydrodynamic light scattering (Zetasizer Nano ZS ZEN3600 from Malvern Instruments, UK). The shape and 

size of nanoparticles was characterized by TEM and SEM. Moreover, the surface of AgNPs was characterized 

by obtaining XRD spectrum. Total protein concentration was measured using two methods (biuret and 

pyrogallol red-molybdate) using an BS-300 chemical analyzer (Mindray, China). Aluminium chloride 

spectrophotometric method was used to measure the concetration of total flavonoids. Antioxidant activity 

(ABTS, DPPH methods) was measured by BS-300 chemical analyzer (Mindray, China). VIS absorption 

spectrum was obtained by using spectrophotometer (UV 3100 PC).  

Agar diffusion assay 

10 mL of Luria-Bertani (LB) medium (tryptone, yeast extract, NaCl, agar) was applied to a Petri dish. The 

bacterial suspension in LB medium was diluted to OD = 0.01. 50 µL of the diluted suspension was spread on 

a Petri dish and 10 µL of AgNPs (c = 10; 5; 2.5; 1.25 mg/mL) was applied. The resulting inhibition zones were 

observed. 

Measurement of growth curves 

Infinite F50 (TECAN, Switzerland) was used to measure growth curves. 248 µL of LB medium, 2 µL of bacterial 

suspension (OD = 0.01) and 10 µL of AgNPs (c = 10, 9, 8, 7, 6, 5, 4, 3, 2, 1 mg/mL) were pipetted into the 

microtiter plate. Growth curves were measured for 12 h. They were evaluated in the Qinslab system 

(Prevention Medicals, s.r.o). Minimal inhibitory concentrations were calculated using Probit analysis.  

3. RESULTS AND DISCUSSION 

Various shapes and sizes of AgNPs in the prepared dispersion were detected by gel electrophoresis and 

gradient centrifugation. Different nanoparticle shape and size affect antibacterial activity [13]. In AgNPs, total 

protein concentration was determined using both the biuret (54.9 mg/L) and pyrogallol red-molybdate (22 

mg/L), methods, and the content of flavonoids was found using the aluminium chloride spectrophotometric 

method (25 mg/L). Antioxidant activity of AgNPs was determined by ABTS (90.2 mg GAE/L) and DPPH 
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methods (953 mg GAE/L). The hydrodynamic size of AgNPs was about 35 nm. Absorption spectra reached a 

maximum at 450 nm. AgNPs inhibition zones obtained using agar diffusion assay at AgNPs concentrations 

used 10, 5, 2.5, and 1.25 mg/mL showed radiuses in S. aureus culture - 1.6, 1.5, 1.4, and 1.2 cm, respectively, 

and in E. coli culture - 1.5, 1.2, 1.2, and 1.3 cm, respectively. No significant difference in the effect of AgNPs 

on G+ or G- bacteria was observed. We believe that due to the relatively large size of AgNPs, their ability to 

diffuse through the medium is reduced. (Figure 3A). Minimal inhibitory concentrations were determined using 

Probit analysis: (MICE. coli = 250 µg/mL; MICS. aureus = 50 µg/mL). Measurement of growth curves showed a 

significantly better antibacterial effect on Gram-positive bacteria. While monitoring the inhibition of S. aureus 

growth, the shift at the beginning of the kinetic phase of the growth curve with increasing AgNPs concentration 

was very well seen. In E. coli, this shift was not observed using the same concentrations as in S. aureus.  We 

assume an increased amount of bound silver ions into the wider cell wall of G+ bacteria. More ions produce 

more ROS and thus more effectively inhibit bacterial cell growth (Figure 3B). 

 

Figure 3 (A) Agar diffusion assay with inhibition zones obtained. The schema shows the AgNPs 

concentrations used in the Petri dish. (B) Box plots comparing the area of inhibition zone of AgNPs to E. coli 

and S. aureus. The purified sterilised water was used as a control. 4 different amounts of AgNPs of every 

sort was pipetted to a Petri dish (200, 150, 100, 50 µg). The inhibition area was calculated from the picture 

by using laboratory information system. (C) Assumed differential effect of AgNPs on G+ and G- bacteria. 

More AgNPs bind to the wider cell wall of the bacterium leading to higher ROS production. G+ bacterial cell is 

inhibited faster than G- cell. (D) Confirming the supposed fact by inhibiting bacterial growth curves. At the 

same AgNPs concentrations used, there was a significant difference in the effect on both G+ and G- bacteria 

[14]. 

4. CONCLUSION 

Green synthesized silver nanoparticles provide the possibility to effectively combat bacterial resistance. 

Bound biomolecules from the plant extract of S. officinalis support the antibacterial effect of AgNPs alone. S. 

officinalis is rich in secondary metabolites of phenolic nature; it contains flavonoids in relatively high 

concentrations, which play an important role in the process of green synthesis and subsequent antibacterial 

activity of prepared AgNPs. We have prepared AgNPs using green synthesis and have demonstrated their 

great antibacterial effect both on G+ and G- bacteria. In our other experiments, the AgNPs activity on other 
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bacterial cells and on penicillin-resistant bacteria will be tested. AgNPs can be used to treat bacterial infections 

in synergy with various antibiotics.  
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Abstract  

Suitable molecular or biochemical markers are sought for rapid diagnostics of cancer. A very promising 

candidate is the sarcosine (SAR) amino acid, which is elevated in the urine of the patients with prostate cancer. 

The aim of this work was to develop a simple, fast and reliable method for SAR detection in human urine. 

Sarcosine oxidase hydrolyses sarcosine and the resulting peroxide is converted to a colored product. By 

colorimetric analysis, sarcosine could be detected at low concentrations, limit of detection (LOD) was 1 µM 

and limit of quantification (LOQ) was 6 µM in artificial urine. As a quick test for the presence of sarcosine in 

urine, a visual assessment of color change has been proposed. Visual results were evaluated as RGB signal 

densities. The obtained results show that the average RGB variability between test samples was about 10 %. 

From these values, the ROC curve of the individual experiments was determined. Sensitivity (from 0.59 to 

0.83) and specificity (1.00) were calculated using ROC curves according to the type of artificial urine. ROC 

curves were more than 25 % rated as excellent, 65 % as very good from 5% as good and none as 

unsatisfactory. Conclusion: Colorimetric detection of sarcosine in urine was sensitive. Visual evaluation of the 

test showed 100% success in identifying the presence of sarcosine in artificial urine. The obtained data show 

the potential of the method for the visual evaluation of the presence of sarcosine in the urine and its possible 

use in the diagnostics of prostate cancer. 

Keywords: Sarcosine, malignant prostate tumors, biosensor, colorimetric detection, visual test 

1. INTRODUCTION 

Prostate cancer is the most common malignancy in men [1-3]. According to WHO statistics, more than 1.1 

million new cases are diagnosed worldwide each year and about 307,000 deaths are recorded. In Europe, 

about 190,000 newly diagnosed cases and 80,000 deaths are recorded each year [1]. The incidence of 

prostate cancer varies significantly geographically and increases with age [1]. Suitable tumor markers are 

sought for rapid diagnostics [4-7]. A very promising biochemical candidate is the amino acid sarcosine (N-

methylglycine) [8,9]. Sarcosine is an amino acid that is part of the glycine, serine, and threonine pathways. 

Sarcosine may be formed by glycine methylation by the action of the glycine N-methyltransferase (EC 

2.1.1.20). In a number of studies it has been found that the amount of sarcosine in the blood is in units of 

micromolar concentrations [10,11]. For some diseases such as sarkosinemia and glutaric aciduria type II occur 

sarcosine elevated levels in blood and urine [11]. Sarcosinemia is a very rare metabolic disorder that does not 

have precisely defined clinical manifestations. In this disease, sarcosine levels increase in both urine and blood 

https://doi.org/10.37904/nanocon.2019.8516 
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plasma [11]. The analyzed sarcosine values in these cases can range from tens to hundreds of micromolar 

concentrations. The stated biological relevance of sarcosine is significant, so it is important to seek appropriate 

techniques for its rapid and reliable detection. A variety of analytical techniques are used to detect sarcosine: 

photometry, electrochemistry, mass detection, and liquid chromatography [12-17]. These techniques allow the 

determination of the amino acid selectively and highly sensitively [18]. Enzymatic methods are well suited for 

automated determination of creatinine, uric acid, triacylglycerol, cholesterol, glucose and possibly other 

analytes utilizing Trinder reaction [19]. This reaction is based on the use of a suitable dye (such as 

aminoantipyrine and other suitable molecules) in the presence of hydrogen peroxide and peroxidase. The 

reaction produces a quinonimine dye which is photometrically evaluated (Figure 1). Introducing of this reaction 

to clinical biochemistry has, in conjunction with substrate-specific enzymes, brought about a significant 

improvement in specificity and selectivity [20]. Nanomedical approaches brings technology with high 

sensitivity, specificity and significantly lower operating costs and are applicable for the analysis of biomolecules 

[2,21,22].  

 

Figure 1 Schema of colorimetric sarcosine detection. (A) SPION nanoparticles for detection of sarcosine 

are modified by addition AuNPs, HRP and SOX in polymeric netting with chitosan. Modified 

SPION/Au/SOX/HRP particles (B). SPION/Au/SOX/HRP particles together with sarcosine and 4-AAP 

generates colorful product. 

2. MATERIAL AND METHODS 

Colorimetric evaluation: Measurements were performed on a UV-3100 PC spectrophotometer (VWR, USA). 

Plastic cuvettes (UV-VIS, BRAND, USA) were used for the measurements. 500 µl reagent was pipetted into 

the cuvette followed by 100 µl of sample. The reaction solution was used as the blank. Spectrophotometric 

measurements were also performed on a polystyrene microtiter plate, which was previously washed with 18 

MΩ water (3 times, 300 µl) at room temperature using a reader (TECAN, Switzerland). 50 µl of sample and 

250 µl of reagent were pipetted into the well of the plate. Absorbances were measured every 1 min at 540 nm 

for a total time of 60 min. 

Visual assessment: glass vial - contains gold magnetic nanoparticles with bound enzymes. The total vial 

volume is 1000 µl. The reaction solution contains components for the color visualization of the sarcosine 

presence. The color reaction was evaluated visually and statistically processed in the Laboratory information 

system (color vial - positive; colorless vial - negative).  

Reaction solution: contained 4-AAP (4-aminoantipyrine), sarcosine oxidase, horseradish peroxidase in 0.2 M 

phosphate buffer (pH 8). After pipetting the sample into the reaction solution, incubation was performed for 30 

minutes.  
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Test Samples: Urine samples (15 types) were prepared according to available protocols [23-25].  

3. RESULTS AND DISUSSION 

Principle of colorimetric evaluation of sarcosinuria 

Amino acids are colorless and their direct photometric determination is difficult. A suitable option for amino 

acid analysis is to react with a chromophore to form color complexes [26]. Sarcosine oxidase is a specific 

enzyme that hydrolyses only the sarcosine amino acid to glycine to form by-products of hydrogen peroxide 

and formaldehyde. Subsequently, the resulting hydrogen peroxide can be determined using the Trinder 

reaction [3,20]. Phenol reacts with hydrogen peroxide and 4-aminoantipyrine under peroxidase catalysis to 

produce 4- (p-benzoquinone-monoimino) -phenazone detectable spectrophotometrically at 510 nm. The 

composition of the natural urine is very variable and contains a variety of waste metabolites, drugs and other 

interferents. Artificial urine is a suitable matrix for studying changes in SOX activity. SOX activity (1 U / ml) was 

observed as sarcosine hydrolysis (60 min, 125 µM sarcosine). The limit concentration is very well 

distinguishable from the negative result (LOD = 1 µM, LOQ = 6 µM, RSD = 15%). When this condition was 

met, the test was visually evaluated in detail. The basic parameter of the test suitability indicator is the 

evaluation of ROC curves and thus the specificity and sensitivity of the test. Test series were prepared (n = 5), 

where urine samples were loaded onto microtiter plate. Artificial urine was enriched with several concentrations 

of sarcosine (216, 166, 125, 62.5, 31.2, 15.6 and 0 µM). Subsequently, the reaction solution was added and 

the color reaction was developed for 30 min. Subsequently, each series of samples (15 types of artificial urine, 

12 repetitions) was photographically captured and subsequently visually evaluated. Each test performed was 

evaluated in independent replicates (n = 5). Individual results were labeled as true positive, false negative, or 

true negative. The results of the evaluation were processed statistically by the ROC curve evaluation method 

(at a level of 95%). 

 

Figure 2 Typical image visual test for present of sarcosine in different type of modified human urines (fosfate 

buffer - control, AU-N, Gly-1, Pro-1, Pro-2, Keto-2, pH 1, pH 2, Hemog, Brown, Opalko, Grases, Christmas, 

Bact, Mayrowitz, Chutipongtande). Concentrations of sarcosine are 216, 166, 125, 62.5, 31.2, 15.6 and 0 

µM. Result of color reaction after 30 minutes. Photo made by Canon 10 Mpx. All image were evaluated. 

Another details are in the part of Material and Metods. 
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The principle of visual evaluation of sarcosinuria. The test was performed with sarcosine additions (216, 

166, 125, 62.5, 31.2, 15.6 and 0 µM) at room temperature for 30 min. The resulting color reaction was recorded 

photographically. Individual images were visually evaluated. Each sample was assessed for whether or not it 

provided a color reaction. LOD was determined as the concentration of sarcosine in the urine that could be 

visually recognized. All obtained data were subsequently mathematically evaluated. The ROC curve of the 

individual experiments was determined (n = 5). Sensitivity from 0.78 to 1.00 and specificity 1.00 was calculated 

using ROC curves according to the type of artificial urine. ROC curves were more than 25% rated as excellent, 

45% outstanding, 20% very good, less than 5% good and none as unsatisfactory. 

4. CONCLUSION 

A sarcosine amino acid stability assay was performed using an enzymatic reaction. Sarcosinuria was 

evaluated colorimetrically and visually. A 100% success rate for the identification of sarcosine was confirmed 

from the statistical evaluation of the ROC curves. The data obtained indicate the potential of the method for 

visual assessment of the presence of sarcosine in urine. The visual test for detection of sarcosinuria is 

designed for ease to use. The average user should be able to perform and evaluate the result. The steps, 

including the evaluation, do not exceed 45 minutes. 
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Abstract  

We propose a novel black gold-like structure on the base of plasmonic nanostructures incorporated in the 

MOFs cavities for potential application in solar energy and photochemistry. Mean hybrid structure was 

prepared by sputtering of gold on the MOFs decorated substrates. Since the size of gold nanostructures, 

created during the deposition procedure is smaller than the size of pores in MOFs, the gold atoms filled the 

3D MOFs structure and formed the nanostructures with wide distribution of sizes and shapes. The surface and 

bulk properties of created hybrid materials were carefully characterized. In particular, the presence and 

distribution of gold nanoparticles was confirmed by SEM-EDX and TEM measurements. Plasmonic properties 

were characterized by UV-Vis spectroscopy and SERS measurements using R6G as model analyte. Our 

results suggest that created hybrid material is a potential candidate for application in the field of black gold 

utilization, for example affective light absorber and convertor. 

Keywords: MOFs, gold nanoparticles, hybrid material, plasmonics, photochemistry 

INTRODUCTION  

Metal-organic frameworks (MOFs) are crystalline porous solids composed of a three-dimensional network of 

metal ions held in place by multidentate organic molecules [1,2]. The spatial organization of these structural 

units leads to a system of channels and cavities in the nanometer length scale. The metal ions form nodes that 

connect the arms of the linking molecules together to form a repeating cage-like structure. Thanks to this 

hollow structure, MOFs have an extremely large inner surface and thus MOFs are very promising candidates 

for many applications: gases or liquids separation, purification and storage, electrochemical energy conversion 

and storage, catalysis and sensor technologies as well as potential precursors for the construction of inorganic 

functional materials.  

Especially interesting is the possibility to combine plasmon active nanostructures with MOFs, since obtained 

hybrid materials potentially will have a range of advanced properties resulted from vast inner surface of MOFs 

and broad plasmon resonance with wide spectrum of light absorption. [3-5]. Plasmon is the collective oscillation 

of electrons, excited by the external electromagnetic wave on the metal-dielectric boundary and could be 

considered as an extremely effective lens, because it is featured by the strongly localized evanescent wave. 
This plasmon-based lens focuses light beyond the diffraction limit. Unique plasmon’s properties have been 

extensively studied for Raman spectroscopy, plasmonic devices, and chemical transformation processes [6-

11]. 

Because of the huge interest in the development of materials for harvesting solar energy, it is very important 

to achieve a perfect absorber, so the plasmonic hybrids are the materials of interest. Sophistically 

created complex plasmonic structures, composed the self-assembled nanoparticles would induce the near-

field coupling of surface-plasmons between neighboring nanoparticles, with corresponded increase of light 

absorption efficiency [12-14].  

In this contribution we propose a new designed of material combining MOFs porous structure with Au 

nanoclusters trapped inside it. The resulting material mimics the properties of a porous gold film with a non-

reflective surface. We suggest that this hybrid would behave as a black gold, which is a material with high 

https://doi.org/10.37904/nanocon.2019.8533 
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absorbance properties. [16-17]. However, manufacturing of Au-black films is usually expensive and time-

consuming; our method is very simple and easily reproducible even in the smallest lab. 

1. RESULTS AND DISCUSSION 

The schematic representation of proposed experimental concept is presented in Figure 1. First, the powder 

of MOF-5 was synthesized in solvothermal conditions using zinc nitrate hexahydrate, terephthalic acid and N, 

N-Dimethylformamide as precursor materials. Then the duct tape was put on the glass and the MOF-5 powder 

was manually deposited on the tape. The samples were always blow dried to remove the excessive MOF-5 

powder. To make sure that all the samples are equal, the same size of glass and tape were always used. In 

the next step the Au sputtering was applied with the aim to create Au nanostructures in MOF-5 pores. Different 

sputtering times were used, to modify the amount of Au nanostructures within the MOF-5 powder. 

 
Figure 1 Schematic representation of sample preparation  

 
Figure 2 XRD spectra of MOF-5 powder sputtered with Au for 100, 200 and 300 seconds 
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To confirm the composition of the obtained MOF-5 structure the XRD method was applied. Obtained results 

are presented in the Figure 2. Comparison with previously published XRD graphs indicates the presence of 

main MOF-5 characteristic peaks [18]. The Figure 2 also shows the XRD results obtained after the deposition 

of Au on MOF-5 powder (deposition time: 100, 200 and 300 seconds). Appearance of several additional peaks 

indicates the formation of crystalline Au phase. Affiliation of mean peaks (38 and 46 °2θ) shows that the Au 

forms the polycrystalline structures. 

The size and its distribution of deposited Au clusters were measured by TEM. Results are presented in the 

Figure 3 as a function of Au amount depending on sputtering time.  

 
Figure 3 Size-amount distribution of Au NPs in MOF-5 after (A) 15 seconds sputtering, (B) 30 second 

sputtering, (C) 50 seconds sputtering 

Using TEM the approximated size distribution of Au nanostructures was evaluated (Figure 4). As is evident 

from the scans the shorter time of deposition (15 seconds) leads to the formation of Au clusters with the sizes 

from 1 nm to 5 nm. Increasing of sputtering time to 30 seconds results in the shift Au clusters size increase  

(2-10 nm). The further increase of deposition time (up to 50 seconds) leads to formation of even higher 

nanoparticles with wider distribution of size. Finally, after the Au deposition for 100 seconds the random 

interpenetrated Au structures is formed. From random distribution of Au clusters size, shape and gaps between 

them, the excitation of broad plasmon resonance can be expected (i.e. absorption through the wide wavelength 

range), which is mainly typical for black gold.  

  

Figure 4 TEM images of MOF-5 sputtered with Au 

for (A) 15 seconds, (B) 30 seconds, (C) 50 

seconds, (D) 100 seconds 

Figure 5 SEM-EDX images of MOF-5 sputtered for 
100, 200 and 300 seconds 
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SEM-EDX results (Figure 5) allow determining the spatial position of the MOF-5 microcrystals as well as the 

presence of the Au nanoclusters inside it. In particular, the comparison of EDX elements mapping (especial 

attention deserves the distribution of Zn and Au) with SEM images confirms that the Au nanostructures were 

trapped inside the MOF-5 structure. As it is seen from the Figure 5 the mappings on Zn and Au are always 

the same. Since Zn is the main characteristic part of the MOF-5 structure, these results indicate that during 

the deposition Au nanostructures fall in the cage-like structure of MOF-5. 

Optical properties were characterized by UV-Vis spectroscopy. Results are presented in Figure 6. These 

measurements show the increase of the absorbance with the sputtering time. It is clearly seen, that MOF-5 

powder itself does not absorb the light effectively. After the Au deposition overall absorption in the 500-900 nm 

wavelengths range increases. It is important to mention, that there is the linear dependency between the time 

of sputtering and the power of absorption. Since the refraction coefficient was closed to zero, observed 

differences in UV-Vis spectra should be attributed solely to intrinsic absorption increase. So, we can confirm 

our assumption that MOFs sputtered with Au behaves as Au-black. 

 

Figure 6 UV-VIS spectra of MOF-5 sputtered for 10, 20, 30, 40 and 50 seconds 

 

Figure 7 (A)Raman spectra of MOF-5 sputtered for 0, 20, 50, 100, 200, 300, 500, 1000 seconds with R6G, 

(B) Dependence of the Raman spectrum signal intensity on the Au sputtering time 
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Finally, the plasmon activity was checked through the SERS measurement. For this goal our samples were 

sputtered for 20, 50, 100, 200, 300, 500 and 1000 seconds and then the Raman spectra were measured using 

R6G as model SERS analyte. R6G was drop-deposited on samples surface (and penetrates in MOF-5/Au 

pores) and then dried under ambient conditions. After the comparison of the Raman spectra of MOF-5 powder 

without Au deposited with other spectra, it is seen that the R6G Raman response is significantly enhanced by 

Au clusters (which is the typical SERS phenomenon). The dependency of SERS enhancement (estimated as 

characteristic peak intensity increase - 1346 nm) on the Au sputtering time is not linear. The mean intensity 

growths until the 200 seconds of sputtering, then the intensity decreases and slowly becomes constant. So, it 

can be concluded that the more effective plasmon excitation occurs in the MOF-5 structures, containing the 

200 sec. sputtered Au clusters.  

CONCLUSION 

To sum up, we prepared and tested a novel type of a black-gold like structure. Our analyses confirmed the 

expectations about the properties of MOF-5 sputtered with Au. According to the XRD, TEM and SEM-EDX Au 

nanoclusters are clearly formed and stay trapped inside the MOF-5 structure. Since MOFs is a 3D crystalline 

porous material, by being sputtered with Au nanoparticles, plasmon active hybrid material is created. UV-Vis 

demonstrated the ability of our samples to effectively absorb the light in a Vis and near IR wavelengths range. 

The SERS measurements confirm the plasmon activity of created material. It was also established that the 

optimum time of sputtering is 200 seconds; this time gives the best plasmon excitation. Proposed black gold-

like SERS-active metal-organic frameworks can found their application in in solar energy conversion and 

photochemistry. 
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Abstract 

Copper oxide nanoparticles (CuO NPs) have a widespread use in industry, chemistry, in production of 
electronic devices and as an antimicrobial agent. Although copper is an important biogenic element, CuO NPs 
are toxic with the ability to induce oxidative stress, apoptosis, cell cycle arrest or DNA damage. For humans, 
the inhalation route is the most common way of exposure to CuO NPs. In the body, CuO NPs may be either 
deposited in the lungs, or transported to other organs. Their presence usually causes oxidative stress or 
inflammatory responses, consequently leading to DNA damage. In this study, we investigated the effect of 
CuO NPs inhalation on DNA damage in a group of researches conducting animal exposure experiments. The 
subjects were exposed to various metal oxide nanoparticles, including CuO NPs, by inhalation for an average 
of 4.9 ± 0.4 years. The average mass concentration of Cu in the air during the experiment was 7.3 ± 3.2 ng/m3. 
Subjects not exposed to nanoparticles served as a control group. We applied micronucleus assay using 
Human Pan Centromeric probes to detect DNA damage and to distinguish between the frequency of 
centromere positive (CEN+) and centromere negative (CEN−) micronuclei (MN) in the binucleated cells. We 
did not find differences between both groups for either mean MN frequency (10.38 ± 2.50 vs. 11.88 ± 3.01 
MN/1000 binucleated cells), or CEN+/CEN- ratio (58%/42% vs. 55%/45%), for the exposed and controls, 
respectively. In conclusion, inhalation of CuO NPs at this low-level exposure had no effect on chromosomal 
losses and/or breaks. 

Keywords: Copper oxide nanoparticles, inhalation, DNA damage 

1. INTRODUCTION 

Copper oxide (CuO) is commonly used in chemical industry for a production of various copper-containing 

materials (e.g. wood preservatives, dyes, ceramics), as well as in food industry and medicine as a dietary 

supplement. In its nano form, CuO is applied as an antimicrobial agent, in textile production or as a catalyst. 

Although copper is a biogenic element playing an important role as an enzyme cofactor, in the protection 

against infections, in tissue healing and bones development and growth, nano-CuO is potentially toxic and 

thus its interactions with biological systems should be investigated. Toxicity of CuO NPs is mostly related to 
reactive oxygen species (ROS) generation and resulting oxidative stress., although release of Cu ions from 

the surface of NPs also plays a role [1]. These processes may ultimately lead to cell death. While CuO NPs 

readily dissolve in culture media, particularly at the acidic environment, their solubility in water is limited. Thus, 

toxicity of CuO NPs is mostly mediated by the particles [2]. Compared to other metal-oxide NPs, toxicity of 

CuO is relatively high. This property is probably related to the ability of CuO NPs to overwhelm antioxidant 

defense systems of the organism [3]. 

https://doi.org/10.37904/nanocon.2019.8653 
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In vitro studies on toxicity of CuO NPs were conducted in several cell lines and the results mostly indicated 

oxidative stress-related effects, including increased ROS production, lipid peroxidation, changes of glutathione 

levels, induction of p38 and p53 expression and modulation of autophagic response [2,4-6]. Apoptosis, another 

process initiated by ROS production, was also observed, along with cell cycle arrest, DNA damage, IL-8 

production associated with induction of NF-κB pathway, selective membrane damage and interaction with 

proteins via hydrogen bonds potentially leading to changes in protein phosphorylation and ubiquitination [6-8]. 

CuO NPs have also been shown to affect histone methylation, expression of DNA repair proteins and 

interaction with cytoskeleton [6,9]. Whole genome gene expression analysis showed induction of genes 

involved in nucleic acids metabolic processes, response to stress, cell cycle, mitosis, cytokinesis, chromosome 

segregation, cellular component organization and morphogenesis. Cu ions alone induced expression of 

superoxide dismutase 2 and genes encoding metallothionein isomers [2]. 

In experimental animals, most of the studies focused on pulmonary effects of CuO NPs exposure usually 

finding inflammatory responses, changes in levels of antioxidants, acute cell death or cytotoxicity [3,10-13]. 

Effects of CuO NPs inhalation on whole genome transcriptional changes in rats revealed deregulation of 

hundreds of genes, but this number significantly dropped after a recovery period. The main processes affected 

by the exposure included cell proliferation/survival and inflammation; no effects on oxidative stress related 

pathways were found [14]. The current animal data further indicate neurotoxic effects of CuO NPs manifested 

by altered function of blood-brain barrier, damaged neurons and brain edema, chromatin congregation and 

mitochondria shrinkage in olfactory cells, or increase of endoplasmic reticulum and disassociation of ER 

ribosomes in hippocampus [1,15,16]. 

A number of studies investigating negative health effects of CuO NPs exposure in humans is very limited. In 

an in vitro study, lymphocytes obtained from blood of healthy volunteers were treated with CuO NPs. In the 

cells, increased ROS production along with mitochondrial and lysosomal damage was detected [17]. To study 

negative health effects of wood preservatives containing CuO NPs, quantitative (probabilistic) human health 

risk assessment was performed. The results revealed inhalation risks from CuO in workers handling dry 

powders and performing sanding operations. There were, however, substantial uncertainties in these results 

stemming mainly from the extrapolation from short to long-term exposure, which was necessary due to the 

lack of (sub)chronic in vivo studies [18]. 

In the present study we investigated the effect of CuO NPs exposure in researchers performing animal 

experiments in which these NPs were used for whole-body inhalation [19]. A group of researchers not working 

with NPs served as controls. We aimed to assess potential DNA damage associated with the exposure. 

2. METHODS 

2.1. Study groups 

The exposed group (N=8) consisted of researchers working with rodents exposed to 100% engineered 

nanoparticles (primarily to CuO in the last 13 weeks, preceded by exposures to MnO×Mn2O3, CdO, PbO, TiO2 

and ZnO). The average mass concentration of Cu in the air during experiments was 7.3 ± 3.2 ng/m3. The 

controls (N=8) were a matched group of researchers not exposed to NPs. 

2.2. Cytogenetic analysis 

Blood samples: Blood cell cultures were incubated at 37 °C for 72 h. Cytochalasin B was added to a final 

concentration of 5 µg/ml after 44 h. Cultures were harvested by centrifugation, treated with hypotonic solution 

of KCl and fixed with methanol/acetic acid. 
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Centromeric FISH technique: The protocol performed with FITC-labelled Human Pan Centromeric probes 

was adapted from the manufacturer protocol (Cambio, Cambridge, UK). Stained slides were counterstained 

with DAPI mixed with Vectashield mounting medium [20]. 

Microscopic analysis: One thousand binucleated cells (BNC) were analyzed for each subject under the 

fluorescence microscope (Axioskop - Zeiss) equipped with filters for DAPI (blue signal) and FITC (green 

signal). BNC with micronuclei (MN), centromere positive (CEN+) and centromere negative (CEN-), were 

recorded and analyzed by use of the ISIS software version 5.0 (MetaSystems). 

2.3. Statistical analysis 

Basic descriptive statistics [mean, standard deviation (SD), minimum and maximum], were calculated using 

Microsoft Excel 2013. T-test and the Wilcoxon signed-rank test were used for the comparison of the studied 

parameters (total MN/1000 BNC, CEN+ MN/1000 BNC and CEN- MN/1000 BNC). 

3. RESULTS AND DISCUSSION 

The characteristics of the studied groups are summarized in Table 1. The groups were matched by age and 

BMI, but there was a greater proportion of men than women in the exposed group. All study subjects were 

nonsmokers. The exposed subjects have been conducting animal experiments with NPs for 4.9 ± 0.4 years 

(mean ± SD). Before collection of blood samples, the researchers have worked solely with CuO NPs for 13 

weeks. The average total time ± SD of exposure to CuO NPs in this period was estimated to be 569.9 ± 316.5 

min. 

The results of cytogenetic analyses are reported in Table 2. The frequency of MN/1000 BNC (10.38 ± 2.50 vs. 

11.88 ± 3.01), percentage of aberrant cells (0.98 ± 0.23 vs. 1.08 ± 0.27) and proportion of CEN+/CEN- MN 

(58/42 vs. 55/45) did not differ between the exposed and controls subjects. These findings suggest that 

exposure of researchers to CuO NPs that occurs during animal experiments has no impact on DNA damage. 

This observation may be explained by very low concentrations of NPs in the working environment as well as 

by a short time of exposure distributed over a relatively long period (a maximum of 16 hours of exposure for 

13 weeks). These factors may contribute to possible elimination of DNA damage by repair processes. We 

should further mention that in the last 5 years the study subjects had been continuously exposed also to other 

NPs. This implies that: 1. The response of the organism can be attributed not only specifically to CuO NPs 

exposure, but also potentially to the effect of other compounds; 2. long-term exposure to NPs may have 

induced adaptation in the exposed subjects which was manifested by the lack of genotoxic effects [21]. Such 

adaptation was observed in our recent study of NPs-exposed workers [20]. Finally, we should mention a small 

sample size and unequal gender distribution between the exposed and control subjects which may have 

contributed to negative results in our study. A larger study group could yield possibly more reliable results with 

greater statistical power. 

Table 1 Characteristics of the studied groups [N or mean ± SD (min-max)] 

Characteristics Exposed Controls 

Number (N) 8 8 

Males/Females (N) 6/2 4/4 

Age (years) 43.0 ± 16.0 (28-67) 41.6 ± 12.6 (26-64) 

BMI (kg/m2) 25.2 ± 4.6 (19.5-33.3) 23.3 ± 3.1 (18.1-27.4) 

Smoking (N) 0 0 

Total exposure to CuO NPs (min) 569.9 ± 316.5 (70-961) 0 

Working with NPs (years) 4.9 ± 0.4 0 



  Oct 16th - 18th 2019, Brno, Czech Republic, EU 

 

 

489 

Table 2 The results of cytogenetic analyses in the subjects exposed to CuO NP and in the controls (mean ±  
              SD or %) 

 N MN/1000 BNC % AB.C. CEN+/CEN- (%) 

Exposed 8 10.38 ± 2.50 0.98 ± 0.23 58/42 

Controls 8 11.88 ± 3.01 1.08 ± 0.27 55/45 

4. CONCLUSION 

In our study, we did not find any genetic damage in researchers working with CuO and other nanoparticles. 

Our observations may be explained by low exposure levels over a long period of time, adaptation to NPs 

exposure and a small sample size. To confirm the results, a larger study is required.  
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Abstract  

Undeniable benefits of engineered nanomaterials might be discredited by their potential enhanced or 
unexpected toxicity arising from nano-specific properties and behavior. An analysis of the applicability of the 
traditional chemical risk assessment approach in nanomaterials revealed high levels of uncertainty in both 
hazard characterization and exposure assessment due to the lack of relevant validated methods and reliable 
data. This indicates the limited capability of the conventional risk assessment approach to ensure the safe use 
of nanomaterials. Based on the identified uncertainties, the control banding approach was proposed as a 
suitable tool for preliminary qualitative risk assessment of nanomaterials in occupational settings. Control 
banding categorizes hazard and exposure into levels referred to as bands. The combination of the hazard and 
exposure bands results in a risk band determining the necessary degree of control and regulatory measures. 
To decrease the number of cases where, based on the precautionary principle, unavailable experimental or 
field data would lead to the assignment to the highest hazard category requiring costly exposure control, 
screening evaluation of nanomaterial toxicity was proposed as an additional decision criterion. For this 
purpose, a battery of in vitro toxicological assays enabling screening evaluation of potential toxic effects of 
NMs was proposed. The assays evaluate endpoints covering basic toxic effects of substances (cytotoxicity, 
genotoxicity), as well as known nonspecific mechanisms of toxicity typical for nanomaterials (oxidative stress, 
inflammation). The proposed risk management strategy is intended to assist small and medium-sized 
enterprises to implement adequate measures to ensure employee safety.  

1. INTRODUCTION 

Applications of nanomaterials (NMs) can significantly improve the quality of human ordinary life as well as 
contribute to solving major challenges that our society is currently facing. The development and applications 
of new NMs are crucial for progress and competitiveness in most industries. To ensure the safe use and 
sustainable development of any new technology, its potential risks must be understood and effectively 
controlled. Risk assessment is a science-based tool used for evaluation of potential adverse effects of 
chemicals under realistic exposure conditions.  

NM variability, dynamic behavior dependent on the surrounding environment, and potentially unexpected toxic 
effects complicate the risk assessment and risk management. The standard risk assessment approach 
designed for classical chemical substances may not be suitable for NMs. In the present study, we analyzed 
the applicability of the conventional risk assessment in NMs. With regard to the identified high uncertainties in 
all steps of the process, we proposed an alternative approach - a qualitative risk assessment tool (control 
banding) and a set of in vitro toxicity assays for screening evaluation of NMs toxicity. 

2. ANALYSIS OF THE APPLICABILITY OF STANDARD RISK ASSESSMENT TOOLS FOR NMS 

Nano-specific exposure limits and quantitative risk assessment processes are not available. NMs are regulated 

by the same tools as classical chemicals, despite the fact that their behavior, toxicity, and safe exposure levels 

https://doi.org/10.37904/nanocon.2019.8687 
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can significantly differ. First, we analyzed whether the traditional risk assessment approach for conventional 

chemicals can be applied in NMs with regards to their specific characteristics and behavior. Overall, it has 

been revealed that the process may be hindered by the lack of conclusive experimental data, unavailability of 

reliable standard methods, enormous variability of NMs and their dynamic behavior in the environment (see 

Table 1 for details). These factors lead to high uncertainties in all steps of the risk assessment process and 

the inability to set relevant exposure limits.  

Table 1 Selected factors complicating the conventional risk assessment process   

3. CONTROL BANDING AS A QUALITATIVE RISK MANAGEMENT TOOL FOR NMS 

The basic principle of risk assessment consisting of hazard assessment (i.e. identification of possible hazard 

and its quantification) and exposure assessment (i.e. estimation or measurement ofhe magnitude, frequency, 

and duration of exposure) is also applicable for substances with high uncertainty data. In this case, qualitative 

methods employing the precautionary principle are more suitable than quantitative approaches (see  

Figure 1A).  

Control Banding (CB) was selected as a suitable qualitative risk management tool for NMs when reliable 

experimental data are not available. CB tools are developed by experts on chemical safety to be used in small- 

NM characteristics Why the conventional approach cannot be currently applied? 

Absence of a unified 
definition for NMs 

In has not been clearly established and agreed upon what should and what should not 
be classified as a NM. The most common definition based on a cut-off size of 100 nm 
does not have a scientific rationale [1].  

Variability 
An extreme number of NM variants for assessment (time and economical costs for 
testing all variants are unacceptable) [2]. 

High number of physico-
chemical properties 
affecting toxicity 

The complex action of a high number of physico-chemical properties on NM toxicity. 
Time, economical and technically demanding characterization of NMs is a necessary 
part of toxicity assessment. 

Potential specific toxic 
effects 

Standard methods do not exist to evaluate toxic effects that are not yet known (and 
unexpected toxic effects may not be tested). 

Non-existing 
epidemiological data  

Information on NM toxic effects in humans (including toxicokinetics) is not available for 
most NMs. 

NM heterogeneity 
NMs are usually not homogeneous, e.g. size distribution of (nano) particles in a sample 
(polydispersity). 

Inconsistency of 
experimental data 

A solid conclusion on NM toxicity cannot be derived based on inconsistent or even 
contradictory experimental data (high inter- and intra-laboratory variability of results). 

Dosimetry is not clear 

No agreement on what dose unit is most relevant for describing toxic effects of NMs 
(surface area, particle number, volume, and surface reactivity have been suggested in 
addition to the traditionally used mass concentration that is most probably not a suitable 
dose metric for NMs) [3]. 

Different toxicokinetics 
Extrapolation of the toxic effects from experimental animals to humans is problematic 
due to different translocation to secondary organs, different hot spots (accumulation 
areas in the organism), different capabilities of NM elimination [4] 

Dynamic behavior in the 
environment 

Primary NMs have different properties than aged NMs present in the environment. 
Similarly, NMs tested under laboratory conditions may have different properties than 
NMs released into the environment. The formation and composition of biocorona 
depend on the biological environment [5]. 

In vitro dosimetry 
Specific NM behavior in in vitro assays - sedimentation, (de)agglomeration, dissolution, 
adhesion on laboratory plastics. The real dose to which the treated biological system is 
exposed may differ from the administered dose [6]. 

Specific physico-chemical 
properties 

Interference with in vitro toxicological methods. Specific NM properties can lead to 
false-negative/false-positive results, and under-/overestimation of toxicity [7]. 

Variability in batches 
A slight change in the production process, storage conditions or handling can modify 
NM properties (and consequently toxicity). 
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and medium-sized enterprises without an on-site expert on occupational health and safety to control workers’ 

exposure to potentially dangerous substances. CB categorizes hazard and exposure into bands based on 

input data related to toxic and emission potentials. The combination of the hazard and exposure bands results 

in a risk band determining the necessary degree of control and regulatory measures (Figure 1B). CB tools 

developed for NMs and their main characteristics are summarized in Table 2. 

A)                                                                                                                        B) 

 

 

 

 

 

 

 

Figure 1 A) Risk assessment approaches classified according to data availability and the level of uncertainty 

B) Principle of Control Banding as a qualitative risk assessment tool  

Table 2 Control Banding Tools for NMs 
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ANSES CB Tool YES DT 5/4/5 YES YES Ask an experienced toxicologist [9] 

CB NanoTool 
Research 

laboratories 
SS 4/4/4 YES YES 75% of the maximal score [10] 

ISO/TS 120901-2:2014 YES DT 5/4/4 YES YES 
Categorized in the highest hazard 

band 
[8] 

IVAM Guidance YES DT 3/3/3 YES YES 
Only information on solubility and 

fibrous shape is required 
[11] 

LICARA nanoSCAN 
YES (for new 

products) 
DT, SS 5/4/3 NO YES 

Categorized in the highest hazard 
band 

[12] 

NanoRiskCat 
Consumer  

safety 
DT 4/4/- NO YES Evaluated as “unknown hazard” [13] 

NanoSafer YES DT, SS 4/5/5 YES YES 
Information on bulk analoque is 

required 
[14] 

Precautionary Matrix 
for synthetic materials 

YES SS 3/3/2 NO YES 
Categorized in the highest hazard 

band 
[15] 

Stoffenmanager Nano YES DT, SS 5/4/3 YES YES 
Categorized in the highest hazard 

band 
[16] 
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3.1. In vitro toxicological assays as a screening tool for hazard ranking in CB risk assessment of 

NMs 

In the absence of reliable toxicological data, the majority of control banding tools employ the precautionary 

principle by assignment the NM to the highest hazard band, requiring a strict exposure control to reach an 

acceptable risk band (see Table 2). This conservative approach may pose an unnecessary burden for small- 

and medium-sized enterprises in case of NMs with low toxicity where, however, no reliable experimental data 

are currently available. For a more accurate hazard categorization of these NMs, we propose a battery of 

simple in vitro toxicological assays. The assay battery (see Figure 2) reflects current knowledge on the 

mechanisms of NM toxicity and takes into account suitability of methods for testing NMs. It comprises of four 

endpoints covering basic toxic effects of substances (cytotoxicity and genotoxicity) and known non-specific 

toxic effects typical for NMs (oxidative stress, pro-inflammatory effects). Assay protocols can be obtained from 

manufacturers and EU nanosafety/nanotoxicology-oriented projects (e.g. NANOGENOTOX, NANOMMUNE, 

NANOVALID, QUALITYNANO, etc.). 

The basic conditions for testing are proposed as follows: 

 Biological system - Macrophages: Comparative studies have shown that macrophages (effector cells 

of the innate immune system) are among the most sensitive cell types towards NM toxicity [17]. In an 

organism, macrophages are one of the first cells that are encountered by inhaled NMs.  

 Tested concentrations - 1, 10, 100 µg/ml: A minimum of three concentrations is needed to construct 

a dose-response curve. The highest recommended concentration is 100 µg/ml, lower concentrations 

were derived from a logarithmic range. Non-cytotoxic concentrations (i.e. viability > 70 %) should be 

used in testing genotoxicity, oxidative potential, and pro-inflammatory effects.  

 Exposure time - 24h: 24 hours is the most often used exposure period in in vitro nanotoxicology as it 

is the time that fast proliferating cells need to go through one cell cycle. 

 
 

Figure 2 The selected endpoints and in vitro assays for screening evaluation of NM toxicity within CB 
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Evaluation of the results (see Figure 2) 

1) Green column - negative results (score = 0) 

 Cytotoxicity: LC30 (lethal concentration that cause death of 30% cells) > 100 µg/ml 

 Genotoxicity: more than 1.5 fold increase compared to negative control (NC) values 

 Oxidative potential and proinflammatory effects: more than 1.2 fold increase compared to NC 

values (takes into account generally accepted 20% variability in biological assays [18]) 

2) Red column - positive results (score = 2) 

 Cytotoxicity: LC30 < 10 µg/ml 

 Genotoxicity: more than 10 fold increase compared to NC median values 

 Oxidative potential and proinflammatory effects: more than 2 fold increase compared to NC 

median values 

3) Orange column - mild positivity (score = 1) 

 Values between positive and negative results 

Hazard categorization 

1) Hazard band is assigned according to the total score calculated as a sum of all markers values 

multiplied by the marker weight 

 Total score ≤ 4 → HB1 

 Total score between 5 and 11 → HB2 

 Total score ≥ 12 → HB3 

2) Reaching 12 points during the sequential testing (cytotoxicity → genotoxicity → oxidative potential → 

proinflammatory effects) assigns the tested NM to HB3 and testing is discontinued. 

3) Exceeding critical values (yellow column) - an indication of high toxicity at low concentrations 

 Genotoxicity, oxidative potential, and proinflammatory effects: concentration 1 µg/ml is derived 
from estimations of the amount of nanoparticles to which cells in the lower respiratory tract can 

be exposed under high yet realistic air concentrations [19,20]. 

 Cytotoxicity: a higher critical concentration (10 µg/ml) was set as cell death is a consequence 

of serious disturbance of cell functions and indicates adverse effects at lower concentrations. 

4. CONCLUSION 

The immense potential of NMs in theoretically all fields can be hindered by poorly controlled risks associated 

with their production, applications, and use. Analysis of the applicability of the traditional risk assessment 

approach for conventional chemicals in NMs showed a high level of uncertainty in all steps of the process due 

to inconclusive experimental data, unavailability of reliable standard methods, enormous variability of NMs and 

their dynamic behavior in the environment. Under these circumstances (when no reliable nano-specific 

exposure limits can be set), qualitative risk assessment methods are a promising alternative. CB based on 

categorization and the precautionary principle was selected as a suitable interim tool for risk assessment of 

NMs. However, this conservational approach tends to overestimate risk in the absence of hard experimental 

data. For more accurate hazard classification, we propose a battery of simple in vitro toxicological assays. The 

assays cover 4 endpoints: cytotoxicity as a basic toxic parameter, genotoxicity as an important regulatory 

parameter due to its close relationship with carcinogenicity, oxidative potential as a main known mechanism 

of NM toxicity, and inflammation as immune-mediated effects. The assay battery can also be used to compare 

the toxicity of NMs with different physico-chemical properties and to prioritize less toxic variants with the aim 

to minimize investment into the development of NMs with low application potential. CB is an interim solution 

and the risk assessment approach should be updated based on new scientific findings. 
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Abstract  

This pilot study deals with the detection of metal-based solid particles in the human ejaculate and their possible 

connection with infertility. Ten samples provided by cytogenetics department, CGB Laboratory, a.s. in Ostrava 

- Vítkovice, were analysed by scanning electron microscopy with energy dispersive X-ray spectroscopy 

(SEM/EDS) and Raman microspectroscopy. Metal-based particles, particularly those containing iron, 

aluminium, copper, zinc, chromium, titanium and nickel, were detected in the samples. At the same time, 

titanium compounds and calcium carbonate were found. Many of these substances have already been shown 

to have a negative effect on the living organism. Based on the information found, there might be some 

dependence between the presence of solid metal particles in the ejaculate and male fertility impairment. 

Keywords: Male infertility, metal based solid particles, scanning electron microscopy, Raman  

        microspectroscopy 

1. INTRODUCTION 

Male infertility is one of the current problems with the reproduction of the human population. One of the sources 

of the men infertility is less count of sperms in the ejaculate. The number of sperms in the ejaculate variates 

individually, the interval between 20 and 300 million sperm in millilitre is considered as normal. If the sperm 

count is less than 10 million, it can be related to fertility problems [1]. Currently, the amount of sperm in the 

ejaculate of men is rapidly decreasing. Healthy men have about 20 - 30 million sperm in their ejaculate, cases 

with 60 million sperm are rare [2]. Decreased sperm counts might be caused due to mumps in puberty, 

hormonal disorders, exposure to radiation or toxic chemicals, ingestion of alcohol, tobacco or other drugs, or 

e.g. wearing tight underwear [1]. Problems with ejaculation itself may be caused, for example, by erectile 

dysfunction, nerve damage, premature ejaculation or some medications [3]. The most common reason of 

infertility is deformation of a sperm. Approximately 70 % of all infertility cases are caused by poor sperm motility 

and a high proportion of abnormal sperm [2]. 

Up to 25 % of infertile men with low mobility and poor sperm morphology tend to have higher levels of 

fragmented DNA than men with the normal semen parameters. DNA fragmentation is characterized by breaks 

in one or both strands of DNA, often presented in the ejaculate of subfertile (decreased fertility) men [4,5]. 

Often even inexplicable infertility in men with normal sperm motility and morphology can cause a higher degree 

https://doi.org/10.37904/nanocon.2019.8576 
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of DNA fragmentation. Sperm cells that have broken DNA are not able to fertilize the egg cell or does not work 

properly in embryo development, and also may be source of spontaneous abortion [5]. 

The effect of various chemicals on spermatogenesis is already known [1]. Man is exposed to various particles 

nearly daily due to the fact they are a commonly part of everyday items. For example, titanium dioxide in the 

form of micro and nanoparticles is being used in cosmetics, packaging materials, pharmaceuticals, but also in 

coatings [6]. 

Nanoparticles (NPs) can enter the human body through various ways. One of the key pathways of NPs entry 

is inhalation. People inhale more than 10 billion particles every day. Thus, inhaled particles can be distributed 

throughout the body via blood, along the olfactory nerve, etc. [7]. Secondly, micron and submicron particles 

can penetrate the human body through skin. Human skin is the largest organ, the skin area is about 1.5 - 2 

m2, yet it is a very strong protective barrier, so entry through it is not so frequent [8]. Oral exposure is another 

way for micro and nanoparticles how to enter the human body. The number of particles entering the human 

body through these pathways is about 1012 to 1014 per day. Most of these particles are silicate and titanium 

dioxide particles [9]. Due to the amount, size and chemical composition, these particles they can cause many 

health problems, including infertility. The connection between titanium dioxide particles and testicular damage 

in male mice has already been demonstrated [9,10]. Wise et al. investigated relationships of testicular iron and 

ferritin concentrations with testicular weight and sperm production in boars [11]. Effect of the iron also 

examined Akalin et al. and the result was, that iron had a negative effect on sperm of rams [12]. There are 

several studies of the presence of different form of the metallic elements in the human body. The aim is also 

to investigate the effect of metals on the human body, especially effect to male infertility in this case. Some of 

the present metallic elements may also be in the form of nano-sized particles. For example, Perera et al. 

investigated the effect of iron on human sperm. It was found that DNA semen of men with homozygous β-

thalassaemia major, who were exposed to high doses of iron, showed damage [13]. Klein et al. measured the 

concentration of aluminum in the semen of 62 patients. Patients with oligozoospermia had a statistically higher 

aluminum concentration on the semen than reference group [14]. Roychoudhury et al. discovered that the 

copper NPs are capable of generating oxidative stress in vitro, thereby, they might lead to reproductive toxicity 

[15]. Kumar et al. studied risks of chrome and there was no observed effect of chromium on semen volume, 

pH or sperm count, motility and viability. However, a marked increase in morphologically abnormal sperm was 

observed in exposed men [16]. Wu et al. found that zinc could inhibit hydrogen peroxide-induced damage of 

sperm in assisted reproductive technology. However, the presence of zinc alone in the culture medium can 

also decrease the sperm quality without addition of peroxide [17]. Danadevi et al. recognized the effect of 

nickel and chromium on the sperms of welders. It was found welders had less sperms and the sperms were 

abnormally shaped compared to the control group [18]. 

The aim of this pilot study was to detect micro- and nanometric metal-based particles in the ejaculate of a 

group of patients diagnosed with infertility. 

2. EXPERIMENTAL PART  

2.1. Sample preparation 

The original ejaculate sample was mixed with PBS (phosphate buffered saline) to a maximum of 20 million 

sperms / ml. The diluted sample was mixed with agarose and added in a volume of 10-12 µl to the centre of 

the ring on a slide and covered with a coverslip. After agarose solidified, the coverslip was removed. 

Denaturation and lysis solutions were used for further treatment. Finally, the sample was dehydrated with 70% 

alcohol and incubated in 100% alcohol. After removal of the alcohol, the sample was let to dry. The treated 

sample was subsequently analyzed for the presence of micro- and nano-particles. The ejaculate samples were 

prepared in cooperation with the cytogenetics department, CGB Laboratory, a.s. in Ostrava - Vítkovice. 
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Informed consent was obtained from all patients through this laboratory in accordance with applicable 

legislation. The study was performed in accordance with the Declaration of Helsinki, good clinical practice, and 

applicable regulatory requirements. Informed consent was obtained from all participants before initiation of any 

procedure. 

2.2. Analytical methods 

Prepared samples were analysed using two analytical methods. The first method was scanning electron 

microscopy. Samples were sputter coated with two layers of gold (POLARON SC 7640 sputter coater) to 

ensure their conductivity. Scanning electron microscope Quanta 450 FEG (FEI) was used for revealing of the 

morphology of studied samples. EDS analysis was performed with analyser APOLLO X (EDAX) and served 

for the determination of the presented elements. Images were taken using BSED detector (back-scattered 

electrons detector) at applied acceleration voltage equal to 15 kV. The second method was Raman 

microspectroscopy XploRATM (HORIBA Jobin Yvon, France). Raman spectra were acquired in the whole range 

from 100 to 4000 cm-1. The 532 nm excitation laser source (20-25 mW) with the laser spot diameter of 

approximately 0.5 µm allowing point analysis of particles/clusters was used. The intensity of the laser was 

regulated regarding to the measured sample. Mostly, a lower intensity of the laser beam was set due to the 

potential of damage of organic samples.  

3. RESULTS AND DISCUSSION  

The available information about an individual ejaculate samples are given in Table 1. In addition, Table 1 also 

shows the metal-based particles and compounds that were detected in the samples. 

Table 1 Information of analysed samples and summary of detected particles and compounds 

Sample Age Diagnosis 
Sperm 
count 

(mil/ml) 

Fragmented 
DNA (%) 

Detected elements 
Detected 

compounds 

1 30 infertility 8.3 24 Fe, Al, Zn - 

2 30 infertility 106 47 Fe, Cu, Cr, Zn - 

3 43 infertility 100 6 Al - 

4 38 infertility 80 36 Fe, Al, Zn, Ti - 

5 36 infertility 75 19 Ti, Cr, Ni - 

6 42 infertility - 14 Al, Cu, Ti, Fe - 

7 33 infertility 152 38 Al, Fe, Zn, Ti - 

8 37 infertility 21 82 Cu, Fe, Cr, Al, Ti TiO2-Rutil, CaCO3 

9 33 infertility 55 35 Fe - 

10 39 infertility 5 18 - - 

The data in the Table 1 show that iron particles were detected in seven ejaculate samples and aluminium 

particles were detected in six samples out of evaluated ones. Concurrently, titanium was also found in half of 

all evaluated samples. An example of titanium-based particle found in sample 8 by SEM/EDS is shown in 

Figure 1. Other metals, such as chromium and copper, were detected in three samples from the studied ones. 

Zinc was found in four samples. As Table 1 shows, nickel was found only in one sample. The highest 

representation of various metals was found in the sample 8. In this sample titanium dioxide compound was 

identified by using the Raman microspectroscopy (Figure 2). At the same time, count of the sperm in the 

sample 8 was low and the percentage of the fragmentation DNA was relatively high.  
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Figure 1 Example of a SEM image of the detected titanium particle (a) and the corresponding EDS 

spectrum (b) in sample 8 

From the information given in the Table 1, we can observe a large 

dispersion of sperm counts per millilitre of ejaculate in studied samples. As 

stated in the introduction, counts of sperm below 10 million in the ejaculate 

may indicate a problem with fertility. Only two samples from our studied 

samples had this low count of sperm. Conversely, in three samples from 

our studied group higher count of sperm per millilitre of ejaculate (over 100 

million) can be seen. This information suggests that male infertility is not 

caused only a low count of sperm in the ejaculate, but it can also be caused 

by DNA fragmentation. However, there are also cases when infertility has 

been diagnosed in patients with a high sperm count (more than 100 million) 

per millilitre and a low percent of DNA fragmentation (Table 1 - sample 3). 

As mentioned above, almost all of metals detected in this study have 

previously shown some association between their presence and male 

infertility. Those metals detected also in other studies were mainly liked to 

a reduction in the number of active sperm in the ejaculate or damage to 

the DNA itself [9-18].  

4. CONCLUSION  

This pilot study proved the ability to detect metal particles in the human 

ejaculate using selected analytical methods. All of these samples 

originated from men who were diagnosed with infertility. Moreover, there 

were also men with normal sperm count and low DNA damage, 

nevertheless they suffered from infertility as well. The clarification of relationship between metal-based 

particles detected in the human ejaculate and infertility can help to explain infertility without somatic 

manifestation and consequently lead to required medical treatment. To confirm this hypothesis, it is important 

to analyse the samples without diagnosed infertility following this study. 
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Abstract 

An increase in the use of nanomaterials (NM) has been witnessed in many areas of human life. Therefore, 

assessment of genotoxicity of NM and nanoparticles (NP) is one of the main objectives of genetic toxicology. 

Despite this fact, human cytogenetic studies following the exposure to NP are still rare. Moreover, no relevant 

information on possible differences in sensitivity to NP related to gender is available. 

In this study we periodically (in September 2016, 2017 and 2018; pre-shift and post-shift each year) analyzed 

a group of workers (both genders), working long time in nanocomposites research, and matched controls. 

Aerosol exposure monitoring of particulate matter including nano-sized fractions was carried out during 

working shift. Micronucleus assay using Human Pan Centromeric probes, was applied to distinguish, besides 

the frequency of total MN in binucleated cells (BNC), also other types of chromosomal damage (losses and 

breaks). Moreover, whole-chromosome painting (WCP) for autosome #1 and both gonosomes (X and Y) were 

applied in third sampling period (2018) with the aim to identify the particular structural and numerical 

chromosomal aberrations. 

Obtained results showed: (i) differences in the risk of exposure to NP related to individual working processes 

(welding, smelting and machining); (ii) differences in chemical composition of nano-fraction; (iii) no effect of 

chronic exposure of NP (total MN) opposite to significant effect of acute exposure; (iv) gender-related DNA 

damage differences (females seem to be more sensitive to chromosomal losses). Additional data from WCP 

suggested increased frequency of numerical aberrations in gonosomes. 

Keywords: DNA damage, gender, chromosomal aberrations, micronuclei, nanoparticles, occupational  

                     exposure 

1. INTRODUCTION 

A use of nanomaterials (NM) in numerous areas of human life is logically associated with the risk of exposure 

to nanoparticles (NP). Regardless, the cytogenetic studies in real human population are still rare. Even though 

2 papers focusing on the frequency of micronuclei in peripheral blood lymphocytes of nanocomposites 

https://doi.org/10.37904/nanocon.2019.8589 
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production workers [1,2] were published recently and disrupted the zero knowledge in this area of research 

[3], more studies are still needed especially due to high diversity of properties of NP. Moreover, detailed 

information about particular chromosomal rearrangements in individual chromosomes are still completely 

missing. 

Even though various methodological approaches were used frequently during the years in numerous human 

biomonitoring studies (e.g. conventional cytogenetic analysis (CCA), analysis of total micronuclei (MN) and 

sister chromatid exchanges (SCE)), none of them is able to give detailed information related to stable 

chromosomal rearrangements, such as translocations or insertions in particular chromosomes. Analysis of 

chromosomal aberrations in combination with whole chromosome painting (WCP) by fluorescence in situ 

hybridization method (FISH) is a promising method developed already in 1986 by Pinkel et al. [4] especially 

for clinical and tumor cytogenetics. Nevertheless, it is occasionally also used in human biomonitoring [5]. The 

aberrant cells are classified according to the Protocol for Aberration Identification and Nomenclature (PAINT) 

describing their various individual types [6]. Moreover, besides the structural rearrangements, this method has 

also potential to assess numerical aberrations of painted chromosomes. No type of aberrations by WCP of 

selected chromosomes have ever been analyzed in human subjects exposed to NP. 

In this study, we continued to study a group of nanocomposite researchers (sampled in September 2016, 2017 

and 2018; pre-shift and post-shift) and besides summary of obtained data related to frequency of total, 

centromere positive (CEN+) and centromere negative (CEN-) MN in binucleated cells (BNC), we also focused 

on the differences in the level of DNA damage related to gender. Because the data from micronucleus assay 

showed high differences in CEN+ MN and CEN- MN between males and females, we decided to continue in 

this research by involving of WCP into our cytogenetic part of research. We painted two (in females: autosome 

#1 and gonosome X) or three (in males: autosome #1 and gonosomes X, Y) chromosomes with the aim to 

obtain most detailed information about the frequency of stable as well as numerical chromosomal aberrations 

related to gender in this group of nanocomposite research workers. Selection of both groups of chromosomes 

(autosomes and gonosomes) was based by the previously published knowledge on preferential content of X 

chromosome in micronuclei of females [7,8]. 

2. METHODS 

2.1. Study groups 

A group of researchers (both genders: 75% males/25% females), working long time in nanocomposites 

research, and matched controls was periodically analyzed in September 2016, 2017 and 2018 (pre-shift and 

post-shift each year). A total of 211 blood samples was collected during this period. The sample set included 

a group of workers 20-63 years old, involved in the processes such as welding mild steel S355J2 and smelting 

in workshop 1; and machining including the milling and grinding of epoxide resin with nanoSiO2, and 

geopolymer nanocomposites in workshop 2 and control volunteers matched by age and place of residence. 

The exposed subjects did not use personal respiratory protection. More details related to basic characteristics 

were presented previously [1,2]. 

2.2. Exposure 

Questionnaire: The detailed times of exposure to NP were recorded for participants of the study (particularly: 

(i) long-time exposure (years); (ii) common daily exposure (min); (iii) monitoring day exposure (min)). Concrete 

data are mentioned in section Results and Discussion. 

Monitoring: The online aerosol monitoring during the shift for individual processes included application of two 

standard aerosol spectrometers [Scanning Mobility Particle Sizer (SMPS) (TSI SMPS 3936L, USA) and 

Aerodynamic Particle Sizer (APS) (TSI APS 3321, USA)] used to obtain more details on exposure in the 
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nanoscale range from 6 nm up. The offline Berner Low Pressure Impactor (BLPI) (HAUKE Gmbh., Austria) 

was used to sample aerosol particles onto 10 stages up to 13.6 µm including two nanoscales (25-56 nm and 

56-100 nm) during each process. These samples were consecutively analyzed by gravimetry; ion 

chromatography [9] and Scanning Electron Microscopy (SEM) (Tescan Indusem, Czech Republic) equipped 

with Energy-Dispersive X-Ray Spectroscopy (EDS) (XFlash detector 5010, Bruker, Germany) were then used 

to analyze ionic and elemental compositions of size-resolved aerosol fractions. More details on aerosol 

exposure monitoring were published previously [10]. 

2.3. Cytogenetic analysis 

Blood samples: Blood cultures were incubated at 37 °C for 72 h. Cytochalasin B (Sigma, USA) was added 

to a final concentration of 5 µg/ml after 44 h [11] in case of micronucleus test, or colchicine (Sigma, USA) was 

added to a final concentration of 0.5 µg/ml 2 h before the end of the incubation in case of metaphases 

evaluation. Cultures were harvested by centrifugation, treated with hypotonic solution of KCl and fixed with 

methanol/acetic acid. 

Micronucleus test with Pan-centromeric FISH: The protocol performed with fluorescein-5-isothiocyanate 

(FITC) labelled Human Pan Centromeric probes was adapted from the manufacturer’s protocol (Cambio, UK). 

Briefly: slides were dehydrated, denatured, hybridized with probes and washed. Stained slides were 

counterstained with 4, 6-diamidino-2-phenylindole (DAPI) mixed with Vectashield (Vector Laboratories, USA) 

mounting medium. 

Whole-chromosome FISH: The protocol to perform whole-chromosome FISH painting (WCP) for selected 

chromosomes (customized XCP-Mix: autosome #1 (red (B,b)) and both gomosomes X (green (C,c)), Y (yellow 

(D,d))) was adapted from the manufacturer’s protocol (MetaSystems, Germany). Briefly: fresh slides were 

denatured simultaneously with probe, hybridized and washed. Stained slides (unpainted chromosomes) were 

counterstained with DAPI (blue (A,a)) as already described. 

 

Figure 1 Examples of cytogenetics findings analyzed by Micronucleus test with Pan-centromeric FISH (A-B) 

and Whole-chromosome FISH (C-F) 

Microscopic analysis: One thousand binucleated cells (BNC), or 1000 metaphases were analyzed in case 

of micronucleus test or structural/numerical chromosomal aberrations (CA) analysis for each subject, 
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respectively, with an immersion oil objective lens for a final magnification of 1000x. Fluorescence microscope 

(Axioskop - Zeiss) equipped with filters for DAPI (blue signal), FITC (green signal) and Texas Red (red signal) 

was used. BNC with micronuclei (MN), centromere positive (CEN+) and/or centromere negative (CEN-), were 

analyzed in case of micronucleus test. Metaphases with structural CA including e.g. translocations: t, reciprocal 

translocations: rcp, or insertions: ins [6] and numerical CA were analyzed in case of chromosomal analysis. 

ISIS software version 5.0 (MetaSystems, Germany) was used. See examples of observations for both methods 

(micronuclei analysis and WCP) and genders (M: males, F: females) in Figure 1. 

2.4. Statistical analysis 

Basic descriptive statistics were calculated using Microsoft Excel 2013. T-test, Mann-Whitney U test, paired 

sample t-test or the Wilcoxon signed-rank test were used for the comparison of the studied parameters 

between analyzed groups. Results were expressed as a total MN/1000 BNC, CEN+ MN/1000 BNC and CEN- 

MN/1000 BNC or number of metaphases with structural or numerical aberration/1000 metaphases (SAB/1000 

met. or NAB/1000 met., respectively). 

3. RESULTS AND DISCUSSION 

Main exposure characteristics of the exposed groups followed in September 2016 and 2017 obtained from 

questionnaires are summarized in Table 1. These data showed longer long-time exposure of subjects 

analyzed in 2016 when compared with common daily exposure and exposure in monitoring day which were 

longer in 2017. 

Table 1 NP exposure characteristics of the study subjects 

Exposure record  

N=20 

2016 2017 

Mean ± SD Median (range) Mean ± SD Median (range) 

Long-time (years) 17.8±10.0 15 (5-40) 12.15±9.27 8 (2-31) 

Common daily (min) 101.4±60.0 105 (30-240) 128.25±87.26 120 (30-360) 

Monitoring day (min) 156.3±61.9 150 (60-330) 203.5±54.7 180 (150-360) 

Moreover, aerosol exposure monitoring from individual working processes were accompanied by differences 

in nano-fraction exposure and their chemical composition [1,10]. Obtained data (not shown) indicated high 

differences in the risk of exposure to nanoparticles including differences in chemical composition of nano-

fractions related to individual working processes. Particularly, for welding, a substantially higher absolute 

elemental mass concentration of the nano-sized fraction was observed (9.55x and 107x, respectively, higher 

total level of nano-sized fractions (25-56 nm + 56-100 nm)) when compared with smelting and machining. 

Generally, individual processes differed in the chemical composition of the nano-sized fraction with a dominant 

content of Fe common to all processes. Other common elements included Si, S and Cl. The production of Mn 

and Na was specific for welding and smelting; Al for smelting and machining; and K was detected in the 

smelting process only. 

Previously published data [1,2] concentrated in details on the clastogenic and aneuogenic effect of chronic 

(long-term) and acute (short-term) exposure to nano-fraction in the group of nanocomposite researchers 

involved in three various processes (welding, smelting and machining). These results confirmed repeatedly a 

lack of effect of chronic exposure of NP on total frequency of MN. This observation can be interpreted as a 

possible adaptation. DNA damage pattern can change depending on the type of exposure (break increase in 

welders in comparison with controls). In contrast, significant effects of acute exposure (chromosomal losses 

related to process of machining) were observed. 
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The new data presented here that focus on the spectrum of chromosomal aberrations in these groups showed 

high differences related to gender. This was firstly indicated by micronucleus assay using Human Pan 

Centromeric probes, where the females have repeatedly significantly higher frequency of CEN+ MN/1000 BNC 

in comparison with males (p=0.002 and p=0.018 for the groups followed in years 2016 and 2017, respectively). 

This observation suggests significantly higher tendency to aneuploidy (see Table 2). 

Table 2 CEN+ and CEN- MN/1000 BNC in males and females 

 

Gender 

2016 2017 

N CEN+ MN 

Mean ± SD 

CEN- MN 

Mean ± SD 

N CEN+ MN 

Mean ± SD 

CEN- MN 

Mean ± SD 

Males 30 5.03 ± 2.64 4.66 ± 2.25 26 6.23 ± 2.08 3.92 ± 1.74 

Females 11 11.00 ± 5.45* 5.09 ± 3.45 14 8.00 ± 3.33* 5.57 ± 2.79 

Follow-up experiments concerning the frequency of numerical and structural aberrations confirmed data from 

analysis of micronuclei and further showed dramatically higher frequency of numerical aberrations especially 

in X gonosome of females. Detailed data on both types of aberrations in individual chromosomes (autosome 

1 and both gonosomes X and Y) related to gender and evaluated in 1000 metaphases per participant of the 

study are shown in Figure 2. 

 

Figure 2 Structural and numerical chromosomal aberrations in chromosomes # 1, X and Y in males and 

females 

4. CONCLUSION 

Summary of exposure and cytogenetic results obtained from the repeated collection of samples in September 

2016, 2017 and 2018 during the examination of occupationally exposed subjects working long time in 

nanocomposites research, showed relatively consistent results. Concerning exposure data, besides the high 

differences in chemical composition of nano-fractions, differences in the risk of exposure to NP associated 

with individual working processes were shown. Data obtained from analysis of micronuclei confirmed 

repeatedly a lack of effect of chronic exposure to NP. This result can be interpreted as a possible adaptation. 

This observation is in contrast with significant effect of acute exposure. Moreover, significant differences 

related to gender, analyzed by two cytogenetic methods showed females to be more sensitive to chromosomal 

losses. WCP of autosome 1 and both gonosomes X and Y revealed, besides increased frequency of numerical 

aberrations in gonosomes, also higher frequency of structural aberrations in autosomes of males in 

comparison with females. 
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Abstract 

The use of nanomaterials (NMs) in different areas has been rising for more than a decade. Along with this 

growth, there is visible development of different testing tools and approaches for measuring the actual size of 

nanomaterials in biological systems. Test conditions during in vitro toxicological assays are different from the 

standard conditions under which nanomaterials are characterized and careful evaluation of results is needed. 

The unique properties and range variety of NMs require the close look how the NMs behave in different 

dispersion medium over time. In this study we present the results of five types of well-characterized NMs (TiO2: 

NM-101 and NM-103; SiO2: NM-200; Ag: NM-300K and NM-302) of specific size and shape. The 

hydrodynamic size and Zeta potentials in suspensions were measured using a dynamic light scattering 

technique (DLS) (Zetasizer Nano ZS, Malvern, UK). The DLS method is suitable for spherical particles; 

nevertheless, all samples were measured in order to obtain a rough insight into agglomerate formation in the 

medium. NM300, NM302, and NM200 aggregated rapidly in the media, thus the cells would be most likely 

exposed to settled big aggregates then small clusters or individual particles. More stable NMs (NM100 and 

NM103) showed slight grow along with cultivation time or concentration corresponding to cluster formation. 

Cells exposed to those NMs would be in contact with small clusters and aggregates of NMs. Measured zeta 

potentials fluctuated around the stability limit corresponding to observed aggregation. This work was supported 

by the MEYS CR (LO1508).  

Keywords: Nanomaterials, NMs, DLS, aggregation 

1. INTRODUCTION 

The tremendous increase of nanomaterials (NMs) application has been witnessed during the last decade in 

many areas and massive numbers of consumer products contain NMs. Also, the number of registered NMs 

increased rapidly according to current Nanowerk Nanomaterial DatabaseTM to almost 4 000 

(http://www.nanowerk.com/). 

The nanomaterials (NMs) have been defined as “a natural, incidental or manufactured material containing 

particles, in an unbound state or as an aggregate or as an agglomerate and where, for 50% or more of the 

particles in the number size distribution, one or more external dimensions is in the size range 1 nm - 100 nm” 

(EU recommendation number 2011/696/EU) [1]. Due to the possible exposure of humans via a large number 

of consumer products and the evidence showing that exposure to nanoparticles (NPs) has various toxic effects, 

the interest of toxicologists in these materials has increased. 

The development of appropriate in vitro protocols is a challenging issue and expanding range of NMs led to 

high demand for proper testing methods. One of the issues is rapid changes in physicochemical properties 

(shape, size, reactivity, surface area, etc.) after dispersion in biological fluids. Choosing the optimal 

https://doi.org/10.37904/nanocon.2019.8704 
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methodological variant of the assay and timing of the exposure experiment is a major task of the toxicology 

testing. 

Dispersion of NMs in liquids cause the well-known effect of the formation of protein coating around 

nanoparticles (Figure 1). This protein corona is a key molecular event, which strongly influences the biological 

response in nanotoxicological tests. The corona is composed of ‘hard’ and ‘soft’ components [2]. The hard 

corona represents inner stable layer tightly bound to the particles and the soft corona is a looser layer on top 

of the hard corona. The assayed particles are different in composition and surface chemistry than those 

originally synthesized [3]. 

 
Figure 1 Protein corona formation on nanoparticle core. Different composition and surface chemistry change 

NMs properties. Figure and figure legend reproduced from reference [4]. 

It has been repeatedly shown, that different composition of dispersion medium can largely affect the formation 

of the protein corona. Dynamic light scattering (DLS) analyses were done on gold nanoparticles suspended in 

two widely-used cell culture medium (Dulbecco Modified Eagle’s medium (DMEM) and Roswell Park Memorial 

Institute medium (RPMI), both supplemented with fetal bovine serum). DMEM caused the formation of a larger 

and time-dependent protein corona, although RPMI shows different time dynamics with lower protein coating. 

No formation of agglomerates/aggregates in the two media was found by DLS and this finding was also 

confirmed by TEM analyses [5]. 

Another study using golden nanoparticles (10, 25, 50, and 100 nm in diameter) confirmed the previous results. 

Size distributions of gold nanoparticles suspended in deionized water were similar to what the manufacturer 

stated. DMEM supplemented with fetal calf serum led to the formation of complexes around 100 nm, regardless 

of their nominal sizes. The influence of supplementation by fetal serum was proved by DLS in DMEM that was 

without serum. The results indicated gold nanoparticle agglomeration and size of the agglomerates was found 

to increase with increasing nanoparticle concentration [6]. 
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In this work, we present data from five types of well-characterized NMs (TiO2 NM-101 and NM-103, SiO2 NM-

200, Ag NM-300K and NM-302) differing by their properties, including size, shape, or e.g. dimension of 

aggregates.  

2. METHODS 

2.1. Nanomaterials preparation  

Five types of NMs differing by their characteristics were involved in genotoxicity experiments: (i) TiO2 [titanium 

dioxide - anatase form, primary particle size 5 nm, NM-101 (Joint Research Centre)]; (ii) TiO2 [titanium dioxide 

- rutile form, primary particle size 20-100 nm, NM-103 (Joint Research Centre)]; (iii) SiO2 [synthetic amorphous 

silicon dioxide produced by precipitation, particle size 10-20 nm, NM200 (Joint Research Centre)]; (iv) Ag 

[silver with prevalently round shape, particle size < 20 nm, NM-300K (Joint Research Centre)] and; (v) Ag 

[silver with rods shape, particle size 100-200 nm width, 5-10 µm length, NM-302 (Fraunhofer)]. The preparation 

of NMs for genotoxicity testing was performed according to instructions of the generic NANOGENOTOX 

dispersion protocol (www.nanogenotox.eu).  

Briefly, 15.36 mg of NMs were weighed in glass vials using a microbalance (RC210D, Sartorius, Germany). 

NMs were then pre-wetted with 30µl of 95% ethanol and diluted in 5.970 ml deionised water (diH2O) containing 

0.05% bovine serum albumin (BSA). If the NMs were available in a dispersion form, the amount of used 

dispersion was calculated to correspond to 15.36 mg of dry NMs. The NMs dispersion was vortexed for 2 

minutes before manipulation. In total 6 ml suspension of NMs with 0.05 % BSA is called batch and had a 

concentration of 2.56 mg/ml. Batches were sonicated (400W and 10 % amplitude) by an ultrasonic 

homogenizer (S-450d, Branson, USA), equipped with a standard 13-mm disruptor horn for 16 minutes in an 

ice bath to prepare batch suspensions at a concentration of 2.56 mg/ml [7]. The suspension was gradually 

diluted by medium to reach final concentrations of 25, 10, and 1 µg/ml for NM101, NM103, and NM302 or 5, 

2.5, and 1 µg/ml for NM300K and NM200. 

2.2. DLS and Zeta potential 

The hydrodynamic size in suspensions was measured using a DLS (Zetasizer Nano ZS, Malvern, UK). 

Hydrodynamic size (Z-Avg), and polydispersity index (PDI) were determined according to the ISO method 

ISO13321:1996, and its newer pendant ISO22412:2008. Batch suspensions were measured within 20 minutes 

after sonication. Medium suspensions were measured 0h, 28h and 48h after preparation. All suspensions were 

vortexed before measurement. Until the measurements took place, medium suspensions were kept at 37 °C 

to simulate the same conditions during toxicity testing. Sample solutions were measured in DTS0012 

polystyrene cell cuvettes, stabilisation time was set to 120s, temperature to 25 °C for batch, and 37 °C for 

diluted samples. At least 12 runs were performed per each concentration. The same setting was used for 

measuring zeta potentials (DTS 1070 cuvettes). 

3. RESULTS AND DISCUSSION 

DLS method is suitable only for spherical particles; nevertheless, all samples were measured in order to obtain 

a rough insight into agglomerate formation in the medium. As a part of our experiments, we compared 

hydrodynamic size (Z-avg) and polydispersity index (PDI) of NM103 diluted in filtered and unfiltered LHC-9 

medium (Figure 2). This medium is characteristic for high protein agglomeration resulting in visible particles 

over time. Thus, it is a suitable model for testing the influence of protein agglomerates to DLS results. Only the 

highest concentration of 25 µg/ml was measurable. We observed a time-dependent increase of agglomeration 

in both filtered and unfiltered medium (B1 and C1; B2 and C2) and decrease in PDI when the filtered medium 

was used. Lover tested concentrations (10 µg/ml and 1 µg/ml) had too high PDI (> 0.7) probably due to the 
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high amount of protein particles. NMs signal was lost in these samples and data is not shown. Zeta potentials 

did not change. 

 

Figure 2 Hydrodynamic size of NM103 (titanium dioxide - rutile form, primary particle size 20-100 nm) in 

medium suspensions measured using a DLS immediately after preparation (A-B) and 28 hours after (C). 

Hydrodynamic size (Z-Avg), and polydispersity index (PDI) was measured in LHC-9 serum-free medium. 

Another dispersion medium tested was bronchial epithelial growth medium (BEGM™ kit CC3170). Nearly all 

of the tested NMs (NM101, NM200, NM302, NM300) had bigger or similar Z-Avg in the compared to the batch 

in time zero (Table 1). After 28 hours or 48 hours, we observed an increase in size for all mentioned NMs. 

This observation together with higher PDI indicates the formation of aggregates in the BEGM. Only NM103 

(titanium dioxide - rutile form, primary particle size 20-100 nm) did not change over time. According to the 

manufacturer (Malvern Instruments, 2011), the DLS measurement is suitable only for suspension with PDI up 

to 0.7. If the PDI is greater, the suspension is too polydisperse; NM302, and NM200 exceeded this limit in 

some cases. Those NMs aggregated rapidly in the medium, thus the cells would be most likely exposed to 

settled big aggregates than to small clusters or individual particles. More stable NMs (NM100 and NM103) 

showed slight grow along with cultivation time. The higher values of PDI were present mainly at 48h cultivation. 

Cells exposed to NM100 and NM103 would be in contact with small clusters and aggregates of NMs that to 

large ones.  
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Zeta potential for our NMs varied between -10 and -17 mV and did not change with cultivation time. Zeta 

potential between 10 and 20 mV (above or below zero) suggests relatively stable suspension [8], [9]. Measured 

Zeta potentials fluctuated around the stability limit corresponding to observed aggregation. 

Table 1 Hydrodynamic size (Z-Average), polydispersity index (PDI) and Zeta potentials of NMs (TiO2: NM-101  

             and NM-103; SiO2: NM-200; Ag: NM-300K and NM-302) with specific size and shape measured over  

             time. Z-Avg and PDI were measured in bronchial epithelial growth medium (BEGM™ kit CC¬3170)  

             without serum. 

 

4. CONCLUSION 

In conclusion, our tested NMs behaved differently in two tested medium. LHC-9 medium showed problematic 

data validation due to the aggregation and lower concentrations were not evaluable. BEGM medium was a 

better option for testing our NMs. The most stable of NMs under our conditions is NM103 (titanium dioxide - 

BEGM BEGM

avg sd avg sd sd avg sd avg sd avg sd

batch 481.82 16.40 0.35 0.04 - - batch 286.75 21.69 0.36 0.01 - -

25ug/ml 0h 496.59 17.11 0.35 0.02 -14.04 1.48 25 ug/ml 0h 176.80 7.74 0.26 0.04 -13.21 1.11

10ug/ml 0h 491.30 54.83 0.37 0.06 -13.43 0.92 10 ug/ml 0h 179.03 7.69 0.25 0.04 -11.65 0.87

1ug/ml 0h 328.08 97.08 0.46 0.06 -14.35 0.66 1 ug/ml 0h 173.38 22.29 0.28 0.08 -11.71 0.97

25ug/ml 28h 422.23 38.99 0.49 0.05 -12.98 1.14 25 ug/ml 28h 198.70 10.20 0.26 0.04 -12.12 0.73

10ug/ml 28h 417.43 92.98 0.44 0.06 -12.35 1.33 10 ug/ml 28h 184.20 8.92 0.20 0.06 -12.39 1.38

1ug/ml 28h 535.05 185.24 0.56 0.12 -14.89 1.36 1 ug/ml 28h 223.65 69.07 0.26 0.04 -10.90 1.16

25ug/ml 48h 449.18 72.40 0.50 0.06 -15.00 1.63 25 ug/ml 48h 203.22 40.72 0.27 0.05 -13.51 1.38

10ug/ml 48h 364.04 72.42 0.46 0.08 -13.10 0.87 10 ug/ml 48h 196.69 12.91 0.25 0.09 -12.70 0.73

1ug/ml 48h 1226.57 83.31 0.36 0.08 -17.64 0.81 1 ug/ml 48h 201.06 17.45 0.31 0.06 -11.17 0.79

BEGM BEGM

avg sd avg sd avg sd avg sd avg sd avg sd

batch 214.07 5.83 0.30 0.03 - - batch 75.66 0.81 0.28 0.01 - -

5ug/ml 0h 283.32 53.14 0.03 0.03 -12.98 1.31 5ug/ml 0h 92.86 2.51 0.28 0.03 -11.56 1.07

2.5ug/ml 0h 196.97 18.18 0.44 0.03 -12.32 1.32 2.5ug/ml 0h 83.38 1.44 0.31 0.03 -12.70 1.34

1ug/ml 0h 169.12 19.18 0.47 0.08 -11.59 1.27 1ug/ml 0h 87.35 28.13 0.37 0.07 -12.43 1.46

5ug/ml 28h 321.40 59.21 0.55 0.12 -12.95 1.76 5ug/ml 28h 208.28 10.34 0.42 0.02 -12.78 1.53

2.5ug/ml 28h 269.07 97.76 0.61 0.11 -13.54 1.65 2.5ug/ml 28h 121.82 38.25 0.31 0.07 -13.08 1.59

1ug/ml 28h 305.74 131.54 0.57 0.09 -18.76 2.31 1ug/ml 28h 95.78 8.49 0.33 0.07 -12.29 1.54

5ug/ml 48h 1518.18 98.06 0.65 0.09 -12.87 1.23 5ug/ml 48h 767.25 81.01 0.66 0.12 -21.11 1.64

2.5ug/ml 48h 473.70 238.19 0.59 0.08 -10.99 2.75 2.5ug/ml 48h 137.31 31.75 0.45 0.08 -13.80 2.16

1ug/ml 48h 2317.11 581.67 0.97 0.06 -14.85 1.56 1ug/ml 48h 128.97 31.27 0.46 0.06 -13.71 1.99

BEGM

avg sd avg sd avg sd

batch 451.07 59.21 0.44 0.11 - -

25ug/ml 0h 816.42 148.07 0.70 0.09 -15.05 1.50

10ug/ml 0h 1224.80 261.61 0.85 0.14 -12.81 0.86

1ug/ml 0h 1305.16 1118.92 0.78 0.25 -14.20 1.57

25ug/ml 28h 1094.03 611.39 0.83 0.16 -13.97 1.04

10ug/ml 28h 1469.97 679.78 0.95 0.09 -13.75 1.15

1ug/ml 28h 191.39 66.06 0.53 0.11 -13.07 1.77

25ug/ml 48h 1456.28 599.52 0.88 0.12 -14.18 1.80

10ug/ml 48h 1130.63 702.44 0.79 0.24 -12.83 1.13

1ug/ml 48h 317.95 259.75 0.60 0.18 -13.31 1.70

Z-Average (d.nm) PDI Zeta pot.

Z-Average (d.nm) PDI Zeta pot.

Z-Average (d.nm) PDI Zeta potencial

Z-Average (d.nm) PDI Zeta pot.

NM101 NM103

NM200

NM302

NM300

PDI Zeta pot.Z-Average (d.nm)



  Oct 16th - 18th 2019, Brno, Czech Republic, EU 

 

 

513 

rutile form, primary particle size 20-100 nm). As proved earlier, NMs do not behave the same in different 

dispersion medium over time and their nominal size determined by the manufacturer can change. The different 

reaction to the NMs by various in vitro models can be influenced even by cultivation medium. 
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Abstract 

Liposomes are versatile systems for drug delivery. They are utilized in various industries such as 

pharmaceutical, food industry and cosmetics. Even though they are capable to encapsulate both hydrophilic 

and lipophilic compounds, they can be modified using cholesterol, proteins and polymers to enhance their 

properties. 

Presented work is focused on development and preparation of PHB-liposomes particles with different PHB 

content as well as PHB nanofibers. Characterization in terms of particle size, polydispersity index, colloidal 

stability and long-term stability were done. Sun protection factor was measured, too. Electron microscopy 

techniques (SEM, cryoTEM) were used to observe structure of prepared materials. To assess whether 

prepared particles are suitable for further application in cosmetics, MTT and LDH cytotoxicity assays on HaCaT 

cell line were carried out. 

Our goal was to prepare and characterize PHB containing liposomes and nanofibers for potential application 

in cosmetic, pharmaceutical and food industry. Prepared particles were stable and had proper properties to be 

used as vehicles. Cytotoxicity assays showed that all materials were nontoxic to HaCaT cell line and, therefore, 

they can be ceded for further cytotoxicity as well as genotoxicity testing and in future potentially applicable in 

cosmetic industry. 

Keywords: PBH, liposomes, nanofibers, cyto-toxicity, cosmetics  

1. INTRODUCTION 

Liposomes are versatile vehicles that are used for encapsulation and drug delivery in pharmaceutical industry 

as well as in cosmetics. They were firstly observed by Alec Bangham et al in 1960s [1]. Liposomes comprises 

of particles made of one or more phospholipid bilayer from biodegradable and biocompatible materials and 

aqueous environment entrapped in the middle part of the vesicle. Besides phospho- and sphingolipids their 

compositions could be altered by different compounds such as cholesterol, lipids and others [2]. Polyhydroxy 

alcanoates like poly-3-hydroxy butyrate are polyesters accumulated by numerous prokaryotes in the form of 

intracellular granules. The primary function of PHAs is the storage of carbon and energy. Recent research has 

shown that the biological function of PHAs is much more complex and that the capability to accumulate PHA 

has many biochemical and biophysical consequences.Their UV-protective action might be explained by their 

efficient UV-radiation scattering properties with high scattering efficiency in the wavelengths close to the DNA 

absorption maxima [3]. 

Our goal was to prepare and characterize liposomal particles enriched with poly-3-hydroxy butyrate and its 

nanofibers. As a new nanomaterial, both particles and fibers need to be evaluated by cytotoxicity assays like 

MTT and LDH. All these characterizations are important steps for final decision whether prepared materials 

are suitable for further application in cosmetics and other industries. 

https://doi.org/10.37904/nanocon.2019.8709 
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2. MATERIALS AND METHODS 

2.1. Preparation of PHA/Liposomes 

Liposomal particles from phosphatidylcholine (PC, Sigma) and cholesterol (Serva) with different content of 

PHB (Hydal, Nafigate Co.) were prepared using sonication technique. Briefly, all compounds were dissolved 

in chloroform and add to water. Resulting mixture was sonicated for 1 min using 13-mm-diameter 20 kHz 

ultrasound probe (Sonopuls, Bandelin). The organic solvent was evaporated. For further cytotoxicity testing, 

the particle suspension was centrifuged at 3600×g for 5 min. The supernatant was removed and centrifuged 

at 12 200×g for 1 h. Finally, the liposomal pellet was resuspended in double amount of sterile distilled water 

and filtered through 0.22 µm syringe filter to obtain uniform particle size. 

2.2. preparation of nanofibers 

Nanofibers were prepared using electrospinning technique, where PHB was dissolved in chloroform and 0.5 % 

TEAB was add to enhanced conductivity. Parameters for electrospinning were 15 kV, 15 cm distance between 

needle and collector, relative humidity 60 %, temperature 20 °C. 

2.3. Particle size and coloidal stability analysis 

Evaluation of particle size, polydispersity index (PdI) and colloidal stability in solution was done by standard 

procedure with Malvern Zetasizer Nano ZS. All samples of prepared particles were diluted 100times and 1 ml 

od solution was plated into the cuvette. Colloidal stability was measured with same solution but with Dipp Cell. 

2.4. Long term stability 

Particle size, polydispersity index and colloidal stability were measured for 3 months to determine long-term 

stability. 

2.5. SPF measurment 

Prepared extracts were diluted with UV-VIS ethanol to concentration of 200 μg·ml−1 and absorption spectra 

were measured at wavelengths 290‒320 nm. UV-VIS ethanol was used as blank. Calculation of SPF was done 

according to following Mansur equation (1). 

      AbsIEECFSPF ···

320

290

       (1) 

Where CF is correlation factor (10), EE (λ) is erythemogenic effect at certain wavelength and Abs (λ) is 

absorption of sample according to wavelength. Values of EE·I are constants defined by Sayre et. Al. (1979) 

and are given in Table 1. 

Table 1 Values of constants to calculate SPF by Mansur equation 

λ [nm] 290 295 300 305 310 315 320 

EE·I 0.015 0 0.081 7 0.287 4 0.327 8 0.186 4 0.083 7 0.018 0 

2.6. Imaging of nanomaterials 

Prepared particles were imaged by cryogenic transmission electron microscopy (cryo-TEM). Images were 

recorded at 200 kV on FEI Tecnai F20 transmission electron microscope with 4 k CCD camera FEI Eagle. For 

cryo-sample preparation, 4 μl was deposited onto Quantifoil R2/1, mesh 200, and copper holey carbon grids. 
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Vitrification in liquid ethane cooled by liquid nitrogen was conducted using a Vitrobot™ plunge freezing device 

(FEI) with a blot time of 2.0 s, blot force − 2 and 10.0 s wait time. Samples on grids were stored in liquid 

nitrogen until transferred to the cryo-holder Gatan 626 that provides cryo-conditions during imaging. Data were 

collected using automatic software packages EPU and Tomo. Surface structure and diameter of PHB 

nanofibers was analysed with JEOL JSM-7600F (SEM) electron microscope. 

2.7. Keratinocytes cultivation 

Cultivation of HaCaT keratinocytes was done in DMEM with High Glucose, with 0,4 mM L-Glutamine, without 

Sodium Pyruvate, with 10 % FBS and 1 % ATB in Cell cultivation box with atmosphere of 5 %CO2 at 37 °C, 

fed every 2-3 days and passaged after reaching 80 % of confluence. 

2.8. Cytotoxicity assay 

MTT assay [4], [5] was used to assess the cytotoxicity of prepared nanoparticles. Tested particles were treated 

as follows. Particles were diluted 1:1 with deionized water, pipetted through 200 nm syringe filter and diluted 

with DMEM till concentration range of 2-14 %. First, 100 μl of cell culture was added into 96-well plate and for 

nanofiber testing cell culture was added to 6-well plate and let in the cultivator After 24 h medium was replaced 

by prepared samples in DMEM and placed back to the cultivator. Control sample was the medium alone, and 

ethanol served as negative control. Subsequently after another 24 h 20 μl of MTT dissolved in PHB (2,5 mg 

ml−1) was added to each sample and incubated for 3 h in cultivator and then 100 μl of 10% SDS in PBS was 

added to each well. Plates were stored in darkness and evaluated next day by ELISA Reader at 543 nm. 

2.9. LDH Assay 

LDH is a stable enzyme occurring in cytosol. When cells undergo some reaction that lead to the damage of 

plasma membrane, LDH is rapidly released to cell culture media and therefore can be determined 6]. LDH 

assay was performed according to Brown et al [7] with modifications. For this assay supernatants form 

exposure were used. If they were not used for the assay immediately, they were kept frozen at −80 °C. A 

calibration curve was prepared using sodium pyruvate/NADH solution. This solution consists of 1 mg·ml−1 

NADH in 0.75 mM sodium pyruvate that were equivalent for LDH activity 0-2 000 U ml−1. For determination of 

LDH activity 10 µl of exposed supernatant, blank and 60 µl calibration solution was pipetted in 96-well plate in 

triplicates. For samples and blank 50 µl of pyruvate/NADH solution was added and incubated at 37 °C for 

30 min. After incubation 50 µl of 4 M sodium hydroxide was added to all wells and incubated at room 

temperature for 5 min in dark. Last step was measuring the absorbance at 540 nm. Data are measured in 

absolute LDH activity units. 

3. RESULTS AND DISCUSSION 

In this study, nanomaterials comprising liposomal particles enriched with PHB and nanofibers from PHB 

tailored by electrospinning technique were prepared and characterized to see whether they are suitable for 

further application in cosmetic industry. Characterization of prepared particles were done in terms of particle 

size, polydispersity index, ζ- potential, Sun Protection Factor (SPF), amount of phospholipids, cytotoxicity and 

cryo-TEM imaging. Nanofibers were characterized by SEM imaging and cytotoxicity testing. 

3.1. Particle characterization 

Prepared particles were characterized using Zeta sizer Nano ZS. Results are displayed in Table 2. 
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Table 2 Particle size (d), polydispersity index (PdI) and colloidal stability (ζ-potential) 

sample d (nm) PdI (-) ζ- potencial (mV) SPF (-) 

liposomes 148.7 ± 0.4 0.167 ± 0.007 −31.3 ± 2.14  1.70 ± 0.06 

10 % PHB 257.2 ± 3.2 0.388 ± 0.023 −40.8 ± 1.2 2.98 ± 0.05 

50 %PHB 535.9 ± 28.2 0.567 ± 0.058 −42.0 ± 2.1 15.18 ± 0.30 

100 %PHB 308.9 ± 30.6 0.404 ± 0.100 −25.4 ± 1.5 12.74 ± 0.08 

From results displayed in Table 2 we can see that all particles have diameter under 600 nm and their 

polydispersity is for most cases under 0.4, so, they are monodispersed. Concerning their colloidal stability, we 

can say they are stable, because their zeta-potential is lower than −25 mV. The same could be told for particles 

with zeta-potential higher than +25 mV. SPF measuring confirms that with increasing amount of PHB the 

values of SPF increases as well. 

Table 3 Long term stability of prepared particles after 4 months 

sample d (nm) PdI (-) ζ- potencial (mV) 

liposomes 132.7 ± 0.76 0.177 ± 0.01 −24.2 ± 2.67 

10 % PHB 265.8 ± 3.15 0.376 ± 0.06 −35.9 ± 0.95 

50 %PHB 415.2 ± 5.11 0.437 ± 0.02 −32.6 ± 5.27 

100 %PHB 334.1 ± 38.1 0.398 ± 0.02 −24.2 ± 0.66 

After comparison of data from Tables 2 and 3 we can conclude that all prepared particles are stable for 

4 months and, therefore, suitable for further application. 

3.2. Imaging of prepared nanomaterials 

 

Figure 1 Cry-TEM imaging of A-liposome particles, B-liposome particles with 10 % of PHB,  

C and D - PHB nanofibers prepared by electrospinning technique 
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3.3. Cytotoxicity testing 

With all prepared materials cytotoxicity testing was done with MTT and LDH assays. On Figure 2 we can see 

results from MTT testing on HaCaT cell line for liposomal particles. Liposomes as well as liposomes enriched 

with 10 % and 50 % of PHB had no cytotoxic effect on cell at all tested concentrations. Particles with 100 % of 

PHB were not cytotoxic at least at 4 different concentrations in the range of 0 - 8 %. For PHB nanofibers the 

cell viability was 92.4 % ± 4.2 % so we can say that this material is not cytotoxic to HaCaT cell line. 

 

Figure 2 MTT assay of prepared particles 

 

Figure 3 LDH assay of prepared particles 

From the data demonstrated in the Figure 3 we can see that activity of LDH of prepared samples was very 

similar to cell control. So, no cytotoxic effect was observed on HaCaT cells. The same results came from PHB 

nanofibers, where the LDH activity was 241.2 ± 16.9 U·ml−1 and no cytotoxic activity observed as well. 

4. CONCLUSION 

We prepared liposome particles enriched with biocompatible polymer PHB. Amount of added PHB altered 

liposomal size, polydispersity, colloidal stability, and SPF. Cryo-transmission electron microscopy verified that 

higher concentration of polymer resulted in an increase of particle size. Particles were stable for the period of 

3-months with no dramatic change in particle size, polydispersity and zeta-potential. Electro-spun PHB-based 

nanofibers had diameters ranging 500-800 nm. 
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MTT and LDH Cytotoxicity assays on HaCaT cell line showed that all types of particles at all tested 

concentrations as well as nanofibers were non-cytotoxic. Both liposomes and liposomes enriched with PHB 

are stable with desired properties and if further cytotoxicity and genotoxicity testing will show the same results, 

they will be suitable for further application in cosmetics. 

ACKNOWLEDGEMENTS 

This research was supported by the project FCH-S-19-5983 of the Research Foundation ofBrno 

University of Technology. 

The authors received financial support of the measurements at the CF Cryo-electron Microscopy and 

Tomography from the CIISB research infrastructure project LM2015043 funded by MEYS CR. 

REFERENCES 

[1] BAREL, André O., Marc PAYE and Howard I. MAIBACH. Handbook of cosmetic science and technology. 2rd ed. 
New York: Informa Healthcare, 2009. p. 662. 

[2] SHARMA, Amarnath and Uma S. SHARMA. Liposomes in drug delivery: Progress and limitations. International 
Journal of Pharmaceutics [online], 1997. vol. 154, iss. 2, pp.123-140 [viewed 2018-05-21]. Available from: 

https://doi.org/10.1016/s0378-5173(97)00135-x. 

[3] SLANINOVA, Eva, Petr SEDLACEK, Filip MRAVEC, Lucie MULLEROVA, Ota SAMEK, Martin KOLLER, Ondrej 

HESKO, Dan KUCERA, Ivana MAROVA and Stanislav OBRUCA. Light scattering on PHA granules protects 
bacterial cells against the harmful effects of UV radiation. Applied Microbiology and Biotechnology [online]. 2018. 

vol. 102, iss. 4, pp. 1923-1931 140 [viewed 2019-10-01]. Available from: https://doi.org/10.1007/s00253-018-
8760-8. 

[4] MOSMANN, Tim. Rapid colorimetric assay for cellular growth and survival: application to proliferation and 
cytotoxicity assays. Journal of lmmunological Methods. 1983. vol 65, pp.55-63 

[5] LI, Xueshu, Jaroslav TURÁNEK, Pavlína KNÖTIGOVÁ, Hana KUDLÁČKOVÁ, Josef MAŠEK, Sean PARKIN, 
Stephen E. RANKIN, Barbara L. KNUTSON and Hans-Joachim LEHMLER. Hydrophobic Tail Length, Degree of 

Fluorination And Headgroup Stereochemistry Are Determinants Of The Biocompatibility Of (Fluorinated) 
Carbohydrate Surfactants. Colloids and Surfaces B: Biointerfaces [online]. 2009. vol. 73, iss. 1, pp 65-74. [viewed 

2019-11-28]. Available from: https://doi.org/10.1016/j.colsurfb.2009.04.023. 

[6] BOKROVA, Jitka, Ivana MAROVA, Petra MATOUSKOVA and Renata PAVELKOVA. Fabrication of novel PHB-

liposome nanoparticles and study of their toxicity in vitro. Journal of Nanoparticle Research [online]. 2019. vol. 21, 
iss. 3, pp. 1-12 [viewed 2019-10-01]. Available from: https://doi.org/10.1007/s11051-019-4484-7. 

[7] BROWN, David M., Martin R. WILSON, William A. MACNEE, Vicki STONE and Ken DONALDSON. Size-
Dependent Proinflammatory Effects of Ultrafine Polystyrene Particles: A Role for Surface Area and Oxidative 

Stress in the Enhanced Activity of Ultrafines. Toxicology and Applied Pharmacology [online]. 2001. vol. 175, iss. 
3, pp. 191-199 [viewed 2020-01-06]. Available from: https://doi.org/10.1006/taap.2001.9240. 

 

  



  Oct 16th - 18th 2019, Brno, Czech Republic, EU 

 

 

520 

BIOLOGICAL EFFECTS OF METAL NANOPARTICLES AFTER EXPOSURE OF MAMMALIAN 

CELLS 

1Olga D. HENDRICKSON, 2Sergey A. PUKHOV, 1,2Anatoly V. ZHERDEV 

1Bach Institute of Biochemistry, Research Center of Biotechnology of the Russian Academy of Sciences, 

Moscow, Russian Federation, odhendrick@gmail.com 

2Institute of Physiologically Active Compounds, Russian Academy of Sciences, Moscow,  

Russian Federation, zherdev@inbi.ras.ru 

Abstract 

Investigations of the biological effects of nanomaterials are important for assessing the risk of nanotechnology 

products. The present study includes the comparative investigation of the localization of core-shell gold hybrid 

nanostructures and native titanium dioxide nanoparticles. Changes in biochemical parameters of the treated 

rats in comparison to control animals were observed depending on the type of nanoparticles used. The 

exposure did not cause lethality, substantial behavior deviations, water and food consumption, 

pathomorphology of the internal organs. Besides, this study includes the investigation of biological effects of 

metal nanoparticles after exposure of mammalian cells. Dose- and time-dependent changes in cell viability 

after exposure to gold hybrid nanostructures and native titanium dioxide nanoparticles were estimated by MTT 

test. 

Keywords: Metal nanoparticles, in vitro toxicity, cell viability, MTT-test 

1. INTRODUCTION 

Metal nanoparticles are nowadays one of the most widely used nanomaterials having a number of production 

and practical applications [1-4]. Among them, gold hybrid nanostructures (GHNs) and titanium dioxide (IV) 

nanoparticles (TiO2 NPs) can be mentioned as promising materials used for various biomedical purposes 

including targeted delivery systems, photothermal therapy, implantation, drug and vaccines development, etc. 

[5-9]. Using of nanoparticles as therapeutic agents raises the issue regarding their biosafety toward humans. 

The toxicity mechanisms of nanoparticles is now intensively investigated by a scientific community [10-12]. For 

this purpose, both in vivo and in vitro biological models are used [12-14]. 

Biological models, alternative to in vivo test systems, are widely used in the study of the toxicity of various 

chemical compounds [15]. One of the effective approaches for toxicological studies is the use of cell cultures 

(in vitro test systems). Although in vitro experiments cannot completely replace in vivo studies, they can 

contribute to assessing the safety of engineered nanoparticles, including hybrid nanostructures. As a rule, in 

vivo experiments are carried out taking into account the initial information about the toxicity of nanoparticles. 

In addition, animal models are used to study indicators that are not available for in vitro systems (distribution 

of nanomaterials in organs and tissues, their metabolism and excretion, etc.). However, in vitro systems can 

be effectively used as indicators of the toxicity of nanoparticles and for conducting mechanistic investigations. 

A number of undoubted advantages characterizes in vitro test systems based on human and animal cell 

cultures: the simplicity of cell cultivation by proven methods, the possibility of visual detection of viable cells 

during the whole experiment using microscopic methods, and a higher reproducibility in comparison to in vivo 

test systems. Cost-effective and not time-consuming in vitro models allow decreasing the number of 

experimental animals or a complete replacing of in vivo test systems [16]. 

https://doi.org/10.37904/nanocon.2019.8495 



  Oct 16th - 18th 2019, Brno, Czech Republic, EU 

 

 

521 

MTT test the is one of the most widely used methods for assessing cytotoxicity towards a large number of 

living cells of different cell lines exposed to xenobiotics [17]. This test is proved to be a classical approach for 

toxicological assessment of various compounds, including nanomaterials. The MTT assay estimates the 

mitochondria activity and therefore can be used for determination of the amount of living cells. The principle of 

the MTT test is based on the ability of the succinate dehydrogenase contained in the mitochondrial membrane 

of a mammalian cell to reduce the yellow salt of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium 

bromide (MTT) to violet formazan crystals accumulated in the cytoplasm of living cells as a result of this 

reaction. Therefore, the rate of formazan crystals’ accumulation in the cytoplasm represents the level of 

mitochondrial respiration of the cell, which is an indicator of its viability. The amount of formazan formed in the 

cell monolayer is proportional to the number of living cells. The effect of nanomaterials is evaluated by their 

inhibition of the proliferation and viability of exposed cells. The MTT test has such advantages as rapidity, high 

reproducibility, lack of sophisticated analytical equipment, and low cost. 

This manuscript includes the results obtained as a part of the whole study directed to in vivo and in vitro 

investigation of biological effects of nanomaterials. Murine embryonal fibroblast (NIH-3T3) and murine 

monocyte/macrophage (P388-D1) cell lines were used to evaluate the cytotoxicity of core-shell GHNs and 

native TiO2 NPs by MTT test. 

2. EXPERIMENTAL 

2.1. Materials 

TiO2 NPs of anatase form (<25 nm), chloroauric acid, bovine serum albumin, MTT, trypsin, streptomycin 

sulfate, dimethyl sulfoxide, Dulbecco’s modified Eagle’s medium (DMEM) were purchased from Sigma-Aldrich, 

USA. Goat polyclonal antibodies against mouse immunoglobulins (IgG) were purchased from Arista 

Biologicals, USA. 

All other chemicals were of HPLC gradient grade (Sigma-Aldrich, USA, and Panreac, Spain). Milli-Q deionized 

water (Millipore, USA) was used for preparing solutions. 

The optical density (OD) was measured at 570 nm with a Zenyth 3100 microplate photometer (Anthos Labtec 

Instruments, Austria). 

2.2. Obtaining of GHNs 

GHNs were obtained on the base of gold nanoparticles (GNPs) of 30 nm diameter and goat polyclonal 

antibodies (IgG). Conjugation GNPs with IgG was carried out as described in [18]. To obtain GHNs, the IgG 

concentration of 10 μg/mL was selected. 

2.3. Characterization of nanomaterials by transmission electron microscopy 

TiO2 NPs and GHNs were dispersed in deionized water at a concentration of 0.1 mg/ml. The aliquot of the 

obtained dispersion was dropped onto a Formvar film-coated grid and studied by transmission electron 

microscopy (TEM) on a JEM-100C microscope (Jeol, Japan) at an accelerating voltage of 80 kV. 

2.4. Nanomaterials dispersion protocol 

TiO2 NPs and GHNs were diluted to concentrations of 250, 100, 50, 25, 10, 5, 1, 0.5, and 0.1 μg/mL with 

DMEM. The resulting mixtures were stirred vigorously for 10 min at room temperature. 
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2.5. Exposure of murine embryonal fibroblast cells (NIH-3T3) and murine monocyte/macrophage  

cells (P388-D1) to TiO2 NPs and GHNs 

NIH-3T3 and P388-D1 cells were cultured in DMEM supplemented with 10% (vol./vol.) heat-inactivated fetal 

calf serum and streptomycin sulfate in concentration of 100 μg/mL. An environment of humidified air containing 

5% CO2 was maintained at 37 °C. At 85% confluence, cells were harvested using 0.25% trypsin and were 

subcultured into 60 mm dishes, 6-well plates or 96-well plates. Cells were allowed to attach the surface for 24 

h prior to treatment. TiO2 NPs and GHNs were diluted to appropriate concentrations by suspending in cell 

culture medium. Then, the dilutions of nanomaterials were sonicated using an ultrasound bath (100 W, 40 kHz) 

at room temperature for 10 min to avoid their aggregation prior to administration to cells. 

2.6. Cytotoxicity evaluation experiment 

To evaluate the cytotoxicity of TiO2 NPs and GHNs, cells in the log phase were seeded onto a 96-well culture 

plate with 5000 cells per well and incubated at 37 °C in a CO2 incubator for 24 h until the cells adhered to the 

plate. Then, TiO2 NPs or GHNs in concentrations of 250, 100, 50, 25, 10, 5, 1, 0.5, and 0.1 µg/mL were added. 

After 24, 48, 72 h incubation, cell viability was measured using the MTT assay. As a control, cell media without 

nanomaterials was added. For this assay, 100 μL of MTT solution in concentration of 0.5 mg/mL (prepared in 

medium without serum) was added to the cells and incubated at 37 °C in a CO2 incubator for 4 h. Dimethyl 

sulfoxide was then used to dissolve the formazan crystals. Finally, the OD was measured at 570 nm using a 

microplate reader. 

2.7. Data analysis 

The number of living cells (as a percentage of control cells not exposed to nanomaterials) is determined by 

the following formula: 

OD570exp/OD570control × 100 %, 

where: 

OD570exp is an OD at 570 nm for cells treated with nanomaterials 

OD570control is an OD at 570 nm for control cells. 

3. RESULTS AND DISCUSSION 

3.1. Characterization of TiO2 NPs and GHNs by TEM 

The size and aggregation state of the TiO2 NPs and GHNs were determined using TEM. Both samples 

contained electron-dense particles with well-developed facets (Figure 1). 
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Figure 1 Microphotographs of TiO2 NPs (A), GHNs (B), and GHNs size distribution (C) 



  Oct 16th - 18th 2019, Brno, Czech Republic, EU 

 

 

523 

TiO2 NPs was characterized by a clear contour and a high electron density. Individual spherical TiO2 NPs had 

a diameter of approx. 20-25 nm and tended to form aggregates of a diameter larger than 100 nm in an aqueous 

medium (Figure 1A). The GHNs sample contained homogeneous spherical non-aggregated nanoparticles 

with the average diameter of 33,7 ± 8,9 nm and the mean ellipticity of 1,1 ± 0,4 (Figures 1B, C). 

3.2. The dose- and time-dependent cytotoxicity of TiO2 NPs 

For evaluation of nanomaterial-induced cytotoxic effects toward cells an MTT test was used. Cell viability was 

assessed after incubation of NIH 3T3 and P388-D1 cells with TiO2 NPs and GHNs in concentrations of 250, 

100, 50, 25, 10, 5, 1, 0.5 and 0.1 µg/mL during 24, 48 and 72 h as the ratio (%) of OD values of treated cells 

to that of untreated ones. The results of cytotoxicity assessment after exposure to TiO2 NPs are presented in 

Figure 2. 
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Figure 2 Viability of NIH-3T3 cells (A) and P388-D1 cells (B) after 24, 48 and 72 h of exposure to different 

concentrations of TiO2 NPs evaluated with MTT assay. Values are mean ± standard deviation (SD) from five 
independent experiments 

As it is evident from Figure 2A, the cytotoxic effect of TiO2 NPs towards fibroblasts increased dose-

dependently. The manner of this effect is similar for 24, 48, and 72 h exposition. NIH 3T3 cells’ viability was 

about 80 % and more after the incubation with TiO2 NPs in a concentration range of 0.1-25 µg/mL. At higher 

TiO2 concentrations (100 and 250 µg/mL) cell viability dramatically decreased down to 20 % and less and was 

characterized by the same values for different times of cell treatment. For monocyte/macrophage cells, the 

observed dependency was quite comparable (Figure 2B). Cell viability was above 80 % after exposition to 

TiO2 NPs in a concentration range of 0.1-50 µg/mL. Higher concentrations (100 and 250 µg/mL) cause 

extensive cell death resulting in only 10 - 30 % of live monocytes/macrophages. The described effect was 

similar for all incubation periods. 

3.3. The dose- and time-dependent cytotoxicity of GHNs 

The cytotoxic effect of GHNs against fibroblasts and monocytes/macrophages evaluated by MTT test are 

presented in Figure 3. 

The data presented in Figure 3A demonstrate the dose-dependent cytotoxic effect of GHNs with respect to 

NIH-3T3 cell line. A decrease in cell viability was observed at all exposure times studied. In the concentration 

range of 0.1-10 μg/mL, the amount of living fibroblasts was 80 % and even higher (up to 100 %). After 

exposition of cells to GHNs at the middle dose range (25-50 μg/mL), the percentage of living cells was lower: 

~55 - 75 % of cells remained viable after the exposure. At high concentrations of GHNs (100 and 250 μg/mL), 

cell viability declined sharply to 20 - 30 % or less. 
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Figure 3 Viability of the NIH-3T3 cells (A) and P388-D1 cells (B) after 24, 48 and 72 h of exposure to 

different concentrations of GHNs evaluated with MTT assay. Values are mean ± standard deviation (SD) 

from five independent experiments 

For GHNs studied, a time-dependent cytotoxic effect was investigated in 24-48-72 h time interval. The 

percentage of living cells was reduced mainly upon incubation in the 24-48 h interval (Figure 3A). It should be 

noted that for middle and high doses (25 μg/mL and more), this effect was most pronounced. The cytotoxicity 

of GHNs after exposure at low doses didn’t have a time-dependent manner: the amount of survived cells 

reached 100 %. 

For the P388-D1 cell line, the observed cytotoxic effects differed from those detected for the NIH-3T3 cell line 

(Figure 3B). As it can be seen from the presented data, after exposure to GHNs in the low and middle 

concentration ranges (0.1-50 μg/mL), the cell viability level was about 90% and higher and practically did not 

depend upon the exposure time (24-48-72 h). Incubation with GNHs at higher concentrations (100 and 

250 μg/mL) caused an increase in cell death, but the level of living cells dropped to only 80 %. The described 

effect was observed for all time periods of exposure. Therefore, after exposure to GHNs the survival rate of 

murine monocyte/macrophage cells was higher than that of murine fibroblast cells. The time-dependent 

cytotoxic effect was less pronounced than for fibroblasts. 

4. CONCLUSION 

Overall, the cytotoxic effect of GHNs and native TiO2 NPs on mammalian cells of two cell lines was studied. 

A dose- and time-dependent effect on cell viability was demonstrated using the MTT test. Difference in the 

sensitivity of cell lines to the studied nanomaterials was demonstrated. A safe in vitro dosage was determined 

for both nanostructures. 
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Abstract 

This contribution deals with preparation of functional interdigited flexible sensors for room temperature 

operation. The fabrication comprises the utilization of promising technology such as inkjet printing and the 

deposition of copper(II) acetylacetonate as a ultrathin sensing layer. The inks were prepared by dispersion 

formation in co-solvent system. The ink composition was developed on the basis of viscosity and surface 

tension optimization by the addition of polymeric steric surfactant. The printing process was optimized with the 

help of non-dimensional criteria. To obtain the best possible shape and resolution various parameters such as 

surface modification, thermal reduction atmosphere, annealing condition, setting of inkjet printer, Ink 

concentration and viscosity, sheet resistance were investigated. Printed pattern and motifs were characterized 

by profilometry, microscopy and by resistance measurement to further enhance the quality of printing. The 

sensitivity of the prepared sensors was demonstrated and studied by measuring the response to saturated 

vapors at room temperature to improve sensor performance by optimization. Obtained sensitivity of prepared 

sensors is very promising for detection of organic vapor detection at room temperature. Moreover, other big 

promising advantage of prepared sensors is their flexibility. 

Keywords: Gas sensor, Inkjet printing, Room temperature 

1. INTRODUCTION 

The development of a low-cost flexible ambient gas sensor for organic vapors is vital, as it includes flammable 

gases such as acetone, which can be ignited by something as simple as static charge [1][2]. The scientific 

community has a lot of interesting development on the low-cost electronics and sensors as compared to 

traditional silicon based electronics, Inkjet printing plays a essential role here as it can be easily scaled up to 

meet industrial demands. Innate advantage of inkjet technology is the direct printing feature, high spatial 

resolution and the compatibility with many substrates. 

Inkjet-printing is known technique for printing electronic and optoelectronic materials on a large scale for 

fabricating RFID tags, antennas [3][4][5][6] thin-film transistors (TFTs) [7][8], solar cells [9][10], light-emitting 

devices (LEDs) [11][12], display devices [13], tissue engineering [14][15] and sensors [16][17], Recently similar 

approaches have been taken by L. Siebert et al where they utilize a 3D- Printer to monitor acetone vapors 

using chemiresistive sensor array of CuO/Cu2O/Cu on glass substrates [18], Another closer approach recently 

is by L. Chen where they fabricate composite film by gravure technique for the detection of acetone [19]. 

This paper focuses on the development and the characterization of a printed acetone sensor, which records 

the sensitivity of quaternary copper complex deposited on inkjet printed electrodes. The main outcome of the 

proposed solution is low cost, flexible, simple ambient air and high-quality gas sensor. The inkjet printing 

technology allows for fast fabrication of prototypes on flexible substrates which can be designed as per the 

requirements. 

2. THE DEVELOPED SENSOR 

The device consists of a 1 centimeter polyimide substrate (UPILEX®-50 S) on which an interdigited structure 

has been printed by a FUJIFILM DMP-2800 series Dimatix Materials Printer using appropriate voltage and 

https://doi.org/10.37904/nanocon.2019.8574 
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drop spacing. The silver dispersion (50-60 wt%), nanoparticle based ink (Sigma Aldrich) was used and heated 

at 250 °C for 60 minutes. An ink of copper (II) acetylacetonate (Sigma Aldrich) has been prepared using 

ethylene gylcol with both surfactant and dispersant BYK® 348 and DISPERBYK® 190 (1:1, v/v). They were 

supplied by BYK Additives and Instruments, a member of ALTANA, Wesel, Germany. The surfactant BYK® 

348 is a polyether-modified siloxane and DISPERBYK® 190 is a high molecular weight block copolymer 

dispersant. The prepared Ink has been deposited successively using proper printing parameters, onto a silver 

electrode and heated at 200 °C for 60 minutes in N2 atmosphere. This can be seen in Figure 1. The working 

principle of the sensor is by tracking the changes of electrical conductance of the copper(II) acetylacetonate 

layer due to the adsorption of gas molecules on its surface. These molecules act as donors or acceptors thus 

leading to a conductance variation.  

 
Figure 1 The sensing layer is inkjet printed on the silver electrodes 

The experimental chamber adopted for the experiment is shown in Figure 2. The dynamic system consists of 

a heated u-pipe through which the carrier gas N2 flows, there is an insulating membrane where a flow of 

acetone can be injected manually. The carrier gas carries the gaseous elute through a small metal chamber 

which is vacuum sealed where the developed sensor is placed. The system is equipped with flowmeters and 

electrically controlled valves using proprietary software.  

a)              b)  

Figure 2a: The printed sensor is connected for resistance measurement in the chamber, Figure 2b: The 

inkjet printed sensor is subjected to bending, Device dimensions: 1.2 cm by 0.8 cm with a thickness of 200 

micrometers. The Interdigit fingers width, length and track spacing. 
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3. EXPERIMENTAL RESULTS AND CONCLUSIONS 

The prepared ink I has the composition of 10 wt% copper(II) acetylacetonate in ethylene gylcol, along with 10 

wt% BYK® 348 and 10 wt% DISPERBYK® 190. It has been characterized at 25 C. The surface tension was 

determined with a Krüss K100 force which uses the Wilhelmy plate method. The viscosity of dispersions was 

measured by a Ubbelohde type viscometer. 

Table 1 Characterized data for Ink I sample 

 Viscosity Density Surface tension 

INK I 34.8 ± 0.5 mPa-s 1.0696 g/cm3 21.39 ± 0.08 mN/m 

Before each experiment, the chamber is flushed with N2 for a few minutes and it is checked for any possible 

gas leak. After having 100 percent gas flow of 200 milliliters/min. Controlled quantities of acetone have been 

injected to observe the response. Figure 3 shows the multiple response in the change of resistance in 

accordance with 50 microliters of acetone vapors injected periodically. Figure 4 similarly shows the repeated 

resistance change in response to multiple injections of 100 microliters of acetone vapors. 

 
Figure 3 The observed sensing behavior for the vapors of 50 ul of acetone at room temperature 

The proposed mechanism here is, as the gas vapors interact with the sensing layer. Adsorbed molecular vapor 

ions, which are ionized preferentially at room temperature leads to a release of trapped electrons and 

neutralization of the holes of the copper (II) acetylacetonate. The decrease in the concentration of holes results 

in an increase of the resistance in the surface layer of copper (II) acetylacetonate. Meanwhile, the number of 

vapor ions absorbed on the surface is reduced leading to the decrease in the magnitude of the negative quasi-

gate which further results in a decrease in conductivity [20]. Henceforth, a direct increase of the resistance 

with the increase of relative vapor is observed.  

Since the portion of solid residuals from the additives in the ink composition is considerably high, their effect 

on sensor sensitivity and sensing behavior cannot be neglected. The surfactant (BYK-348) is a non-ionic 

compound polyether-modified siloxane which is not expected to contribute directly to the conduction 

mechanism. The other polymeric part of the dispersant (DISPERBYK 190) is a high molecular weight. block 
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copolymer with carboxyl groups It can be expected that some carboxylic groups in the DISPERBYK co-polymer 

are neutralized and that polyelectrolyte-based humidity response may negligibly contribute to the sensing 

mechanism as well. Two reasons for negligence are, our sensor is fully printed on common plastic (PET 

polymer) and is kept at room temperature with hot vapors passing through the gas chamber at a high flow rate. 

Secondly, during the sintering process, most of the dispersants and surfactants are removed. The primary 

sensing mechanism is more likely to replace or outweigh other minor factors in a complex system. 

 
Figure 4 The recorded sensing behavior for the vapors of 100 ul of acetone at room temperature 

The experimental results obtained demonstrate the functionality of the developed sensor and encourage the 

sensing strategy. Future efforts will be dedicated to the device modeling and gas specificity among the 

development of further investigations. 
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Abstract  

The stability of nanoparticles in aquatic environment plays an important role for their environmental and 

biological application. The storage time has strong impact on the stability of zinc and copper nanoparticles 

(ZnONPs and CuNPs). The effect of the storage time was studied over time and the results showed a change 

in morphology of synthesized NPs. The time stability study was divided into three parts: short-term (0 - 72 h), 

medium-term (16 days) and long-term (5 months). In the case of CuNPs the SEM picture revealed the 

presence of crystal structure. This can be explained as the CuNPs surface layer was oxidized and the crystals 

on surface are copper oxides. Similar study was conducted on ZnONPs, but in shorter time scale (1 - 3 days). 

As in the case of CuNPs, ZnONPs showed the same tendency to crystalize. We can conclude that storage 

time and conditions have a strong impact on the NPs stability. 

Keywords: Time stability, ZnO nanoparticles, Cu nanoparticles, SEM  

1. INTRODUCTION 

Nanomaterials (NMs) are now widely used in different sectors including agricultural, food, medicinal or military 

industries and research. Due to their unique properties, using of NMs tend to be more efficient and thus more 

cost-effective in comparison with traditional approaches [1,2]. The stability of NMs depends on their application 

and should be monitored in order to achieve their best effect. Therefore, some NMs need to be rapidly 

degradable, some to maintain their properties as long as possible, while others need to be stable only for a 

certain period of time. For these reasons, it is necessary to check the quality of the used NMs, not only after 

synthesis, but also before use, to check whether they changed or decomposed due to storage conditions. 

Among the wide variety of NMs reported in literature, nanoparticles (NPs) have gained much attention. To 

monitor the time stability of NPs in the aquatic environment, copper NP (CuNPs) and zinc NPs (ZnONPs) were 

used. These particles were selected because of their high potential for the agro-industrial applications. CuNPs 

were synthesized by wet road in our laboratory. The individual testing time intervals were chosen to correlate 

as best as possible with the actual usage time of specific particles in our laboratories [3]. 

2. MATERIALS AND METHODS 

2.1. Chemicals 

Chemicals used in this study, unless otherwise stated, were purchased from Sigma-Aldrich (St. Louis, MO, 

USA). The deionized water was prepared using reverse osmosis equipment Aqual 25 (Aqua Osmotic, Tisnov, 

Czech Republic). The deionized water was further purified by using the apparatus MilliQ Direct QUV, equipped 

https://doi.org/10.37904/nanocon.2019.8752 
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with the UV lamp (Aqua Osmotic, Tisnov, Czech Republic). The resistance was 18.2 MΩ·cm. The pH was 

measured using pH meter WTW inoLab (Weilheim, Germany). 

2.2. Synthesis of CuNPs 

Synthesis of CuNPs was inspired by Liu et al. [4]. The volume 10 mL solution of CuSO4 (0.2 M) and a 10 mL 

solution of ascorbic acid (1 M) were prepared. The volume of 2.5 mL sodium carboxymethyl cellulose (4 %; 

90 kDa) was added to the CuSO4 solution. The pH of both solutions was adjusted to 7 with 5% NaOH and 5% 

H2SO4 (Penta, Chrudim, Czech Republic). The CuSO4 solution was stirred at 400 rpm and solution of ascorbic 

acid was added dropwise. The resulting solution was stirred for 10 minutes. Obtained NPs were washed three 

times with MilliQ water (3 × 150 mL). 

2.3. Synthesis of ZnO NPs 

ZnONPs were received from Mr. Kruszynski. ZnO synthesis was accomplished by coordination compound 

designed by assembly from hexamethylenetetramine and short-chain carboxylate ions. For 30 min, the mixture 

was stirred and left to crystalize at room temperature. After 7 - 10 weeks, colourless crystals of precursor were 

formed [5]. 

2.4. Characterization of CuNPs and ZnONPs by SEM 

The morphology and composition were examined by scanning emission microscopy on a Tescan MAIA 3 

equipped with a field emission gun (Tescan Ltd., Brno, Czech Republic). Best images were obtained using the 

In-lens SE detector at working distance between 2.95 - 3.51 mm and at 5 kV acceleration voltage. 

768 × 858 pixel images were obtained at 25,000 - 50,000 fold magnification covering sample area of 

4.15 - 8.31 µm2. Full frame capture was performed in analytical mode and accumulation of image with image 

shift correction enabled, and it took about 0.5 minutes with the ∼1 µs/pixel dwell time. Spot size was set at 

2.4 nm.  

3. RESULTS 

Figure 1 shows the structure of ZnONPs from a short-term experiment (0 - 72 h). Dry ZnONPs (A) were added 

to demineralized water and sample was immediately taken for SEM analysis. These freshly dispersed particles 

(B) show a slight change in the structure in comparison to the original material. ZnONPs begin to recrystallize 

into larger crystals (green arrows) but also smaller and finer structures are detectable (red arrows). This trend 

continued with increasing time and there was an increase in the occurrence of larger ZnO crystals [6,7]. On 

the other hand, after 24 h (C) and 72 h (D), the presence of finer structures decreased significantly (red 

arrows). 

Figure 2 shows the structure of CuNPs from medium-term experiment (16 days). The new CuNPs (A) had a 

sphere shape and their size was ~1 µm. Their surface was fine-grained, somewhere smooth. On freshly 

prepared particles of CuNPs (A) after 16 days began to form small growths of copper oxides, causing greater 

particle surface roughness [1]. They did not aggregate into larger units or change their spherical shape. 

Figure 3 shows the structure of CuNPs from a long-term experiment (5 months). The new CuNPs (A) had a 

spherical shape and their size was ~300 nm. Their surface was slightly rugged with the appearance of minor 

surface defects (pits). After 5 months there was a significant change in particle morphology (B). Due to the 
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oxidation in the aqueous environment, there was a large increase in the copper oxide crystals on the surface 

of the particles [1]. Moreover, CuNPs aggregated into larger units and their shape resembled hedgehogs. 

 

Figure 1 Images of ZnONPs under different time of storage in aquatic environment by using SEM. (A) Dry 

NPs before put into the MilliQ water. (B) Fresh prepared solution of ZnONPs - time 0 h. (C) ZnONPs after 

24 h. (D) ZnONPs after 72 h. 
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Figure 2 Images of CuNPs under different time of storage in aquatic environment by using SEM.  

(A) Fresh prepared CuNPs. (B) CuNPs after 16 days. 

 

Figure 3 Images of CuNPs under different time of storage in aquatic environment by using SEM.  

(A) Fresh prepared CuNPs. (B) CuNPs after 5 months. 
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4. CONCLUSION 

In this work we studied the stability of two kinds of NPs in an aquatic environmental and at different times. As 

evidenced by the images, the stability of NPs is affected by both time and environment. This was confirmed 

for ZnONPs, where almost immediately, after the addition of NPs to water, the structure of NPs was changed 

due to recrystallization. This trend grew with time. More stable and more resistant CuNPs, compared to 

ZnONPs, began to show slight changes on their surface only after 16 days. However, these changes did not 

affect the overall morphology of the studied particles or their shape. Smaller CuNPs suffered significant 

damage in a long-term experiment. The particles aggregated, their surface was strongly oxidized and lost their 

spherical shape. In conclusion we can say, it is necessary to check the quality of NMs always before using 

them, because storage or transport condition (ordered commercial NMs) may not be suitable for the material 

used.  
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Abstract 

This work is focused on studying the antimicrobial effect of silver nanoparticles made by green synthesis. For 

the green synthesis, extracts from Salvia officinalis were used. Four different temperatures (20, 40, 60, 80 °C) 

were used to prepare the extracts from the plant material. The antimicrobial capability of the AgNPs was 

assessed using different yeasts (Saccharomyces cerevisiae, Zygosaccharomyces bailii), gram-positive 

(Lactobacillus plantarum, Listeria innocua, Staphylococcus Aureus) and gram-negative (Escherichia coli, 

Acetobacter aceti) bacterial strains. The range of AgNPs concentrations 0-2,500 µg/mL were tested. The 

antimicrobial effect was studied using two methods: 1) the viable cell count method and 2) the inhibition zone 

method. The method of direct counting showed a small inhibitory effect (inhibition at concentrations 1,250 and 

2,500 µg/ml) only for E. coli, Z. bailii and S. cerevisiae. The inhibition zone results displayed better antibacterial 

activity of the silver nanoparticles (inhibition at all concentrations - 50, 100, 150 and 200 µg/mL) prepared by 

using the extract obtained at 20 ºC against E. coli and S. aureus. 

Keywords: Green synthesis, silver nanoparticles, antimicrobial activity 

1. INTRODUCTION 

The process of green synthesis in nanoparticle production has become a more and more popular alternative 

to chemical synthesis in recent years. It is a simple, inexpensive and environmentally friendly method for 

producing nanoparticles. Biosynthesised nanoparticles show high biocompatibility and antimicrobial, 

antioxidant, antidiabetic, anticancer and other effects, and thus have the potential to be widely used in many 

fields [1,2]. 

Silver nanoparticles produced by green synthesis are abundantly studied for their antimicrobial properties [3,4]. 

This is primarily based on the biological matrix of the sample. Parameters in the production of nanoparticles 

such as temperature, pH, extraction time and individual production processes play an important role [5,6]. 

Salvia officinalis, used in our work as a reducing agent, contains a significant amount of antioxidant 

components. It contains essential oils, tannins, phenolic substances and flavonoids [7,8]. The production of 

essential oils, which are contained in the leaves, is significant [9]. 

This work aimed to determine the inhibitory effect of AgNPs on selected bacteria and yeasts. In the second 

part, the aim was to test the effect of AgNPs prepared at various temperatures against S. aureus and E. coli. 

https://doi.org/10.37904/nanocon.2019.8766 
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2. MATERIALS AND METHODS 

2.1. Preparation of AgNPs by green synthesis 

Preparation of AgNPs by green synthesis is shown in Figure 1 A. Plant materials (Salvia officinalis) were dried 

at 60 °C for 48 h and homogenised by grinding to dust. For the preparation of the plant extract, the mixture 

was stirred in water (20, 40, 60, 80 °C) for 60 minutes in a ratio of 1:10 followed by centrifugation (15 min; 

4,000 g). The extract was mixed with 0.1 M AgNO3 (1:1, 24 h), and the prepared particles were purified with 

methanol (1:1; 1 h). After precipitation, the methanol was removed, and the AgNPs were dried at 60 °C for 24 

h in VWR (Radnor, Pensylvania, USA) dryer (model VDL23). The purified AgNPs were dispersed in a medium 

(purified water 18 MΩ or a mixture of water/acetone) by using ultrasound (40 minutes until a homogenous 

mixture was obtained) to obtain a stock solution of nanoparticles of 10 mg/mL. 

AgNPs were characterised by UV-VIS spectra, XRD, spectra, dynamic light (DLS) and transmission electron 

microscopy (Figures 1 B, C, D, E). 

 

Figure 1 A) Simplified scheme of green synthesis of AgNPs. B) Typical absorbance spectrum with the 

maximum signal in the area of 450 nm. C) XRD spectrum showing the presence of carbon and oxygen on 

the surface of AgNPs. D) The average hydrodynamic size of AgNPs measured by zeta sizer. E) TEM picture 

of AgNPs. 

2.2. Culture conditions and strains 

The reference strains for the first experiment (S. cerevisiae, Z. bailii, L. plantarum, L. innocua, E. coli and A. 

aceti) were obtained from the Colección Española de Cultivos Tipo (CECT; Valencia, Spain). The reference 

strains for the second experiment (E. coli and S. aureus) were obtained from the Czech Collection of 

Microorganisms (CCM, Brno, Czech Republic). 

The cultures of microorganisms were stored at 4 °C in plate count agar before use. The cells from a colony of 

microorganisms grown on agar PCA (for E. coli and L. innocua) MRS (for L. plantarum and A. aceti) or YPDA 

(for S. cerevisiae and Z. bailii) were transferred to 10 mL of broth and were incubated at 30 °C (for S. cerevisiae, 

Z. bailii, L. plantarum and A. aceti) or 37 °C (for E. coli, L. innocua and S. aureus) for 24 h to obtain an inoculum 

with a density of approximately 1 x 107 cells/mL of broth. 
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2.3. Antimicrobial susceptibility assays 

For the viable cell count method: The antimicrobial activity of the AgNPs prepared by green synthesis was 

determined by the microdilution method [10] with some modifications, within a range of concentration of 0, 

156.25, 312.5, 625, 1,250 and 2,500 µg/mL. For this experiment, AgNPs made at 20 °C were used in all cases. 

Different volumes of the stock solution (10 mg/mL) and broth media were added to 96-well microtiter plates to 

obtain tested concentrations with a final volume of 200 µL. Then a 1-10 µL of the microbial inoculums were 

inoculated in microtiter plate wells to obtain a final concentration of 104 cells/mL. The plates were incubated at 

30 °C (for S. cerevisiae, Z. bailii, L. plantarum and A. aceti) or 37 °C (for E. coli and L. innocua) for 24 h. Then 

100 µL of samples were collected and spread on Petri dishes with PCA, MRS or YPDA. The plates were 

incubated for 24 h at 30 ºC (for S. cerevisiae, Z. bailii, L. plantarum and A. aceti) or 37 °C (for E. coli and L. 

innocua) and after incubation, viable cell numbers were enumerated, and the colony-forming units per millilitre 

(CFU/mL) were determined. These values were logarithmically transformed and expressed as log CFU/mL. 

The treatments were performed with at least six replicates for each condition. Positive and negative controls 

were included in all assays. 

For the inhibition zone method [11]: Petri dishes with agar medium were covered by 50 µL of bacteria 

suspension (OD620 = 0.01). AgNPs (c = 10 mg/mL) dispersion was pipetted into a Petri dish in amounts of 

5, 10, 15 and 20 µL. This resulted in variants with concentrations of 50, 100, 150 and nd of 200 µg/mL. The 

bacteria were cultivated for 12 h at 37 °C. After 12 h of incubation, photographs were taken, and the total area 

of the inhibition zone in cm2 was calculated in the LIS programme (Mediapro, s.r.o., Brno, Czech Republic). 

When the inhibition zone began to overgrow with bacterial colonies, a constant value of 0.01 cm2 was selected. 

3. RESULTS 

3.1. Viable cell count method results 

This method allows for identifying the number of viable cells in a given culture. Specifically, it involves counting 

colonies that are visible to the naked eye. Table 1 shows the microbial counts of the studied bacteria and yeast 

in the presence of different concentrations of the AgNPs. 

Table 1 Microbial counts (log CFU/mL) of the different microorganisms after incubation with the AgNPs 

Microorganisms / Concentration 
2,500 
µg/ml 

1,250 
µg/ml 625 µg/ml 

312.5 
µg/ml 

156.25 
µg/ml 0 µg/ml 

E. coli 0.86 1.18 >4 >4 >4 >4 

Z. bailli 3.30 3.93 >4 >4 >4 >4 

S. cerevisiae 3.91 >4 >4 >4 >4 >4 

L. plantarum >4 >4 >4 >4 >4 >4 

L. innocua >4 >4 >4 >4 >4 >4 

A. aceti >4 >4 >4 >4 >4 >4 

The results of the study show us that the silver nanoparticles have a relatively small antimicrobial effect. This 

occurred only in the bacterial culture of E. coli and yeast cultures of Z. bailii and S. cerevisiae. The effect was 

observed only at concentrations of 1,250 and 2,500 µg/mL, and in E. coli only at concentrations of 2,500 µg/mL. 

3.2. Zone inhibition results 

In the next part of the experimental work, the effect of the AgNPs on E. coli and S. aureus was studied using 

the zone inhibition method. In this method, the size of the area around each disc indicates the antimicrobial 

effect of the individual samples of AgNPs. For this, nanoparticles produced at 20, 40, 60 and 80 °C were used 

and pipetted into Petri dishes at concentrations of 50, 100, 150 and 200 µg of AgNPs/mL (Figures 2A, 2B). 
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A) Inhibition zones of AgNPs (S. aureus) 

 

B) Inhibition zones of AgNPs (E. coli) 

 

Figure 2 Typical view of inhibition zones of the agar diffusion test 

Box plots showing the average value of the region of the inhibition zone were constructed from the obtained 

inhibition zone results (Figure 3). 

 
Figure 3 Box plots comparing the area of inhibition zone of AgNPs against E. coli and S. aureus. Purified 

sterilised water was used as a control. Four different temperatures (20, 40, 60, 80 °C) were used in the 

process of preparing the plant extract, and four different AgNPs concentrations were tested (50, 100, 150 

and 200 µg/mL) 
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Box plots comparing the area of the inhibition zones of AgNPs to S. aureus and E. coli. The purified water was 

used as a control. Inhibitor zone sizes ranged from 0.01 cm2 to 1.5 cm2. The best antibacterial effect on 

S. aureus was found with the AgNPs prepared by using the extract that was prepared at 20 °C (value 0.9 cm2 

at concentration 200 µg/mL). The best effect on E. coli also had AgNPs prepared by using the extract at 20 °C 

(value 1.5 cm2 at concentration 200 µg/mL). A better antibacterial effect of AgNPs was obtained against E. 

coli. 

4. CONCLUSION 

In this experimental work, silver nanoparticles were prepared using green synthesis. In the first part of the 

experimental work, when the 100 µL nanoparticle solution was spread on Petri dishes and subsequently 

calculated by CFU, we were able to show a small inhibitory effect only in the bacterial culture of E. coli and 

yeast cultures of Z. bailii and S. cerevisiae. 

In the second part of the experiment, four different amounts (50, 100, 150 and 200 µg of AgNPs/mL) produced 

at four different temperatures (20, 40, 60 and 80 °C) were pipetted onto the Petri dishes. The detection of 

differences in the size of the inhibition zones in the preparation at different temperatures was critical. The best 

antibacterial effect to E. coli and also S. aureus was found with the AgNPs prepared by using the extract that 

was prepared at 20 °C. In the future we anticipate the study of antimicrobial activity using different extraction 

times of the biological matrix and other solvents. 
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Abstract  

Settled road dust was examined to detect the presence of organic compounds. Samples were collected from 

a road surface near a busy road junction in the city of Ostrava, Czech Republic, once a month from May to 

October. The six collected samples were analyzed by gas chromatography with mass detection. The 

correlation analysis divided the analyzed compounds into three distinct groups. The first group, positively 

correlated with the traffic count consisted of phenanthrene, acenaphthene, indenol (1,2,3-cd) pyrene, 

benzo(k)fluoranthene, benzo(a)pyrene, benzo(ghi)perylene, benzo(a)anthracene and chrysene, all positively 

correlated with each other. The second group of compounds, positively correlated with each other but 

negatively with the traffic count, consisted of dibenzo(ah)anthracene, naphthalene, anthracene, fluoranthene, 

acenaphthene and fluorene. The third group consisted only of pyrene, which had a positive correlation with 

most of the compounds from the second group apart from dibenzo(ah)anthracene and was not correlated with 

the traffic count in any way. 

Keywords: Organic compounds, road dust, traffic, PAH 

1. INTRODUCTION 

The economic growth is significantly related to the increase in the number of vehicles in the Czech Republic 

[1], but also worldwide [2]. In the Czech Republic, the number of newly registered passenger cars has 

increased by approximately 2 and a half million since 1995 [1]. The daily operation of fossil fuel vehicles 

releases large amounts of pollutants, e.g. metal-based particles, by-products of fuel combustion, and 

petroleum hydrocarbons [3]. Some of these pollutants remain primarily deposited on the road surface and 

generate road dust. The road dust, especially in urban areas is, therefore, a mixture of particles from many 

sources, e.g. brake pad wear, tire wear, road wear, traffic signs, surrounding soil and vegetation, but also 

industry [4-6]. Naturally, the urban road dust contains a large amount of organic pollutants, especially polycyclic 

aromatic hydrocarbons (PAHs) [3,7]. Polycyclic aromatic hydrocarbons (PAHs) are a group of multiple 

compounds with two or more fused benzene rings with or without alkyl substitutes. The greatest amount of 

PAHs is produced by incomplete combustion of all carbon-containing substances. Pyrogenic PAHs originate 

from the incomplete combustion of fossil fuels and organics materials [8]. They have been characterized as 

ubiquitous, toxic, carcinogenic, mutagenic, teratogenic, and are typical anthropogenic pollutants [9-11]. The 

US Environmental Protection Agency has identified 16 PAHs as priority organic pollutants, namely 

naphthalene, acenaphthene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, 

benzo(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, 

indeno(123cd)pyrene, dibenzo(ah)anthracene, and benzo(ghi)perylene [9,12]. Of these 16 PAHs substances, 

Benzo(a)pyrene has been categorized as Group 1 (human carcinogen), and other six are probable 

https://doi.org/10.37904/nanocon.2019.8571 
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(2A)/possible (2B) human carcinogens by International Agency for Research on Cancer (IARC) [9,13]. PAHs 

with a larger number of benzene nuclei have low vapour pressure and practically do not occur freely in the air, 

but they are sorbed onto solid particles [14].  Larger and heavier particles, to which organic pollutants can bind, 

tend to sediment. They are whirled by traffic and weather conditions. They are often flushed with rainwater and 

transported to local watercourses (e.g. streams, rivers and lakes). As a result of this, they may pose a serious 

risk to aquatic organisms. [9]. Smaller and lighter particles are usually permanently buoyant (below 1 

micrometre) and can be easily inhaled [15]. Because of their size, they pose a high risk to the living organisms; 

if they have organic pollutants bound to them, the risk of course increases. Some studies have shown 

increased lung, skin, and bladder cancer risks for employees exposed to PAHs [16-21]. 

The aim of the study was to determine whether there was any dependence between the detected organic 

pollutants in the settled road dust and the number of vehicles passing through the selected public transport 

hub and the sampling period (in 2015).  

2. MATERIALS AND METHODS 

2.1. Sample preparation 

Samples were obtained from an urban crossroad surface in one of the boroughs of the Ostrava City (Czech 

Republic), town district Poruba. The district is a typical urban site with minimized direct influence of the steel 

and iron-making industrial complex or other major point sources contributing to the environmental pollution in 

the rest of the Ostrava City [22]. The sampling site is in the vicinity of a busy intersection and pedestrian 

crossing, hence, braking is common. Dust samples were collected from 1 m2 road surface, swept using a 

sampling set in a glass sample container. Samples were collected once per month (from May to October = 

sample 1-6), between 9:00 and 10:00 in the morning. The day of the sampling was selected depending on the 

meteorological conditions: sampling was performed only on rainless days after at least two-day period of no 

wet precipitation. Six samples of 450-500 g per sample were collected. Each sample was homogenized in a 

rotary mill (Fritsch Pulverisette) at 250 rpm for 15 minutes and, consequently, sieved through a sieve with 200 

µm mesh, the organic matter was extracted and subsequently analyzed by gas chromatography with mass 

detection (GC/MS). 

2.2. Extraction of Organics 

Dichloromethane extractions of investigated organic components were performed by pressurized solvent 

extraction using Speed Extractor E-916 (Büchi Labortechnik AG, Switzerland). Six 3.00 ± 0.01 g samples were 

extracted in dichloromethane of HPLC grade (Sigma Aldrich) in 3 cycles at 110 °C and 100 bar. The crude 

extracts were placed into a vacuum evaporator and concentrated to a volume of approximately 5 ml under 

nitrogen flow at 40 °C. The resulted extracts were cleaned through a silica gel column chromatography, 

evaporated to the final volume of 1 ml under nitrogen atmosphere, and immediately analyzed by GC/MS. 

2.3. GC/MS analysis 

A quadrupole mass spectrometer (Agilent Technologies MSD5975C) in connection with a gas chromatograph 

(Agilent Technologies 7890N) equipped with capillary column DB-XLB (30 m × 0.25 mm × 0.25 μm) were used 

for screening analysis. The GC/MS operating conditions were: the ion source operated in 230 °C, the injection 

port maintained at 290 °C, and the samples injected in splitless mode followed by 1.5 min purge after the 

injection. The program column temperature started at 40 °C for 2 min, then increased by 5 °C/min to 300 °C, 

and was held for 10 min at 300 °C. The scan mode was employed after additional 6 minutes of delay time. The 

experimental data were measured in the range of 50-550 atomic mass unit (amu). 
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2.4. Statistical analysis 

The data on the concentrations of PAHs was transformed following the principals of Compositional Data 

analysis (CoDa) prior to the correlation analysis. Compositional data are non-Euclidean, their transformation 

into the Euclidean space is required [23], since applying correlation analysis on the raw data may result in 

spurious correlations [24]. The concentration data matrix was, thus, transformed using centred log-ratio (clr) 

transformation [25]. Transformations and analyses were performed in the R environment [26] and presented 

in the form of correlation plot. 

3. RESULTS AND DISCUSSION 

16 organic substances were detected in settled road dust samples. These substances are among the PAHs 

identified by the US Environmental Protection Agency as priority organic pollutants [9,12]. From the statistical 

database of the Statutory City of Ostrava in the Czech Republic, which is freely available, we found the average 

number of vehicles that passed at the place and time of collection [27]. 

Table 1 Overview of concentrations of polycyclic aromatic hydrocarbons found in samples of settled road  

              dust; naphthalene NAP, acenaphtylene ACL, acenaphthene ACE, fluorene FLE, phenanthrene  

              PHE, anthracene ANT, fluoranthene FLU, pyrene PYR, benzo[a]anthracene BaA, chrysene CHR,  

              benzo[b]fluoranthene BpF, benzo[k]fluoranthene BkF, benzo[a]pyrene BaP, indeno[123cd]pyrene  

              IP, dibenzo[ah]anthracene DBA, and benzo[ghi]perylene BPE. Values of concentrations in individual  

              months are given.  

Table 2 Number of vehicles passing through the selected public transport hub at the place and sampling  

              period (in 2015) 

Number of cars per month 
10^5 (-) 

May June July Aug. Sep. Oct. 

4.65036 4.71012 5.47916 4.27332 3.0947 3.8441 

The correlation analysis divided the analyzed compounds into three distinct groups. The first group, positively 

correlated with the traffic count consisted of phenanthrene, acenaphthene, indeno[1,2,3-cd] pyrene, 

benzo[k]fluoranthene, benzo[a]pyrene, benzo[ghi]perylene, benzo[a]anthracene and chrysene, all positively 

correlated with each other. The second group of compounds, positively correlated with each other but 

negatively with the traffic count, consisted of dibenz[ah]anthracene, naphthalene, anthracene, fluoranthene, 

acenaphthene and fluorene. The third group consisted only of pyrene, which had a positive correlation with 

most of the compounds from the second group apart from dibenz[ah]anthracene and was not correlated with 

the traffic count in any way (Figure 1). The first group comprises mainly PAHs with multiple benzene nuclei 

ug/kg NAP ACL ACE FLE PHE ANT FLU PYR BaA CHR BpF BkF BaP IP DBA BPE 

May 4.7 0.0 10.6 10.2 65.5 16.8 15.8 12.6 61.7 74.5 45.2 34.9 51.0 45.2 33.8 40.3 

June 6.9 0.0 12.0 8.9 47.6 13.4 11.9 85.2 46.1 59.3 38.8 28.1 41.9 38.6 26.5 33.4 

July 21.8 9.4 44.8 49.1 42.7 64.2 89.7 65.1 26.3 36.7 20.2 13.0 22.1 19.2 37.9 17.7 

Aug. 48.5 10.3 53.6 52.4 44.1 67.6 76.7 55.1 24.4 31.1 19.5 11.3 21.5 18.7 40.7 17.6 

Sep. 54.3 9.8 38.9 43.5 35.3 53.4 65.1 48.3 22.1 30.9 18.9 11.9 21.7 17.1 38.0 17.2 

Oct. 52.6 13.2 58.7 69.4 47.3 70.1 78.9 60.6 26.2 33.3 21.3 13.3 24.3 20.7 41.0 19.2 



  Oct 16th - 18th 2019, Brno, Czech Republic, EU 

 

 

545 

(Table 1). PAHs with a higher number of benzene cores have low vapour pressure and practically do not occur 

freely in the atmosphere, but are sorbed onto solid particles [14,28]. Their occurrence positively correlates with 

traffic (Table 2). The more cars pass through the sampling point, the more these multinucleated organic 

pollutants will be present in the samples of settled road dust. Conversely, the second group consists mainly of 

PAHs with two to four benzene nuclei. These PAHs can be sorbed to particles in the atmosphere, but can also 

be present in the gas phase. Only PAHs having 2-4 benzene rings may be present in the gas phase, (having 

high vapour pressure at normal temperature) [14,28]. This sample group negatively correlates with traffic. More 

volatile substances are likely to escape into the atmosphere immediately as gases. And those that bind to solid 

dust particles can escape again by constantly swirling road dust through traffic. The living organism is, 

therefore constantly exposed to organic substances originating from traffic - whether in the form of gases or in 

the form of contaminated solid particles of varying size and chemical composition. 

 

Figure 1 Correlation analysis results 

4. CONCLUSION 

In an industrial area such as Ostrava (Moravian-Silesian Region), there are many sources of organic pollutants. 

One of the most important is transport. In this study, we managed to demonstrate a certain relationship 

between these organic pollutants in the settled road dust and the number of vehicles passing through the 

selected public transport hub and the sampling period (in 2015). There was a significant correlation between 

the less volatile organic pollutants and traffic, and a negative correlation between more volatile organic 

pollutants and traffic. These data confirm that many toxic organic pollutants come from heavy traffic. 
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Abstract  

Currently, more and more emphasis is placed on improving the air quality and promoting alternative methods 

of household heating, including the use of biomass. Although these combustion processes are considered to 

be environment-friendly, the fine and ultra-fine particles are also produced in these cases, which can have a 

negative impact on human health. The paper presents the results of experimental biomass combustion, where 

the concentrations and generated particle sizes were monitored during the process. In particular, selected 

combustion parameters were taken into account such as temperature, amount of oxygen, etc., which have a 

significant influence on particle formation. The particles were sampled during the measurements with the aim 

to determine their morphology and chemical compositions. The gathered results are intended to be used for 

the design of the technical measure based on the principle of temperature stabilization, leading to reducing 

the concentration of fine and ultra-fine particles produced by small combustion devices.  

Keywords: Dombustion devices, experiment, parameter, analyses, risk, fine and ultrafine particles 

1. INTRODUCTION 

Air pollution caused by emissions from combustion processes is currently a serious problem. Among the 

significant contributors to this problem are small combustion devices. The difficult situation is even worse under 

poor dispersion conditions with a large number of released pollutants. The fuel which is currently widely used 

for local fire chambers is biomass thanks to the accessible prices [1]. Biomass is also a renewable source of 

energy for local fire chambers. In the Czech Republic, biomass is defined by Act No. 165/2012 Coll., on the 

supported sources of energy as amended, as the biologically degradable part of products, waste, and residues 

of biological origin from farming and forestry and the related industries, agricultural products grown for energy 

purposes and the biologically degradable part of the industrial and municipal waste. [2].  

Although biomass combustion processes are considered environmentally friendlier than fossil fuel combustion, 

fine particles are formed during these processes as well. Their formation depends on the properties of the fuel, 

chemical composition, humidity, type of the combustion device and the combustion conditions. They are 

organic compounds with different values of partial pressure. After the saturation point is reached, a new phase 

starts to be formed. The molecules crowd to form ultrafine particles of 0.1 m. These particles can further grow 

through the coagulation mechanism (crowding of colloid macromolecular organic particles into larger clusters), 

agglomeration (connecting based on surface adhesiveness), oxidation or condensation reactions on the 

surface of the particles. The particles are formed in different sizes in each mode depending on the source type, 

composition of aerosol particles and the atmosphere composition. The modes overlap in the size spectrum. 

The size of the particles constantly changes as a result of condensation, coagulation, accumulation, 

fragmentation, and evaporation. [3]. Fine particles are usually in the 10 nm to 1000 nm size fraction and 

ultrafine particles from 1 to 100 nm. Therefore, technical measures reducing the formation of these particles 

are searched for. While in large industrial applications the particles are separated by an electrostatic filter, in 

local fire chambers the separation of fine particles from the combustion products is problematic. There are 

https://doi.org/10.37904/nanocon.2019.8694 
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studies dealing with catalytic decomposition or the development of small electrostatic separators. The influence 

of combustion operational parameters in small applications has been observed so far primarily with regard to 

gas emissions. One of the most suitable solutions in terms of operation is limiting the production of particles 

through a suitable modification of the fire chamber, which directly influences the formation and growth of fine 

particles.  

Legislative measures monitoring the emission of solid pollutants are currently in force for local fire chambers. 

However, the emission of fine particles from local fire chambers is not monitored in detail and that is why the 

project focuses on particles of up to 1 µm (PM1) in size. Legislation has not addressed these particles yet. 

However, with regard to their significant impact on human health, more attention has started to be paid to their 

production. The situation is also difficult for health risk evaluation methods for PM1 particles and smaller. No 

internationally recognized procedure has been determined in this area, which also concerns ultrafine particles. 

PM1 and smaller particles can, under normal circumstances, get into the organism through the respiratory tract, 

digestive system or skin [4,5,6]. Inhalation is probably the most significant way of nanoparticles getting into the 

organism [7], where they can get as far as the alveoli [8]. As soon as they get into the blood circulation system, 

they spread into the whole organism [9] and they get through the cell surface membranes easily [10]. The 

results of some studies suggest that sufficiently small particles of the order of 10nm, which is the size of a 

water molecule, are able to get through the hematoencefalic barrier from the blood circulation system into the 

brain [11]. The World Health Organization (WHO), the European Scientific Committee on Emerging and Newly 

Identified Health Risks (SCENIHR) or the United States Environmental Protection Agency (U. S. EPA) have 

not published any comprehensive methodology on the evaluation of nanoparticle health risks nor have they 

determined the highest permissible concentrations. Only general recommendations and case studies have 

been published [12,13,14,15]. Therefore, it is currently possible to use the U.S. EPA and WHO methodologies 

to evaluate health risks posed by particles of PM10 or PM2,5. Thus nanoparticles follow the same rules as these 

larger particles, which are generally considered less hazardous [16,17]. It is also important to emphasize that 

for particles smaller than 1000 nm the current health risk evaluation approaches are primarily focused on 

nanomaterials and nanotechnologies in work environment.  

The paper presents results obtained through measurements in small combustion plants (used for household 

heating) with selected biomass types (for example pellets, sawdust, etc.). The main focus was placed on the 

monitoring of the size, concentration and morphology of the formed particles in the individual phases of the 

combustion process when the combustion parameters, especially temperatures, are not constant. Obtained 

results aim to propose new measure focused on stabilizing the combustion temperature at an early stage, 

which will reduce the concentration of ultrafine particles and thus contribute to reducing air contamination, 

hence, reducing health risks. 

2. MATERIALS AND METHODS 

2.1. Experimental combustion device for fine particle sampling 

The experiment was carried out with the VERNER A251.1 automatic pellet boiler. It is a warm-water boiler of 

emission class 3 designed for heating small spaces such as houses. Its capacity is 7.5 - 28 kW. Different types 

of biomass can be combusted in this boiler (grain, wood pellets, energy plant pellets) with the diameter of 6 to 

14 mm.  

The device is equipped with a burner, a mechanical grate, a fuel storage bin (240 l) with an automatic batching 

system and an emergency fire extinguisher. The spout is connected to the boiler with a spiral feeder, which 

supplies fuel in pre-set intervals. The boiler has its own ignition system. The supplied fuel is combusted in the 

burner, where flue gases are formed. They then transfer the heat to the water which is distributed through the 

heating system. Air, which ensures proper combustion, is supplied into the combustion chamber through an 
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overpressure ventilator. The automatic operation of the boiler is secured by the controller microprocessor unit, 

which secures the automatic start as well as putting the boiler out of operation. Based on the heating water 

temperature at the boiler outlet and the flue gas temperature during normal operation, the regulator controls 

the electric motor of the fuel conveyor and the combustion air ventilator and thus the output of the entire boiler 

[18]. 

2.2. Fine particle sampling 

The fine particles were measured using the SMPS (Scanning Mobility Particle Sizer) device by TSI. Part of the 

flue gas was removed in the duct system approximately one meter above the mouth of the boiler. Using a 

rotating disk thermodiluter the flue gas was diluted with clean air in a ratio of 1:8. Then it entered the SMPS 

device, where it was sorted into monodisperse aerosol using a DMA (Differential Mobility Analyzer). The 

particle concentration was assessed by an optical method using a CPC (Condensation Particle Counter) 

device. The connection is shown in the figure:  

 

Figure 1 - Diagram of fine particle sampling from a Verner automatic boiler 

3. RESULTS 

The nanoparticles measured were from 18 to 550 nanometres in size. For this experiment beech wood pellets 

with the diameter of 6 mm and humidity of 7% were burned. The combustion took place at the boiler output of 

26 kW. The content of oxygen in the flue gas was 8% throughout the measurement. The average temperature 

in the combustion chamber was 223 °C. The particle sampling lasted 22 minutes.  

The graph shows the concentration and the size spectrum of fine particles at the time of sampling. As can be 

seen, the highest concentrations correspond to particles of 50 to 150 nm in size. We can also observe 

occasional concentration fluctuations, especially in the first half of the measurement. This is caused by 

imperfect optimization of the fuel supply speed and the amount of the combustion air. This is caused by 

insufficient temperature in the combustion chamber. The pellets cannot burn fast enough in the burner and 
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they decay in the ash removal device. This causes the fine particle concentration in the flue gas to increase. 

In the second part we can observe a more stabilized process in terms of fine particle concentration.  

 

Figure 2 A graph showing the concentration of fine particles in flue gas produced by combustion of wood 

pellets in the Verner A251.1 boiler. 

3.1. Analysis of the samples  

The significance of the analyses made lay in gaining information and data on the morphology and chemism of 

particles formed in flue gases. Polycarbonate filters with the pore diameter of 0.4 μm were used. An analysis 

of these filters was carried out using the MIRA3 scanning electron microscope by TESCAN, Ltd., which is used 

by the Czech Hydrometeorological Institute (Brno branch) for their experiments.  

    

Figure 3 Picture of the SEM particles analyzed with EDX (MIRA3, Ltd.) 

Figure 3 shows pictures of one of the samples taken using the polycarbonate filters (37 mm, 4 μm, SKC, Inc.). 

A manual analysis of the sample for selected particles was carried out. The picture shows X-ray spectra from 

the analysis at different points (on particles, often clusters). In the captured spectra 14 and 15 (Figure 3) the 
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particles were too small for analysis and therefore the signal was taken from the filter and thus the result cannot 

be considered for comparison. After analyses, the highest percentage of elemental representation is for carbon 

and oxygen but also silicon, sodium, potassium, magnesium, calcium, and zinc. Spectrum 8 (Figure 3) particle 

can be considered a spherical particle which does not have to be part of the flue gas.  

With respect to morphology it was found that especially in the initial phase of the process the particles are 

smaller than PM1, namely 1 - 400 nm. As the temperature increases, these particles cluster and become larger 

in size. When making the sample analysis using the SEM method (MIRA3, Tescan Ltd.), it is important to 

realize that the observation of particle morphology is limited as the view is two-dimensional. However, there 

are currently no other methods enabling viewing samples in 3D. Particle morphology is one of the input data 

for fine particle risk assessment when using the currently known methods. The efficiency of deposition in the 

human respiratory tract depends, besides other things, on the size of the particles. For example, particles of 1 

- 100 nm deposit the most in the tracheobronchial area (trachea, bronchial tube, bronchi, and alveoli); particles 

of 1 - 10 µm deposit especially in the extrathoracic area (outside the chest).  

4. CONCLUSION 

The results confirmed observation of the development of particle size distribution, where especially in phases 

of different parameters (temperature, amount of oxygen, humidity, etc.), such as beginning and end of 

combustion process, small particles (<PM1) with high concentration are released. There was recorded the 

significant increase of the particles during the beginning of the process. There were the different temperature 

conditions. The high concentration was detected for the particle’s diameter from 50 to 150 nm. These particles 

have a high level of deposition to the human respiratory system (into alveolar part). The obtained results are 

also used to assess the potential health risks associated with the formation of these particles. Therefore, the 

authors are currently focusing on measures to reduce the number and concentration of these particles. There 

is used the principles of thermal stabilization at an early stage of the ignition and combustion process. There 

are conduct tests to monitor the evolution of particles before and after the introduction of the measures. 
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Abstract  

For investigation of the influence of temperature of nanopowder calcination on adsorption properties of 

zirconiananoparticles, the pH-metry method was used. As a result, structure and parameters of double electric 

layer surrounding zirconia nanoparticles under wetting were calculated. According presented data, titration 

curves of suspensions based on zirconia nanoparticles at different electrolyte concentrations intersect at 

values other than σ0 = 0, which indicates the occurrence of specific sorption on the surface of zirconia 

nanoparticles. 

Keywords: Zirconia nanoparticles, hydration, electrical double layer, pH-metry 

1. INTRODUCTION 

Zirconia is widely used in various fields of science and technology due to the unique combination of physical 

and chemical properties. The variety of applications is determined by the zirconia polymorphism and a wide 

range of surface properties. The surface properties caused by the presence of a hydration layer formed during 

various forms of adsorption of water molecules and other ions [1,2]. According to the Bronsted-Lewis theory, 

the surface of metal oxides is described as a polybasic acid or base, i.e. is a collection of different acid-base 

centers. The acid-base surface properties will be determined by the ratio of such centers. Studies of acid-base 

properties make it possible to obtain patterns of changes in acidity depending on the conditions of preparation 

and composition, and to obtain information on the structure of active centers. 

The properties of the surface and the phase boundary of hydrated zirconia play an important role in 

determination their main sorption properties. The surface properties of hydrated metal oxides, such as the 

number of acid-base centers, surface charge, etc., change when exposed to external factors: temperature, the 

presence of impurities in the solution and their concentration, medium acidity, etc. Investigation of the 

dependence of the surface charge of hydrated metal oxides in an aqueous medium from the pH of solutions 

by establishing a zero charge point (ZP) is important for determining their sorption characteristics, studying the 

selectivity with respect to anions or cations and operating pH ranges. The point of zero charge can be 

determined by potentiometric titration of samples of hydrated metal oxides in solutions with different ionic 

strengths. The pH value at the intersection of several potentiometric titration curves obtained at different ionic 

strengths of the solutions corresponds to the pHzp value [3], at which the surface charge of the hydrated oxide 

is 0 (σ0 = 0) and does not depend on the concentration of the background electrolyte [4]. 

Investigation of the electrosurface properties of hydrated zirconia nanoparticles with different annealing 

temperatures by acid-base titration was the aim of this paper. The main task is to determine the point of zero 

charge at different concentrations of the background electrolyte. 

https://doi.org/10.37904/nanocon.2019.8565 
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2. EXPERIMENTAL 

Nanoparticles of composition ZrO2-3%Y2O3 with a different calcination temperature were used as an object of 

investigation. The technology of nanopowder obtaining by the method of co-precipitation from chloride raw 

material is identical to [5]. The sintering conditions of the nanopowder are 400 °C, 2hours and 700 °C, 2 hours.  

The results of investigation of nanopowders for temperature of calcination of 400 °C and 700 °C by TEM 

method are shown on Figure 1a and Figure 1b respectively. The powder is relatively well distributed spatially 

the particles are individualized or formed small aggregates (60-70 nm). The diffraction pattern corresponds to 

a tetragonal modification of the zirconia crystal lattice. According to the TEM data, the size of nanoparticles 

was 11 and 18 nm for nanoparticles with calcination temperature of 400 °C and 700 °C respectively.  

Basic parameters of investigated nanopowders are presented in Table 1. As can be seen from Table 1, size 

of nanoparticles is increases and its specific surface area is decreases with increasing of calcinations 

temperature. Difference in the properties of nanoparticles causes a difference in the adsorption capacity of 

their surfaces.  

Results of previous investigations shows a different mechanisms of sorption on surface of nanoparticles. 

Nanoparticles with different calcinations temperature has diferent mechanisms of water orientation - in case 

of particles obtained at 400 °C - mechanism of water orientation by Oxygen, at second case - by Hydrogen. 

This differences can caused different dielectric constant of water that surrounding of nanoparticle.  

             

(a)       (b) 
Figure 1 The TEM images of the nanopowder of composition ZrO2+3mol%Y2O3, with temperature 

of calcination 400 °C (a) and 700 °C (b) 

Table 1 Zirconia nanopoarticles characteristics for different calcination temperature 

ZrO2 -3 % Y2O3 400 °C 700 °C 

Phase 96%T-4%M 98%T-2%M 

R, nm 11(T) 18(T) 

S, m2/g 109.9 42.2 

To confirm this assumption, the influence of annealing temperature of nanoparticles (i.e., different particle sizes 

and sorption mechanisms) on their acid properties was studied. For this, the pH-metry method was used. The 

Eutech pH 700 equipment was used. To determine the pH of zero point (pHzp), the technique developed by 

Parks [6] was using. Each experiment on titration of a suspension of a sorbent in a solution corresponded to a 

“blank” experiment of titration of an electrolyte solution under the same conditions. The pHzp value for sorbents 

was found graphically as the point of intersection of the curves of the dependence of the surface charge density 

on the pH of solutions: σ = f (pH). The following media types were used: H2O, HCl 0.1 %, HCl 0.01 % [7]. 
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3. RESULTS AND DISCUSSION 

3.1. The structure of a double electric layer on a surface of nanoparticles 

Upon contact of a solid with an electrolyte solution, a number of processes occur leading to charging of a 

surface. Near the charged surface, the ion concentrations changes: ions of opposite sign are attracted to a 

surface from a solution and ions of the same sign with the charge of a surface are repelled. As a result, a so-

called double electric layer is formed in the solid body / electrolyte system. In case with zirconia nanoparticles, 

surface charging occurs due to the polarization of the surface of nanoparticles. Allocate 1) a dense part of the 

double layer (Stern layer) and 2) diffuse part [8]. The dense part is generally represented in the form of inner 

and outer parts. The inner part is formed by dehydrated ions adsorbed on a given surface. Since the ions have 

a finite size, there is a difference between the potential of the wall φ0 and the potential φd in that layer (the 

internal Helmholtz layer) in which the adsorbed dehydrated ions are located (in the Stern layer). The potential 

φd is often called Stern potential. The outer part of the dense layer is formed by hydrated ions, the interaction 

of which with the surface is practically devoid of specificity. The so-called outer Helmholtz layer is associated 

with the position of these ions. Behind the outer Helmholtz layer is the diffuse part of the double layer (the Gui 

layer), into which sometimes the ions located in the outer plane of Helmholtz are included [9,10]. 

In this case, the structure of the double layer determines not only thermodynamic, but also electrokinetic 

characteristics of the surface of colloidal systems. That is, different mechanisms of water sorption on the 

surface of nanoparticles with different calcination temperatures should influence the parameters of the double 

electrical layer surrounding the nanoparticle, which may be important for determining of the mechanism of 

generation and transfer of charge by zirconia nanoparticles. 

 
Figure 2 Schematic representation of the structure of the double electrical layer 

3.2. pH-metry ivestigation 

Using the technique [6], the zero charge point was defined as the intersection point of the curves obtained with 

increasing the volume of the acid component in the presence of a nanopowder in the suspension composition 

and with its absence. The results of the study are shown on Figure 3. The data showed that the zero-charge 

point differs for different types of powders. This point determines the point of the surface potential of the 

nanoparticle. For the first type of nanoparticles, the zero charge point is 6.8 mV, for the second type - 9.6 mV. 
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Figure 3 Determination of a point of zero potential for nanopowders with different temperature 
of calcinations: a) 400 °C; b) 700 °C 

The procedure for calculating the basic parameters of a double electric layer is based on these measurements. 

The main parameters of the double electrical layer are [11,12,13,14]: 
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where Ni is  number of adsorption sites available per square metre of surface to ionic species i assumed that 

each site occupied by a water molecyle in a monolayer  is a potential cation site, hence N, = 1019/m2, and we 

found that the results of potential computations are insensitive for N; M is the formula of molar weight of 

electrolyte (kg/mol); ν is the density of  solvent (kg/m3); c is the molarity (molar concentration) of ions in solution 

(mol/m3), assuming the electrolyte is symmetrical, i.e., c,+ = c-; φ is the specific adsorption potential (J)  

(φ = 0 may be assumed for simplified cases); φd is the Stern potential (V); z is the valence of cations and 

anions, assuming electrolyte is symmetrical,' i.e., z+ = z-; F is the Faraday constant; R is the gas constant, T 

is the absolute temperature (K); Km is the relative permittivity of solvent medium (note the term dielectric 

constant is used  in some literature); and ε0 is the permittivity of vacuum.   

As can be seen from the equations, the values of dielectric permittivity are of great importance in determining 

the parameters of the double electric layer.  

The results of calculations are given in Table 2. 

Table 2 The main parameters of the double electroless layer for particles obtained at different annealing  
    temperatures 

Parameter 400 °C 700 °C  Potential, V 400 °C 700 °C 

pHZPC 6.8 9.6  ϕ0 0.420 0.468 

pHair-drying 5 6  ϕD 0.191 0.209 

Γi 1.67*10-7 1.96*10-6  ϕdrop 0.229 0.259 

    Ѯ-potential 0.030 0.017 

Geometry 400 °C 700 °C     

Dstem, A 1.3 1.71  Charge density, C/m2 400 °C 700 °C 

1/k, m-1 3.57*10-8 7.95*10-8  σ0 0.093 0.160 

    σ1 0.0114 0.0445 

    σdiff 0.082 0.116 

    σѯ 0.068 0.00356 

There are significant changes in the parameters of the double electron layer for different types of nanoparticles. 

The main differing parameters are the density of the electric charge (twice as high for a nanopowder with a 

large particle size). A consequence of the different orientation of the water molecules on the surface of the 

nanoparticle is the different value of the dielectric constant for each of the sublayers of the double electric 

layer. For particles with a smaller particle size (i.e., when the surface is oriented with oxygen), the values are 

higher.  

According presented data, titration curves of suspensions based on zirconia nanoparticles at different 

electrolyte concentrations intersect at values other than σ0 = 0, which indicates the occurrence of specific 

sorption on the surface of zirconia nanoparticles. 

CONCLUSIONS 

The acid-base properties of the surface of zirconium dioxide nanoparticles with different particle sizes were 

studied. It was shown that particles of different sizes have different sorption surface properties, which is 

manifested in the difference in the main parameters of the double electric layer of nanoparticles. Structure and 

parameters of double electric layer for different types of zirconia nanoparticles was established. It shows that 

the value of surface potential at operated pH levels is higher for particles with larger particle size.  
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Abstract  

We introduce a straightforward mathematical method for improving the AFM image resolution, applied to image 

analysis of helicene-based macrocycles adsorbed on HOPG. The method reveals structural details from 

insufficiently resolved AFM images and attributes them to internal structure and ordering of the macrocycles. 

Our findings are also corroborated by molecular mechanics simulations, validating that the structure provided 

by the method has lower potential energy compared to other tested macrocycle arrangements.  

Keywords: Atomic force microscope, mathematical modeling, submolecular resolution, macrocycles,  

        molecular mechanics simulations 

1. INTRODUCTION 

Mathematical data analysis plays a key role in many areas of science. Modeling and simulations are often 

used to improve the image resolution, sometimes obtained on the instrumentation limit. Recently, the first 

image of a black hole has been obtained using a mathematical approach [1]. For many years, astronomers 

have been using multiple images of stars and planets to combine information only from the part of images with 

best resolution and thus obtain an image with higher resolution than original images [2]. Some methods use a 

precisely moved low resolution camera to get slightly shifted images which are then merged into a single higher 

quality image [3,4]. Similar approach can be used for tiny movement or rotation of the object [5]. If the imaging 

process is too long, the compressive imaging method can be applied [6]. If the measurements are 

undersampled and must be done too quickly, reconstruction of data can be used [7]. 

In atomic force microscopy (AFM) or scanning tunneling microscopy (STM) studies, computer models and 

simulations are also widely employed. For example, a numerical STM/AFM model can take into account the 

probe relaxation due to the tip-sample interaction. This way, not only the experimentally observed intra- and 

intermolecular contrasts but also their evolution upon tip approach are described [8]. Computer models can be 

used to analyze nanoparticle size distribution and estimate the uncertainties of nanoparticle size on rough 

substrates or non-isolated nanoparticles [9]. Analysis of large datasets was also utilized to evaluate friction 

and energy dissipation between MoS2 sample and silicon cantilever [10]. Computer simulations together with 

optical data can be used to study cell behavior on patterned samples [11]. 

High resolution AFM/STM microscopy has become an extremely powerful tool for the study of individual 

molecules. Images with submolecular resolution can be routinely obtained today [12]. However, drawbacks of 

this method are a very expensive UHV AFM/STM apparatus, long experimental times and difficulties in sample 

https://doi.org/10.37904/nanocon.2019.8492 
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preparation, especially in the case of large molecules. For these reasons, methods increasing the resolution 

of ambient AFM/STM images are highly desirable and could circumvent the aforementioned challenges. 

Herein, we introduce a straightforward and relatively simple mathematical method for obtaining sub-molecular 

structural details from ambient AFM images of molecules. The method is demonstrated on images of 4 nm 

large helicene-based macrocycle molecules adsorbed on highly ordered pyrolytic graphite (HOPG) surface. 

The initial stage of the proposed method is extraction of an average surface cell, summarizing the prominent 

structural features and arrangement of the adsorbed molecules. The structural details of the system are 

highlighted while noise and imperfections in the arrangement are inherently suppressed at this stage. The 

obtained average unit cell is subsequently analyzed by comparison with a simple 3D surface model obtained 

from an atomic molecular structure, providing a valuable information about the morphology and orientation of 

the molecules on the surface. 

2. EXPERIMENTAL DETAILS 

2.1. AFM measurement 

The synthesis procedure of the helicene-based macrocycles will be presented elsewhere. Its structure was 

inferred from spectroscopic data (MALDI MS, NMR, IR). For AFM measurements, 20 µl of the macrocycle 

(c = 10-7g/ml) solution in dichloromethane (VWR, for HPLC 99.8 %, filtered through a microfilter) was drop 

casted on a freshly cleaved piece of HOPG substrate. Then the sample was used for AFM studies on 

Dimension Icon AFM (Bruker). The samples were scanned in ambient conditions in Peak Force QNM mode 

using ultrasharp SLN-B cantilevers (Bruker) with tip radius r = 2 nm. 100 x 100 nm images were obtained with 

resolution 2000 x 2000 px (20 px/nm) at scanning speed 0.1 Hz. Applied load was 20 pN with peak force 

amplitude of 30 nm. The obtained images were processed by 1D FFT filtering to remove clear periodical AFM 

noise and blurring to reduce the overall noise level. 

2.2. Computer analysis 

The computer analysis of AFM experimental data was performed using Matlab software on HP Pro 3400 

computer with Intel® Core™ i5-2400 processor and on cluster Ferret5 (CIIRC CTU in Prague) with 12 cores. 

The geometry of the macrocycle molecule was obtained from a DFT (B3LYP/6-31G/GD3) calculation using 

Gaussian [13]. Mutual potential energy of two macrocycle molecules placed on HOPG surface was 

investigated using QuantumATK P-2019 software [14] with ReaxFF CHONi 2015 force field [15].  

3. RESULTS AND DISCUSSION 

3.1. Model system 

We demonstrate our method on an ambient AFM image of a thin layer of the helicene-based macrocycles 

adsorbed on HOPG surface (Figure 1a). Based on the AFM results the measured height of helicene molecule 

is 0.4 nm, suggesting that the AFM tip slightly presses the molecule even at quite a low applied force of 20 pN. 

The layer of molecules consists of parallel stripes organized into domains of 120° relative orientation. It is 

obvious from the magnified internal structure of the domains (Figure 1b) that the stripes are divided into two 

substripes but no other structural details can be visually distinguished in the image. This can be attributed to 

the instrument’s resolution limit under ambient conditions, considering the RMS roughness in the whole image 

of 80 pm and noise level of 70 pm. 

The basic principle of the method is presented in Figures 1b to 1c. It comprises of four consequent steps as 

described in detail in the following chapters. First, a region of interest is chosen in the original AFM image. 

This region is divided into a matrix of cells. The dimensions of the unit cell are automatically varied during the 
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optimization step. Each pixel of specific coordinates from these cells is summarized in the average unit cell 

and this process is repeated for every single pixel of the average unit cell. The obtained average cell is 

analyzed by comparison with the geometry model of the studied molecule. 

3.2. Complete model cell formation 

We selected a 37x20 nm2 rectangular region in the original 100 x 100 nm2 image (black rectangle in  

Figure 1a and 1b) with partially visible structural details. It was divided into v x w closely packed rectangular 

cells (8 x 4 = 32 in this case) with a variable cell size of m x n pixels (91 x 73 px in this case). The offsets of 

the cell in the left bottom corner (marked with magenta dot) were xs and ys (0 px and 40 px in this case). Real 

AFM height values from v x w cells were then summarized (as represented by the red lines) in one point of an 

average unit cell using Matlab software. The incomplete cells on the edges of AFM images were not taken into 

account. This procedure was repeated for each point (91 x 73 px = 6643 points) in a model cell to create the 

average unit cell H(x,y), shown in Figure 1c. Note that only experimental values were used to create the 

average unit cell. Subsequently, we copied the average unit cell (purple rectangle in Figure 1d) three times in 

vertical direction and three times in horizontal direction to create a complete model cell (Figure 1d).  

   

Figure 1 a) AFM topography image of thin film of the helicene-based macrocycle molecules on HOPG 

substrate. Z scale=0.4 nm. b) 37 x 20 nm2 AFM image with 32 cells 91 x 73 px. c) Averaged unit cell, size 

91 x 73 px, 4.55 x 3.65 nm. d) Complete model cell, size 273 x 219 px, 13.65 x 10.95 nm. Yellow areas are 

the highest.  

3.3. Helicene-based macrocycle and its molecular model 

The structure of the helicene-based macrocycle molecule is shown in Figure 2a. It is a non-planar molecule 

with 2 nm height and ~4 nm diameter. For the purpose of the image analysis, we created its molecular model. 

A 20 x 20 points (5 x 5 nm) mesh was set up and all z values of the mesh were changed to 0 as a background. 

Therefore, this mesh had 400 points with (xi, yi, 0) coordinates at the beginning. Then we removed all points 

which were outside a circle of 2.5 nm radius, placed in the middle of the mesh. The macrocycle molecule 

comprising a total of 408 atoms (carbon and hydrogen) was placed to the center of the mesh. For each atom, 

its lateral position in the mesh was found and changed from the xi, yi, 0 to xj, yj, zj value, where zi was obtained 

from the DFT optimized structure. This procedure was then repeated for each atom in the molecule. When 

several atoms were placed in the same lateral position in the mesh, the xj, yj, zj position of the atom with higher 

zj was taken. As a result, this mesh had 305 points, 184 were points with zero height, while 121 were points 

with the position of the highest atom, as depicted in Figure 2b. Such mesh can be understood as an AFM 
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image of an individual molecule placed on a flat surface obtained with a very sharp tip (diameter ~ 0.25 nm, 

cone angle 0°). This model was introduced in order to keep zero height values not only outside the molecule 

but also inside it, and to consider the fact that many interior atoms cannot be reached by the AFM tip. Figure 2b 

also shows that for the case of 20 x 20 point mesh there are no holes inside the macrocycle helicenes and 

trityl groups, so there is no need to take into account molecular orbitals, the knowledge of atoms position is 

enough. 

 

Figure 2 a) The top view of the macrocycle molecule structure. b) The top view of the 3D macrocycle 

molecule modelled by a mesh. 

3.4.  Procedure for complete model cell analysis 

To analyze the possible positions and orientations of the molecules in the image, the following automatic data 

analysis was performed employing the Matlab software. We introduced a sum of differences S, quantifying the 

agreement between the atom heights in the AFM complete model cell, characterized by H(x,y) topography 

surface, and the molecular model defined by the mesh zj(xj,yj). 

� = ∑ ������� , 
�� − (�� , 
�)�����
���               (1) 

First, the z height of the macrocycle was linearly adjusted by defining the parameter r  which reflects how the 

AFM tip compresses the molecule. For our molecules, we used value r = 0.0984. Next, the molecule was 

automatically moved across the complete model cell (1681 different positions for each molecule across the 

central part of a complete model cell, all area inside purple rectangle in Figure 1d to cover all possible 

positions) and rotated (360 different angles with 1° step to cover all possible orientations) to find the minimum 

S value. Subsequently, the size of the complete model cell (156 different sizes, 45-200 px, with 1 px step) and 

the position of the lower left corner of the first cell (39 different positions, 0-10 px in horizontal direction and 0-

60 px in vertical direction with 5 px step) were changed in order to find out which complete model cell gives 

the lowest S value. Altogether, the S value was calculated approx. 3 x 109 times. 

3.5.  Optimization analysis of the complete model cells for a 37 x 20 nm2 image 

Values S for all the model cells (horizontal size 91 px, vertical sizes 45-200 px, horizontal shift 0-10 px and 

vertical shifts 0-60 px) are shown in Figure 3a. We defined the horizontal size of the complete model cell  

m = 91 px from the profile taken across AFM image shown in Figure 1b. We also performed calculations for 

horizontal sizes 89 px, 90 px, and 92 px with quite similar results, except a slightly worse alignment of both 

substripes. At least 16 cells were combined to create the complete model cell. 

We identified three groups of vertical sizes with low S values (local minima). The first group had vertical sizes 

1p1 and 2p1, second group had vertical sizes 1p2 and 2p2, third group had vertical sizes 1p3 and 2p3. np1 

= 51 px, np2 = 73 px, np3 = 93 px. Sizes 1p correspond to the placement of one molecule into the averaged unit 

cell. Sizes 2p can be called “second harmonic” or “doubled sized cells”, because these cells are large and two 

molecules can be placed in such averaged unit cell. 
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Figure 3 a) Values S for complete model cells (horizontal size m=91 px, vertical sizes n=45-200 px, 

horizontal shift xs=0-10 px, vertical shift ys=0-60 px).  

b) Angular distribution of the macrocycles with the lowest S value. 

To get our results looking closer to obtained AFM data, we placed one macrocycle to each of the 8 outside 

parts of the complete model cell at the positions analogous to the central macrocycle, altogether 9 molecules. 

In this and all other presented images, only the positions of the highest atoms in the mesh are shown. Points 

with zero zj values are not shown either. Individual atoms are marked with green circles while the inside color 

scale indicates the height of the atom (yellow corresponds to the highest atom). We choose the same color 

scale for the molecule and for the complete model cell on purpose. In this case, the worse color visibility of the 

molecule indicates better height alignment of the molecule. 

Figure 4a shows that the vertical size 1p1 probably corresponds to the packing of the macrocycle molecules 

far too dense for the rectangular arrangement (180° or 90° symmetry), np1 = 51 px. We consider such 

arrangement as practically impossible. Figure 4b shows that the vertical size 1p2 could correspond to the 

densest packing of the macrocycle molecules with a quite narrow free space, np2 = 73 px = 3.65 nm. We believe 

that this is one of the most probable arrangements of the macrocycles on HOPG surface with monolayer 

coverage. Figure 4c shows that the vertical size 1p3 (global minimum) corresponds to the packing of the 

macrocycle molecules with a lot of free space which does not seem to be a realistic configuration either, 

np3 = 93 px = 4.65 nm.  

 

Figure 4 a) The complete model cell 273 x 153 px with 9 macrocycles at the same positions as the central 

macrocycle. b) The complete model cell 273 x 219 px with 9 macrocycles. c) The complete model cell  

273 x 279 px with 9 macrocycles 

One can see the importance to copy the averaged unit cell for making larger model cell. Otherwise, the 

migration of the macrocycle outside the averaged unit cell caused the decrease of the S value and the cell 

with the lowest S had the lowest number of the mesh points inside the averaged unit cell.  

For each studied model cell (with different m, n, xs and ys values) we found one angle of the macrocycle 

rotation, corresponding to the lowest S value (between different positions of the macrocycle relative to the 
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complete model cell and the rotation of the macrocycle), analyzed the angle of rotation for different complete 

model cells and found two clusters with slightly different orientations of the macrocycle molecules in each 

cluster (Figure 3b). Two clusters (-19.7±1.2°, 159.9±0.6°) are separated by 180°, which is basically the same 

macrocycle orientation. This result is a good indication for only one possible orientation of macrocycles on 

HOPG surface with possible 90° symmetry.  

3.6.  Molecular mechanics simulations 

To corroborate the above results, we investigated relative potential energy of the molecules on a graphite 

surface by molecular mechanics. Figure 5 shows two studied arrangements of the macrocycles (horizontal 

and vertical) and relative energy with respect to the mutual separation between the molecules (center to 

center). The attraction between the molecules manifests itself in global energy minima before the steep energy 

rise as the molecules start to collide. The arrangements corresponding to the global minima are shown in 

Figure 5a. In accordance with the Van der Waals character of the interaction, the depth of the energy minima 

depends mainly on the number of closely interacting atoms of the two molecules. While the horizontal 

orientation profile shows only a very shallow minimum (one pair of trityl groups is colliding), the vertical 

orientation is markedly lower in energy (two pairs of trityl groups are colliding).  

 

Figure 5 a) Horizontal and vertical arrangements studied by molecular mechanics simulations. The 

corresponding separation distances for those images are written below the images. b) The potential energy 

vs macrocycle separation. Positions of minima are marked with circles. 

3.7.  Comparison between experimental and theoretical results. 

The separation of molecules in the global minimum of the horizontal arrangement (4.65 nm) is similar to the 

experimental value for distance between the observed stripes (4.55 nm), indicating good agreement between 

theoretical and experimental results. This agreement also indicates that molecules indeed can form so tightly 

packed stripes. Similarly, the separation of molecules in the global minimum of the vertical arrangement 

(3.85 nm) is also in a good agreement with experimentally observed value for distance of the molecules within 

the stripes (3.65 nm), indicating that molecules can indeed be so tightly packed within the stripes in vertical 

direction, too. Therefore, the arrangement shown in Figure 4b can be considered as a energetically favorable 

monolayer with the densest packing of the macrocycles on the HOPG surface with 90° symmetry. 

4. CONCLUSIONS 

In this work we present straightforward mathematical method for analyzing ordinary AFM images obtained in 

ambient conditions on the samples with self-assembled patterns of helicene-based macrocycle molecules. We 

were able to reveal sub-molecular features from AFM images and we found possible arrangement of 

macrocycles on HOPG surface. Molecular mechanics simulations found corresponding arrangement with 
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minimum in potential energy. The presented method can be applied for any molecule of known atomic xyz 

coordinates and to any height image with periodic pattern and rectangular symmetry. The approach is 

sufficiently general so that it can be applied also to other properties, not only structural but for instance 

electronic.  
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Abstract 

Atomic force microscope (AFM) LiteScope™ produced by NenoVision is carefully designed for direct 

integration into many different types of scanning electron microscopes (SEM). It is equipped with unique 

technology for true correlative imaging - Correlative Probe and Electron Microscopy™ (CPEM). It allows 

simultaneous measurement of various signals of SEM, AFM and other related techniques like Electron Beam 

Induced Current (EBIC) or Catodoluminiscence (CL). LiteScope also enables using other methods such as 

Focused Ion Beam (FIB), Gas Injection System (GIS) or Electron Dispersive X-ray (EDX) to modify and right 

away analyze the sample surface. Among the main applications belong e.g. 3D surface characterization, 

height/depth profiling, surface roughness calculation, precise tip navigation, nanoindentation and 

nanomanipulation, variety of spectroscopic regimes, measurement of electrical and mechanical sample 

properties, etc.  

Keywords: Correlative Probe and Electron Microscopy (CPEM), Atomic Force Microscopy (AFM), Scanning  

         Electron Microscopy (SEM), Focused Ion Beam (FIB) 

1. INTRODUCTION 

A correlative microscopy is an approach which benefits from imaging of the same object by different 

techniques. Correlation between the data, measured by two or more independent methods, can provide a 

better understanding of the sample features, which could be too complicated to analyze by those methods 

separately. Correlative imaging by AFM and SEM is challenging due to different coordinate systems, spatial 

resolution, scanning nonlinearities, etc. A novel technique CPEM offers installation of AFM microscope 

LiteScope into the SEM chamber which overcomes these problems and provides true correlative imaging. 

2. PRINCIPLE OF CPEM 

Correlative Probe and Electron Microscopy technique is based on simultaneous measurement of AFM 

topography and SEM signal. In CPEM imaging, the electron beam is kept still (spot mode) in a constant 

distance close to the stationary AFM tip while scanning the sample by piezo scanner underneath, see  

Figure 1 (a). Neither the e-beam nor the AFM probe are moving during CPEM image acquisition. All data are 

recorded in the same software NenoView, where the constant offset between AFM and SEM image can be 

compensated, see Figure 1 (b). Shift of the AFM and SEM images with the identical pixel size by a constant 

offset provides the perfect overlap of both images. Another advantage of the simultaneous sampling from an 

identical spot is the same kind of image distortion for both measurements. Thus, the correlative CPEM imaging 

really performs the analysis on the same surface, at the same time and under the same environmental 

conditions. This way, Figure 1 (c) shows the possibility of multiple signal correlation of several techniques 

included in the SEM and AFM microscope which enables complex sample characterization.  

https://doi.org/10.37904/nanocon.2019.8655 
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Figure 1 The principle of correlative imaging by CPEM. (a) Scheme of CPEM simultaneous measurement 

of the same area in the same coordinate system. (b) Scheme of perfect overlap of SEM and AFM images. 

(c) Example of CPEM measurement - tungsten-chromium alloy with HfO2 particles. 3D view shows the 

topography alone (bottom), topography + BSE signal (middle) and topography + SE signal. 

3. APPLICATION 

LiteScope with CPEM is a powerful tool for investigation of 1D, 2D, and 3D nanostructures in several 

application fields such as nanotechnology, nanoelectronics, material science, life science, etc. CPEM imaging 

is a noticeably time-saving technique ensuring the same measurement conditions. Further methods such as 

FIB can be used to modify the sample surface enabling easier interpretation of the sample features. 
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In this section, we will describe the advantage of in-situ LiteScope measurements on a few unique applications 

like silicon nanopillars covered by WSe2 flakes or metastable iron thin film whose magnetic properties depends 

on FIB irradiation. 

3.1. Silicon nanopillars covered by WSe2 flake 

Tungsten diselenide (WSe2) thin layer covering silicon nanopillars is an example of nanoelectronic application. 

WSe2 is an optically active semiconductor material belonging to the group of transition metal dichalcogenides. 

Thanks to its flexibility, the exfoliated WSe2 flakes can be formed to create the mechanical tension in the 

material and influence the photoluminescence properties. For instance, the certain shape of the layer on the 

nanopillar creates a single-photon emitter [1]. A localized deformation of WSe2 shown in Figure 2 was 

prepared by placing the WSe2 flake on silicon nanopillars by hot dry transfer. Approximately 100 nm high Si 

nanopillars were fabricated by Electron Beam Lithography (EBL) and etched by Reactive Ion Etching (RIE).  

 

Figure 2 CPEM measurement of WSe2 flake deformed by Si nanopillars. Simultaneous measurement  

of (a) secondary electrons (SEM signal) and (b) AFM topography of the sample surface. (c) 3D CPEM view 

of deformed WSe2 flake where the monolayer is distinguished from multiple layers of WSe2. (d) True height 

profile along the green line in (b) shows how the WSe2 flake copy the surface  

of Si nanopillars. 

The advantage of in-situ AFM in SEM is an easy localization of the WSe2 flake and the fast navigation of the 

AFM probe to the area of interest, thanks to the large view field, high resolution and the visible material contrast 

of the different number of layers in SEM (Figure 2 (a)). On the other hand, AFM topography provides 

information about the nanopillars height and WSe2 flake thickness (Figure 2 (b)). Thus, CPEM view reveals 

the exact shape of an intact WSe2 flake, which fully covers the nanopillars. It is possible to distinguish the 

monolayer and multiple layers of the nanomaterial (Figure 2 (c)) and observe the true height profile of WSe2 
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flake copying the Si nanopillars (Figure 2 (d)). The monolayer seems to be almost transparent while multiple 

layers get brighter on SEM. The presence of monolayer was also confirmed by Raman spectroscopy. 

3.2. Metastable iron thin film grown on cooper monocrystal 

LiteScope is indispensable for FIB applications and allows investigation right after the surface modification 

without breaking the vacuum or moving the sample. It is an advantage especially for sensitive samples whose 

surface properties change when exposed to the atmospheric conditions. Figure 3 shows a metastable iron 

thin film grown on Cu(100) substrate, whose magnetic properties can be selectively changed when irradiated 

by an ion beam.  

 

Figure 3 Transformation of metastable Fe/Cu(100) thin film by FIB. (a) An exposure test (overview)  

of selectively irradiated areas in SEM. (b) Simultaneous measurement of the square of the interest by 

secondary electrons in SEM (top) and AFM topography (bottom) after FIB irradiation. (c) 3D CPEM view and 

(d) height profile of the step of transformed material along the blue line. 

First, the sample was irradiated by different gallium ion doses. In the SEM image (Figure 3 (a)), diverse 

material contrast was observed due to the material transformation from paramagnetic (fcc) to magnetic (bcc). 

Such a system of in-situ AFM in SEM enables simultaneous measurement of the modified surface  

(Figure 3 (b)). Thus, CPEM measurement allows precise inspection of magnetic transformations, see 3D 

CPEM view in Figure 3 (c). By selecting the proper ion dose, the number of scans over the inspected area 

and the FIB scanning direction with respect to the domains, it is possible to optimize the magnetic anisotropy 
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of the modified patterns [2]. Height profile in Figure 3 (d) proves that the transformation has not only the 

crystallographic contrast, but it is also visible in AFM topography. The step height between (fcc) and (bcc) 

domains was estimated to be 470 pm. 

4. CONCLUSION 

Atomic force microscope LiteScope is a powerful instrument for in-situ AFM measurements in SEM and it is 

used for surface examination in material science, nanotechnology, life science and so on. It is not only easy 

target localization and fast AFM probe navigation which makes the in-situ LiteScope special. CPEM technology 

enables simultaneous measurement of multiple SEM and AFM signals while the coordinate system and image 

nonlinearities like distortion are the same and therefore negligible. CPEM highlights the diversity of AFM and 

SEM image and provides complex information about the sample. Further, the CPEM can be combined with 

other techniques included in SEM or AFM. For instance, it is possible to modify the surface by FIB and right 

away continue with CPEM measurement which provides exact information about the sample surface without 

exposing the sample to the atmospheric conditions.  
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Abstract  

Zinc oxide plays an important role in various industries from electronics to cosmetics. Due to its special 

characteristics such as antiseptic, astringent and fungistatic properties, anti-corrosion, low electron 

conductivity and good heat resistance is still the subject of current research. Therefore, friction parameters, 

compressibility factors, flowability and sensitivity to aeration have been investigated. For this purpose, two 

nano and one micro-sized ZnO powders were characterized and compared. Experimental work was performed 

by the Powder Rheometer and Disk Centrifuge. Also a shape analysis of samples were made. The subjects 

were questions like - how easy consolidated nano/micro ZnO powders will begin to flow or how volume 

changes as a function of applied normal stress. The first results showed that the slight variations in the shape 

and size of the ZnO particles could cause differences in the behaviour of the tested powders.  

Keywords: ZnO, flowability, angle of internal friction, wall friction, particle size 

1. INTRODUCTION 

Zinc oxide with its unique physical and chemical properties, such as high chemical stability, high 

electrochemical coupling coefficient, wide range of radiation absorption and high photostability, is currently a 

widely used material. It is a multifunctional material [1]. The beginnings of the use of ZnO such as zinc white 

date back to 1844, as an additive it was used in the vulcanization process of rubber until 1919, it had 

applications in electronics and optoelectronics also in the early 20th century [2]. With the increasing use of 

ZnO, the need for its characterization, both physical, chemical and mechanical, also increased. It saw a 

significant increase in interest with the introduction of nano-ZnO. These are nanorods, -needles, -helix, - 

springs, - rings, - tubes, -belts, -wires, or -combs [3,4,5]. Its application possibilities and characterization 

methods are ever expanding. The size of the ZnO particles decreases, their specific surface area increases 

and therefore also the possibility of penetration into organisms and cells. Today, worldwide ZnO production 

exceeds one million tons per year and the range of applications is very wide - from rubber, cement, pigments, 

electronics, sensors, catalytic applications to cosmetics and pharmaceutical additives. Micro-ZnO exhibits a 

number of different properties compared to nano-ZnO [6,7]. In order handle these powders in a practical way, 

it is necessary to know their mechanical-physical properties [8]. These include particle size and shape, XRD 

patterns, shear properties (angle of internal friction and wall friction), bulk properties (compressibility, 

permeability) or sensitivity of powders to fluidization, so-called aeration. Shear, bulk properties and aeration 

are influenced, for example, by the amount of air contained, which affects the interaction of particles and 

therefore also their flow and handling (storage, transport, packaging, process steps) [9,10]. Based on the 

knowledge of the above characteristics, it is possible to modify the process, product formulation, qualitatively 

compare different production batches, manufacturers or innovate application possibilities, which are currently 

numerous. The study therefore compares 3 at a glance identical ZnO powders. For each of them, particle size 

distribution and the shape of the particles were measured and subsequently the friction parameters, which 

relate closely to their flow and classification into flow regimes were determined. ZnO compressibility and 

permeability appear to be interesting process-determined assays. Compressibility shows how the density of 

https://doi.org/10.37904/nanocon.2019.8606 
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powders changes with the applied normal load, and permeability shows how easily air can pass through the 

powder bed. The seemingly different methodologies are complementary and allow a more detailed analysis of 

powder behavior. The aeration method then classifies the individual powders into cohesive / typical / non-

cohesive groups based on the aeration ratio. The paper thus shows not only the possibilities of characterizing 

nano-, micro- ZnO, but also suggests the interpretation of data in order to predict the process behavior of these 

very fine powders.  

2. MATERIALS 

For the characterization tests, three white color samples of ZnO were used (CAS 1314-13-2). These are ZnO1, 

ZnO3, ZnO6 and are shown in Figure 1. The first two are from Bochemie company (www.bochemie.cz/en). 

ZnO1 and ZnO3 are nano-crystalline zinc oxide with high surface area (approximately 100 m2.g-1 resp.  

30 m2.g-1) in powder form. The third one ZnO6 is white powder from Fagron company (cz.fagron.com/en-cz) 

with quality certificate. It is used as a pharmaceutical active ingredient (API). ZnO is insoluble in water. 

 

Figure 1 SEM images of ZnO powders samples 

3. METHODS 

3.1. Particle size distribution 

The measurement of ZnO distribution particles was performed on CPS disk Centrifuge RPS 24000. The 

measurement range is 0.01 - 40 microns. This device evaluates the distribution using the centrifugal 

sedimentation principle. By using several layers of liquid of different density in measure cell is created a 

transparent measuring space and we call it density gradient. Through this measuring space, the measured 

particles ZnO pass and are slowed down by the density difference of the liquid in the gradient layers. Larger 

particles move faster and small particles move more slowly. This is how sedimentation takes place. The 

concentration and particle size are detected by a laser. The method of determining the particle size of the 

sample to the relative weight was used.  

3.2. Aeration, compressibility and permeability 

During the aeration test performed on the Powder Rheometer FT4, the air is brought to the bottom part of the 

measuring cell while the whole column of the bulk material is aerated. It was observed how much air changes 

the flow properties of the ZnO powder by measuring the decreasing amount of flow energy (AE) that was 

recorded. The range in which flow energy is reduced is, of course, dependent on many physical properties of 

the powder (e.g. cohesion, particle shape, density). The aeration test was evaluated based on the Aeration 

Ratio (AR, equation 1) and Aeration Energy (AE) - flow energy during aeration.   

�������� �����, �� = � !"#$ (%&" '!()*&+$ �)
� !"#$ (%&" '!()*&+$ ��)           (1) 
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Compressibility (or compressibility factor) was measured as the change in volume or density, respectively, 

depending on a normal load. The data obtained are quantified by expressing the percentage of compressibility 

for a normal load of 6, 8, 10 and 12 kPa. The FT4 Powder Rheometer was used. 

Permeability is a measure of how easily material can transmit an air through its bulk. It is influenced by many 

physical properties such as particle size and distribution, cohesivity, shape, surface texture and bulk density. 

Consolidation stress are also likely to influence permeability by changing the porosity and particle contact 

surface areas, making it more difficult for the air to pass through the bulk. 

The standard measurement utilises this vented piston to compress the sample under increasing normal 

stresses whilst at the same time, air is passed up through the vessel at a constant flow rate. Each normal 

stress is applied for a defined time to allow the powder to reach equilibrium. The air pressure drop across the 

powder bed is measured for each applied normal stress. 

3.3. Angle of internal friction, wall friction and flowability 

For measurement Angle of internal friction, wall friction and flowability the Brookfield PFT (Powder Flow Tester) 

was used. This device delivers quick and easy analysis of powder flow behaviour in industrial processing 

equipment. The device shown in the Figure 2 is used for measuring bulk materials in the range maximum 

particle size for the Standard Volume Shear Cell is 1 mm, assuming a relatively mono-sized materials and for 

the Small Volume Shear Cell, the maximum particle size is 250 micron, assuming a mono-sized materials. The 

principal of operation of the PFT is to drive a 

compression lid vertically downward into a powder 

sample contained in an annular shear cell. The annular 

shear cell is then rotated at a defined speed and the 

torque resistance of the powder in the shear cell moving 

against the powder in the stationary lid is measured by 

a calibrated reaction torque sensor. The geometries of 

the lid, shear cell, rotational speed of the cell, and the 

compressive loads applied to the powder all contribute 

to the calculations which determine the “flowability” of 

the powder [11]. Jenike flow index ffc is defined 

ffc  =  σ1/σc. The relationship between ffc and the 

flowability - not flowing materials (ffc<1), very cohesive 

(ffc<2), cohesive (<4), easy flowing (<10), free flowing 

(>10) [10]. 

4. RESULTS 

4.1. Particle size distribution 

One of the main parameters influencing the behavior of bulk materials is particle size distribution. ZnO samples 

were evaluated and fitted in a graph to determine the relative weight and particle size (Figure 2). It can be 

seen that the largest relative mass fraction of particles is in the range of 550 - 900 nm for the ZnO6 sample 

(50 %). The 900-1500 nm region of this sample is covered by 16%. The distribution could be referred to as 

submicron ZnO. For the ZnO3 sample, the highest relative mass fraction of particles is in the range of 0 - 

45 nm (60 %). Here too, larger particles - 45-200 nm (20 %) and 550-1500 nm (20 %) appear, but in minor 

amounts. The content of ZnO nanoparticles dominates. The ZnO1 sample contains two major fractions in the 

nano region: 0-45 nm (21 %) and 45-122 nm (20 %). In this case, the larger particle size may be a cluster of 

primary particles. 

Figure 2 Powder Flow Tester, Brookfield 
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Figure 3 Particle size distribution (        ZnO1,         ZnO3,         ZnO6) 

4.2. Aeration, compressibility and permeability 

Aeration quantifies how the amount of air changes the flow of the test powder. The energy supply values for 

the aeration of the powder depend on many physical properties, such as cohesion, particle shape, structure 

and density. From measured data Aerationi ratio and profiles, it is evident (Figure 3) that Zno1 and ZnO3 are 

categorized as very sensitive to aeration and probably become fluidized. AR values >> 20. Air is able to pass 

between each particle and thereby eliminate the effects of mechanical frictional forces and mutual blocking of 

particles. The results of the ZnO6 sample show (2<AR<20) that it is a powder with an average susceptibility 

to aeration. Most fine powders fall under this regime. The main influence on the flow of powder will remain the 

interactions between the particles, the air should not significantly break them.  

Compressibility is a measure of how the volume changes up to 15 kPa depending on the normal load. For 

powders, this property is influenced by many factors such as particle distribution and shape, cohesion, particle 

stiffness, etc. The measured data for the compressibility parameter are shown on Figure 4 (right) and listed 

in Table 1. 

 

Figure 4 Aeration and compressibility results (        ZnO1,         ZnO3,         ZnO6) 

Samples of ZnO1 and ZnO3 show moderate compressibility according to the results of compressibility factors 

and depicted dependencies. This is the average susceptibility to compression often associated with slightly 

cohesive properties of powders. Most fine powders fall into this category. In contrast, the ZnO6 sample shows 

high compressibility. A high compression factor of 32 % (percentage change in volume after compression) 

indicates a high air content in the sample and a considerable cohesiveness of the ZnO6 particles.  
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 Parametry aerace a kompresibility 

Parameters ZnO1 ZnO3 ZnO6 

AR (Aeration Ratio), - 88.7 42.1 5.55 

AE (Aeration Energy), mJ 3.8 ± 1.6 31.6 ± 2.4 342.0 ± 38 

Compressibility factor (6 kPa), % 9.7 ± 0.5 8.6 ± 0.3 23.6 ± 0.6 

Compressibility factor (8 kPa), % 10.3 ± 0.4 9.3 ± 0.3 26.2 ± 0.6 

Compressibility factor (10 kPa), % 10.8 ± 0.5 10.0 ± 0.4 28.3 ± 0.8 

Compressibility factor (15 kPa), % 11.8 ± 0.6 11.2 ± 0.3 32.2 ± 1.5 

.  

Figure 5 Permeability results (        ZnO1,       ZnO3,           ZnO6,            ZnO1 creating a distorted result 

due to the air channel). Photos show the measurement description. 

The results of the permeability measurements are shown in Figure 5. Determination of air permeability through 

the powder bed was not easy in the case of the ZnO1 sample. The air pressure during the first measurement 

probably exceeded the applied normal voltage. The material was gradually lifted in the measuring cell 

(Figure Z, photo below left). It then fell completely and the permeability measurement began again from 1 kPa. 

During repeated measurements of the ZnO1 sample, an air channel was formed at some point and the air 

pressure decreased (Figure Z, right photo). The pressure drop dependency curve across the powder bed on 

normal stress was linear with the x-axis. The measurement was evaluated as insufficient. In this case, it would 

probably be appropriate to increase the initial value of the normal stress (i.e. 1 kPa) to ensure a smooth air 

permeability through the material. An increase in pressure loss was observed in the ZnO3 and Zno6 samples 

with normal load. Available air passage ducts decreased in size and number during measurement. 
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4.3. Angle of internal friction and flowability, wall friction 

Figure 6 shows flow dependence on internal friction angle. From the graph it is evident that the samples ZnO1 

and ZnO3 are in a different flow regime than sample ZnO6. This is in line with previous measured data. 

Samples ZnO1 and ZnO3 belong to the cohesive material class according to ffc, sample ZnO6 belongs to the 

very cohesive material class. The procedural handling of such fine cohesive materials should be modified on 

the basis of this information.  

The results of the external friction of the ZnO powders are shown in Figure 7. Previous data is supported. 

External friction has, for stainless steel contact materials, the highest value for the ZnO6 sample, due to 

significant cohesive forces. The external friction for the ZnO1 and ZnO3 samples is not very different. The 

same equipment can be used for transport handling.  

 

Figure 6 Dependence ffc on effective angle of internal friction (  ZnO1,   ZnO3,   ZnO6) 

 

Figure 7 External friction (   ZnO1,    ZnO3,   ZnO6) 

5. CONCLUSION 

The paper shows some possibilities of characterization of powdered nano-, micro- ZnO. Three different 

samples were selected (Bochemie, Fagron). SEM photographs pointed to a different shape and structure of 

particles of the at first glance identicle powders. Considering the measured distribution curves, it could have 

been assumed that the ZnO1 and ZnO3 sample were cohesive and their flowability and process manipulation 
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with them will be difficult.. However, a more detailed characterization did not confirm the hypothesis. From the 

aeration results it was found that fine ZnO1 particles (separated, rather round shapes) fall into the aeration 

group of rather non-cohesive powders. Air flows around each particle separately. The compatibility was 

moderate. 

The ZnO6 sample (as opposed to the ZnO1 and 3 samples) was closer to a cohesive powder based on the 

measured compressibility values. The ZnO6 sample contains very small primary particles that cluster into a 

“network”. Air flows around clusters during aeration, compression is significant. The conclusion that the ZnO6 

sample is cohesive was also confirmed by the measurement of external, internal friction, and flow. An 

interesting finding was the determination of sample permeability. The ZnO1 sample started lifting and air 

channels began forming due to very low air pressure. From a process point of view, this information concerns 

the flow of powder from a dispenser where vaulting, pneumatic conveying or a fluidized bed drying may occur.  
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Abstract  

Sarcosine oxidase (SOX) is a flavoprotein and cleaves sarcosine to form hydrogen peroxide, glycine and 

formaldehyde. Sarcosine is commonly found in muscle, tissues, toothpaste and food supplements. Increased 

amounts have been found in patients with prostate cancer. SOX is an enzyme suitable for the enzymatic 

determination of sarcosine. Biotechnological applications require increased stability of used enzymes. In our 

study, we focused on temperature (5, 15, 20, 30, 35, 40, 50 and 60 °C) and pH-dependent changes (pH 5, 

5.5, 6, 6.5, 7, 7.5, 8, 8.5, 9, 9.5, 10 and 10.5) in SOX activity. We used native polyacrylamide gel 

electrophoresis (Native-PAGE) to monitor changes in SOX. Native-PAGE can be sensitive to any process that 

changes either the charge or conformation of the protein, so they are excellent for detecting various chemical 

degradations, aggregations, binding changes, acidic, alkaline or denaturing in general. In addition, SOX was 

bound to the surface of magnetic nanoparticles (SPIONs). When SOX was bound to SPIONs and lyophilized, 

SOX activity remained unchanged (100 %) after 6 months. 

Keywords: Sarcosine oxidase; sarcosine; enzymatic colorimetric assay; thermostability; Native-PAGE 

1. INTRODUCTION 

Quantitative determination of sarcosine is important in clinical chemistry, food and fermentation industries. 

Increases in sarcosine levels are associated with Alzheimer, dementia, prostate cancer, colorectal cancer, 

stomach cancer and sarcosinemia [1,2]. Sarcosine oxidase is a FAD dependent oxidoreductase found in the 

cell cytoplasm which participates in oxidation-reduction biological process [3-5]. This enzyme is a flavoprotein 

that catalyzes the oxidative demethylation of sarcosine and forms equimolar of formaldehyde, glycine and 

hydrogen peroxide [6,7]. Many organisms produce intracellular sarcosine oxidase eggs, bacteria, mammals or 

even plants. Monomeric sarcosine oxidase (MSOX) is one of the simplest members of eukaryotic and 

https://doi.org/10.37904/nanocon.2019.8510 
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prokaryotic enzymes that catalyze similar oxidation reactions with different secondary or tertiary proteins. The 

MSOX contains 390 amino acids and has a molecular weight of 43 kDa [7,8].  

 

Figure 1 Sarcosin oxidase (SOX). Amino acid composition of SOX (A).  

MSOX structural model from Expasy database (B). 

We used native polyacrylamide gel electrophoresis (Native-PAGE) to monitor changes in sarcosine oxidase. 

Native gel or non-denaturing electrophoresis takes place without denaturing agents. While, for example, 

electrophoretic mobility of proteins in SDS-PAGE depends primarily on their molecular weight, in Native-PAGE 

proteins migrate through the gel based on total charge, hydrodynamic size, and shape. The sensitivity 

of electrophoresis is determined by the size of the gel pores.  

2. MATERIAL AND METHODS   

Chemicals 

All chemicals that were used for gel electrophoresis were purchased from VWR (USA) and other chemicals 

were purchased from Merck (USA) at a purity >99%. All plastic materials used (tubes, tips) in this study were 

purchased from Eppendorf (Germany). Working standard solutions were prepared daily by dilution of the stock 

solutions. Deionised water was prepared by using the reverse osmosis equipment Aqual 25 (Czech Republic), 

and was further purified by using an ELGA apparatus equipped with a UV lamp (United Kingdom). The 

resistance was 18 MΩ and the pH was measured using the pH meter WTW (Czech Republic).  

Preparation of SPION nanoparticles and their modification with SOX  

SPION nanoparticles were prepared according to the procedure published elsewhere [9]. Shortly, SPIONs 

nanoparticles were prepared from Fe(NO3)3 and a solution of borohydride in 3.5% NH3. The synthesis was 

carried out with stirring at 100 °C for 2 hours. After 2 hours, the mixture was allowed to stir overnight at room 

temperature. The prepared iron nanoparticles were washed and their surface was modified by the reaction 

with HAuCl4, the mixture was stirred for 3 hours. Trisodium citrate was then added and the mixture was stirred 

again overnight. The resulting SPIONs nanoparticles were washed, dried and ready for further use. For further 

modification, the SPIONs nanoparticles were weighed, washed and SOX was attached to them using chitosan 

and tripolyphosphate. 
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Spectrophotometry 

A UV/VIS UV-3100PC, VWR (USA) single-beam spectrophotometer was used to record the UV-VIS spectra. 
The VIS spectrum was measured every 2 nm in the range of 350‒700 nm in plastic cuvettes with an optical 
path of 1 cm. The Infinite F50 (Tecan, Switzerland) was used for measurement on a polystyrene microtiter 
plate (Gama Group a.s., Czech Republic). Automated spectrometric measurements: BS-300 chemical 
analyzer from Mindray (China), cuvettes 5 x 6 x 30 mm, optical path 5 mm, a volume of the reaction mixture 
in the cuvette 180 - 500 μL. Photometric detector measuring at wavelengths: 340, 405, 450, 510, 546, 578, 
630, and 670 nm. Reagents and samples were placed on the cooled sample holder (4 °C) and automatically 
pipetted directly into plastic cuvettes. Incubation proceeded at 37 °C. The mixture was consequently stirred. 
The washing steps by distilled water (18 MΩ) were done in the midst of the pipetting. Apparatus was operated 
using software BS-300 (Mindray, China) and Qinslab (Prevention Medicals, Czech Republic).  

Temperature study 

SOX (1 mU) was placed in a Eppendorf tube and sealed in a thermoblock (Mastercycler NEXUS, Eppendorf, 

Germany). Temperatures (5, 15, 20, 30, 35, 40, 50 and 60 °C) were set for 60 min. Thereafter, 

a spectrophotometric study of SOX activity was performed as a color product formation. Lyophilization of SOX 

to SPIONs was carried out for 48 h at -80 °C and a pressure of about 0.1 mb (LABCONCO, USA). 

Gel electrophoresis 

For Native PAGE, we used a 6% gel (6% acrylamide / bis-acrylamide, 0.16% TEMED and 44 µM ammonium 

peroxodisulfate), using 60 mM HEPES and 40 mM imidazole as the running buffer. Sarcosine oxidase enzyme 

samples were prepared in Britton-Robinson buffer (0.04 M phosphoric acid, 0.04 M acetic acid, and 0.04 M 

boric acid) at varying pHs. Samples were maintained at pH 5, 5.5, 6, 6.5, 7, 7.5, 8, 8.5, 9, 9.5, 10 and 10.5 for 

1 hour at 37 °C and at room temperature (25 °C). Samples were then mixed with the loading buffer (2:1) and 

applied to the gel. 50% glycerol with 0.01% bromophenol blue was used as the loading buffer. The 

concentration of sarcosine oxidase per well was 10 µg. Electrophoresis was run at 150 V for 1 hour. Gels were 

stained with silver to visualize the results. Subsequently, the gels were scanned and evaluated by Colortest. 

3. RESULTS AND DISCUSSION 

Analytical approaches to sarcosine analysis are based on its detection by HPLC or CE techniques. Trinder-

reaction based enzymatic methods can be used as low-cost tools in urine detection [10]. Enzymes often 

change their activity depending on the surrounding conditions, so their study is important [2]. In our preliminary 

study, the effect of pH and temperature on SOX activity was monitored. To determine the effect of temperature 

on the SOX reaction, the enzyme activity was measured at various temperatures (5, 15, 20, 30, 35, 40, 50 and 

60 °C). For determination of the enzymatic thermostability, the enzyme solution was incubated for 60 min. For 

SOX activity measurement, the concentration of SOX of 1 µg/µL was used. For the reaction with substrate 

(sarcosine), phosphate buffer (pH = 8), 4-aminoantipyrine (4-AAP), sarcosine oxidase (SOX) and diluted 

horseradish peroxidase (HRP) were used. Standard solutions of sarcosine were prepared at different 

concentrations (90, 188, 375, 750, 1000, 1300 μM). The reactions were performed in 96-well microtiter plates 

and the absorbance was measured by a microplate reader. The total volume of each reaction was 300 μL. 

Reactions were performed by adding 50 μL of sarcosine solution and 250 μL of reaction mixture. 

The rate of formation of colored product (absorbance) was immediately measured at 540 nm at laboratory 

temperature every minute for 60 min. The stability of SOX was up to 40 °C. At temperatures above 45 °C SOX 

activity was 70 - 80 % of the maximum value. At temperatures of 50 - 55 °C, SOX activity was about 10 % and 
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above 65 °C SOX was already inactivated. At temperatures in the range of 4 to 20 °C, SOX activity was 

observed between 95 - 99 % of maximum activity. In lyophilized SOX, the activity was between 95 - 110 % of 

maximum activity. Similar results were obtained from Tong et al. [11]. Next, SOX was incubated in reaction 

buffer at different pHs (5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, 9.5, 10.0 and 10.5) for one hour at room 

temperature and at 37 °C. Subsequently, a reaction with sarcosine (100 µM) was performed and individual 

SOX samples were loaded onto Native-PAGE. SOX activity was at a low pH (5 and 5,5) 40 - 60 %, at pH6 an 

increase in SOX activity to 80 - 90 % was recorded and a peak of SOX activity was between pH 7 and 8 

(100 %). SOX activity was 80 - 70 % of the maximum activity above pH 8. 3 bands are visible on the gel. The 

most significant bands are those at the front of the gel, with shifts and color changes depending on the pH 

being most visible. The sample at pH 5 is very bright, but all three samples are observable. For all others, the 

lanes are darker with increasing pH, but from pH 8, the first band is visibly losing. Similar results were obtained 

at 25 °C. When SOX (100 mg/g of nanoparticles) was immobilized to the SPION surface, the converted SOX 

activity was about 90 - 100 % of the maximum activity. In addition, SOX on the surface of SPIONs nanoparticles 

could be lyophilized. Lyophilized enzyme showed long-term stability under normal conditions (after more than 

6 months its activity was 95 - 100 % of maximum activity). 

 

Figure 2 Tracking SOX activity after exposure to elevated temperature. Dependence between absorbance 

and sarcosine concentration (0, 15, 30, 60, 125, 170 and 220 µM) over time. The signal of SOX activity has 

increased every minute during 1 hour after SOX has been exposed to 35 °C for 60 minutes (A). Calibration 

curve of sarcosine - concentration ranges from 0 µM to 220 µM (B). SOX activity after incubating the enzyme 

at 60 °C for 60 minutes (C). Changes in the integral of SOX signal when exposed to different temperatures 

(5, 15, 20, 30, 35, 40, 50 and 60 °C) for 60 minutes showing that SOX is relatively unstable when exposed 

to temperatures up to 45 °C (D). 
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Figure 3 Native-PAGE SOX incubated for 60 min at pH (5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, 9.5, 10.0 

and 10.5) A) at room temperature; B) at 37 °C; C) and D) A summary graphs of the evaluated sample paths 

in the gels over the graphs in the Colortest. Dependence is the distance in pixels per density. Density is 

defined as Log(I0/I), where I0 = 255 and I is our measured density. Further conditions are given in Material 

and Methods. 

4. CONCLUSION 

Rapid diagnostics is essential for effective initiation of treatment. Sarcosine is extensively studied as a potential 

tumor marker for prostate cancer [12,13]. The Trinder reaction with SOX provides a very good analytical 

response [14,15]. The critical part of analytical determination is SOX. The work has shown that SOX is 

relatively stable when exposed to temperatures up to 50 °C. Another critical parameter is pH. The best pH for 

this enzymatic reaction is pH 8 [9]. On Native-PAGE, it is apparent that SOX at a pH lower than 8 has an 

altered conformation. The work has shown that SOX is relatively stable when exposed to temperatures up to 

50 °C. When SOX was bound to SPIONs and lyophilized, SOX activity was about 100 % after 6 months.  
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Abstract 

Creation of hydrophobic and hydrophilic surfaces with the spatially selective distribution of grafted organic 

moieties have great potential in the field of medicine and avionics. The one of more scalable approaches for 

spatially selective surface modification is based on colloid lithography, which allows large throughput for the 

subsequent surface grafting and realization of periodic chemical pattern. In this work, we demonstrated the 

spatially-selective surface grafting by ADT salt with hydrophobic -C8F17 or hydrophilic -COOH groups using 

following procedure: (i) deposition of PS colloid suspension on substrate; (ii) electrochemical modification of 

surface with diazonium salt; (iii) removing of PS mask; (iv) second electrochemical modification with diazonium 

salt. The surface modification through the mask was controlled by PS size, that allowed tuning the area, 

covered in the first stage of grafting. The modified surface morphology and chemistry was measured by IR 

spectroscopy and AFM microscopy. Proposed approach allows to effectively decorate surface with different 

chemical groups in an accurate and precise manner, with additional feature of their mutual “periodic” 

arrangement. 

Keywords: Colloid lithography, 2D arrays of colloidal spheres formation, Polystyrene microspheres, Periodical  

                   structures, Double modification 

INTRODUCTION 

In recent years, the creation of new functional surfaces has become one of the urgent tasks in surface science 

and engineering [1-3]. Especially attractive are surfaces, having various and spatially-varied properties, for 

example combination of hydrophilic and hydrophobic grafted chemical moieties. Such surface can found their 

implementation in medicine (tissue engineering, DNA separation and analysis) and avionics (icephobic 

phenomena), as well as serves as templates for further deposition of self-assembled materials. [4,5] 

Modulation of surface chemistry can be performed with utilization of a number of lithographic methods, such 

as photolithography, electron beam lithography, focused ion beam lithography, and soft lithography [6,7]. One 

of the cheapest ways to obtain a nanostructured surface is to create a surface using a bottom-up approach 

with utilization of self-assembled colloid mask. The main advantages of this method is its simplicity and 

technical scalability [8-10]. 

In this work, we propose the next step for controlling the surface chemistry using the two-step modification 

through the PS (polystyrene) microspheres colloid mask. An electrochemical modification of aryl with 

aryldiazonium tozylates having various properties is used for spatial-selective grafting of hydrophobic and 

hydrophilic chemical moieties and creation of amphiphilic surface. 

https://doi.org/10.37904/nanocon.2019.8623 
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1. EXPERIMENTAL 

1.1. Materials  

Gold targets for metal deposition (purity of metals, 4 N) were purchased from Safina. Deionized water, 

methanol (reagent grade, ≥99.8%), acetone (97%), and toluene (99%) were purchased from Sigma-Aldrich 

and used without further purification. Colloid suspension of PS microspheres (PS microspheres size, 500 nm) 

was supplied by Alfa Aesar. 4-carboxybenzenediazonium tosylate (ADT-COOH) and 4-

(heptadecafluorooctyl)benzenediazonium tosylate (ADT-C8F17) were prepared by the procedure reported in 

ref [11,12]. 

1.2. Sample preparation 

Thin gold films with thickness ca. 40 nm were deposited onto glass surface (Thermo Scientific) using thermal 

eva[poration method. PS suspension was dropwise deposited and slowly evaporated on modified Au surface 

in air under careful control of temperature 40 °C. Then the ADT-COOH (or ADT-C8F17) salt was grafted 

electrochemically (4 mM freshly prepared water solutions, −4.0 V applied potential, 2 min) through the PS 

microspheres mask. After grafting, the PS mask was removed by rinsing with toluene under sonication for 10 

min. Then, the metal substrates were sequentially rinsed with deionized water, ethanol, and acetone for 10 

min and dried in a desiccator for 3 h. Secondly, the samples were electrochemically grafted with ADT-C8F17 

(or ADT-COOH) salt using electrochemical approach (4 mM freshly prepared water solutions, −4.0 V applied 

potential, 2 min) - see Figure 1. 

 

Figure 1 Schematic representation of proposed approach 

1.3. Measurement Techniques 

For the characterization of the sample surface, the atomic peak force microscopy (AFM) technique was used. 

Surface mapping was performed with the Icon (Bruker) setup in an area of 3 × 3 μm2. Surface conductivity 

characterization was performed in PeakForce Tuna AFM mode, using the Pt/Pd-coated tip with constant 

voltage (3.0 V). 

Fourier transform infrared (FT-IR) spectroscopy was measured on Nicolet iS5 Spectrometer. All 

measurements were performed in the 600 to 4000 cm−1 wavenumber range with 4 cm−1 resolution.  

2. RESULTS AND DISCUSSION 

Figure 2A shows the AFM image of the uniform distribution of PS microspheres on the surface of a gold film. 

Next, we performed modification of gold film through the PS mask by ADT salts with hydrophobic -C8F17 

(Figure 2B) or hydrophilic -COOH groups (Figure 2C). After electrochemical grafting, the PS microspheres 

were removed by washing with toluene to reveal the underlying electrodeposited materials. After removal of 

the PS mask, uniform homogeneous surface structuring was observed. As can be seen from the figure the 
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size of holes on the surface after the modification with -COOH groups is smaller than the pore size obtained 

after the modification with -C8F17 groups, which can be attributed to the hydrophilic properties of -COOH 

groups. At the second stage of the work, further cross-modification of the obtained surfaces was carried out to 

create a needle-like structure of surfaces with amphiphilic properties (Figures 2D, 2E). 

 

Figure 2 AFM characterization of grafted through the PS microspheres masks gold surface, measured 

after the removing of PS microspheres: (i) - ADT-COOH / ADT-C8F17 grafting through the pristine PS 

mask, (ii) - Subsequent surface grafting ADT-C8F17 / ADT-COOH 

To prove successful modification, the resulting samples were analyzed by FT-IR spectroscopy technique.  

As is evident from the Figure 3, after the grafting procedure, the Raman bands, typical for ADT-COOH  

and ADT-C8F17 become apparent. Characteristic bands are designated by arrows. The obtained results 

confirm a grafting during the both stages of surface modification. 
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Figure 3 FT-IK spectroscopy measurements performed after the ADT-COOH / ADT-C8F17 grafting 

through the pristine and vapor-annealed PS colloid mask, and after IK measurements performed 

the ADT-C8F17 / ADT-COOH 

3. CONCLUSION 

In this work, we demonstrated the spatially selective surface grafting by ADT salt with hydrophobic -C8F17 or 

hydrophilic -COOH groups. As a result of PS mask application, the grafting procedure creates an ordered array 

of micropores or, moreover, a columnar array. Our work illustrates a generalization of the modified colloidal 

template methodology for the production of monolayer microporous structures with a large surface area. The 

proposed method was extended to decorate surface with various compounds in a two-step procedure with an 

adjustable ratio of surface concentrations and thickness and creation of an amphiphilic artificial surface. 
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Abstract  

The article deals with the mechanical properties of geopolymers, which were filled micro-and nanoparticles 

from coke production. As a matrix for the preparation of geopolymer was used materiál Baucis Lk and LNa, 

commercial product from České lupkové závody Nové Strašecí. It has been chosen a shortened technology 

using higher temperatures during maturing of the geopolymeru. The influence of particle content  

on the mechanical properties of the above-mentioned geopolymers is discussed. 

Keywords: Geopolymer, coke, baucis 

1. INTRODUCTION 

Geopolymers are alkali-activated aluminosilicates. It is a material that can be used in various areas for its 

ability to exhibit high strength and especially heat resistance. This material is suitable for the production  

of insulations, especially thermal, concrete repair, processing of different waste and for the fixation of heavy 

metals and radioactive waste. Similar to cement, them properties depend on the type, size and shape of the 

filler. Therefore, it is a composite where the geopolymer is a matrix and the filler have a reinforcement function. 

Geopolymer material, an alkali-activated aluminosilicate, it can be prepared from waste source, such as blast 

furnace slag or coal-fired fly ash. Geopolymers (aluminosilicates) have the general formula“ 

(Na, K n {- (Si-O) z-Al-O} n. W H 2 O) (1) 

and chemical reaction is described as polycondensation, i.e. a water release reaction. Alkali in the service  

of geosilicates representing water glass, NaOH, resp. KOH. it is necessary to emphasize the silicate module, 

i.e. the Si / Al ratio. Chemical reactions are extensively described in publications, e.g. [1], [2], [3] 

2. GEOPOLYMERS 

The commercial geopolymer Baucis Lk was used. A shortened technology of geopolymer maturation was used 

for sample production: 

a) Mixing of cement (powder) with filler for approx. 1 min. 

b) An activator was added to the stirred mixture and stirring was continued for about 15 minutes until a gel 

was formed. 

c) The mixture was free of air bubbles by shaking (it is necessary to stir carefully during shaking, otherwise 

the filler is shaken to the bottom) 

d) The mixture was poured into form and covered with foil. 

e) The samples were left in the covered form for 3 days, then placed in the covered forms 

in the oven at 45 °C for 5 hours.  

f) Then the samples were uncovered and left in the oven at 82 °C for 15 hours. 

https://doi.org/10.37904/nanocon.2019.8786 
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The results correspond to a statistical confidence of 96 % of the results obtained on samples produced by the 

classical method. Samples were created for bending strengths tests of 40 x 40 x 160 mm. Bending and 

compressive strength tests were done on them. 

The tests were carried out in accordance with ČSN EN 1015-11 Determination of flexural and compressive 

strength of hardened mortars. Compressive strength was measured at the ends of broken specimens of 

bending strength on which were attached steel plates 40x40x5 mm. On Table 1 we can see used mixtures of 

individual samples 

Table 1 Mixture used for produce of geopolymer samples 

Mixture / Average Wt [kg] K1 K2 K3 

Cement 1 1 1 

Activator 0,9 0,9 0,9 

Coke dust 0 0,06 0,06 

Sand   1 

Al   0,016 

Note Compact Compact Foamed 

3. DUST FROM COKE PRODUCTION 

Coke is generated during the manufacture by pyrolysis of black coal at high temperatures - above 1000 °C - 

in which the air is excluded. For the production of coke, black coal is used, If possibly with low content of sulfur 

and suitable properties for thermic treatment. The by-products of the coke production process are: ammonia, 

crude tar, crude benzol, coke oven gas and sulfur. Due to its porosity, coke is an extremely good thermal 

insulator. [4] 

 

Figure 1 Mixture of micro and nanoparticles in coke dust 

For experimental purposes was provide coke dust from coal manufacture in Poland. Particle size analysis and 

chemical analysis were performed. The analyses were performed on SEM, scanning electron microscope, 
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which it uses for imaging a moving electron beam. On Figure 1 we can see a mixture of micro and 

nanoparticles of coke dust. On Figure 2 there are nicely seen nanoparticles of coke dust. At the same time, 

the chemical analysis of the particles, as shown in Figure 3 and described in Table 2, was performed on the 

SEM. The result of the measurement showed that the highest amount of chemical elements in coke dust 

reports carbon in an amount of 76.86%. Other elements, such as oxygen, iron and calcium, already have a 

much lower proportion and have a value between 4.7 - 7.4%. 

 

Figure 2 There are nicely seen nanoparticles of coke dust 

 

Figure 3 The chemical analysy of the particles of coke dust 
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Table 2 Results of chemical analysis of coke dust 

Element C O Na Mg Al Si P S Cl K Ca Fe W Total 

Average 
Wt% 

76,89 7,41 0,11 0,88 1,02 1,02 0,10 1,35 0,53 0,16 0,05 5,16 0,25 100 

4. EXPERIMENTAL PART 

After the samples were made and cured, the compressive and flexural strength measurements were carried 

out on the universal strenght testing machine P 100 - Lab Test II. Samples for testing three-point bending 

strength had dimensions of 40 x 40 x 160 mm. For the compressive strength test were used broken parts from 

previous of test bending.  

Steel reinforcement 40 x 40 x 3 mm, according to EN 196-1 and EN 1015-11 were used for the test. 

Determination of bending and compressive strength of hardened mortars [5]. In this case, the loading of the 

samples corresponds to a 40 x 40 x 40 mm cube. The arrangement of the flexural strength experiment is 

shown in Figure 4. In Table 3 and Figure 5, we can see the result of meassurement. 

 

Figure 4 Arrangement of bending and compression tests [2] 

The order of magnitude difference between bending and compressive strength was assumed. Geopolymers 

with coke dust are developed mainly as materials with defined thermal conductivity and this work was focused 

on verification of their mechanical properties. 

Table 3  

Sample Bending strenght [MPa] Compressive strenght [Mpa] 

K1 57,54 731,88 

K2 55,08 660,88 

K3 1,43 68,59 

It can be seen from Table 3 and the graph of Figure 5 that the addition of coke dust, we can say carbon (see 

Table 2), slightly reduces the strength of the geopolymer. However, this reduction is in the area of statistical 

certainty and more measurements on individual samples would be required.  
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Figure 5 Flexural and compressive strenght 

5. CONCLUSION 

The mechanical properties of carbon-containing geopolymer were investigated. Their use is focused 

on materials with defined thermal conductivity. Microscopic analysis shows that coke dust contains micro 

sludge as well as nanoparticles. From the chemical analysis it follows that coke dust can be used for further 

processing in industry. There is more than 75% carbon in coke dust. From the flexural and compressive 

strength values it can be concluded that the low content of coke dust is not relevant in compact geopolymers 

and the strength values are the same within statistical certainty.  
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Abstract 

The acid-base centres on the catalyst surface play important role in catalysis chemistry, influencing protons 

activity in reaction mechanism. The work presents the characteristics of acid-base centres on the vermiculite/α-

Fe2O3 nanoparticles composites, when used as catalyst for the chemical recycling of polystyrene to styrene. 

The iron oxides are often used in chemical/petrochemical application as catalyst. The vermiculite is cheap 

natural clay mineral, which is commonly used as catalyst support. The vermiculite/α-Fe2O3 nanoparticles 

composites were prepared by precipitation and calcination at 500 and 700 °C. The acid-base centres on the 

catalyst surface were characterized by TPD (Temperature Programmed Desorption) method allowing to detect 

the molecules NH3 and CO2 desorbed from the surface when the surface temperature is increased. The 

temperature of surface and the peak from desorbed molecules suggest the strength of chemical bond between 

desorbed molecules and surface. Before desorption, the NH3 and CO2 are adsorbed on the surface of catalysts 

by chemisorption. The TPD method was supplemented with the laboratory analyses using XRD and SEM. 

It has been found that the vermiculite/α-Fe2O3 nanoparticles composite calcined at 500 °C has medium-strong 

base centres on the surface, although the pure vermiculite is a light acid and pure α-Fe2O3 is a neutral material. 

For this reason, it can be successfully applied to the depolymerization reaction in conversion to the styrene 

monomer. The calcination temperature 700 °C did not improve the basicity, but rather led to its suppression.  

Keywords: Vermiculite, hematite, structural properties, acid-based centres, catalyst 

1. INTRODUCTION 

The clays are big technology importance due to their properties such as inertia, stability, reactivity, and catalytic 

activity. Significant representatives of clay minerals characterized by a layered 2:1 type structure. Vermiculites 

are very abundant and much cheaper in comparison with other clays. The 2:1 layers are composed of two 

tetrahedral and one octahedral sheet and interlayer space between them occupied by hydrated cations. Raw 

vermiculites are classified as mixed-layer phyllosilicates or interstratified phyllosilicates. Recently, interest in 

vermiculite as catalyst support has increased [1]. 

One of important properties of catalytic materials are acid-based centres on the surface of catalyst. In acid 

catalysis and base catalysis, a chemical reaction is catalysed by an acid or a base. According to Brønsted-

Lowry acid-base theory, the acid is the proton (H+) donor and the base is the proton acceptor. And just basic 

centres are necessary for depolymerization of polystyrene to styrene monomer. During depolymerization, the 

polystyrene is cracking on the shorter compound as tri-, or dimers of styrene, styrene monomer and other 

cyclic compound such as toluene, xylene isomers, methylstyrene, etc. [2]. The presence of basic centres on 

the catalyst surface take the proton from compound structure, which lead to production of styrene monomer 

https://doi.org/10.37904/nanocon.2019.8466 
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from tri- and dimer of styrene. On the other site, acid centres on the catalyst surface give a proton to reaction 

and benzene or indene are produced in higher amount. 

A temperature programmed desorption (TPD) technique is fundamental technique, which has been developed 

especially for catalysis. It can be used to study the interaction of reaction gases with solid surfaces, to evaluate 

active sites on catalyst surfaces and to understand the mechanisms of catalytic reactions including adsorption, 

surface reaction and desorption [3].  

Adsorption of CO2 is one of the best ways to study the basicity on the mixed oxides surface. CO2 has been a 

strong bond (by chemisorption) to basic centres, which are represented by O2- into the surface. Adsorption of 

CO2 (as Lewis acid) on basic centres lead to creation of several form of carbonates - i.e. monodentate as 

strong basic centres, bidentate as medium-strong basic centres and bicarbonate as weak basic centres (see 

Figure 1).  

 

Figure 1 Bond between metal and CO2 molecules: a) monodentate carbonates, b) bidentate carbonates  

and c) bicarbonates 

Monodentate carbonate is formed on low-coordinated oxygen anions O2- representing strongly basic centres. 

Bidentate carbonates are formed on metal-oxygen pairs Men+-O2- (where n = 2 or 3). These pairs are 

designated as moderately strong basic centres. The formation of bicarbonate requires the presence of surface 

hydrotalcite groups, which may be considered as weak bases in the mixed oxide materials investigated. In 

addition to the relatively strong bonding of CO2 to the basic centres, CO2 can be also weakly bond (by 

physisorption) to the acid centres, which are Men+ surface ions. Such complexes are formed only at equilibrium 

gas pressures. On the other hand, CO2-cation complexes are not included in the TPD experiment due to their 

low stability [4]. 

The acidity of mixed oxides can be studied by adsorption of NH3. NH3 is a strong bond (by chemisorption) to 

acidic centres, which represent various surface Men+ ions. NH3, such as a Lewis base, can provide a free 

electron pair on nitrogen to form relatively stable metal cation complexes. Furthermore, ammonia can interact 

weak bond (by physisorption) with basic centres on the oxide surface due to hydrogen bonds. Chemisorbed 

NH3 interacts via a nitrogen pair with Lewis acid centres represented by unsaturated metal cations and, where 

appropriate, simultaneously interacts via a hydrogen bond with a nearby basic oxygen or hydroxyl group. 

Ammonia TPD is often used as the main method of characterizing the acid centre content. A small molecular 

size of ammonia allowed to penetrate all solid pores. Since most chemisorbed NH3 interacts with acid centres 

on the oxide surface, their concentration can be determined by TPD. NH3 complexes with basic centres are 

not included in the TPD experiment due to lower stability [4]. 

2. MATERIALS AND METHODS 

2.1. Synthesis 

Raw vermiculite from Palabora mine (Ver-P), South Africa was ball-milled in a cylindrical zirconium container 

for 15 min at 350 rpm and the fraction under 40 µm obtained by sieving was used for other synthesis.  
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Ver-P-500 was prepared by calcination at 500 °C for 4 h. 

Ver-P/Fe-500 and Ver-P/Fe-700 were synthesized by mixing the dispersion of 4g Ver-P in 100 mL of 

deoxygenated distilled water with hematite nanoparticles under magnetic stirring for 3 h at 80 °C. Then the 

samples were filtered, washed with distilled water for several times, dried at 80 °C and calcined at 500 °C or 

700 °C for 4 h. The hematite nanoparticles were prepared by the chemical precipitation method in the aqueous 

solution by dissolving 4g FeCl3.6H2O (precursor) in 100 mL of deoxygenated distilled water under magnetic 

stirring for 30 min at 80 °C. The precipitating agent, base solution of NaOH (30 wt.%), was added gradually 

drop wise to maintain a pH value of 11 to the dispersion of vermiculite. 

2.2. Material characterizations 

The temperature-programmed desorption of probe molecules NH3 and CO2 (NH3-TPD, CO2-TPD) was 

performed on a Micromeritics AutoChem 2950HP (Micromeritics Instrument Corp., USA) equipped by TCD 

detector. For TPD, approximately 100 mg of sample was placed in a quartz reactor. The reactor was heated 

(10 °C min-1) to 500 °C and maintained for 10 min in flow of helium (99,9996, Linde gas) (25 ml min-1). 

Subsequently, the sample was cooled down to 70 °C (10 °C min-1) and saturated in flow of gas mixture (10 % 

CO2 in He or 10% NH3 in He) for 30 min. Then, the sample was purged in the flow of helium for 60 min in order 

to remove the physically absorbed molecules. The TPD experiment itself was carried out with a linear heating 

rate of 10 °C min-1 in a flow of He (25 ml min-1). 

The pure vermiculite and catalysts-Fe2O3/vermiculites were tested by X-ray diffraction for phase analysis. 

Elementary compositions were measured by X-ray fluorescence.  

Phase composition and microstructural properties were determined using X-ray powder diffraction (XRD) 

technique. XRD patterns were obtained using Rigaku SmartLab diffractometer (Rigaku, Japan) with detector 

D/teX Ultra 250. The source of X-ray irradiation was Co tube (CoKα, λ1 = 0.178892 nm, λ2 = 0.179278 nm) 

operated at 40 kV and 40 mA. Incident and diffracted beam optics were equipped with 5° Soller slits; incident 

slits were set up to irradiate area of the sample 10 x 10 mm (automatic divergence slits) constantly. Slits on 

the diffracted beam were set up to fixed value 8 and 14 mm. The powder samples were gently grinded using 

agate mortar before analysis and pressed using microscope glass in rotational sample holder and measured 

in the reflection mode (Bragg-Brentano geometry). The samples rotated (30 rpm) during the measurement to 

eliminate preferred orientation effect. The XRD patterns were collected in a 2θ range 5° - 90° with a step size 

of 0.01° and speed 0.5 deg.min-1. Measured XRD patterns were evaluated using PDXL 2 software (version 

2.4.2.0) and compared with database PDF-2 issued by ICDD, release 2015. 

3. RESULTS 

3.1. Temperature Programmed Desorption (TPD) 

Temperature programmed Desorption of ammonia (TPD-NH3) was used for the study to determine the 

distribution of acid centres. The amount of desorbed ammonia then correlates with chemisorbed NH3 on the 

mixed oxide surface. Desorbed ammonia is record by TCD (thermal conductivity detector). This signal is 

named as TPD curves and TPD curves of acid centres are shown on Figure 2 (left). First, pure vermiculite 

calcined at 500 °C (marked as Ver-P-500) was analysed. The ammonia desorption curve is observed in a wide 

temperature range, which indicates a wide distribution of acid sites. It can be seen two peaks around  

100 - 200 °C and 250 - 350 °C, which correspond with weak acidic and medium-strong acidic centres, 

respectively. Other samples (marked as Ver-P/Fe-500 and Ver-P/Fe-700) has been one’s peak caused to 

desorption of ammonia with maximum of peak around 150 °C. This peak corresponds with very weak acidic 

centres. Medium-strong acidic centres on pure vermiculite were probably covered by hematite in these 

samples, which was precipitated on the vermiculite surface. 
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Temperature programmed Desorption of carbon dioxide (TPD-CO2) was used for the study to determine the 

distribution of basic centres. The TPD experiment was performed from 25° C to 500 °C and TPD curves of 

basic centres are shown on Figure 2 (right). First, pure vermiculite (marked as Ver-P-500) was analysed. The 

carbon dioxide desorption curve is observed in a wide temperature range, which indicates a wide distribution 

of basic sites. In contrast with ammonia desorption, there are only major peak of weak basic centres between 

100 - 200 °C, whereas peak of medium-strong basic centres between 250 - 350 °C is bland. On the other 

hand, sample Ver-P/Fe-500 has distinctly high peak between 200 - 350 °C, which correspond to the high 

content of medium-strong basic centres on the surface. The last samples Ver-P/Fe-700 is contains only weak 

basic centres. 

  
Figure 2 Acid (TPD-NH3) and basic centres (TPD-CO2) on the surface of vermiculite samples 

3.2. X-ray Fluorescence (XRF) 

Composition of prepared samples is listed in Table 1. Precipitation of hematite of vermiculite surface changes 

significantly composition of minerals. The iron oxide content increases three times, on the other site, content 
of another main oxides as magnesium oxide, alumina or silica decreases by one third.  

For a better understanding of the formation or destruction of acidic and basic centres, it is necessary to look 

at the ratios between individual metals (Me2+ or Me3+) on the surface. The ratio between silica and alumina is 

around 5 (listed to Table 2), that is corresponding to the acidic centres on the surface, as discussed in zeolites 

theory [5]. But this was not confirmed with our TPD measurements, because Ver-P/Fe-500 has more basic 

then acidic centres. The other ratio for comparison is the ratio between magnesium oxide and alumina. The 

ratio is equal 3 for Ver-P-500 and Ver-P/Fe-500, which are sample with medium-strong basic centres. But for 

sample Ver-P/Fe-700 the ratio decreases to 2.4 and medium-strong basic and acid site were not detected. 

This results probably correspond with fact, that increasing content of magnesium oxide against alumina lead 

to creation of medium-strong basic centres which are created by Mg2+-O2- [6]. 
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Table 1 Composition of vermiculites samples analysed by XRF 

 Ver-P-500 
(wt. %) 

Ver-P/Fe-500 
(wt. %) 

Ver-P/Fe-700 
(wt. %) 

SiO2 40.2 28.7 31.7 

MgO 24.8 17.5 15.6 

Fe2O3 11.7 37.9 37.2 

Al2O3 8.4 5.9 6.4 

K2O 6.2 4.2 1.8 

CaO 4.6 2.9 4.6 

P2O5 2.0 1.5 1.1 

TiO2 1.8 1.0 0.8 

Table 2 Ratio between individual oxides 

 Ver-P-500 Ver-P/Fe-500 Ver-P/Fe-700 

SiO2/Al2O3 4.8 4.9 4.9 

MgO/Fe2O3 2.1 0.5 0.4 

MgO/Al2O3 3.0 3.0 2.4 

3.3. X-ray Diffraction (XRD) 

Precipitations of hematite was performed correctly as seen in the XRD spectrum (see Figure 3).  

 
Figure 3 Diffraction patterns of the pure vermiculite and the vermiculite samples with hematite 

4. CONCLUSION 

The vermiculite/α-Fe2O3 nanoparticles were prepared by precipitation and calcinated at different temperatures 

to the composites. Temperature Programmed Desorption show acid and base centre on surface of these 

nanocomposites, which can be marked as catalysts. The Ver-P-500 as a calcined pure vermiculite is a material 
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with wide distribution of acid and basic centres, although it has medium-strong acid centres. A very interesting 

finding is that although there is a lot of magnesium in the vermiculite structure, this magnesium does not 

participate significantly in the formation of basic sites. On the other hand, Ver-P/Fe-500 was presented as 

material with medium-strong basis centres. And these centres can be used as proton acceptor in catalysed 

reactions (e.g. depolymerization of PS). The formation of these centres is probably due to a significant 

decrease in alumina in the vermiculite structure. In the future, it would be appropriate to measure these basic 

centres using FTIR analysis. Finally, samples treatment by calcination temperature 700 °C has not any 

significant acid or basic centres, whereas lead to the higher crystalline hematite. 

ACKNOWLEDGEMENTS   

The work was supported from ERDF "Institute of Environmental Technology - Excellent Research " 

(No. CZ.02.1.01/0.0/0.0/16_019/0000853) and Student grant projects SP2019/91. „Experimental results 

were accomplished by using Large Research Infrastructure ENREGAT supported by the Ministry of 

Education, Youth and Sports of the Czech Republic under project No. LM2018098. The 

publication/presentation has been prepared using the results achieved with the infrastructure in 

open access regime within the project Efficient Use of Energy Resources Using Catalytic Processes 

(project code LM2015039) which was financially supported by the Ministry of Education, Youth and 

Sports of the Czech Republic within the targeted support of large infrastructures. The project has 

been integrated into the National Programme for Sustainability I of the Ministry of Education, Youth 

and Sports of the Czech Republic through the project Development of the UniCRE Centre, project 

code LO1606. 

REFERENCES 

[1] OKADA, K., ARIMITSU, N., KAMESHIMA, Y., NAKAJIMA, A. and MACKENZIE, K.J.D., Solid acidity of 2:1 type 
clay mineral activated by selective leaching, Applied Clay Science, 2006. vol. 31, pp. 185-193. 

[2] UKEI, H., HIROSE, T., TAKAI, Y., TAKA, M., AZUMA, N., UENO, A., Catalytic degradation of polystyrene into 
styrene and a design of recyclable polystyrene with dispersed catalysts, Catalysis Today, 2000, vol. 62, pp. 67-

75. 

[3] INAGAKI, M. and KANG F., Materials Science and Engineering of Carbon: Characterization. Tsinghua University 

Press Limited, ed. Elsevier Science, 2016. p. 318. 

[4] COSOMO, Di J.I., DIEZ, V.K., XU, M., IGLESIA, E. and APESTEGUIA, C.R., Structure and surface and catalytic 

properties of Mg-Al basic oxides. Journal of Catalysis, 1998. vol. 178, pp. 499-510. 

[5] WEINGARTEN, R., TOMPSETT, G.A., CONNER, W.C. and HUBER, G. W., Design of solid acid catalysts for 

aqueous-phase dehydration of carbohydrates: The role of Lewis and Brønsted acid sites, Journal of Catalysis, 
2011. vol. 279, pp. 174-182. 

[6] DIEZ, V.K., APESTEGUIA, C.R. and COSIMO, Di J.I., Effect of the chemical composition on the catalytic 
performance of MgyAlOx catalyst for alcohol elimination reactions. Journal of Catalysis, 2003. vol. 215, pp. 220-

233.  

  



  Oct 16th - 18th 2019, Brno, Czech Republic, EU 

 

 

602 

INVESTIGATION OF VOIDAGE OF A FLUIDIZED BED OF VARIOUS SHAPES BY MODELING 

OF SPHERICAL PACTICLES 

Aleš SLÍVA, Aleš PROCHÁZKA, Robert BRÁZDA 

VSB - Technical University of Ostrava, Ostrava, Czech Republic, EU,  

ales.sliva@vsb.cz 

Abstract 

Voidage of a fluidized bed is a primary property of fluidized systems when determining the minimum floating 

velocity. The air flow rate in the fluidized bed (or in the fluid layer of the material) increases with diminishing 

bed voidage. This paper is devoted to fluidized bed voidage calculations for a fluidized bed consisting of 

spherical particles having different diameters and in differently shaped polygonal fluidized bed cells possessing 

different characteristic particle floating velocities. For testing purposes, voltage of fluidized bed was 

experimentally measured and subsequently modelled by simulation using the Rocky (DEM) software.  

Keywords: Voidage, fluidized bed porosity, rocky 

1. INTRODUCTION 

Spherical particle arrangement for fluidization cells [13,18] is a phenomenon that can be observed all around 

us, whether they are nanometer sized particles [5,25-28] to extremely large particles [3,4]. The arrangement 

of spherical particles can be observed in physics, chemistry, and geology, but also in mechanical engineering. 

Although in most practical examples the particles are stored in infinite variations in their sizes and shapes  

[7-11], there is a great deal of interest in the arrangement of spherical structures of the same size and shape. 

they are contained in different geometrically designed containers or stored in a wide range of hoppers and 

containers. Several different dynamic events [1,2,12,14-17,24] can be observed in the spherical particle 

alignment process, involving several types of particle movements. These include, for example, translational 

movement and rotational movement [29,30]. The influence of the walls causes changes in these movements 

as well as changes in the characteristics of the arranged particles. The characteristic property of randomly 

deposited spherical particles in different containers is porosity [22]. Up to now, porosity has been divided into 

mean porosity and radial porosity distribution [18], using experiments, empirical and analytical methods [19]. 

Expression of average porosity is generally solved in the Ergun equation [6], which calculates the pressure 

drop and gas flow through an ordered particle bed [20,21,23]. Most porosity studies have only been performed 

for cylindrical vessels. The Meuller porosity method [18] analytically determines the radial distribution and 

mean porosity in cylindrical vessels. In this method, the spherical particles are placed particle by spherical 

particle in the vessel by first adding the first ball to the bottom and wall of the vessel, the next ball to the first 

ball and also to the wall, and this continues until the first layer of balls is formed. Another layer is then added 

to this layer, by placing the next ball in the most stable position, and continuing with another, etc. This particle 

alignment algorithm is used exclusively for spheres arranged in a cylindrical vessel, which is why this paper 

will deal with the mean porosity of different cell shapes. 

2. DESCRIPTION OF EXPERIMENTAL MEASUREMENT OF BED HEIGHT L AND POROSITY ε 

The gap determination experiment was carried out in all six vertical cells of different cross-sections, having the 

shape of an equilateral triangle, a square, a regular pentagon, heptagon, and a circle. Each of the above cells 

was filled with a batch of glass balls weighing 2 kg. The balls were randomly poured into the cells through their 

https://doi.org/10.37904/nanocon.2019.8337 
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upper part from a height of Hn = 1500 mm. The lower part of the cell had a bottom to prevent pouring out  

(Figure 1). The filling time was tn = 10s so the transporting capacity of the filling is therefore Qn = 0.2 kg/s.  

The balls had diameters of 2,4,6,8 and 10 mm. First, a batch of 2 kg of balls with a diameter dk = 2 mm was 

measured and this batch was gradually poured into all six types of cells. After the pouring in of the whole batch, 

the layer height was measured. 

 

Figure 1 Example of reading the height of poured sample of balls into one of the cells [27,28] 

The batch was subsequently poured out so that measurement could be repeated. The height of the layer was 

then read for each cell and batch a total of 10x These measurements were repeated for the remaining 2 kg 

batches of glass balls with diameters of 4, 6, 8, and 10mm, and the height of layer L was subtracted. The 

measured heights of the layers were then used to determine the porosity using the formula 
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V

V0
               (1) 

where V0 represents the volume of free space between ball filling (volume of spaces) and V represents the 

total volume of ball filling in the cell (bed volume). The bed volume V is determined from the average height of 

the bed L and the cross-section of the bed S, which, as has already been mentioned, was the same for all 

cells.  

The volume of spaces V0 is calculated from the volume of a single ball Vk multiplied by the number of balls n. 

 nVV k 10                (2) 

The number of balls is calculated from the weight of the batch m and from the weight of a single ball mk. The 

weight of a single ball is determined from the volume of the ball Vk and its density ρk. 

km

m
n 

               (3)  

kkk Vm 
               (4) 

The volume of a ball Vk is determined from the diameter of the ball dk from the known relationship: 

6

k
k

d
V





               (5) 

 
Figure 2 Average porosity in cells with varied cross-section - experiment [27,28] 

If all of the cells studied, the largest bed height for round particles of a 2mm diameter was modeled for a cell 

with a triangular cross-section (Figure 2, Figure 4). The smallest recorded height of a layer of ordered balls 

of 2 mm diameter was modeled on a cell with pentagonal and hexagonal cross-sections. When filling the 
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examined cells with round particles with a diameter of 4mm, the measurement of the level of filling level in all 

cells showed relatively identical results. 

As can be seen, for example, in Figure 3, the centers of the ordered particles are depicted as blue dots. The 

number of particles in the cells with a diameter of 2 mm is always 198 947, so when looking through the entire 

cell cross-section a large number of centers can then be seen, which for one overlap, but which also 

increasingly near the center of the cell cross-section, the more chaotic their arrangement. When filling the cells 

with round particles with a diameter of 4 mm (24 869), a more orderly (less chaotic, orderly) arrangement can 

be observed towards the center of the cross-section. The denser distribution of the illustrated centers of 

particles for round particles with a diameter of 4 mm than for round particles with a diameter of 6 mm (number 

7369) is mainly due to the differing number of particles embedded and thus their overlap. For round particles 

with a diameter of 8 mm (3109 count), the densest distribution of the centers of the particles (and hence the 

particles themselves) is observed in a cell with a regular square cell cross-section (Figure 4). The number of 

particles in the cells with a diameter of 10 mm was always 1592. 

 

Figure 3 Example of simulation and velocity during the pouring of 2 mm diameter balls into a hexagonal cell 

[27,28] 
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Figure 4 Modeled bed heights for a cell with a triangular layout. Top - cell view from above with whole 

particles depicted, middle - cell view from above with particle centers depicted, bottom - side view [27,28]. 

 
Figure 5 Average porosity in cells with varied cross-sections -Rocky SW simulation [27,28] 
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3. CONCLUSION 

When validating experimental results with simulation results, several aspects that may significantly affect the 

results must be considered. For example, the simulation involves setting the frictional (static, dynamic) and 

restitution parameters between the particles and the cell wall. These may differ because, for example, the first 

particle that hits the bottom of the cell will have a higher impact velocity and hence a higher coefficient of 

restitution than the last particle that hits the highest point of the particle layer at a lower velocity. The restitution 

coefficient has a constant value for the simulation. In the case of dynamic friction, we cannot take into account 

the change of friction, for example by dust or particle contamination. The experiment is also affected by other 

variables, such as differing particle size in contrast to the simulation, particles have different size distribution, 

so it is enough that some particles are smaller, by, for example, only a tenth of a millimeter, and the resulting 

porosity immediately increases by several hundredths.  
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Abstract 

Combustion methods are a promising strategy for the lanthanide oxide nanomaterials preparation. They are 

environmentally friendly, they have feasible experimental setup and can be easily upscaled. As a part of our 

broader research dealing with amino acid-nitrate processes, several samples of the Gd2O3, synthesized with 

four amino acids (alanine, glycine, proline, and serine) were prepared to observe an influence of amino acids 

on the final product’s nature and morphology. All of the four samples were prepared via thermal decomposition 

of a transient complex formed in situ from Gd(NO3)3·6H2O and selected amino acid. The resulting products 

were characterized by the X-ray powder diffraction analysis, which demonstrated an influence of amino acids 

on the crystal structure of the final Gd2O3 nanocrystallites. The elemental composition and morphology of the 

samples of Gd2O3 were examined by the scanning electron microscopy with energy dispersive X-ray 

spectroscopy. We also measured particle size and particle size distribution as all final products (Gd2O3) had 

tendency to form agglomerates. Fourier-transform infrared spectroscopy and X-ray powder diffraction analysis 

revealed that glycine and proline, used as an organic fuel, yields the cubic structure of Gd2O3 nanocrystallites.  

Keywords: Gd2O3, thermal decomposition, amino acid-nitrate process, nanocrystallites 

1. INTRODUCTION 

Lanthanide oxides have gained a lot of attention due to their diverse use for applications such as in the 

photonics, catalysis, nuclear industry, and electronics [1]. Among the important lanthanides oxides, Gd2O3 

gains a significant importance due to its good crystallographic stability up to 2325 °C, high mechanical strength, 

and excellent thermal conductivity together with relatively high dielectric constant, wide band gap [2], and 

versatile and tunable magnetic properties [3]. Nanomaterials based on Gd2O3 have been used for example in 

the solid-state lasers [4], in the solid oxide fuel cells as an electrolyte [5], in the temperature sensors [6] or as 

the contrast agents in the magnetic resonance imaging [7]. 

The promising perspective method for preparation of Gd2O3 could be amino acid-nitrate combustion process 

[8,9] which appear to be effective, low-cost, environmentally friendly, experimentally undemanding and 

perfectly scalable [10]. Amino acid-nitrate process use amino acid as a fuel and nitrate (or nitrate hydrate) as 

an oxidant in the presence of source of the inner transition metal [11,12]. Different amino acids have already 

been used in the combustion processes for preparation of nanomaterials based on lanthanides, such as for 

https://doi.org/10.37904/nanocon.2019.8590 
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example alanine [4,6,13,14], glycine [5,13,14] or serine [13,14]. It has been found that the type of source of 

the inner transition metal and amino acids has an influence on the shape and grain size of the nanocomposite 

[13,14]. It was further observed that different types of organic fuels (urea and alanine or their mixture) have an 

influence on the temperature of combustion, crystallographic structure, morphology and resulting particle sizes 

[6]. It has also been found that the particle size increased with increasing calcination temperature in the 

combustion synthesis (from 25 nm at 800 ºC to 200 nm at 1100 ºC) [4]. 

Consequently we chose to prepare four various samples of Gd2O3 nanocrystallites using amino acid-

(Gd)nitrate combustion process for observation an influence of an amino acids on the nature and morphology 

of the final product. Four different amino acids were selected for preparation. Specifically, glycine and alanine 

as a representative of amino acids with a side aliphatic chain, serine as a representative of amino acids with 

a hydroxyl group on the side chain, and proline as a representative of an imino acids. 

2. EXPERIMENTAL 

2.1. Synthesis of the samples 

We used the water demineralized by the column Demiwa 10 (Watek) as a solvent. Gadolinium nitrate 

(Gd(NO3)3∙6H2O) was purchased from Acros Organics (Belgium) in 99.9 % quality. Alanine (C3H7NO2) was 

purchased from VWR Chemicals (Czech Republic) in high purity (≥ 99%) and glycine (NH2CH2COOH) was 

purchased from Penta (Czech Republic) in p.a. quality. Proline (C5H9NO2) and serine (C3H7NO3) was 

purchased from Alfa Aesar (USA) in 99.9 % quality.  

Samples of Gd2O3 were prepared according to the protocol used as in our previous study [15] by mixing 

equivalent portions of 0.5 mol∙dm-3 solutions of Gd(NO3)3∙6H2O and particular amino acid (alanine - Ala, glycine 

- Gly, proline - Pro, serine - Ser) and dried at 120 °C until viscous gel was formed. The gel was then calcined 

(High Temperature Equipment LAC/LMH) in the temperature 600 °C for 1 hour. Prepared samples, marked 

Gd_Ala, Gd_Gly, Gd_Pro, and Gd_Ser, were subsequently analysed by X-ray powder diffraction analysis 

(XRPD), Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy with energy dispersive 

X-ray spectroscopy (SEM/EDS), and particle size and particle size distribution  technique (PS/PSD). 

2.2. Characterization of the samples 

XRPD was performed using the X-ray diffractometer Ultima IV (Rigaku, Japan), operated at 40 kV and 40 mA 

with CuKα radiation of wavelength λ = 0.154060 nm (reflection mode, Bragg-Brentano arrangement with 

scintillation detector). The XRPD patterns were recorded in the 10 - 70° (2θ) range with a scanning rate of 

2.4 °/min. The samples were placed in a ground glass depression in the sample holder and flattened with a 

glass slide. Phase analysis was evaluated by database PDF-2 Release 2011. Graphics processing XRPD 

patterns was made using OriginPro8. The crystallite size of the most intense reflection of Gd_Ala, Gd_Gly, 

Gd_Pro, and Gd_ Ser were determined using the Scherrer formula [16]. 

Single reflection ATR technique with diamond crystal was used for measurements of mid-FTIR spectra (Nicolet 

iS10, Thermo Scientific, USA). Spectra were recorded in the range of 400 - 4000 cm-1, however, only region 

of interest (400 - 1800 cm-1) is shown in FTIR spectra. All obtained data were processed using the OMNIC 

software. 

For the SEM/EDS analysis, samples were attached to the carbon conductive tape and sputtered with two 

layers of gold (POLARON SC 7640 sputter coater). Scanning electron microscope Quanta 450 FEG (FEI) was 

used for revealing of the morphology and EDS analysis was performed with analyser APOLLO X (EDAX) for 

qualitative analysis of the presented elements. Images were taken by using SE detector (secondary electron 

detector) at 15 kV. The resulting images were edited by ImageJ program. 
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Particle size (PS) and particle size distribution (PSD) analyses were performed by dynamic light scattering 

(DLS) method on the analyzer Malvern Zen 3600 Zetasizer. The same instrument was used to measure their 

zeta potential. To perform these analyses, the powder samples (0.01 g) were diluted in 50 ml of demineralized 

water and disintegrated in in self-constructed ultrasonic reactor with the acoustic power of 0.5 kW/l for 

3 minutes [17]. The samples were then immediately injected into a cell for zeta potential and particle size 

distribution measurement. The refractive indexes of lanthanide oxides (1.950) and distilled water (1.333) were 

determined in our previous research [15].  

3. RESULT AND DISCUSSION 

The X-ray diffraction patterns of prepared gadolinium oxides are shown in Figure 1. Samples contained either 

monoclinic or cubic crystal structures of Gd2O3. Monoclinic crystal structures were identified in the sample 

Gd_Ala (PDF card No. 00-043-1015) and Gd_Ser (PDF card No. 00-012-0474), while cubic crystal structures 

were identified in the sample Gd_Gly and Gd_Pro (PDF card No. 01-074-8036). No additional reflections of 

other phases were observed in the XRPD patterns, which indicates the crystallographic purity of prepared 

oxides. The crystallite size of the most intense reflections (2,2,2) and (1,1,1) were determined to 10.1 nm for 

Gd_Gly, 10.6 nm for Gd_Pro, 16.8 nm for Gd_Ala, and 40.8 nm for Gd_Ser. From these results it is evident, 

that the type of the amino acid has an affect the crystal structure and the crystallite size of the resulting product. 

Moreover, the same type of amino acid (Ala and Gly - amino acids with a side aliphatic chain) does not produce 

Gd2O3 of the same crystalline structure as would be expected, but produces Gd2O3 of different crystal 

structures.  

 

Figure 1 X-ray diffraction patterns of the samples Gd2O3 prepared using different amino acids - alanine 

(Gd_Ala), glycine (Gd_Gly), proline (Gd_Pro), and serine (Gd_Ser) 

FTIR spectra are presented in the Figure 2. All spectra show bands typical for the Gd2O3 [18]. By comparing 

the spectra, it is clear, that Gd_Ala and Gd_Ser have similar features and as well Gd_Gly with Gd_Pro. These 

results are in the agreement with the previous XRPD results. It could be also mentioned that main band 

corresponding Gd-O (538 cm-1, arrow in the Figure 2) bond is more intensive and narrow for Gd_Gly and 

Gd_Pro samples, which is probably caused by the cubic crystal structure. 
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Figure 2 FTIR spectra of the samples Gd_Ala, Gd_Gly, Gd_Pro, and Gd_Ser 

From the SEM images (Figure 3) we can see that Gd2O3 forms an aggregated meso- and macro-porous 

network structure like foam. We can see in the taken SEM images that the type of the amino acid did not 

affected resulting morphology, so it has to be influenced by the reaction mechanisms. However, detailed 

description and explanation of this phenomenon is under investigation. EDS then confirmed the expected 

presence of only gadolinium and oxygen in the prepared samples. These results are in correlation with the 

results obtained by XRPD and FTIR. 

 

Figure 3 SEM images of the all experimental Gd2O3 samples  

 
Figure 4 Particle size distributions of samples in lognormal scale and their corresponding mean sizes for two 

highest peaks of their bimodal distribution dm1 and dm2 
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The particle size measurement in the Figure 4 shown bimodal distribution with corresponding mean sizes dm1 

and dm2 summarized in the inserted table. The bimodal character may have origin in the intensive re-

aggregation of smaller particles and in the incomplete disintegration of all aggregates to the same size. The 

zeta potential values (Table 1) show low values for all samples, which indicates unstable dispersion and the 

particle re-aggregation is highly expected. The extraordinary low zeta potential for the Gd_Ser sample then 

caused more rapid aggregation during measurement which can be seen as the shift in particle size distribution 

in comparison to the other samples. 

Table 1 Zeta potential of Gd2O3 particles in the prepared dispersions. Higher absolute value implies higher  

              stability 

Samples  
Zeta potential 

(mV) 
St. Dev. 

(mV) 

Gd_Ala 20.90 1.42 

Gd_Gly 15.80 1.48 

Gd_Pro 18.10 0.93 

Gd_Ser 5.49 0.53 

4. CONCLUSION 

We prepared four samples of nanocrystalline Gd2O3 (Gd_Ala, Gd_Gly, Gd_Pro, and Gd_Ser) using 

combustion process to observe an influence of selected amino acids on the final product’s nature and 

morphology. Obtained samples were characterized by XRPD, FTIR, SEM/EDS, and PS/PSD techniques. We 

proved that amino acid-nitrate combustion process allows synthetize pure and homogeneous Gd2O3 

structures. Electron microscopy revealed net-like structure created by aggregation of nanoparticles. The 

glycine and proline produced cubic Gd2O3 with comparable particles size, but alanine and serine produced 

monoclinic Gd2O3 with much different particles size. In addition, the same type of amino acid does not produce 

Gd2O3 of the same crystalline structure as would be expected. Finally, we discovered that type of the amino 

acid does not affect the morphology of the resulting product.  
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Abstract 

Two-dimensional colloidal nanocrystals have recently revealed a great potential as optical gain media due to 

their remarkable optical properties. Besides controlling the size and shape of semiconductor nanocrystals the 

variation in the chemical composition is another way to control the optical properties of nanomaterials. It is of 

especial interest to use here the cationic substitution reaction instead of direct synthesis from a Pb precursors, 

since we may start from cadmium chalcogenide nanocrystals of well controlled size, shape and crystalline 

structure. So, the cation exchange reaction of cadmium by lead in well-studied colloidal CdSe and core/wing 

CdSe/CdS nanoplatelets has been examined by absorption and photoluminescence spectroscopy. 

Keywords: Nanoplatelets, core/wing, PbSe, near IR, synthesis 

1. INTRODUCTION 

Semiconductor nanocrystals have been highly attractive materials for research and device applications for 

decades now. Today much prominence is given to so called nanoplatelets (NPLs), two dimensional colloidal 

nanocrystals. First acquired in 2006 in the form of nanoribbons [1] they demonstrate electronic structure like 

that of quantum wells [2]. So that optical properties of NPLs depend chiefly on their thickness, which can be 

controlled with high precision thanks to modern colloidal synthesis methods [3]. At the same time NPLs have 

a great advantage over the quantum wells, being free-standing structures, with no dependence on a substrate.  

This form is perfect for creating various nanoplatelet-based heterostructures that can inherit NPLs’ unique 

characteristics and vastly improve them. These heterostructures include highly perspective core/shell NPLs, 

noticed to enhance quantum yield up to 80 % [4]. Studies, conducted in this field demonstrate the synthesis of 

CdSe NPLs with epitaxially grown CdS and CdZnS shell of controlled thickness [5,6] and later reports 

regarding core/crown NPLs, where CdSe serves as an exciton funnel that collects the excitons and transfers 

them to the CdSe core [7].  

Their outstanding optical properties favorably distinguish NPLs from other colloidal semiconductor 

nanocrystals. These nanocrystals are very promising for developing various optoelectronic devices since their 

two-dimensional geometry is directly compatible with established device designs and processary approaches. 

It was revealed that high-energy carriers in NPLs relax to the band edge with speeds highly exceeding their 

recombination velocity. That happens to be the exact quality required for stimulated emission and lasing [8]. 

Moreover, NPLs show optical gain unreachably high for any other NCs tested for this application. That’s why 

in most recent time it was already possible to develop LEDs [9] including hybrid organic-inorganic ones [10] 

and semiconductor lasers [11,12] that uses CdSe NPLs and heterostructures based on them as an active 

emitting layer.  

While the CdSe nanoplatelets-based light emitters are undoubtedly a high demand, they can’t cover all the 

possible applications due to the lack of spectral diversity. The chemical substitution of cadmium ions by lead 

https://doi.org/10.37904/nanocon.2019.8526 
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in colloidal CdSe nanoplatelets is a simple and promising method for producing 2D nanocrystals which are 

emitting in the near-infrared region. It is of especial interest to use here the cationic substitution reaction instead 

of direct synthesis from a Pb precursors, since we may start from cadmium chalcogenide nanocrystals of well 

controlled size, shape and crystalline structure. The architectural control of nanosized materials with well-

defined shape is important for the success of “bottom-up” approaches toward future nanodevices. However, 

insight in the physics and prediction of final architecture of nanoscale building blocks are still limited. If we 

understand the growth mechanism and the shape-guiding process, it will be possible to program the system 

to achieve nanostructured materials with desired shape and inner crystal morphology. 

We suggest that developing a stable and repeatable synthesis procedure of ultrathin PbSe/PbS 

nanoheteroplatelets and researching their optical characteristics and morphology. Devices based on these 

nanostructures would be extremely useful for solar cells, as well as for integrating them in optical active layers, 

microfabricated waveguides and lab-on-chip systems [14].  

2. MATERIALS & METHODS 

2.1. Chemicals 

Selenium powder (Alfa Aesar, 99.99%), Oleylamine (Acros, 80-90%), Oleic acid (Fisher, 70%), Stearic acid 

(Fisher, >97%), Cadmium acetate dihydrate (Sigma-Aldrich, >98%), 2-ethylhexanoic acid (Sigma-Aldrich, 

99%), 1-Octadacene (Sigma-Aldrich, >95%), Hexane (Sigma-Aldrich, >97%), lead iodide (Sigma-Aldrich, 

99%), Cadmium oxide (Sigma-Aldrich, 99.5%), Myristic acid (Sigma-Aldrich, ≥98.0%), Tetrachloroethylene 

(Sigma-Aldrich, anhydrous, ≥99%), Isopropanol and Methanol (Vekton, puriss). All chemicals were used as 

received without further purification, except oleylamine which was centrifuged before use. 

2.2. Nanoplatelets Synthesis 

Synthesis of CdSe nanoplatelets. CdSe and CdSe-CdS nanoheteroplatelets nanoplatelets were synthesized 

by procedure [13]. In a three-neck reaction flask, cadmium oxide (0.3 mmol), myristic acid (0.72 mmol) and 

ODE (2 ml) were heated to complete dissolution of Cd oxide. Next, ODE (13 ml) was added and the reaction 

mixture degassed at 100 °C in vacuum. After cooling to room temperature, selenium powder (0.12 mmol) was 

added to the reaction flask and the flask purged with argon. The reaction mixture was heated quickly to  

190 °C under argon flow and intense stirring and cadmium acetate (0.25 mmol) added rapidly to the reaction 

mixture. The mixture was heated in 5 minutes to 240 °C and stirred at this temperature to grow the 

nanoplatelets of desired size. After the completion of the process the reaction mixture was cooled down rapidly 

to 150 °C and 1 ml of oleic acid added to increase the colloidal stability of nanoplatelets. Then, the reaction 

mixture was cooled down to 80 °C and the nanocrystals were deposited with isopropanol, centrifuged, washed 

several times with isopropanol and redispersed in octadecene. 

Synthesis of CdSe-CdS nanoheteroplatelets. Purified CdSe nanoplatelets, cadmium acetate (0.5 mmol), oleic 

acid (0.08 mmol) and ODE (15 ml) were introduced into a three-neck flask. The reaction mixture was degassed 

under vacuum at room temperature for 40 min and heated to 200 °C under argon and slow stirring. At this 

temperature the solution of Cd and S precursors in ODE was added dropwise into the reaction mixture. To 

prepare the precursor solution 0.3 mmol of sulfur was dissolved in 3 ml of ODE and 0.42 mmol of CdO 

dissolved in 2 ml of ODE with 1.2 mmol of 2-ethylhexanoic acid. Then, both solutions were combined and 

purged with argon. The heteroplatelets were left to grow during 10 min and after the flask was cooled down. 

Cation exchange. PbSe/PbS nanoheteroplatelets were synthesized by modified procedures [14]. In a typical 

synthesis, a mixture of PbI2 (0.065 mmol), 1 ml OlAm, and 4 ml ODE was degassed at 100 °C for 30 minutes. 

The temperature was lowered to 80 °C and the flask was filled with nitrogen. At this temperature, CdSe/CdS 

NPLs in toluene were swiftly injected. In order to prepare this injection solution, typically, a 300 mkl portion of 
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a concetrated CdSe-CdS nanoheteroplatelets dispersion in 2 ml toluene. After 3 hours of the cation exchange 

the NPLs were precipitated in centrifuge tubes containing toluene (1.5 ml), isopropanol (4 mL) and oleic acid 

(0.2 mL). The exchanged NPLs were dispersed in TCE. 

2.3. Electron Microscope Imaging 

For conventional TEM observations, the samples were prepared by drop-casting concentrated NPLs solutions 

onto carbon-coated 200 mesh copper grids, and the measurements were performed with a scanning electron 

microscope Merlin (Zeiss) at 30 kV accelerating voltage.  

2.4. Absorbance and PL spectroscopy 

We studied electronic energy structure of by means of absorbance (Abs) and photoluminescence (PL) 
spectroscopy. All measurements were performed at room temperature. Abs measurements were carried out 
with a UV-Probe 3600 (Shimadzu) spectrophotometer and the PL signal passed through the Acton SP2150i 
monochromator and was recorded using an avalanche InGaAs/InP single-photon avalanche diode (Micro 
Photon Devices). 

3. RESULTS AND DISCUSSION 

At the initial stage, CdSe nanoplatelets of 5 monolayers with characteristic for such structures luminescence 

and absorption bands were obtained (Figure 1). Electron microscopic images of the obtained samples show, 

that we have indeed acquired square NPLs with lateral size of approximately 20 nm. Hence suggested 

synthesis procedure allows to obtain NPLs of desired thickness that are monodisperse by their lateral sizes. 

Some of NPLs in the images are standing on their edge and self-assembly of NPLs in distinguishing stack 

structures can be observed. 

a)  b)  c)  

Figure 1 a) PL and Abs spectra of NPLs and TEM images of b) 5 ML and c) 6 ML thick NPLs 

Following, the procedure of lateral extension by the CdS semiconductor was carried out, i.e., the so-called 

core/wing heterostructures were obtained (Figure 2). The absorption spectrum of nano-heteroplatelets 

contains new absorption bands that correspond to CdS nanoplatelets with a same thickness of 5 monolayers. 

The luminescence spectrum of CdSe/CdS nano-heteroplatelets is practically unchanged compared the 

luminescence spectrum of the initial NPLs with the exception of a small shift of 5 nm to the long-wavelength 

region. However, there is no maximum on the luminescence spectrum that would correspond to these new 

optical transitions in absorption. This behavior indicates the formation of a heterostructure with efficient charge 

or energy transfer. The quantum yield of nanoplates after the growth of the wing increased from 11 to 24 %. 

Electron microscopic images of the NPLs after the lateral extension procedure show that the nanocrystals are 

rectangular with an irregular boundary with a maximum length of 150 - 200 nm. 
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a)  b)  

Figure 2 a) PL and Abs spectra of core/wings CdSe/CdS NPLs and b) TEM image of 6 ML thick NPLs 

After the procedures of substitution, the luminescence and absorption bands of structures move to the near IR 

region of 1200 - 1300 nm, which indicates the complete replacement of cadmium atoms by lead in the 

composition of CdSe / CdS nano-heteroplatelets. SEM images of our nanocrystals show that we acquired 

nanoplates and their lateral size is approximately 200 nm (Figure 3). Therefore, the proposed cationic 

substitution procedure allows one to preserve the two-dimensional shape of nanocrystals. 

a) b) c) 

Figure 3 a) PL and Abs spectra of 5 ML PbSe/PbS NPLs and SEM images of b) 5 ML  

and c) 6 ML thick IR NPLs 

4. CONCLUSION 

Present work contains our study on optical properties and morphology of two-dimensional core/wings 

PbSe/PbS nanostructures. We have developed a reproducible synthesis procedure for obtaining ultrathin 

NPLs with the near infra-red emission.  

We have studied absorbance and photoluminescence characteristics of these NPLs. The obtained results fully 

comply with the literature data for this class of nanoobjects. They demonstrate several fundamental differences 

from cadmium compounds NPLs due to the difference in the energy structures of nanocrystals having a zinc 

blende lattice in the case of cadmium and a cubic salt lattice in the case of lead. The absorption spectrum 

shows a clearly distinguishable step, and not narrow exciton maxima, like cadmium compounds NPLs. This 
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can be partially explained by the dispersion of the thickness of the nanoplates in the sample, as well as the 

large value of the dielectric constant of lead salts. 

Lead-based NPLs are characterized by a large surface area up to several microns, which together with 

luminescent parameters makes them potentially applicable in photovoltaics. 
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Abstract 

All-inorganic perovskite nanocrystals with chemical formula CsPbX3 (X = Cl, Br, and I) attract much scientific 

attention since they possess unique optical properties, such as high extinction coefficients and values of 

emission quantum yield, together with ease of their synthesis and tunability in the chemical composition. 

However, these nanomaterials are still far from their large-scale applications since they lack stability. Here, it 

was shown that the use of a nanoporous glass matrix allowed obtaining the samples with blue, green, and red 

perovskite nanocrystals possessing reproducible optical characteristics which are almost similar to that of their 

colloidal solution. Such a matrix also prevented the fast degradation of nanocrystals both at the storage in 

ambient and under UV-light exposure and/or in the conditions of increased humidity.  

Keywords: Perovskite, nanocrystals, porous matrix, emission, stability, moisture  

1. INTRODUCTION 

The development of chemical routes for the synthesis of nanocrystals with crystal lattice of perovskite-type 

(PNCs) with chemical formula CsPbX3 (X = Cl, Br, and I) [1] resulted in the burst of scientific attention since 

the PNCs possess unique optical and electronic properties: high extinction coefficients, high 

photoluminescence (PL) quantum yields reaching 1, and high charge carrier mobility [2,3]. Another advantage 

of these nanomaterials is the tunability of chemical composition together with the ease of fabrication [2] which 

is important for PNCs future utilization in different areas of photovoltaics and optoelectronics. 

However, these materials are unstable and can be easily decomposed under ultra-violet (UV) light exposure 

and while storing in increased humidity [4,5]. At the moment there several ways to tackle this problem: (i) direct 

synthesis in polar solvents [6], (ii) passivation of PNC surface via chemical treatment including the ligand 

engineering [7,8], and (iii) embedding the PNCs into different inert matrices, such as polymers or solid porous 

matrices [9-11]. In the latter approach, the matrix can be chosen from a wide variety of materials either 

soft/flexible or hard/solid which can be related to their further application.  

Here, we investigate the stability of optical responses of all-inorganic PNCs embedded in nanoporous silicate 

matrix (NSM) under the UV exposure and increased humidity. The developed idea on PNC protection is of 

wide interest for their further implementation as active media in solar cells, photodetectors, and light-emitting 

diodes. 

https://doi.org/10.37904/nanocon.2019.8782 
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2. EXPERIMENTAL 

Steady-state spectral measurements of samples were carried out using a UV-3600 spectrophotometer 

(Shimadzu), a FP-1800 spectrofluorometer (Jasco), and a confocal lasing scanning microscope LSM-710 

(Zeiss) equipped with 20× (NA=0.4) objective and a 405 nm laser. For transient photoluminescence 

measurements a confocal microscope MicroTime 100 (PicoQuant) equipped with 100× (NA=0.95) objective 

and 405 nm pulsed diode laser implementing time-correlated single photon counting. To estimate the value 

deviations of each optical parameter the signal from the sample was collected at least in 3 different points. 

Cesium carbonate (Cs2CO3, 99.9%), lead bromide (PbBr2, 98%), lead chloride (PbCl2, 99.999%), lead iodide 

(PbI2, 99.999%), octadecene (ODE, 90%), and oleylamine (OlAm, 70%) were purchased from Merck & Co., 

oleic acid (OA, 85%-92%) was purchased from Fisher. The chemicals were used without any purification. 

PNCs were synthesized according to the previously reported route [1]. As a result of the synthesis, three 

colloidal solutions of CsPb(Cl/Br)3, CsPbBr3, and CsPbI3 with blue, green, and red emission, respectively, were 

obtained and designated hereafter as b-PNCs, g-PNCs, and r-PNCs. The mean size of PNCs was 8±1, 10±4 

and 13±5 nm for b-PNCs, g-PNCs, and r-PNCs, respectively. 

NSMs were fabricated by the procedure reported in [12]. Before the use, the obtained NSMs were annealed 

at 100 ˚C during 1h in a vacuum oven to get rid of moisture and oxygen presented inside the pores. 

3. RESULTS AND DISCUSSION 

From SEM image of NSM shown in Figure 1a it is seen that the pores are of nanometer-size and 

homogeneously distributed within NSM’ volume. The 3D PL image reconstruction of chopped NSM with  

g-PNCs shown in Figure 1b confirmed the PNCs penetration into NSM pores. 

 

Figure 1 (a) SEM image of NSM. Scale bar is of 100 nm. (b) 3D PL image of g-PNCs in NSM 

The confocal PL images of samples showed that the PNCs formed agglomerates on the NSM surface which 

were most probably located at the pore entry. This can be seen as bright spots in the PL images (Figure 2).  

 

Figure 2 PL image of b-PNCs (a), G-PNCs (b), and r-PNCs (c) in NSM. The image size is of 100 × 100 µm  
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Although the formation of agglomerates on NSM surface is an 

undesirable process that may affect optical properties of PNCs, 

however, this helped to close as many pores on the surface as 

possible which, in turn, resulted in the increased protection from the 

moisture and oxygen penetration within the porous matrix. 

The absorption spectra showed increased optical density in the 400-

650 nm spectral region which can be attributed to the presence of the 

PNCs in the NSM volume. The PL spectra shown in Figure 3 of PNCs 

in NSM showed almost unchanged peak positions with the increased 

full width at half maximum (FWHM). It is worth to mention that the 

average PL lifetime is almost preserved after the PNCs embedding 

into the NSMs. This observation suggested that the embedding of 

PNCs into the NSMs didn’t result in the appearance of additional 

nonradiative channels of charge carriers’ recombination. PL 

parameters of investigated samples are summarized in Table 1. 

Table 1 Optical parameters of PNCs in colloidal solution and in NSM 

P-NCs Blue Green Red  

PL peak/ 

FWHM, nm 

PL lifetime, ns PL peak/ 

FWHM, nm 

PL lifetime, ns PL peak/ 

FWHM, nm 

PL lifetime, ns 

Solution 442/20 14±3 510/20 28±4 680/40 110±6 

NSM 438/50 12±1 525/25 24±5 690/50 80±5 

 

Figure 4 Optical properties of b-PNCs (a and c) and g-PNC (b and d) in NSM: PL spectra (a and b) under 

UV exposure, time of exposure is listed in b legend; PL peak position (c and d), Insets in c and d show the 

change in PL lifetime with UV exposure time 

Figure 3 PL spectra of b-PNCs 

(blue), g-PNCs (green), and r-

PNCs (red) in colloidal solution 

(solid lines) and in NSM (dashed 
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First, the samples were examined on the stability of the optical parameters under UV exposure. For that, the 

NSM samples with PNCs were constantly irradiated by a 405 nm laser. The PL spectra for b-PNCs and g-

PNCs in NSM together with the average PL lifetimes are shown in Figure 4. For b-PNCs embedded into NSM 

a broadening of the PL band was observed with almost the same PL peak position. The average PL lifetime 

decreased slightly during the UV-exposure. For g-PNCs in NSM PL band didn’t undergo any significant 

changes. As it was observed for b-PNCs average PL lifetime also decreased slightly with increased exposure 

time. 

Second, the stability of the optical properties of g-PNC embedded into the NSM was probed under the 

increased humidity conditions. For that, the distilled water was dispersed at the 20 cm distance from the 

sample. After the water dispersing, the PL spectrum was measured, and this procedure was repeated 3 times. 

The changes in emission relative efficiency and PL position with increased humidity are shown in Figure 5.  

 

Figure 5 (a) Sketch of PNCs samples. (b) PL efficiency (red circles) and peak (green squares) change with 

increased humidity 

As it can be seen from Figure 5 the NSM as a host matrix for PNCs preserved the optical properties  

of g-PNCs during the increased humidity. However, there was a critical value of humidity reaching which the 

PL efficiency decreased almost twice. Next, we examined the optical properties of g-PNCs in NSM after dipping 

the sample into the distilled water. The PL signal disappeared after such a treatment. 

4. CONCLUSION 

The use of a nanoporous glass matrix allowed obtaining the samples with blue, green, and red perovskite NCs 

possessing reproducible optical characteristics that are almost similar to that of colloidal solution. Such a matrix 

also may prevent the fast degradation of nanocrystals both at the storage in ambient and under UV-light 

exposure and/or increased humidity. Thus, the nanoporous inert solid matrix is a perspective candidate for its 

implementation as a host matrix for perovskite nanocrystals for photovoltaic and optoelectronic devices with 

improved performance. 
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Abstract  

The synthesis and application of metal and ceramic nanoparticle are significant subject in science and 

engineering. The metal nanoparticles such as gold, silver, and copper nanoparticles have more application in 

material science, nanomedicine, electronic, photonic, and art. One of the green method for preparation of metal 

nanoparticles is laser ablation technique that offers a unique tool for nanofabrication of nanoparticles. In this 

work, gold colloids were prepared by pulsed laser ablation of high purity gold plate immersed in deionized 

water and 10µM NaCl solution. After ablation process we study the change in the size distribution of 

nanoparticles after the ablation process for a month. 

Keywords: Laser ablation, gold nanoparticles, size distribution, colloidal solution, nanomedicine 

1. INTRODUCTION 

Colloidal solutions of plasmonic nanoparticles, such as gold and titanium nitride, have a number of unique 

properties, in particular, resonant absorption and scattering of light [1], as well as a huge amplification of the 

electromagnetic field near the surface [2], which makes them very effective both in catalysis [3] and in 

biomedical applications [4]. However, arbitrary transformations of the size, morphology and structure of 

nanoparticles during synthesis, and most importantly after its completion, during storage, temperature 

fluctuations and dilution of solutions is a significant problem. Uncontrolled and often unpredictable 

transformations lead to a loss of useful properties and a decrease in the reproducibility of the properties of 

nanoparticles, and hinder their practical application in biomedicine. Traditionally, aqueous solutions of 

nanoparticles are synthesized using well-studied methods of colloid chemistry [5]. However, the surface of 

nanomaterials thus obtained is often contaminated with residues of reagents, and the colloidal stability of 

solutions is achieved by coating their surfaces with stabilizing ligands, which reduce the catalytic activity of 

particles and impede their use in biological systems [6] (the reagents and ligands used are often biologically 

incompatible). In contrast to the chemical method, the physical method for the synthesis of colloidal solutions 

of nanoparticles, which appeared in 1993 and is based on laser ablation of a solid target immersed in a liquid, 

allows nanoparticles to be obtained under ultra-pure conditions, for example, in deionized water [7]. The 

colloidal stability of such solutions is achieved not due to the use of ligands, but because of the partial oxidation 

of the surface of nanoparticles [8]. As a result of oxidation, the surface receives an electric charge and the 

particles are electrostatically repelled from each other in the solution. 

Often, the size and morphology of particles obtained by different authors under similar experimental conditions 

are significantly different from each other. The cause of such scatter can also be the "slow" maturation of 

nanoparticles, since the description of experiments almost always lacks an exact indication of the time interval 

from synthesis to characterization. Therefore, the study of the kinetics of “slow” maturation of colloidal solutions 

of nanoparticles based on titanium, gold, silicon, and a silicon-gold composite with the determination of the 

main physical mechanisms of transformation is an urgent and new study. A clear understanding of the physical 

mechanisms of “slow” particle growth, synthesized by laser methods, and the evolution of the constituents of 

the colloidal system will help find ways to increase its stability and improve the reproducibility of consumer 

properties of nanoparticle-based drugs for biomedical applications. 

https://doi.org/10.37904/nanocon.2019.8785 
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The synthesis and application of metal and ceramic nanoparticles are significant subject in science and 

engineering. The metal nanoparticles such as gold, silver, and copper nanoparticles have more application in 

material science, nanomedicine, electronic, photonic, and art. One of the green method for preparation of metal 

nanoparticles is laser ablation technique that offers a unique tool for nanofabrication of nanoparticles.  

It should be noted that in laser ablation mechanism selection of parameters of laser radiation (wavelength, 

pulse duration, its power) allows you to finely control the process of formation of nanostructures, and therefore, 

allows you to obtain materials with the required characteristics. 

Laser ablation of solids in liquids is an effective technique with considerable potential in the generation of 

nanocrystals, which allows multilateral design through choosing appropriate solid target materials and 

confining liquids. In this work, gold colloids were prepared by pulsed laser ablation of high purity gold plate 

immersed in deionized water and 10µM NaCl solution. The aim of this work is to study the time dependences 

of the size and morphological properties of simple gold-based nanoparticles obtained by femtosecond laser 

ablation. 

2. EXPERIMENTAL PART 

The use of pulsed-laser ablation at the solid-liquid interface was first reported by Patil and coworkers in 1987 

to produce a metastable form of iron oxide from a pure iron target material [9]. Laser ablation in liquids has 

been used to produce nanoparticles as an alternative to chemicals because ablation in liquid is considered a 

cleaner environment in which to produce nanoparticles. Different liquids have different effects on the 

production of nanoparticles. For example, laser ablation of a Tin (Sn) target in water produces polycrystalline 

tin dioxide (SnO2) nanoparticles, while ablation in ethanol produces single crystals of tin coated with tin 

hydroxide (Sn(OH)2) nanoparticles [10]. The generation of nanoparticles in different solutions, particularly in 

pure water or deionised water, has received much attention from researchers in the field of nanoparticle 

generation because pure water is a suitable environment for the synthesis of nanoparticles and is free from 

any contamination. 

 
Schematic diagram of the experimental setup of PLAL 

Laser ablation of solids in liquids is an effective technique with considerable potential in the generation of 

nanocrystals, which allows multilateral design through choosing appropriate solid target materials and 

confining liquids [11]. The response of different liquid solutions in the generation of nanoparticles varies 

considerably. 

In this work, gold colloids were prepared by pulsed laser ablation of high purity gold plate immersed in 

deionized water and 10µM NaCl solution. We study the change in the size distribution of nanoparticles after 

the ablation process for a month. Size distribution of obtained nanoparticles was measured using dynamic light 

scattering (DLS) method. TEM images of nanoparticles were obtained at at different time intervals after laser 

ablation process.  
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At the first stage, aqueous and 10 μm NaCl solution were synthesized of au nanoparticles by ablation of a solid 

target using the teta-10-compals femtosecond laser system.  

Next, a systematic study was conducted of the dependence of their dimensional, morphological properties on 

the parameters of ablating laser radiation: energy, duration of the synthesis process; as well as the type of 

liquid in which the synthesis is carried out (water, nacl solution) and the time after synthesis in the range from 

5 minutes to 30 days using a combination of methods, such as scanning transmission electron microscopy 

(size, morphology), dls (dynamic light scattering).  

3. RESULTS 

In this communication, we study the change in the size distribution of nanoparticles after the ablation process 

over time. From the end of ablation to the 21st day. Size distribution of obtained nanoparticles was measured 

using dynamic light scattering (DLS) method. TEM images of nanoparticles were obtained at regular intervals 

after laser ablation process.  

Table 1 Parameters of laser radiation 

Liquid Energy,J Laser WL,nm Power,W RR,Hz Total Duration,mins 

Deionised water;  

10µM NaCl 

 

100µ 

 

1030 

 

1000m 

 

10k 

40 min; 

30 min 

It should be noted that in laser ablation mechanism selection of parameters of laser radiation (wavelength, 

pulse duration, its power) allows you to finely control the process of formation of nanostructures, and therefore, 

allows you to obtain materials with the required characteristics [11]. 

STEM images of Au nanoparticles in deionised water produced by PLAL at different time intervals after ablation 

(a) 1 hour, (b) 3 days are illustrated at Figure 1. 

Figure 2 illustrates size distribution of Au nanoparticles in deionized water after ablation at different time 

intervals.  

1. Fs laser (270 fs, 1030 nm, 1-100kHz). 
2. Mirrors. 

3. A vessel with the target. 

Experimental setup 

1 

2 

3 
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Figure 1 STEM images of Au nanoparticles in deionised water produced by PLAL at different time intevals 

after ablation (a) 1 hour, (b) 3 days 

 
Figure 2 Size distribution of Au nanoparticles in deionized water after ablation at different time intervals 

 
Figure 3 Size distribution of Au nanoparticles in 10µM NaCl solution after ablation at different time intervals 
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Figure 3 shows size distribution of Au nanoparticles in 10µM NaCl solution after ablation at different time 

intervals.  

4. CONCLUSION 

Colloidal solutions of plasmonic nanoparticles, such as gold and titanium nitride, have a number of unique 

properties, in particular, resonant absorption and scattering of light, as well as a huge amplification of the 

electromagnetic field near the surface, which makes them very effective both in catalysis and in biomedical 

applications. However, arbitrary transformations of the size, morphology and structure of nanoparticles during 

synthesis, and most importantly after its completion, during storage, temperature fluctuations and dilution of 

solutions is a significant problem. Uncontrolled and often unpredictable transformations lead to a loss of useful 

properties and a decrease in the reproducibility of the properties of nanoparticles, and hinder their practical 

application in biomedicine. 

From this work, we can conclude that in the long-term time range, colloidal solutions of gold nanoparticles in 

water and NaCl solution remain stable. Sizes of nanoparticles range from 20 to 60 nm. 
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Abstract 

Zirconium oxide (ZrO2) is a widely utilized inorganic material with excellent dielectric, optical, and biocompatible 

characteristics. The properties and areas of the ZrO2 applications can be further broadened by making the 

material nanostructured. In this work, anodic ZrO2 nanostructured films were developed and characterized by 

scanning electron microscopy. The films were prepared by anodizing magnetron-sputtered Al/Zr bilayers in 

two regimes: galvanostatic/potentiostatic anodizing in (COOH)2 and H2SO4 solutions (anodized films) and that 

followed by the high-speed reanodizing to a significantly higher anodic voltage (reanodized films). The growth 

of a porous anodic alumina (PAA) layer followed by PAA-assisted oxidation of the Zr underlayer was achieved. 

The anodized films consist of arrays of self-organized spatially ordered ZrO2 nanohillocks while the reanodized 

films comprise arrays of vertically aligned ZrO2 nanorods. The growth of amorphous ZrO2 nanohillocks and 

nanorods within the alumina pores via migration of Zr4+ cations is a unique situation for anodic films on 

zirconium, which normally grow crystalline and by O2- anion transport at the oxide/metal interface only. The 

achievement is a milestone towards understanding the ion transport during the PAA-assisted anodization of 

valve metals with low cation transport numbers  

Keywords: Anodizing, zirconium oxide, porous anodic alumina, nanostructure, electron microscopy 

1. INTRODUCTION 

Zirconium oxide (ZrO2) is a multifunctional inorganic compound highly utilized in many technological areas due 

to its remarkable properties such as high melting point, good mechanical and thermal resistance, chemical 

stability, low electrical conductivity, and biocompatibility. It has been employed in protective coatings, 

optoelectronic devices, sensors, fuel cells, catalysts, and medical implants [1-5]. 

Active steps have been made to further enhance the properties of the oxide through making it nanostructured. 

Commonly used methods include sol-gel and variety of gas-phase processes [6,7]. Relatively recently, an 

electrochemical approach (anodizing) has been developed as a simple and versatile technique for forming 

ZrO2 nanoporous films on top of the metal [8]. However, preparation of substrate-supported 1-D ZrO2 

structures like nanoneedles, nanorods, and nanowires remains a challenge. Most recently, an alternative 

anodization technique has emerged for processing superimposed valve-metal films consisting of a layer of 

aluminum over a layer of different metal. The aluminum layer is first converted to porous anodic alumina (PAA), 

then the underlying metal is anodized through the alumina nanopores. Although the approach was a success 

for forming Ta, Nb, W, and Hf oxide nanostructures [9-11], the obstacles for growing zirconium-oxide 

nanostructures are the noticeably low Zr4+ cation transport number (0.05) and the crystallization of the oxide 

under the high electric field [12,13].  

Here we report the formation of self-ordered and uniformly aligned ZrO2 nanostructures via the PAA-assisted 

anodizing of Al/Zr bilayers on substrates. Due to the appropriate electrolytic and electrical conditions, a 

sustainable growth of nanostructured zirconium anodic oxide was achieved not only at the oxide/metal 

interface but also at the electrolyte/oxide interface, i.e. within the alumina nanopores. The films were examined 

by high-resolution scanning electron microscopy after selective dissolution of the PAA overlayer. 

https://doi.org/10.37904/nanocon.2019.8711 
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2. EXPERIMENTAL 

2.1. Sample preparation 

A face-side polished Si wafer, covered with a 300 nm layer of SiO2, was used as a starting substrate. A layer 

of Zr, 150 nm thick, followed by a layer of Al, 700 nm thick, were deposited on the substrate via magnetron 

sputtering from Zr and Al targets of respectively 99.95% and 99.999% purity. Anodization experiments were 

carried out in aqueous solutions of 0.2M (COOH)2, 0.6M (COOH)2, 0.4M H2SO4, and 2M H2SO4 at room 

temperature. For the first series of samples (anodized films) anodic process was performed in a constant 

current mode followed by a potentiostatic mode after the complete consumption of the aluminum layer. The 

second series of samples (reanodized films) were prepared by anodizing at the same conditions followed by 

a rapid rise in the applied voltage to a significantly higher value (reanodizing), in order to promote the growth 

of zirconium oxide within the PAA pores. After the anodizing and reanodizing, the samples were thoroughly 

rinsed with deionized water and dried in an oven at 120 °C for 10 minutes. In order to selectively dissolve the 

PAA overlayer (PAA-free films), the samples were dipped in a stirred solution of 0.45М H3PO4 and 0.2М Cr2O3 

heated to 65 °C, thoroughly washed in deionized water, and dried in air at 120 °C for 10 minutes. 

2.2. Sample characterization 

The surface morphology and cross fractures of the PAA-free samples were examined in a TESCAN MIRA II 

field-emission scanning electron microscope, equipped with an InBeam detector for secondary electrons, 

without depositing any conducting layer. 

3. RESULTS AND DISCUSSION 

3.1. Anodizing behavior 

A typical electrochemical response during anodizing, followed by reanodizing in 0.2M (COOH)2 is shown in 

Figure 1. The first processing stage is the same for both the anodized and reanodized samples. When a 

constant current density of 10 mA‧cm-2 is applied, the voltage begins to gradually increase at a rate of about 

1.7 V⋅s-1 due to the growth of a compact anodic film on the Al layer. After reaching a maximum of about 61 V, 

the voltage begins to gradually decrease until it attains a steady-state value of approximately 50 V at the end 

of stage I. Such voltage behavior reflects the nucleation and growth of a porous anodic film. At the 

commencement of stage II, a steady-state PAA growth begins, then the voltage remains stable. After about 

90 seconds of the stable PAA growth, the aluminum layer is almost fully consumed and the bottoms of growing 

PAA cells reach the Zr metal (the end of stage II). Then the voltage is allowed to slightly grow up to a set point 

of 55 V, after that the setup is automatically switches to a potentiostatic mode, preventing the oxide from further 

growth. In about 60 s of voltage stabilization, the current density decreases to an almost steady low value. The 

voltage-time behavior during the anodic process is typical for PAA growth, so one could expect a good degree 

of pore self-ordering in the upper PAA layer [14].  

During stage III, a different approach is implemented for forming the reanodized samples (Figure 1). After a 

60-second current decay after beginning of stage III, the voltage is rapidly raised at a rate of 10 V⋅s-1 (sweep 

rate) to 250 V (reanodizing voltage) and is stabilized for 120 s. During the voltage sweep, the current density 

increases rapidly to a value of about 9 mA‧cm-2 and remain relatively stable until the voltage reaches the set 

point. 

During the voltage stabilization period at stage III, the current drops to an almost steady and substantially low 

value, then the polarization is cut off. The electrochemical responses for anodizing and reanodizing other 

samples in all the solutions correlated with the behavior shown in Figure 1, the exact process variables and 

morphological features being collected in Table 1. 
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Figure 1 Voltage−time and current−time responses during anodizing followed by reanodizing an Al/Zr bilayer 

in 0.2M (COOH)2 electrolyte at room temperature 

Table 1 Process parameters and morphological characteristics for anodizing and reanodizing Al/Zr bilayer  

              samples in oxalic and sulphuric acid solution employed in this study 

Electrolyte 
concentration 

(M) 

Current density 
(mA ⋅ cm-2) 

Steady-state 
voltage 

(V) 

Reanodizing 
voltage 

(V) 

Sweep rate 
(V⋅s-1) 

Population 
density 
per cm2 

(COOH)2 
0.2 10 50 250 10 8.0 ⋅ 109 

0.6 10 40 250 10 1.3 ⋅ 1010 

H2SO4 
0.4 6 15 150 5 4.8 ⋅ 1010 

2.0 6 9 50 2 1.7 ⋅ 1011 

3.2. Film morphology 

Figures 2, 3, and 4 show SEM images of surfaces and cross-fractures of the anodized and reanodized 

samples after selective dissolution of the overlaying PAA layer. On the anodized samples (Figure 2), ordered 

arrays of nanosized hillocks, presumably of ZrO2, are observed. The density and positioning of the hillocks is 

well correlated with the PAA cells for each type of electrolyte and the formation conditions. Likely, the hillocks 

grow under the PAA cells. From the tilted images, the hillocks are bell-shaped, have wide bases and relatively 

narrower tops. Notably, the bases of the hillocks are about twice the diameters of pores in the corresponding 

PAA films. This suggests that areas on Zr metal larger than the PAA pores are oxidized through the alumina 

barrier layer during the anodizing process. Another important feature is the dark gaps between the hillocks, 

presumably of crystalline zirconium oxide, which mimic the cellular grid of the PAA layer, with respect to 

formation voltage in each anodizing solution. 

From Figure 3, the different film morphology is observed for the reanodized samples. Vertically aligned 

nanostructures, presumable of ZrO2, emerge from the film surface. Their lower parts are well separated from 

each other and localized within the areas that generally fit the size of the corresponding alumina cells. The 

black gaps separating the nanostructures are supposedly crystalline ZrO2. 
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Figure 2 SEM top (upper row) and 30o tilted (lower row) views of surfaces derived from an Al/Zr bilayer 

anodized in 0.2M (COOH)2 (a, e), 0.6M (COOH)2 (b, f), 0.4M H2SO4 (c, g), and 2M H2SO4 (d, h) electrolytes. 

Before observation the PAA overlayers were selectively dissolved. Scale bar is same for all images. 

 

Figure 3 SEM top (upper row) and 30o tilted (lower row) views of surfaces derived from an Al/Zr bilayer 

anodized and reanodized in 0.2M (COOH)2 (a, e), 0.6M (COOH)2 (b, f), 0.4M H2SO4 (c, g), and 2M H2SO4 

(d, h) electrolytes. Before observation the PAA overlayers were dissolved. Scale bar is same for all images. 

From the tilted images (Figures 3 e, f, g, h), it is seen that the ZrO2 nanostructures resemble rods, which are 

substantially longer than the hillocks grown in the anodized samples and rise well above the general film level. 

An important feature of the reanodized samples is that some tips of the nanorods tend to aggregate with their 

closest neighbors. These phenomena might be caused by a combination of two reasons. First, the 

nanostructures of such aspect ratio are the subject of strong van der Waals forces. Second, the bases of the 

nanorods might contain an amount of residual alumina mixed with zirconium oxide and partly dissolved during 
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the PAA removal process, which results in mechanically weakening the bases. The latter might be resolved 

through further optimization of reanodizing conditions and will be studied in a future work.  

Cross-section SEM images of the reanodized samples (Figure 4) allow to estimate the form and size of the 

ZrO2 nanostructures. The length and diameter of the rods vary depending on anodizing electrolyte. Further, 

the shape of the rods is not uniform along their length, and the diameters widen towards the substrate level, 

resembling the form of a tree trunk. It may be assumed that the hillocks are of the same sizes as the bottom 

parts of the rods and, therefore, might have similar chemical composition. This implies that the narrower, tall 

part of the rods is ZrO2 that forms by filing the pores in the PAA upper layer during the reanodizing process. 

From Figure 4, the nanorods seem to be well separated from the remaining Zr metal by a thin oxide layer, 

which is believed to be crystalline ZrO2.  

 

Figure 4 SEM views of cross-fractures of samples prepared by anodizing and reanodizing of Al/Zr bilayer 

films in 0.2M (COOH)2 (a), 0.6M (COOH)2 (b), 0.4M H2SO4 (c), and 2M H2SO4 (d) electrolytes. Before 

observation the PAA overlayers were dissolved away. Scale bar is 500 nm for all images. 

The SEM results confirm that ZrO2 can grow through the alumina barrier layer and further within the pores of 

the upper PAA film, despite the commonly known fact that the oxide is only expected to grow in crystalline 

form underneath the alumina barrier layer [15]. This may be explained by suggesting that during the anodizing 

process amorphous ZrO2 grows towards the pore space by migration of Zr4+ through the alumina barrier layer 

and simultaneously mixing with alumina within the barrier layer. The ZrO2 hillocks thus formed inside the barrier 

layer can provide the pathway for further oxidation of Zr during the reanodizing. When reanodizing proceeds, 

the pores of the upper PAA layer are filled with growing ZrO2 material and form rod-like nanostructures. From 

such behavior, it is obvious that the transport number of Zr4+ cation through the oxide becomes significantly 

higher than 0.05, the phenomenon to be investigated in more detail in future works. 

CONCLUSION 

Upright standing self-ordered arrays of ZrO2 nanostructures may be fabricated by anodization of Al/Zr bi-

layered films in (COOH)2 and H2SO4 electrolytes at various formation voltages. Generally, the process involves 

the conversion of Al metal into a PAA layer followed by oxidation of nether Zr layer. The growth of PAA-assisted 

hillock-like nanostructures of various sizes and geometries is achieved for the first time. The lengthening of 

ZrO2 nanostructures within the PAA pores appeared to be also possible due to the high-speed reanodizing 

technique. Substrate-supported self-ordered arrays of ZrO2 nanohillocks or nanorods are obtained after the 

dissolution of the PAA layer. The ZrO2 nanostructures thus grown are supposedly amorphous in their nature. 

Their formation is believed to be driven by an extraordinary increased outward migration of Zr4+ cations through 

the alumina barrier layer during the constant-current anodizing and high-speed reanodizing processes. This 

study contributes to understanding and utilizing the unusual ion migration and solid-state reactions during the 

PAA-assisted anodization of valve metals having basically low cation transport numbers.  
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Abstract  

In the present work we focused on the development of a low pressure capacitively coupled radio-frequency 

PECVD reactor for preparation of plasma-polymer thin films from organosilazane precursors. The dependence 

of the film growth from hexamethyldisilazane (HMDSZ, SiN2C6H19) and oxygen containing mixtures on the 

deposition parameters was studied. The time evolution of the negative self bias voltage on the thin film growth 

was studied. It was found, that the changes in the self bias voltage significantly influenced the surface structure 

and the properties of the growing films. The mechanical properties of the films were studied using 

nanoindentation technique and the surface structure was studied using atomic force microscopy (AFM).  

Keywords: PECVD, nanoindentation, profilometry, confocal microscopy, AFM 

1. INTRODUCTION 

The plasma enhanced chemical vapor deposition (PECVD) from silicon containing organic precursors is a 

highly versatile technique, which enables to prepare thin films in a very wide range of functional properties 

simply by means of the variation of deposition parameters. The resulting properties of the thin films are 

determined by their chemical structure and atomic composition. As has been shown in many publications [1-

9], it is possible to prepare thin layers with extreme physical properties, such as high hardness, which may be 

higher, than that of the bulk material, high elasticity and fracture resistance, increased (or reduced) surface 

free energy, advantageous electrical, optical or thermal properties. For the application of these layers in the 

industry, it is important that the thin film preparation process is reproducible. This requires understanding the 

nature of the dominant parameters and processes that determine the resulting chemical structure and layer 

composition in order to optimize the deposition process. The parameters of prepared films may be varied by 

means of the main deposition parameters such the applied power, the bias voltage on the substrate holder, 

the deposition pressure, the deposition temperature, flow rates and flow rate ratios of precursors and base 

gases and the temperature of the monomers [10-13]. However, instead of the above listed parameters the 

geometry of the plasma reactor (reactor volume, size and distance of electrodes, the geometry and the method 

of introducing precursor gases into the apparatus, etc.) may play crucial role on the properties, film growth 

rates and the quality of the prepared films. In the present work we focused on the development and optimization 

of a low pressure capacitively coupled radiofrequency PECVD reactor for preparation of oxygen containing 

plasma-polymer thin films. We focused on the study of the dependence of the film growth from HMDSZ 

containing mixtures on the deposition parameters. 

2. EXPERIMENTAL DETAILS 

2.1. Thin film deposition 

The PECVD chamber is made from stainless steel (see Figure 1). The volume of used chamber was 

determined on the basis of the pressure increase in the evacuated chamber with pumping valve closed during 

introduction of defined flow of nitrogen (S was in range from 10 to 30 sccm, 99.99% purity). This measurement 

https://doi.org/10.37904/nanocon.2019.8749 
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was made in the pressure range from 5 to 50 Pa with different times of 

pressure increase. The pressure was measured by capacity gauge 

Leybold CR090 (1 Torr), and the volume of the chamber was 23500 cm3. 

The deposition system consists of two parallel stainless steel electrodes 

with the same diameter of 10.0 cm which are distant from each other at 

5.5 cm. The lower electrode was connected to power supply Dressler 

CESAR 300W and the upper electrode was grounded. Because the 

chamber walls were grounded too, the created glow discharge was 

asymmetric. All gases are supplied through ring with small holes and inner 

diameter 0.6 cm, which is located over upper electrode (see Figure 1). 

All gas paths were designed with respect to the flow rate used, that means 

that gases with higher flow rate entrains gases with lower flow rate, this 

aspect is very important for accurate measurement of total flow rate and 

reproducibility of deposited thin films (other designs could lead to 

precursor condensation etc.). 

Application of organosilazane precursor (HMDSZ) in combination with the 

support gas (oxygen) enabled us to create ideal conditions for formation 

of dusty plasma. The dusty plasma is characterized by creating a larger particles or clusters of particles in 

plasma volume. Due to incorporation of growing particles, it is possible to make thin films with unique properties 

and high film growth rate. The dust particles and clusters are deposited at all chamber surface and this 

phenomenon can affect the self-bias voltage during the deposition. Therefore, the same procedure was used 

to treat chamber walls and electrodes prior to the main deposition process to maintain the same starting 

conditions for all depositions. The films characterized in the present work were made with the same supplied 

power (25 W), flow rate of HMDSZ (2 sccm) and O2 (5 sccm), only with the deposition times were varied (see 

Table 1). Before each deposition the substrates were cleaned in argon plasma with supplied power of 50 W 

for 5 minutes. 

2.2. Mechanical properties 

The mechanical properties were examined using indentation techniques. Measurements of the indentation 

hardness HIT and effective elastic modulus Eeff (Eeff=E/(1-2), where E is the Youngs modulus and  is the 

Poissons ratio) were done using a Hysitron TI 950 nanoindentor equipped with diamond Berkovich tip [14]. 

The quasistatic loading regime with 33 unloading segments was used to evaluate the depth dependence of 

the mechanical properties. The maximum load for the loading segments was in the range from 0.1 to 11 mN.  

2.3. Surface characterization techniques 

For determination thickness of deposited films we used stylus profilometer Bruker type DektakXT - a small part 

of deposited film was removed to reveal the interface between the deposited film and the silicon substrate. 

Surface characterization was made by AFM (Ntegra Prima NT-MDT) and confocal microscopy (LEXT 

OLS4000 3D). 

3. RESULTS AND DISSCUSSION 

3.1. Surface’s morphology 

Confocal microscopy was used to determine visible differences in surface morphology between the thin films 

deposited with various deposition times. From the optical images (see Figure 2) of the as-deposited films it is 

visible, that films with higher deposition time have more rough surface due to increased amount of dust 

Figure 1 Insight inside 

deposition chamber with detail 

on gas ring 
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deposited on substrate. Most of the dust clusters deposited on the film surface is weakly bounded to the film 

surface and can be removed by compressed air. 

 

Figure 2 Optical images of deposited thin films taken with confocal microscopy with 10x zoom. From the left 

side: deposition time 10 min, 2 min and 0.5 min (area 1280x1280 µm). 

After removal of the deposited dust we measured the thickness of thin films with stylus profilometer. This 

method was used due to the fact, that polymer thin films prepared in dusty plasma exhibit non-homogenities 

through film thickness what can lead to nontrivial dependency of refractive index and difficult evaluation of of 

film thickness using optical measurements. Table 1 summarizes the measured thickness and the calculated 

deposition rate of the deposited films. 

Table 1 Summary of the deposited thin films and their thicknesses 

Deposition time [min] 10 5 2 1 0.5 

Film thickness [nm] 1262 ± 40 712 ± 30 310 ± 30 260 ± 20 150 ± 10 

Deposition rate [nm/min] 126 142 155 260 304 

From Table 1 it is clearly visible, that the deposition rate decreased with increased time of the deposition. For 

more detailed study of the surface structure atomic force microscopy (AFM) was used. Examples of the AFM 

images for films with three different deposition times are shown in Figure 3. 

Figure 3 AFM images of the deposited thin films. From the left side: deposition time 10, 2 and 0.5 minutes. 

From the AFM images it is clear, that the surface properties were significantly influenced with the deposition 

time. The particle size increased, on the other hand the particle density on the sample surface decreased. 
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These changes were closely related to the self-bias voltage value evolution during the deposition. The self 

bias voltage data were automatically recorded during the whole deposition. In case of all depositions the self-

bias voltage had rising tendency (from -90 to -20 V for 10 minutes deposition) with increasing deposition time. 

According to our studies, the self bias voltage at the beginning of the deposition may be influenced by the state 

of the reactor walls and the electrodes. Therefore we have also to count with the influence of the pre-deposition 

process because the creation and the development of dusty plasma is highly susceptible to the type of the 

pre-deposited film on vacuum chamber walls and electrodes. In order to keep the self-bias values reproducible, 

in the first step we deposited a film on the chamber walls and the electrodes under the same plasma conditions 

as in the second step dealing with deposition of films on silicon substrates. 

3.2. Mechanical properties of deposited thin films 

In Figure 4 the hardness and elastic modulus obtained on the most thick film (1262 ± 40 nm) can be seen. 

The hardness and elastic modulus values obtained for indentation depths up to 100 nm are approx. 1.25 GPa 

and 7 GPa, respectively. These values are typical for plasma-polymer thin films. However, in case of soft thin 

films on hard substrates, the influence of the substrate hardness on the measured data starts approximately 

from the half of the film thickness. According to the Figure 4 the hardness increase starts much earlier, that 

means, that the film exhibited gradually decreasing hardness with increasing deposition time, probably 

because of the increasing size of dust particles embedding into the amorphous matrix. Because of their 

nanocomposite character the films showed significant elastic as well as anelastic (time dependent reversible 

deformation) behaviour, the indentation imprints tended to heal out during the unloading or after some time 

after the of the indentation test.  

Figure 4 Dependence of the hardness (on the left) and the elastic modulus on the indentation depth 

measured on the film which was deposited 10 minutes (the film thickness was 1262 ± 40 nm) 

4. CONCLUSION 

New PECVD system was developed for preparation of plasma polymer nanocomposite films from mixtures of 

hexamethyldisilazane and oxygen. The films were prepared under dusty plasma conditions. It was found, that 

the surface structure of the films depends strongly on the deposition time because of the time evolution of the 

DC self-bias voltage. With the decrease of the absolute value of self-bias voltage increased the dust particle 

size in the plasma volume what led to decrease of the hardness and the elastic modulus of the prepared films. 

The film showed high elastic as well as anelastic recovery.   
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Abstract 

In the present work plasma-polymer nanocomposite thin films were prepared under dusty plasma conditions 

in capacitively coupled RF discharges. The main focus was on the study of the formation of the organosilicon 

plasma polymers and their growth. The plasma polymers were grown heterogeneously in form of polymeric 

particles arising from the discharge volume which incorporated into the amorphous organosilicon polymeric 

film growing on the silicon and glass substrates. The created nanocomposite structure had very beneficial 

influence on the film properties. The films showed very interesting mechanical and surface properties. Variation 

in deposition conditions enabled us to vary the surface free energy of the films. The mechanical properties of 

the films were studied using nanoindentation technique and the surface structure was studied using atomic 

force microscopy. The atomic composition and chemical structure of the films were studied studied using XPS 

and FTIR techniques. The surface free energy of the films was studied using contact angle measuring 

techniques.  

Keywords: PECVD, hexamethyldisiloxane, oxygen, mechanical properties, AFM, surface free energy 

1. INTRODUCTION 

Silicon containing plasma polymer coatings are deposited by means of plasma enhanced chemical vapor 

deposition (PECVD) technologies for many applications ranging from microelectronic industry to aerospace 

industry and biomedical applications [1-13]. The silicon containing precursors in the mixture with oxygen are 

often used for preparation of glass-like stochiometric amorphous SiO2 or substoichiometric SiOx thin films. The 

coatings prepared from organosilicon or organosilazane compounds may also contain a considerable amount 

of carbon and hydrogen (SiOxCyHz). The chemical structure of the films strongly depends on the precursor to 

oxygen flow-rate, the applied power, the deposition pressure and the bias voltage on the substrate holder. 

Recently, liquid organosilicon compounds (tetraethoxysilane (TEOS), tetramethoxysilane (TMOS), 

hexamethyldisilazane (HMDSZ), and hexamethyldisiloxane (HMDSO)) are used as SiOx or SiOxCyHz 

precursors instead of the gaseous but hazardous and pyrophoric silane (SiH4).  

The fundamental mechanisms of the deposition from organosilicon/oxygen mixtures were explored intensively 

by several research groups, especially for hexamethyldisiloxane (HMDSO, C6H18Si2O) plasmas [1-3]. It was 

found that the HMDSO molecule dissociation is mainly produced by electron impact [1-3]. In the HMDSO 

molecule Si-C and C-H bonds are broken preferably, since the bond energies of Si-C (4.5 eV) and C-H (3.6 

eV) are lower than the bond energy of Si-O (8.3 eV) [1-3]. Depending on the HMDSO content in the deposition 

gas mixture it is possible to deposit hard SiO2-like coatings with negligible carbon content (in case if the 

HMDSO/O2 < 0.1) as well as soft and elastic polymer-like SiOxCyHz coatings. If the flow rate ratio HMDSO/O2 

is < 0.1, the heterogeneous oxidation reactions are dominating, what leads to significant reduction of the 

carbon content in the film. Depending on the kinetic energy of the ions impinging the surface of the growing 

film, film densification, surface smoothing and etching the smaller species may occur. In case of the high 

https://doi.org/10.37904/nanocon.2019.8699 
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HMDSO to oxygen mixtures carbonated radicals and the abstracted methyl radicals are either directly 

deposited or undergo homogeneous oxidation reactions and reactions with other hydrocarbon species. The 

fragments may then be adsorbed on the surface and the carbonated species may be oxidized by atomic 

oxygen. There is a third pathway of dissociative ionization process, when the HMDSO molecule is losing one 

of the methyl groups due to electron impact and a (CH3)3SiOSi(CH3)2 cation is created. The cation produced 

by the electron impact is a reactive electrophil compared to the oxygen in HMDSO molecule. This reaction 

may start the oligo-polymerisation process in plasma and leads to the formation of so called "dusty plasma" 

[4-9]. 

The dusty plasma is a very attractive tool for deposition of nanocomposite thin films, which could be 

successfully applied in many industrial and technological applications. This method may also be used to form 

films whose structure is granular and porous. Dusty plasmas were reported for a wide range of applications. 

For example, to produce low-k dielectric layers for microelectronics [5], formation of barrier layers [6,47] or 

biomedical applications [7]. Dusty plasma can also be used as a diagnostic tool for investigating phenomena 

in discharges [8]. 

2. EXPERIMENTAL 

The parallel-plate PECVD reactor was used to prepare nanocomposite SiOxCyHz films. The reaction chamber 

was made of a glass cylinder closed by two stainless steel flanges. The parallel electrodes were made of 

graphite and the bottom electrode was capacitively coupled to the RF generator working at frequency of 13.56 

MHz. The studied films were deposited low pressure RF glow discharge from a mixture of HMDSO (C6H18Si2O) 

and oxygen. The ratio of HMDSO flow rate QHMDSO and the total flow rate q (q=QHMDSO/(QHMDSO+ QO2)) ranged 

from 0 to 0.95. The HMDSO flow rate QHMDSO varied from 1 to 10 sccm and the oxygen flow rate QO2 was 

varied from 2 to 10 sccm. The substrates were silicon wafers and glass plates. The applied power P varied 

from 25 to 75 W and the DC negative self-bias voltage Ub ranged from -10 to -400 V. 

The instrumented indentation technique was used to study the mechanical properties of the films. The samples 

were measured by means of Fischerscope H100XYp microindentor and by Hysitron TI 950 (Bruker) 

nanoindentor equipped with a sharp Berkovich diamond indenter. The indenter diameter was less than 50 nm. 

The morphology of the film surface and the indentation prints were studied using atomic force microscope 

(AFM) Ntegra Prima NT-MDT. The Gwyddion software was used to evaluate the AFM images. 

The contact angle measurements and the surface free energy (SFE) evaluations were done using the See 

System (Advex Instruments) equipment and software, respectively. The Lifshitz-Van der Waals/acid-base 

approach [13] was used to calculate the electron-acceptor and electron-donor parameters of the surface free 

energy. The total surface free energy is a sum of its disperse LW and acid/base AB components: 

   LW AB ,      2   AB
                                                                                                       (1)  

where  

     - the total surface free energy (mJm-2) 

LW - dispersive Lifshitz-Van der Walls component of SFE (mJm-2) 

AB  - acid-base component of SFE (mJm-2) 

+  - acid component  (mJm-2) 

+  - base component  (mJm-2) 

The surface energy can be calculated according to Young-Dupré equation expressed by the following 

equation:   
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     jiji

LW

j

LW

iii  2cos1                                                                                        (2) 

where: 

 - the contact angle () i refers to testing liquid and j refers to the measured thin film.  

Six testing liquids and the least square method was used to determine the coefficients in equation (2). 

3. RESULTS AND DISCUSSION 

A large number of depositions were carried out in a wide range of deposition conditions as a continuation of 

our previous work presented in [14]. Thin films with a wide range of surface free energy were produced. 

Moreover, the mechanical properties of prepared films were in the range from hard inorganic SiO2-like 

properties to soft polymer-like SiOxCyHz films properties.  

      

Figure 1 Dependence of the total surface free energy (on the left) and its AB part (on the right) on the self 

bias voltage Ub on the substrate holder electrode. 

    

Figure 2 Optical images of the water drops on the hydrophobic coating (on the left) with water contact angle 

of (93 ± 1)o  prepared at low absolute value of Ub and on the hydrophilic coating (on the right) with water 

contact angle of (60 ± 1)o prepared at at low absolute value of Ub. 

In Figure 1 on the left there is a graph illustrating the dependence of the total surface free energy (on the left) 

and its acid-base part on the DC self-bias voltage. It can be seen that at high absolute value of Ub the films 

exhibited glass-like hydrophilic properties (there is an example of the water contact angle in Figure 2 on the 

left) in case of low absolute values of Ub the films showed hydrophobic behavior (in Figure 2 on the right). 

Samples prepared at relatively low absolute value of self bias voltage < 120 V exhibited large elastic recovery 

and also significant anelastic recovery (similar to selfhealing effect). In Figure 3, there are two examples of 

the nanoindentation test on organosilicon plasma polymer coating deposited on two different substrates, 

polycarbonate and single crystal silicon. The HMDSO to oxygen flow rate ratio was 0.18 and the bias voltage 

was -110 V. 
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Figure 3 Loading-unloading dependences on organosilicon plasma polymer film deposited at HMDSO to 

oxygen flow rate ratio of 0.18 and bias voltage of -110 V on polycarbonate (on the left) and silicon (on the 

right) substrates. The thickness of the films was of about 2.2 µm. 

        

Figure 4 AFM images of the surface structure of films prepared at the same flow rate ratio q= 0.29 but at 

different applied power. The surface on the left was prepared at applied power of P=25 W and on the right P 

was 50 W. The deposition time was the same (t=7 min). The thickness of the film on the left side was 920 nm 

and the thickness of the film on the right side was 760 nm. 

      

Figure 5 AFM images of the surfaces prepared at flow rate ratio of 0.5 at higher values of applied powers P: 

On the left P was 75 W (Ub=-100 V) and on the right it was 100 W (Ub=-100 V). 
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In Figure 4 the effect applied power on the surface structure is illustrated. The applied power influenced the 

surface structure, roughness as well as the deposition rate. In case of very low HMDSO fragmentation long 

intertwined polymer strings were formed on the surface with short side chains.  Increase in applied power led 

to creation of round particles embedded in the growing amorphous matrix.   

In Figure 5 two surfaces prepared at higher monomer fragmentation due to higher applied powers are 

compared. As it can be seen in the figure, with increasing the applied power the size of the particles 

incorporating into the amorphous matrix has decreasing tendency. This may be explained by the increased 

kinetic energy of ions impinging the surface of the growing film causing film densification and surface 

smoothing.  

The atomic composition of the films was influenced mainly by the flow rate ratio q. According to XPS results, 

with increased amount of HMDSO in the gas mixture the carbon content in the films increased. The silicon to 

carbon (Si/C) ratio decreased from 0.83 to 0.65 and the oxygen to carbon ratio decreased from approximately 

1 to 0.65 in case of the flow rate ratio (q) increase from 0.28 to 0.5. The C-C / C-H bounds of carbon 

predominated on the studied surfaces. The C-O bonds were the second most abundant carbon bonds. The 

ratio of C-O to C-C and C-H increased from 0.17 to 0.23 for increase of flow rate ratio (q) from 0.28 to 0.5. 

Silicon, which occurs on deposited organosilicon surfaces, was mostly bounded in inorganic Si(-O-)4 and 

organic Si(-O-)3(-C-) fragments. In addition, there were observable also Si(-O-)2(-C-)2 bonding structures 

corresponding to siloxane units. All films were transparent and their absorption coefficient was negligible in the 

visible region. 

4. CONCLUSION 

Transparent organosilicon plasma polymer films were prepared from hexamethyldisiloxan and oxygen 

mixtures under dusty plasma conditions at relatively high pressures around 40 Pa. The deposited films 

exhibited properties for wide range of possible applications, e.g. good adherence to substrates, good 

transparency to visible radiation, high resistance against aging at ambient environment, high elasticity and 

excellent fracture toughness. In the presented work it was shown, that it is possible to vary the surface structure 

and properties of the films in a very wide range simply by the variation of the main deposition parameters such 

the applied power, HMDSO to oxygen flow rate ratio and the DC self bias voltage. It was possible to change 

the surface free energy from hydrophilic to hydrophobic behaviour. 
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Abstract  

Self-assembled monolayers (SAMs) has recently received much attention because of their wide range 

in applications such as layers in biosensors, electronic active layers or interlayers in organic electronic devices 

like organic light emitting diodes (OLEDs), organic photovoltaics (OPVs), organic thin film transistors (OTFTs). 

Photolithography is a basic and long established technique used in the preparation of processors and other 

electronic components. This paper deals with patterning of self-assembled monolayers prepared on gold and 

silver layers using photolithography. Firstly, the prepared self-assembled monolayers were characterized by 

scanning electron microscopy (SEM), atomic force microscopy (AFM) and Fourier-transform infrared 

spectroscopy (FTIR). Subsequently testing patterns according to the resolution chart test were exposed by UV 

lithography. These prepared patterns were characterized by optical microscopy, atomic force microscopy 

(AFM) and scanning electron microscopy (SEM).  

Keywords: Self-assembled monolayers, photolithography, SEM, AFM, FTIR, magnetron sputtering 

1. INTRODUCTION 

The self-assembled monolayers (SAMs), which were discovered about 30 years ago, currently offer a wide 

range of applications in micro and nanoelectronics, printed electronics on flexible substrates, various types 

of sensors, biosensors and, above all, active intermediate layers for organic light emitting diodes (OLEDs) and 

organic photovoltaics (OPVs) [1]. Thus, spontaneously formed monolayers can provide the necessary 

monolayer properties in the preparation of various functional structures. Alkanethiols are often used for the 

preparation of the layers [2,3], when the molecules of material are organized on the metal surface 

(predominantly noble metals such as gold or silver) in a crystalline or semi-crystalline structure [4,5]. Various 

structures with defined use can be created on the resulting layer. One of the suitable, reliable and well-

established methods useful for this purpose is UV photolithography [6]. SAMs (Figure 1) will form a resist-like 

surface on a suitable metal layer, and since alkanethiols are UV-sensitive, the prepared layer serves as a 

resist through which it is possible to treat and form functional structures on the metal surface below the self-

organized layer.  

 
Figure 1 Self assembled monolayer 

2. PREPARATION OF MONOLAYERS 

1-octadecanthiol (ODT, Sigma Aldrich, 98%) from the group of alkanethiols was used for prepare of self-

assembled monolayers. The monolayers grew on silicon substrates coated with gold or silver. The metal layers 

https://doi.org/10.37904/nanocon.2019.8592 
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on silicon were sputtered by magnetron sputtering, the thickness of gold layer for the preparation of ODT layers 

was 20 nm, and the thickness of silver layer was 15 nm. 10 mM solution of ODT in isopropanol was used for 

layer growth. The organization of molecules took 6 hours and the final layers were baked at 50 °C for 12 hours.  

3. CHARACTERIZATION METHODS 

FTIR spectra of thin layers were investigated by FTIR spectrometer S6700 from Nicolet - ThermoScientific 

(Figure 2). The presence of asymmetric mode CH2 at 2917.51 cm-1, symmetric mode CH2 at 2848.16 cm-1 

and CH3 stretching mode at 2958.60 cm-1 indicates well organized monolayer.  

 

Figure 2 FTIR spectra of prepared monolayer of 1-Octadecanthiol (CH3(CH2)17-SH)  

Characterization of prepared monolayers was done by scanning electron microscope Nova NanoSEM 450 

(FEI) with Schottky field emission electron source operated at acceleration voltage 5 kV. The images of the 

prepared layers show that the layer prepared on the silver surface shows bigger defects than the layer 

prepared on gold (Figure 3).  

 

Figure 3 SEM images of prepared ODT monolayer left) silver substrate, right) gold substrate 

The AFM images can be seen, the images of the prepared monolayers were taken by atomic force microscope 

Dimension ICON (Figure 4). 
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Figure 4 AFM images of prepared ODT monolayer left) silver substrate, right) gold substrate  

(scan size 100 x 100 nm) 

4. UV PHOTOLITHOGRAPHY AND RESULTS 

Testing pattern was designed according to the USAF 1951 resolution test chart extended by star pattern 

(Figure 5). The exposure was carried out by Phillips mercury UV lamp 400 W for 20 minutes because of needs 

to achieve proper oxidation of layer. The development process was done by wet way in isopropanol 

for 30 seconds. The temperature of developer was at room temperature - 22.5 °C. Then the samples were 

rinsed in isopropanol and deionized water.  

 

Figure 5 Exposure test design 

 

Figure 6 Testing element 1-1 from USAF 1951 test (left) and part of star motif (right) 
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After development the structures were observed by optical microscopy Leica DVM 2500 (Figure 6). 

The dimension of line was determined in the element 1-1 of USAF test. The determined width of line is 298 µm 

compared to the designed width of 250 µm.  

The exposed and developed structures were also observed by scanning electron microscope (Figure 7).  

 

Figure 7 Testing element 0-4 from USAF 1951 test (left) and part of star motif (right). 

The measured width of lines was 360 µm respectively 385 µm in comparison with designed width of 353.55 µm.  

The exposed pattern was measured by atomic force microscopy (Figure 8). There is visible difference between 

exposed and non-exposed area but no sharp border. 

 

Figure 8 AFM image of border between exposed and non-exposed areas. 

5. CONCLUSION 

We successfully patterned self-assembled monolayer organized from 1-octadecanthiol. The self-assembled 

monolayers were prepared on silver and gold surface. The prepared monolayers were characterized 

by scanning electron microscopy, atomic force microscopy and Fourier-transform infrared spectroscopy. ODT 
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monolayers were patterned by UV lithography and exposed patterns were observed and evaluated by optical 

microscopy, atomic force microscopy and scanning electron microscopy, the linewidths of exposed structures 

were determined from the measurements.  
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Abstract 

Metal and organometal halide perovskites, an emerging class of direct bandgap semiconductors, have 

attracted great attention lately. Lead halide perovskites were recognized as promising candidates for future 

lighting applications, due to their high quantum yield, narrow full width at half maximum (FWHM), and wide 

color gamut. Nonetheless, the toxicity of lead induces new approaches such as obtaining lead-free perovskites 

and further investigation of their stability and optoelectronic properties. 

In this work is presented a study of lead-free perovskites (CH3NH3)3Bi2I9 film formation for a further 

application in optoelectronic devices. The experimental part consists of the formation (CH3NH3)3Bi2I9 films 

and a treatment part. First part has been performed with a quite popular spin-coating approach that provides 

accessibility and simplicity of the sample’s preparation. Secondly, a liquid nitrogen treatment has been carried 

out, afterward was investigated the effect of this treatment on the lead-free perovskites films.  

Keywords: Perovskite, films, lead-free, emission, stability 

1. INTRODUCTION 

Lead-free perovskites are a promising class of eco-friendly materials for applications in almost all spheres of 

nowadays photonics of nanostructures. As their more investigated lead analogues, lead-free perovskites are 

attracted huge interest of scientists due to their potentially high quantum yield, narrow full width at half 

maximum (FWHM), and wide color gamut. 

The most popular candidates to replacing lead are tin(II) (ABX3 structure)[1] , tin(IV) in double perovskites [2], 

bismuth(III) [3] and antimony(III) [4] in triple (A3B2X9) and double hybrid perovskites (A2B’B’’X6) [5]. All 

candidates from this list are theoretically shown as elements that maintain the stability in the crystalline lattice 

similarly to lead halide perovskites (LHP). However, on practice even the task of obtaining lead-free 

perovskites is non-trivial. The most usable method for synthesis lead-free perovskites for future applications 

and investigations of their special optical properties is a making films with a wide range of approaches that is 

already popular in production of photovoltaic devices. This way of obtaining lead-free perovskites gives a 

flexibility during preparation of samples and do not request special equipment such as Schlenk lines or some 

depositional machines. In this work only spin-coater and desiccator with inert atmosphere were used. Glovebox 

isn’t required for an experiment first of all because of the film’s composition: Bi gives an oxidation stability in 

comparing with other substitution candidates that mentioned above. Furthermore, for increasing the surface 

morphology and optical properties of perovskites films were investigated new non-chemical approach as liquid 

nitrogen treatment that provides cheap, accessible and easy technology.  

https://doi.org/10.37904/nanocon.2019.8551 
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2. EXPERIMENTAL 

Bismuth iodide (BiI3, 99%), anhydrous 2-propanol (iPrOH, 99.5%) and N,N-Dimethylformamide (DMF, 

≥99,9%) were purchased from Sigma-Aldrich, methylammonium iodide (MAI, 99%) was purchased from J&K. 

The chemicals were used without any additional purification. 

All films were deposited onto glass substrates that was prepared by washing with soap and solvents such as 

CHCl3, toluene, acetone, iPrOH with further plasma-cleaner treatment.  

Films were synthesized by two different techniques. First protocol was published by Hoye [6]. Briefly, 80 mg 

BiI3 was dissolved into 0.2 ml of DMF with following ultrasonication for 30 minutes. After the solution was 

filtered with 0.22 µm syringe filter and spin-coated onto glass substrate on 3000 rpm for 5 s and 6000 rpm for 

another 5 s after. That layer was dried in desiccator on 70 °C for 30 minutes. Layer had a dark red metallic 

color. At that time another precursor was prepared by dissolving 6 mg of MAI in 1 mL of anhydrous iPrOH. 

Second layer of MAI solution was deposited with similar approach but with pause for 40 s before spin-coating 

and different speed and time - 4000 rpm for 30 s. After dripping of MAI source film was changed color from 

described above to bright orange. Further annealing step on 100 °C for 1 h in inert atmosphere was performed.  

Second protocol was published by Senol Öz [7]. The precursor solution was prepared by first dissolving 69 mg 

MAI in 1 ml DMF followed by addition of 168mg BiI3 to obtain a clear red 20 wt% solution. The precursor 

solution was heated to 60 °C and spin-coated subsequently at 4000 rpm for 45 seconds. The films were 
annealed at 100 °C for 30 min in an inert atmosphere. 

Steady-state spectral measurements of samples were carried out using a UV-3600 spectrophotometer 

(Shimadzu) Atomic force microscopy (AFM) measurements were taken with Solver-Pro (NT-MDT, Russia) 

atomic force microscope in the semicontact mode.   

3. RESULTS AND DISCUSSION 

 

Figure 1 Absorption spectra of films that were produced by two different approaches: 1 and 2 step synthesis, 

respectively 

The Figure 1 shows the absorption spectra of films synthesis of which was described above. Two steps films 

show better quality of crystal structure that could be concluded from the peak shape: peak is narrow and with 

explicit borderline. Peak positions are similar between two methods that is an evidence of happened 

crystallization processes during production of films. However, with both films oxidation and light influence is 

critical and lead to faster degradation. During experiment two different approaches to liquid nitrogen treatment 
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were used. Firstly, N2 was dropped just on the plate with substrate on air without any other special actions. As 

it might me noticed, such treatment extinguished even abs, color of film has changed from bright yellow to 

yellowish. This degradation has explanation in degradation of surface due to hydration from condensed from 

air water-gas. Such factors as high humidity play key roles even during deposition process and become 

borders to simplifying and cheapening the manufacturing procedures. There’re still some questions of 

overcoming such problems without using gloveboxes or other special equipment that are interesting aims for 

our future work.  

 
Figure 2 The AFM images of the surface of film before and after liquid nitrogen treatment.  

Film was made by 2 steps synthesis procedure. 

By next step, because of no significant changes in absorption spectra were observed, AFM investigation of 

surface has taken place. During this measurement have been watched noticeable differences between films 

with and without nitrogen liquid treatment that could be seen in Figure 2. The smaller grain size and better 

morphology is obvious from these images. Interesting that similar changes are taken place during chemical 

types of treatment such as pyridine or PMMA [8,9]. Assumed, that extremely low temperature lead to increasing 

of stability in high levels of crystalline lattice that is observed and described above. The behavior of films and 

theories of this behavior is still argued that are required paying more attention. 

4. CONCLUSION 

In conclusion, we introduce a method for a non-trivial and simple treatment of perovskite films that save the 

optical density of film during procedure i.e. not decreasing the quantity of layers but the same time lead to 

improvements in the surface quality. Such easy accomplished procedure might be used in manufacturing of 

future perovskites applications without their rise in price.  
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Abstract  

Plasma-polymerized SiOxCyHz thin films have been playing an important role in many research studies due to 

their wide range of applications. These materials are perspective for industrial applications as protective 

coatings of metals or plastic substrates, anti-reflection coatings for solar cells, low-k dielectrics for 

microelectronics, water-repellent barrier films etc. Materials based on organosilicon precursors prepared by 

PECVD technique have become interesting for bioapplications in recent years as well due to their ability to 

optimize protein adsorption and cell attachment. These coatings have a great potential e.g. in BioMEMS 

microfabrication or treatment of biosensors and surfaces of medical implants.    

In the present study, low pressure RF capacitive coupled discharge in mixture of trimethylsilyl acetate (TMSA) 

monomer with oxygen or argon was used to create hydrophobic SiOxCyHz coatings. This study is focused 

primarily on research of properties of resulting coatings (chemical composition, mechanical properties, optical 

properties, surface wettability and surface structure) in dependence on discharge parameters. Properties of 

created thin films were examined in dependence on the ratio of TMSA monomer and carrier gas flow rates 

during the deposition process. Influence of used carrier gas (O2 or Ar) on growth of TMSA-based plasma 

polymers is discussed in this study as well. 

Keywords: Plasma polymers, trimethylsilyl acetate, PECVD, FTIR, microindentation, confocal microscopy,  

                   ellipsometry 

1. INTRODUCTION 

The use of organosilicon-based coatings prepared using plasma techniques in many industrial fields (e.g. 

protective coatings, anti-reflection coatings, barrier films, superhydrophobic surfaces etc.) [1-5] explains 

persistent interest in their research and development over the years.  Interaction of SiOxCyHz surfaces with 

biological agents (e.g. as proteins, enzymes, cells) have been intensively examined in recent years in order to 

apply these materials also in the medical fields [6-8]. 

Desired properties of organosilicon material are achieved by optimization of deposition process, including the 

choice of proper precursor, carrier gas (Ar, O2, N2 etc.) and other factors of used discharge [1-9]. 

Hexamethyldisiloxane (HMDSO), trimethylsilane (TMS), tetramethyldisiloxane (TMDSO) and tetraethoxysiline 

are among the most widely used monomers for preparation of organosilicon materials. The present work is 

focused on preparation and characterization of plasma polymers based on trimethylsilyl acetate (TMSA) 

monomer using plasma of RF capacitive coupled discharge. This precursor is, similarly to HMDSO and other 

commonly used chemicals, suitable for formation of hydrophobic coatings as well as for hydrophilic materials 

with SiO2-like structure for industrial applications. Besides Si-CHx and Si-O bonds occurring in commonly used 

precursors, structure of TMSA described by linear formula CH3CO2Si(CH3)3 includes C-C=O group. Possible 

integration of carbonyl functionalities into resulting coatings during plasma polymerization makes development 

of TMSA thin films very perspective for medical applications. The aim of the present study is to find 

relationships between the properties of TMSA-based coatings (chemical composition, mechanical properties, 

https://doi.org/10.37904/nanocon.2019.8643 
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surface wettability etc.) and the variable discharge parameters. It was proven, that usage of different types of 

carrier gases leads to the significant differences in structure of organosilicon coatings [1,9]. Therefore, several 

mixtures of oxygen or argon carrier gases with TMSA monomer were used for preparation of TMSA films. The 

main focus of the present work was on study of the influence of TMSA precursor amount in gaseous mixture 

on the properties of resulting coatings as well as on the comparison of the growth of thin films using different 

carrier gases. 

2. EXPERIMENTAL DETAILS 

Organosilicon thin films were prepared in RF glow capacitive-coupled discharges at low pressures (~33 Pa) 

from mixture of TMSA and oxygen or argon in a parallel plate reactor. The bottom electrode served as the 

silicon substrate holder and it was coupled to RF generator (13.56 MHz) via a blocking capacitor. The supplied 

power was kept at 50 W for all depositions and flow rates of TMSA and O2/Ar gas were changed. Changes of 

the flow rates are represented by the percentage ratio R of TMSA in gaseous mixture given by equation (1), 

where qC and qTMSA means the flow rate of carrier gas and flow rate of TMSA in sccm. 

� = /0
/0 + /234%

    (1)

Properties of the prepared films were studied by several characterization methods. The chemical composition 

of the resulting coatings was investigated by Fourier transform infrared spectroscopy (FTIR) using 

spectrometer Bruker Vertex 80v, in range from 370 cm-1 to 7500 cm-1 with 500 scans and resolution of 8 cm-1. 

Chemical composition of the surface was determined by X-ray photoelectron spectroscopy (XPS). XPS spectra 

of studied films were measured using Escalab 250Xi device (ThermoFisher Scientific) and Axis Supra 

spectrometer (Kratos Analytical). Signals of Si 2p, C 1s and O 1s were detected and used for determination of 

atomic composition of appropriate elements. Si 2p and C 1s peaks were fitted in CasaXPS program to 

determine concentration of specific bonds. Degree of surface hydrophobicity of each coating was determined 

by water contact angle measurements using Krüss DSA 30 device. Surface topography was observed by 

confocal laser microscope LEXT OLS4000. 

The thicknesses of thin films and optical constants were determined by non-destructive ellipsometric method. 

All ellipsometric data were measured by Jobin Yvon UVISEL equipment at angle of incidence equal to 65º in 

the spectral range from 1 eV to 5.5 eV. Measured data were fitted in the program newAD by using PJDOS 

dispersion model [10] including anisotropic thin film with wedge-shaped nonuniformity, transition layer and 

silicon substrate. Mechanical properties were examined using indentation techniques. Measurements of  

Martens hardness HM, indentation hardness HIT and effective elastic modulus  Eeff (Eeff=E/(1-2), where E is 

the Youngs modulus and  is the Poissons ratio) were realized using Fisherscope H100C microindentor (with 

maximum load of 1N) and Hysitron TI 950 nanoindentor with maximum applied load equal to 11 mN.  

3. RESULTS AND DISSCUSSION 

Chemical composition of deposited TMSA coatings was determined using FTIR and XPS methods. Figure 1 

shows example of baseline-corrected IR absorbances normalized to the thickness of the film. All absorption 

peaks were identified according to the available literature [9,11-13]. IR spectra of TMSA coatings (Figure 1) 

showed significant absorption band from 1000 cm-1 to ~1200 cm-1 which is connected with Si−O−C/ Si−O−Si 

vibrations [9,11-13]. Structure of plasma polymers created using O2 as a carrier gas are very similar to coatings 

based on siloxane chains (Figure 1) [9,11,13]. Intensities of these absorption peaks showed rapid increase 

with increasing ratio R, when oxygen was used as a carrier gas during deposition. Changes in intensities of 

Si−O−C vibrations were very low in case of thin films created from TMSA/Ar gaseous mixture, however usage 

of high amount of argon led to broadening of this peak towards lower wavenumbers and gradually went to the 
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region associated with silanol vibrations at ~935 cm-1 (Figure 1) [12,13]. Medium absorptions presented at 

lower wavenumbers (spectral range from 750 cm-1 to 950 cm-1) including peaks at 800 cm-1, 840 cm-1 and 

890 cm-1 are probably related to CH3 rocking in Si−CH3, to asymmetric stretching of Si−C/Si−O bond and CH3 

rocking mode in Si(CH3)x=2,3 groups [11-13]. Deformation modes of Si−O−Si may influence absorptions at 

800 cm-1 and 890 cm-1 as well [12].  These structures gradually disappeared with increasing ratio of carrier gas 

(Figure 1). 

Absorption peak at ~1265 cm-1 was identified as deformation mode of CH3 in Si−CH3 group [11,12]. Content 

of Si−CH3 in analyzed samples was confirmed by presence of absorption peaks typical for CH3 stretching 

modes at 2880 cm-1 and 2960 cm-1 [11-13]. Symmetric and asymmetric stretching modes of CH2 were 

determined in MIR spectra as well [11]. Since values of normalized absorbance in region of wavenumbers 

near 1400 cm-1 related to Si−CH2−Si [9] can be considered negligible, significant ratio of CH2 groups probably 

formed long hydrocarbon chains. Si−CH3 and hydrocarbon structures were more presented in plasma 

polymers formed in TMSA/Ar plasma in comparison with Si−O−C (Figure 1) and their intensities showed 

decreasing trends with increasing R (ratio of carrier gas). 

According to the IR spectra (Figure 1), TMSA-based plasma polymers contain C=O functional groups 

characterized by absorption at 1720 cm-1 [9,11-13]. However, this peak had relatively low intensity in 

comparison with CHx vibrations. Fraction of C=O bonds in the structures of pp-TMSA decreased with 

increasing ratio R. If 75% of argon is used during deposition, intensity of C=O vibration drops to the zero value 

and it is replaced by OH bending vibration associated with adsorbed water molecules (Figure 1) [13]. The 

absorption band spread in region above 3050 cm-1 is related to OH groups [11-13] presented in TMSA 

coatings. These stretching vibrations are connected with associated or isolated silanol groups and water 

molecules. OH stretching peaks were more significant in coatings formed in TMSA/O2 plasma. All investigated 

TMSA coatings include amount of hydrogen bonded to silicon which has characteristic peaks in region 2000-

2450 cm-1 [13].  

 

Figure 1 Examples of measured infrared spectra of TMSA plasma polymers 

Surface chemistry of TMSA-based coatings was examined by XPS analysis. Characteristic peaks of silicon, 

carbon and oxygen atoms were detected at all studied surfaces. Results of atomic composition of TMSA-based 

surfaces are summarized in Figures 2A-C. Changes of atomic concentrations of carbon and oxygen  

(Figures 2A, 2C) presented at TMSA surfaces created using TMSA/Ar gaseous mixture were relatively low 

(less than 10 at. %) with increasing ratio R contrary to the films deposited from TMSA/O2. Concentration of 

carbon showed decreasing trend with increasing amount of oxygen in gaseous mixture (Figure 2A). Atomic 



  Oct 16th - 18th 2019, Brno, Czech Republic, EU 

 

 

660 

concentration of oxygen significantly increased when higher amount of oxygen was used (Figure 2C). 

Concentration of silicon at TMSA surfaces formed in TMSA/O2 slightly increased from 24 at. % to 31 at. % 

(Figure 2B). Number of silicon atoms for coatings prepared using argon as a carrier gas was ~21 at. % in 

range of R from 7 % to 50 %, then decrease at 5 at. % was observed (Figure 2B). Atomic concentration of Si 

at the surface deposited from 100 % of TMSA monomer was 10 at.%. The most of the surface carbon was 

bonded in C−C/C−H chains (49-82 % of carbon). C=O functionalities were presented in negligible amounts: 

0−4 % of carbon, as well as C−Si. The rest of carbon atoms was presented in C−O bonds. According to the 

expectations [14], silicon atoms were part of Si(−O−)x=2,3,4Cy=2,1,0 structures. Formation of TMSA plasma 

polymer in TMSA/O2 mixture using R≥50% led to the high concentrations of oxidized Si(−O−)4 structures 

(44 − 82 % of silicon). The rest of Si atoms was bonded in Si(−O−)3C and Si(−O−)2C2. 

 
Figure 2 A: Atomic concentration of carbon on the surface in dependence on ratio of carrier gas used during 

deposition process; B: concentration of surface silicon; C: concentration of surface oxygen; D: dependence 

of measured water contact angle on R; E: Example of surface structure of thin film prepared from TMSA/Ar 

gaseous mixture using R=50 %; F: Graph of deposition rate in dependence on ratio R. 

However, Si(−O−)3C bonds, that showed decreasing concentration in dependence on ratio R (7 - 75 %) from 

45 % of Si to 17 % Si, prevailed over Si(−O−)2C2. Amount of Si(−O−)2C2 structures decreased from 23 % of 

silicon atoms to zero with increasing R fro 7 % to 75%. In case of thin films prepared in TMSA/Ar plasma, 

concentrations of Si(−O−)4 were negligible (0 - 4 % of Si) in comparison with less oxidized Si(−O−)2C2 (53 − 

63 % of Si) and Si(−O−)3C structures (~37 % of Si). Concentration of Si(−O−)C3 was negligible for all studied 

TMSA coatings (~1 % of Si). 

Figure 2D shows trends of measured water contact angle (WCA) in dependence on ratio of carrier gas R. Thin 

films prepared in TMSA/Ar discharge using R<50 % are hydrophobic (water contact angle is higher than 90º). 
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Dependence of WCA at the ratio R from 7 % to 75 % was decreasing from 103º to 84º (Figure 2D). Surfaces 

deposited from TMSA/O2 plasma were considered hydrophilic: values of WCA were ~90º (Figure 2D).   

Surface structure was examined by confocal microscopy. According to the results (Figure 2E), TMSA plasma 

polymers seems to be smooth with low number of defects. However, more detailed study of the surface 

microstructure using AFM technique is necessary for further discussion.  

Indentation hardness HIT and elastic modulus Eeff were examined using micro and nano indentation 

techniques. Values of indentation hardness increased with ratio R in range from 0 % to 75 % from 0.8 GPa 

to 7 GPa, when oxygen was used as a carrier gas. HIT increased to 6 GPa in case of usage of TMSA/Ar 

mixtures. Values of elastic modulus Eeff increased from 15 GPa to 81 GPa for TMSA/O2 coatings. Elastic 

modulus of TMSA/Ar thin films did not exceed 46 GPa.   

Optical properties in UV/Visible spectral range were examined using ellipsometric measurements (Section 2). 

Fitting of available data alowed us to obtain approximate values of refractive index and extinction coefficient 

as well as thickness of resulting coatings Refractive index of studied TMSA coatings, deposited using O2 as a 

carrier gas, corresponding to the energy of 1.95 eV varied around 1.50, which is close to the refractive index 

of SiO2 n=1.47. Refractive index of coatings prepared from TMSA/Ar increased from 1.6 to 1.7 with increasing 

R from 0 % to 50 %. The thin film created using 75 % of argon was photosensitive and unmeasurable in set 

spectral range (Section 2). Values of extinction coefficient for photon energy equal to 1.95~eV did not exceed 

k=10-2 for all thin films characterized by UV/Visible ellipsometry.  

According to the results summarized in this section, usage of oxygen during PECVD process leads to the 

formation of highly oxidized structures with higher amount of incorporated silicon resembling siloxane-based 

materials [1,2,9,14]. Higher wettability of surfaces created in TMSA/O2 discharge is probably a consequence 

of observed oxygen incorporation. Differences in the growth mechanism of organosilicon coatings affect 

deposition rate as well as properties of resulting coatings. Trends of deposition rate, which is equal to the ratio 

of thickness of resulting film and deposition time, are shown in Figure 2F. Thickness of photosensitive coatings 

prepared using TMSA/Ar gaseous mixture with R=75 % was determined by profilometry (3D profilometer 

DektakXT Bruker). According to the Figure 2F, deposition rate decreases with increasing amount of carrier 

gas. If low ratio R (0 − 21 %) is used during PECVD process, deposition rates for argon and oxygen carrier 

gases can be considered equal.  Deposition rate is higher if argon is used as a carrier gas for R≥50 %. 

4. CONCLUSION 

Properties of TMSA-based plasma polymers prepared in RF glow discharge using different carrier gases (O2, 

Ar) were investigated by several characterization methods. Chemical structure of deposited coatings depends 

on choice of carrier gas as well as on ratio R of carrier gas in the mixture. The mechanical properties of studied 

TMSA-based coatings ranged from amorphous glass-like properties to properties of soft polymeric materials. 

The surface roughness of prepared coatings was very low, it was comparable with the roughness of the 

substrate surface. This work proves, that it is possible to prepare hydrophobic surfaces with relatively high 

amount of carbon bonded in C−C/C−H chains using TMSA/Ar plasma. Therefore, our further research of 

coatings created using TMSA/Ar discharge will be oriented in this direction. Presence of carbonyl bonds at all 

examined surfaces was very low contrary to the C−C/C−H and C−O bonds. Another part of future research 

will apply results presented in this study for optimization of production process of organosilicon coatings rich 

in C=O functionalities suitable for bioapplications. 
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Abstract  

Inorganic submicron fibers (ISF) are nowadays widely studied material. Usually, they are produced by 2-step 

process. First, the composite metal-organic fibers are produced from polymer matrix and metallic precursor, 

typically alkoxides or salts by standard spinning techniques. After this, prepared composite fibers are thermally 

calcinated to remove polymer and form ceramic fibers. In this study, we used low temperature plasma 

generated at atmospheric pressure using Diffuse Coplanar Surface Barrier Discharge (DCSBD) to eliminate 

organics from the composite fibers before thermal treatment to reduce the time required for thermal calcination 

of Al2O3 fibers. This plasma pre-treatment enables using significantly higher heating rates compared to 

standard calcination without damaging the fiber structure.  

Keywords: Plasma assisted calcination, inorganic fibers, DCSBD, alumina fibers 

1. INTRODUCTION 

In recent years, there is an ongoing research on the use of ISF for various applications, such as insulations, 

filters, photocatalysts, or biomedicinal applications [1-4]. Nowadays most of the ISF are produced by thermal 

calcination of electro-spun metal-organic fibers [5]. For Al2O3, thermal calcination is conducted at temperatures 

varying from 500 °C - 1200 °C, with heating rates usually up to 5 °C/min [6]. Time and temperature affect 

morphology and crystal phase of final product. While electrospinning is fast and relatively cheap method, 

calcination is much more energetically demanding and time consuming. With increased popularity of these 

materials, many researchers started to focus on developing alternative methods of production. In our work, we 

studied the possibility of base polymer removal from polyacrylonitrile/Al(NO3)3∙9H2O composite submicron 

fibers by low temperature plasma before thermal treatment. Low temperature plasma is chemically active 

environment with high amount of reactive oxygen (ROS) and nitrogen (RNS) species. We used plasma 

generated by Difuse Coplanar Surface Barrier Discharge (DCSBD) at atmospheric pressure in laboratory air. 

This type of plasma source was previously described in details in work [7,8]. We compared effects of power 

supplies with different frequency and input power for polyacrylonitrile (PAN) decomposition. In previous 

research, DCSBD plasma was successfully used in preparation of TiO2 fibers [9]. 

2. EXPERIMENTAL SETUP 

Polymer/precursor submicron fibers (SF) were prepared by needleless spinning method using NanospiderTM 

(Elmarco, Czech Republic) from solution of polyacrylonitrile (PAN, Sigma-Aldrich, Slovakia), N,N-

dimethylformamide (DMF, Acros Organic, 99.8%), and aluminium nitrate nonahydrate Al(NO3)3.9H2O 

(Centralchem, Slovakia). SF samples used in this study were prepared by Institute of Materials Research, 

Slovak Academy of Sciences, Košice, SR. Low-temperature plasma was generated by DCSBD at atmospheric 

pressure in laboratory air. In our experiments, discharge was fed by 2 different AC power supplies with 

https://doi.org/10.37904/nanocon.2019.8765 
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sinusoidal signal (Lifetech, Czech Republic). Source A supplied 400 W at frequency 14.6 kHz and voltage 10 

kV (peak-to-peak), Source B supplied 600 W at 26.9 kHz and 20 kV (peak-to-peak). Samples were held by 

movable holder 0.5 mm above the surface of dielectric plate during the treatment. 

3. DIAGNOSTIC METHODS 

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) was used to identify the 

changes in chemical bonds during treatment. Spectra were collected on Bruker Vector 22 FT-IR with Pike 

MIRacleTM accessory, in the interval 4000 - 500 cm-1 averaging 20 scans with resolution of 2 cm-1. Scanning 

electron microscopy (SEM) Mira 3 (TESCAN) at acceleration voltage of 5 kV was used to observe 

morphological changes on the surface of fibers. Samples were coated with 30 nm layer of Au/Pd. Energy-

dispersive X-ray spectroscopy (EDX) detector (Oxford Instrument, UK) was used to measure changes in 

chemical composition of samples. Spectra were obtained by averaging 3 scans in integral regime with 

magnification 1 kx at 13 kV acceleration voltage. Samples were coated with 20 nm Au/Pd layer. For 

identification of crystal phase we used X’Pert Pro MRD high resolution diffractometer (PANalytical B.V., 

Netherlands) with static X-ray source of characteristic Cu Kα radiation (45 kV, 40 mA, λ = 0.15418 nm). 

Measurements were realized in Brag-Brentano configuration or grazing incident small angle X-ray scattering 

(GIXRD) arrangement. 

4. RESULTS 

4.1. Effect of DCSBD plasma treatment 

To measure the decomposition of PAN in dependence on exposure time, we treated the samples for up to 30 

minutes in plasma generated with Source A in ambient air at atmospheric pressure. The O-H stretching and 

bending from hydrated precursor and absorbed water can be visible [10]. The stretching and deformation of 

C-H bonds is attributed to the presence of PAN and residues of dimethylformamide [10]. Characteristic 

vibration of CN and C-CN originating from PAN were detected [10]. Several peak between 1750 cm-1 - 

1550 cm-1 are caused by O-N=O stretching of nitrate part of precursor and O-H bending of adsorbed water 

[11][12]. On the FTIR spectra (Figure 1), with increasing time we observed decrease of the peaks associated 

with PAN. 

 
Figure 1 - FTIR spectra of (Al(NO3)3)/PAN SF after 

10 and 30 minute plasma treatment with A and B 

source compared to untreated sample 

 
Figure 2 Mass percentage ratio of C, O and N in 

(Al(NO3)3)/PAN SF after 10 and 30 minute plasma 

treatment with A and B source compared to 

untreated sample 
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Chemical composition of the samples was measured by EDX. Aluminium does not create any gaseous 

products during plasma treatment and the mass in fibers remains constant. The mass percentage of aluminium 

was used as a reference to obtain relative change of mass of other elements. Relative mass of carbon, oxygen 

and nitrogen to aluminium is shown in Figure 2. During a short treatment, we can see decrease in carbon and 

slight increase in oxygen and nitrogen in samples, which might be caused by binding of ROS and RNS, but 

after longer treatments, we can see decreasing trend.  

Comparison of the effects of plasma calcination with discharge fed by source A and B shows higher decrease 

of absorption peaks characteristic for PAN when using source B. Decrease in relative mass of carbon, oxygen 

and nitrogen was also higher with source B after the same treatment time. Comparing the ratio of relative mass 

decrease to supplied energy shows higher energy efficiency of source B compared to source A. None of these 

treatments resulted in morphological changes visible under SEM (Figure 3).  

 

Figure 3 SEM images of (Al(NO3)3)/PAN SF 30 minute plasma treatment with A and B source compared to 

untreated sample 

4.2. Thermal calcination of plasma pre-treated samples 

 

Figure 4 FTIR spectra of (Al(NO3)3)/PAN SF after 

3 hours of thermal calcination 

 

Figure 5 XRD spectra of SF with and without 

plasma pre-treatment after thermal calcination at 

920 °C 

For thermal treatment, we selected samples that were treated under the same conditions (10 min in plasma 

generated at atmospheric pressure in laboratory air) with different power sources. Samples were calcinated at 
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700°C for 3 hours with heating rate up to 50 °C/min. On FTIR spectra (Figure 4), weak absorption band can 

be seen in the 1700 cm-1 - 1400 cm-1, which can be attributed to water molecules bonded to aluminium ions 

and adsorbed on the surface [13]. On treated samples, compared to untreated, absorbance is increased in 

1000 cm-1 - 500 cm-1 interval, which corresponds to deformation of Al-O-H and stretching of Al-O bonds [14]. 

For X-ray diffraction (Figure 5), we used samples treated with plasma generated by source B for 30 minutes 

and calcinated at 920 °C for 3 hours. The temperature was chosen for reaching measurable crystal phase. At 

the same condition during annealing, samples treated by plasma before heating exhibit in XRD spectra higher 

and more sharp peaks attributed to δ- and η-alumina phase. On the SEM images, untreated SF are twisted 

and often broken as a result of rapid heating, which caused thermal stress. In comparison, treated samples 

appear to be straight and number of breaks is reduced, thanks to removal of part of the polymer before thermal 

calcination (Figure 6). 

 

Figure 6 SEM images of (Al(NO3)3)/PAN SF after 3 hours of thermal calcination 

5. CONCLUSION 

The observed fast removal of base polymer by DCSBD plasma appears to be beneficial low-temperature 

approach for preparation of inorganic submicron fibers. PAN is one of the relatively resistant base polymers. 

We can reach significant removal at short exposure time during first 10 min of plasma treatment. As pre-

treatment method, plasma can significantly decrease the time and energy required for obtaining of inorganic 

fibers. Plasma can eliminate the need of slow heating rate and the final product is characterized by improved 

crystallinity while retaining the fiber structure.  
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Abstract 

In this work, the electrospinning process was used for the preparation of ceramic nanofibres from 

PVA/Al(NO3)3·9H2O precursor solutions. Six solutions with different weight concentrations were prepared and 

nanofibres from each solution were made. Precursor nanofibers were treated in DCSBD plasma (diffuse 

coplanar surface barrier discharge) for 10 minutes. Later fibres were thermally treated in furnace. Obtained 

calcinated nanofibers were analysed by FTIR analysis, scanning electron microscopy and thermogravimetry. 

Keywords: Electrospinning, alumina, nanofibres, plasma  

1. INTRODUCTION 

Electrospinning is a highly versatile method to process solutions or melts, mainly polymers, into continuous 

fibres with diameter ranging from few micrometers to several tens of nanometers. Electrospinning is very 

simple and, therefore, easily controlled technique for fibre production with dimension in nanometer range. In 

a typical electrospinning experiment polymer solution is pumped through the nozzle with diameter in the order 

of 100 µm. The nozzle also serves as an electrode, to which high electric field is applied. A distance of 

electrodes is adjusted usually in the range of 100-250 mm. The substrate on which nanofibres are collected is 

typically in contact with the counter electrode [1]. 

A needle-free technique was used for nanofibre preparation in this work. Nanofibres were prepared using 

Nanospider technology (Elmarco, Czech Republic), which provides a high voltage electrospinning process. 

The technology is based on the possibility to create spinning process from thin film of polymer solution. [2]. 

Al2O3 inorganic fibres are widely employed as engineering material used in various applications mainly due to 

high ratio of the surface area to the volume and high desirable porosity. Al2O3 nanofibres play an important 

role as a promising material for filtration [3], bio-template [4] and catalyst support in high temperature reactions 

[5]. Nanomaterials in the fibrous form have low basis weight, high permeability and small pore size that make 

them appropriate for the wide range of filtration applications, for example, reducing NOx and CO emission [6]. 

However, Al2O3 nanofibres are more often used in high-temperature composites with elastic modulus, thermal 

and chemical stability as streighteners [7]. 

Nowadays, plasma treatment is widely used as an effective tool for physical and chemical modifications of the 

polymer surface, leaving the bulk material unchanged [8][9][10]. Plasma treatment leads to degradation of 

polymeric chains, chemical bond cleavage, creations of free radicals and release of gaseous degradation 

products due to irradiation by highly energetic photons (UV, soft X-ray) and substrate bombardment with 

electrons, ions excited species and radicals. Subsequent chemical reactions of transient, highly reactive 

species can result in formation of excess double bonds, large cross-linked and oxidized structures [11]-[14] 

The effect of plasma on ceramic materials has also been studied. On the one hand, the effect to increase the 

calcination process of ceramic precursors was verified, and on the other hand phenomena changing the 

physical properties of the ceramic material were observed [15], [16]. 

https://doi.org/10.37904/nanocon.2019.8773 
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2. EXPERIMENTAL 

Six different polymeric solutions were prepared for electrostatic spinning. Each mixture had different weight 

concentration of PVA/Al(NO3)3·9H2O (see Table 1). The solutions for spinning were prepared as follows: The 

appropriated amount of PVA was diluted with water than the calculated amount of Al(NO3)3·9H2O was added 

and mixed together at 80 °C overnight till to complete homogenization. Prepared solutions were spun using 

NanospiderTM NS LAB 500 (ELMARCO). The applied voltage was changed according to optimal spinning 

conditions (Table 1), distance between electrodes was fixed to 140 mm. Spinning was performed at ambient 

air, laboratory temperature and humidity between 40 - 60 % RH. 

Table 1 Sample labelling and composition 

Sample labelling PVA [wt%] Al(NO3)3·9H2O Applied voltage 

16 PVA0 16 0 45 

14 PVA0 14 0 65 

16 PVA15 16 15 60 

14 PVA15 14 15 55 

16 PVA20 16 20 60 

14 PVA20 14 20 56 

The final alumina fibres were obtained by the calcination process up to 1000 °C (100, 250 and 1000 °C). For 

the final comparison of plasma effect, half of samples were treated by plasma for 10 minutes before calcination 

process. DCSBD electrode was used as a source of plasma generating non-isothermal plasma. 

3. RESULTS 

In Figure 1 the plasma treated samples before (left) and after (right) calcination process are shown. The shape 

of plasma treated nanofibers has significantly changed. These nanofibers are after calcination flatter, longer 

and more divided while the shape of porous membrane is preserved. 

 

Figure 1 Representative SEM images of prepared 16 PVA20 nanofibers before (left) and after calcination 

(right) to 1000 °C 
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The originally round fibres gradually flattened resulting in an increase of their diameter. This phenomenon was 

explained as a “baking or melting” of nanofibres in plasma process. We assume that in the case of nanofibres 

containing aluminium nitrate nonahydrate it was possible, that the water bonded in crystalline structure was 

released. Then this water could partly disrupt nanofibrous structure. The elemental composition of fibres is 

shown in Table 2. After calcination weight percentage of carbon and nitrogen was lowered (not to zero value). 

This is probably caused by the melting and baking process. This could be a key step in the formation a 

membrane-like structure. Moreover, plasma had also a low impact on material composition. An increase of 

oxygen-bonded chemical groups was revealed by ATR-FTIR analysis (Figure 2). As can be seen in Figure 2, 

the FTIR spectra of samples measuring before calcination kept signals belonging to polyvinyl alcohol - (-OH 

vibration between 3500 - 3200 cm-1, C-H aliphatic stretch at 2980 cm-1, C=O at 1730 cm-1 and C-O-C  

at 1350 cm-1. There is also visible vibration of N-O groups from nitrate at 1573 and 1383 cm-1. After calcination 

there were visible vibrations in a region around 2980 cm-1 which belong to carbon chain, 1250-1160 cm-1 which 

belong to Al-OH stretch and at 900 - 620 cm-1 representing Al-O groups [16], [17].  

Table 2 EDX analysis of 16 PVA20 nanofibres before and after the calcination process. (*) -up to 1000 °C 

Sample O 
[wt%] 

Al 
[wt%] 

C 
[wt%] 

N 
[wt%] 

16 PVA20 46.7 ± 1.0 5.9 ± 0.7 38.2 ± 1.8 8.6 ± 0.2 

16 PVA20 /plasma 38.4 ± 3.5 5.1 ± 1.7 46.7 ± 0.9 7.6 ± 0.5 

16 PVA20 /calcination* 49.3 ± 2.8 31.9 ± 3.0 15.5 ± 2.1 0.9 ± 0.1 

16 PVA20 /plasma/ calcination* 46.4 ± 2.9 18.3 ± 3.9 33.2 ± 7.4 0.7 ± 0.4 

 
Figure 2 FTIR spectra of pure sample 16 PVA20 (black), 16 PVA20 after plasma treatment (red), 16 PVA20 

after calcination to 1000 °C (green) and 16 PVA20 after plasma and calcination process (blue)  
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Plasma treatment of obtained nanofibers has also a significant effect on the calcination process. As shown in 

Figure 2 after 10 minutes of plasma treatment there is a significant decrease in all carbon groups absorbances. 

After longer period of plasma treatment there is total vanishing of C-H3 aliphatic vibrations in region  

1370 cm-1.  

4. CONCLUSION 

In this work we confirmed preparation of ceramic nanofibers from aluminium nitrate nonahydrate and 

polyvinylalcohol. Six different spinning solutions were prepared and it was possible to prepare nanofibers from 

all the precursor solutions. For spinning nanofibers was used electrospinning process via NanospiderTM 

technology. Before calcination nanofibers were modified using DCSBD plasma for 10 minutes. After nanofibers 

underwent calcination process which led to remove all the organic phases and nitrogen oxides. All the samples 

were characterized by SEM, ATR-FTIR, TGA and EDX analysis. The conclusion after comparison is that 

plasma treatment has a significant impact on the final structure of material, final composition of nanofibres. 

Plasma treatment can be considered as a novel method for the preparation of ceramic materials with 

membrane-like structure.  
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Abstract 

Silica nanosphere with a diameter of 10-15 nm were organized into fibers with a lenght of 15 mm and an aspect 

ratio of 100 by self-assembly in 1,4-dioxane. Dioxane causes a positive zeta potential on the silica surface 

thus silica in dioxane may behave as an acceptor (base catalyzer) causing decomposition of dioxane to 

acetaldehyde and its consequent polymerization into oligomer or polymer (polyoxyethylene) chains that bond 

the particles together. This process was proved using a thermogravimetric analysis which showed that the 

amount of polymerized dioxane is in the rang 2-3.5 wt. %. Composition of the polymerized dioxane was 

elucidated employing FTIR. The formation of fibrillar structures was driven kinetically during solidification. The 

size of the fibers was controlled by the drying rate. Fast-drying results in longer and thinner fibers. Nanosilica 

fibers can also be formed in a polymer matrix (e.g. polycarbonate) via the solvent-casting method. Formation 

of fibers in-situ in a soft rubber polymer matrix in one-step processing can provide a polymer reinforcement at 

two hierarchical levels - at the nanoscale by immobilizing polymer chains due to the presence of nanoparticles 

and the microscale by strain transfer to the fibers. Elastic modulus of the fibers was determined by wrinkling 

technique by compression on the elastic surface and by thermal treatment in the polycarbonate matrix. Both 

techniques showed modulus 43-46 MPa. 

Keywords: Self-assembly, fibers, nanosilica, dioxane 

1. INTRODUCTION 

Modern trends in the development of new materials seek inspiration in natural materials. Nature is able 

to create materials with outstanding properties from relatively simple components that are self-assembly 

arranged in a specific structure (e.g. a brick and mortar structure in a nacre that is made up of inorganic 

aragonite bound by a small amount of polymeric protein). Therefore, the bottom-up construction method 

(organization from the nanoscale, through micro and meso to macro dimensions) is increasingly being used in 

the preparation of synthetic materials. Nanoparticles and polymers thus become progressive building blocks - 

nanoparticles cause mechanical reinforcement and can bring interesting functional properties (e.g. electrical 

conductivity, light emission) into the resulting nanocomposite. [1,2] 

Many recent advances in the synthesis of self-assembly hybrid inorganic-organic materials have been 

reported. [3]. A common way of self-assembly nanocomposite preparation is mixing nanoparticles with a liquid 

monomer (followed by polymerization) or polymer solution (followed by evaporation of solvent). Nanoparticles 

can also be synthesized in-situ directly in a polymeric liquid. Solvent casting method is a powerful tool that can 

be used to easily control the arrangement of nanoparticles in a composite without the need for grafting or other 

surface treatments. The choice of solvent in the polymer-particle-solvent system changes the interactions of 

the individual components, thus arranging nanoparticles into defined structures - individual particles, chain 

bound clusters and contact aggregates. However, these self-assembly formations are randomly arranged (into 

statistically random or spherical formations), not showing anisotropy. [4,5] The arrangement of nanoparticles 

in the polymer has a crucial influence on the resulting properties of the composite. [6] 

https://doi.org/10.37904/nanocon.2019.8489 
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The subject of our research is unique fibrous anisotropic structures that can be prepared from silica 

nanoparticles by a simple self-assembly solvent casting method in 1,4-dioxane. The result is a highly filled 

nanocomposite. These fibers can also be prepared in-situ in the polymer matrix where they can effectively 

reinforce the polymer matrix. The modulus of elasticity of silica fibers was determined to assess their ability to 

reinforce the composite. 

One of the possible methods for determination of the elastic modulus E of fine materials is wrinkling 

on the elastomeric substrate. [7,8] This method is mainly used to determine E of polymer films but has also 

been described for thin crystalline materials. The tested material is placed on an elastic substrate, most 

commonly polydimethylsiloxane (PDMS), with a known elastic modulus Em and Poisson ratio ν. A mechanical 

deformation is then applied to the substrate, which is transferred to the tested material caused its periodical 

wrinkling with a certain wavelength λ. With knowledge of the thickness of the tested material h, its elastic 

modulus Ef can then be determined according to equations (1). Good adhesion between the substrate and the 

test material is required. 

3

2

m
f 21
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hπ
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2. MATERIALS AND METHODS 

Materials: Colloidal spherical silica pre-dispersed in 30.6 wt. % isopropanol solution (IPA-ST, Nissan 

Chemicals). 1,4-dioxane in quality for analysis (Penta). Polycarbonate (PC) Macrolon 2407 C with molecular 

weight 42 kg·mol−1 and polydispersity 2.2 (Bayer AG). 

Sample preparation: Nanosilica was stirred in dioxane solution and then dried at an appropriate temperature 

on a tempered aluminum sheet (freestanding fibers preparation). PC was dissolved in dioxane, colloidal 

nanosilica was added, the solution was stirred and then dried on an aluminum sheet (nanocomposite 

preparation). 

Characterization: Structural analysis were done employing scanning electron microscopy (SEM; samples 

covered with gold layer) and confocal laser microscopy (CLSM) for observation of freestanding fibers 

and transmission electron microscopy (TEM) for observation of ultramicrotome cuts of nanocomposites. 

Thermogravimetric analysis (TGA) were measured in a nitrogen atmosphere with temperature ramp 

10 °C·min−1 up to 650 °C. The silica sample was pressed into KBr tablets for infrared spectroscopy (FTIR). 

Determination of elastic modulus of the fibers was done by wrinkling technique on PDMS substrate (the surface 

and thickness of fibers were observed by optical profilometry, OP) and by thermal treatment compression in 

PC matrix. 

3. RESULTS AND DISSCUSION 

According to the trend of organization nano elements into larger structures using the bottom-up method, we 

have developed a method for organizing nanosilica particles of 10-15 nm up to 1.5 cm long fibers with aspect 

ratio 100. These fibers are prepared by a self-assembly process in a 1,4-dioxane. Silica is capable to reach a 

positive partial charge on its surface in dioxane, which was verified by measuring ζ-potential. Positively charged 

silica acts as alkali and catalyzed decomposition of dioxane to acetaldehyde and subsequent polymerization 

of acetaldehyde to oligomeric or polymeric (polyoxyethylene, POE) chains (Figure 1A). TGA showed that 

dioxane decomposes to a lower boiling substance such as acetaldehyde in the presence of silica (boiling point 

of dioxane is 101 °C, of acetaldehyde 20 °C). TGA also showed a higher organic substance bound to the silica, 

which had a higher decomposition temperature (about 200 °C) than pure dioxane. The amount of the higher 
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organic component in the fibers was 2-3.5 wt. %. FTIR spectrum confirmed the presence of ether groups (e.g. 

typical strong peak at 1100 cm−1) present in the silica fibers that would correspond to POE polymerization. 

It was suggested that dioxane polymerized and adsorbed on the silica surface acts as grafting short branching 

chains that control the arrangement of nanoparticles into anisotropic structures during solvent evaporation 

(dying of remaining original solvent, fiber solidification; Figure 1B). Rarely longer polymer chains can also 

serve as bridging molecules that are adsorbed on multiple particles simultaneously and interconnect them. 

 

Figure 1 A - Scheme of 1,4-dioxane decomposition to acetaldehyde and its consecutive polymerization 

to POE. B - Illustration of the interconnection of nanoparticles into fibers (light green represents solvent 

dioxane, dark green represents polymerized dioxane) 

Fibers were formed during solidification when solvent evaporated. No fiber formation was observed in the liquid 

solution after a long-time period (2 years). The kinetic of solidification also controls the morphology of the fibers 

- rapid drying at high temperatures led to long thin fibers with aspect ratio approximately 100 (width about 

150 µm, length 1.5 cm; Figure 2A, C), on the other hand, slow drying at low temperatures led to the formation 

of shorter and thicker fibers with an aspect ratio of about 20 (width 500 µm, length 1.0 cm; Figure 2B). Long-

term storage of silica in dioxane solution did not affect the content of polymerized dioxane bound to the silica 

surface after drying - the polymer content was the same whether the fibers were dries after 2 hours or after 

6 months from dioxane solution. It can, therefore, be assumed that the silica surface was saturated with 

polymerized dioxane after stirring for 2 hours (at 50 °C). When the silica was solidified at a higher temperature 

after 6 months storage in solution, the same fibers were formed as when dried after 2 hours from mixing 

dioxane and nanosilica. 

   

Figure 2 Free-standing silica fibers. A - Photo of rapidly dried fibers (drying temperature 150 °C); B - photo 

of fibers dried at room temperature; C - detail of rapidly dried fibers (CLSM) 

The fibers had a rectangular, almost square, cross-section, their surface was smooth without significant 

external structure (Figure 3A). Remarkable was the internal structure of the fibers, which was in the form 

of arcs. After drying of bulk material, the central backbone from which the individual arcs originated was 

observable (Figure 3B). When the solution was evaporated in a thin layer on a silicon wafer, very regular arcs 

were formed without a central backbone (Figure 3C). 
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Figure 3 Structure of silica fibers. A - smooth surface (SEM); B - internal arc structure (CLSM);  

C - arc structure on fibers deposited in a thin layer on Si wafer (SEM) 

The microfibers made of spherical nanosilica can also be prepared in-situ in the polymer matrix. The PC beads 

were dissolved in dioxane and nanosilica particles were added, the solution was again stirred at 50 °C for 
2 hours. Fibers shaped in the polymer matrix after solvent evaporation, but they were smaller than in free-

standing version because the polymer chains slowed down the diffusion of nanoparticles and thus prevented 

the growth of fibers to macro dimensions during solidification. Best of our knowledge, no self-assembling 

organization of spherical nanosilica with the bare surface without grafting or other surface treatment into 

composites with anisotropic structures has been described in any other solvent. 

Again, the size of the fibers and the structure of the nanocomposite can be controlled by the solidification 

kinetics - nanocomposites dried at 3 different temperatures are depictured in Figure 4. When dried at 200 °C, 

fibers with an average length of 2.5 µm with an aspect ratio of 14±5 were formed, at 150 °C the fibers had a 

size of 5 µm and an aspect ratio of 11±1 and at 105 °C, slightly above the boiling point (TB) of dioxane, fibers 

had an average size of 6 µm and an aspect ratio of 13±4. It should be noted that solidification close to the TB 

of dioxane also produced large fibers of several tens of micrometers (Figure 4D), the fiber size distribution 

became wider with decreasing solidification temperature; the fibers showed the most uniform size when drying 

at high temperatures. In any case, it appeared that fibers of approximately the same aspect ratio are formed 

in the polymer matrix throughout the different solidification temperatures. 

    

Figure 4 PC nanocomposites prepared in dioxane with 1 vol. % of nanosilica dried at different temperature 

(TEM). A - high temperature 200 °C; B - medium temperature 150 °C; C, D - low temperature 105 °C.  

Anisotropic fibers in the polymer matrix have the potential to reinforce the matrix more than disordered 

aggregated nanoparticles. The reinforcing effect of nanoparticles has a contribution in substituting the volume 

of the soft matrix for hard particles and secondly the immobilization of polymer chains near the surface of the 

nanoparticles. Besides, the fibers can transfer stress and make the reinforcement even more efficient. 

Knowledge of fiber mechanical properties, in particular, the elastic modulus Ef, is essential to assess the 

possibility of fiber reinforcement of the polymer matrix. Ef of free-standing fibers without polymer matrix was 

determined by wrinkling technique on a PDMS substrate (Figure 5A). The fibers from the silica were relatively 

brittle and did not allow large deformations, the fiber compression caused by the release of the prestressed 
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substrate was 1 - 4 %. With the knowledge of the thickness of the fiber h, the elastic modulus of PDMS Em 

(2 MPa), Poisson ratio of PDMS ν (0.46) and wavelength of wrinkles (Figure 5B) was determined the value of 

Ef to 43 MPa. 

 

Figure 5 Determination of wrinkle wavelength λ. A - Scheme of wrinkling technique on the elastic substrate; 

B - topology curve of silica fiber wrinkled on PDMS (OP); C - determination from TEM image after thermal 

treatment in PC matrix.  

Ef of fibers formed in-situ in the polymer matrix was determined by an alternative method, namely thermal 

treatment in the polymer matrix (Figure 5C). The fibers were formed during the solvent evaporation 

in a polymeric liquid (solution), which gradually passed to the polymer melt (initially softened by solvent 

molecules). When the nanocomposite was cooled rapidly to room temperature, the polymer solidified 

and shrinked, which again induced wrinkles on the fibers themselves. Similarly to the technique of wrinkling 

on the elastic substrate, the Ef = 46 MPa was calculated. Square cross-section of the fiber, the elastic modulus 

of PC 1.83 GPa and Poisson ratio of PC 0.37 were taken into account. 

Determination of Ef by both techniques was in good correlation. From the Ef value, it can be said that 

the mechanical properties of the fibers are determined by the elastic modulus of the organic component formed 

by the polymerization of dioxane. Bulk POE elastic modulus values are typically around 300 MPa, which would 

indicate that the POE adsorbed on the silica surface is not tightly bound between the particles or is composed 

of shorter oligomeric chains. 

4. CONCLUSION 

The tool for self-assembly organization of nanoparticles of 10-15 nm into microfibres with a length of 1.5 cm 

and an aspect ratio of 100 was shown. The key factor is the preparation of fibers in dioxane, which is capable 

to polymerize on nanosilica surface and control the arrangement of nanoparticles into anisotropic structures 

during solidification. The result is a highly filled composite, which mostly contains inorganic particles held 

together by 2-3.5 wt. % of the organic component (oligomeric/polymeric POE). The preparation of the fibers is 

also possible in-situ in the polymer matrix, where the fibers could represent effective reinforcement. The elastic 

modulus of the fibers was determined by the wrinkling technique on an elastic substrate and confirmed by 

thermal induced wrinkling. The value of the elastic modulus of the fibers varied between 40-50 MPa giving 

them the ability to function as reinforcement in rubber polymers. 
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Abstract 

Nanofiber’s morphology features (diameter, pore size, roughness) together with mechanical properties and 

biocompatibility are crucial for the evaluation of nanofibrous web’s structures properties. Surface’s morphology 

strongly affects among all the physical, mechanical, and biological properties of the web’s structures. A detailed 

characterization of scanning electron microscopy images is decisive and widely used. Image analysis include 

most often the determination of fiber amount and their diameters on the monitored area; occasionally also the 

porosity and pore size determination; and very rarely the other parameters like linearity/curvature rating or 

orientation of fibers etc. Characterization by confocal microscopy is not yet commonly applied. However, the 

detailed observation of the surface and its evaluation bring many advantages, especially surface roughness 

determination but also the surface kurtosis and surface skewness etc. This work briefly summarizes the 

evaluation methods applicable for morphological characterization of nanofibers from SEM and confocal 

microscopy; and bringing closer insight for possible prediction of physical, mechanical, and biological 

properties of the nanofibers. 

Keywords: Nanofiber characterization, image analysis, scanning electron microscopy, confocal microscopy 

1. INTRODUCTION 

The electrospinning process outcomes are a nonwoven web of differently oriented fibers with diameters in the 

nanometer scale. These nanofibers (NFs) have high specific surface area, large number of intra fibrous pores, 

mechanical properties superior to thicker fibers, so it is an excellent material for many applica-tions. The 

properties of NFs are mostly characterized through chemical composition, hydrophobicity, bioco-mpatibility, 

thermal and mechanical properties. However, the morphology (i.e. fiber orientation, diameter, pore size, 

roughness etc.) also affect the physical and mechanical properties of the webs [1]. Distribution of fiber 

morphology properties fluctuates on the methods and materials used. [2] A precise measurement of NF 

morphology based on SEM images is important. The articles describe structural parameters of NFs only briefly 

and only as a part of service methods. Only a few reports are focused on the theoretical appro-ach to calculate 

for example fiber diameter, orientation, length, pore size. [1,3-5] Morphological parameters show critical effect 

on the physical properties of NFs. [6] Internal architecture of NFs materials is an impor-tant attribute which 

predisposes them as supporting materials e.g. carriers for cell cultivation [7,8] (the scaffold requirements 

include biocompatibility, controlled porosity and permeability and suitable mechanical properties comparable 

to natural tissue) [4]; rough and smooth surfaces will encourage different types of cell adhesion [9]; preparation 

of the filter with well-defined pore dimensions improves filtering ability [9,10]. The aim of our investigation is to 

use image analysis methods for electrospun NF properties measurement from SEM images. The result is a 

more detailed examination of the NF webs, providing additional information that allows predicting the properties 

or behavior of materials and can improve the quality of final performance. 

https://doi.org/10.37904/nanocon.2019.8553 
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2. MATERIAL AND METHODS 

2.1. Samples processing 

The polyvinylbutyral (PVB), Mowitals B 60 H, was obtained from Kuraray America, Inc. with the average 

molecular weight of 60 000 amu. A 10 wt% spinning solution was prepared by dissolving the PVB polymer in 

ethanol, ratio 9:1 (90 g Et-OH : 10 g PVB). From the different concentrations of the solutions of polyurethane 

(PUR) polymer in dimethylformamide (range 18 - 35 wt %), the most suitable spinning solution was selected.  

Nanospider NS line 1WS500U from Elmarco produced nanofibrous webs using an electrostatic field. For both 

polymers, the distance between the electrodes was 0.142 m; the voltage was set at 36.9 kV and 

-16.9 kV, current 0.21 mA, the temperature 22 ± 2 °C and the humidity 15 ± 3 % for PVB; the voltage was set 

at 43.7 kV (at 0.22 mA) and -17.3 kV (at 0.27 mA) for PUR, the temp. 25 ± 2 °C and the humidity 17 ± 3 %. 

2.2. Scanning electron microscopy 

The images were taken by the UHR FE-SEM Carl Zeiss ULTRA Plus microscope. Samples of NFs (without 

spunbond) were carefully cut into the squares (5 × 5 mm) and attached to targets using the adhesive tape. 

Gold layer were applied to these samples using Quorum Q150R ES (Quorum Technologies) to ensure 

sufficient conductivity. 

   

   

Figure 1 (a) Original image, (b) Segmented image after defects removal, (c) Distance map image, 

(d) Skeleton image thinning, (e) Resulted image with detected fibers (red) and skeleton (blue),  

(f) Example of histogram (fiber diameter distribution). 

The image analysis was prepared within Matlab (The MathWorks, Inc.) by following steps: (1) The image of the 

NFs is firstly corrected through ‘adapthisteq’ and ‘imadjust’ functions. Then the image is converted from 

RedGreenBlue to a binary (BlackWhite) form by the Otsu algorithm (‘imbinarize’). (2) Any defects (image 

capture errors, dust) are reduced with morphologically operation as ‘bwareaopen’ and ‘imclose’. Porosity of 

NFs web is calculated as a sum of a pixel with value of “0” (background) to the whole picture. The pore size is 

determined as an ‘EquivDiameter’ thanks to ‘regionprops’ function. The equivalent circle diameter has an area 

equal to the area of the measured pore. (3) The thin lines of one-pixel width is calculated by algorithm called 

skeletonisation included in Matlab software (function ‘bwmorph, skel’) from the binary image. The thinning 

operation removes the pixels on the boundary of the object without allowing it to break apart. Total length of 

NFs (in each image) is calculated as a sum of all pixels in skeletonized image. (4) The distance transform is 

calculating with function ‘bwdist, euclidean’ from the binary image. The distance transform (euclidean distance) 

compute a sum of pixels between that pixel and the nearest nonzero pixel in binary image. (5) Images resulted 
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from skeletonization and distance transform are multiplied, so only the maximum value of distance transform 

(where skeleton lies) are obtained. This data corresponds to fiber diameter determined in each point along the 

length of the fiber. The fiber linearity/curvature rating defined as the ratio of the length of a fiber that spans two 

selected points to the shortest distance between these two points (calculated as a minimum Feret diameter 

with ‘bwferet, MinDiameter’ function). (6) Statistical analysis is considered (average and standard deviation) 

for each of defined parameter. Histogram of fiber diameter and porosity distribution is plotted. The resulted 

image with detected fibers is imaged. 

2.3. Confocal microscopy 

Confocal microscopy was performed on the high-performance 3D optical profiler S neox from Sensofar with 

objective EPI 20X v35. The neox uses a high-resolution CCD (charge-coupled device, 0.69 µm/pixel) sensor 

of up to 1360 × 1024 pixels (observed area 850.1 × 709.3 µm). Samples of NFs were attached to laboratory 

slide using the adhesive tape. Gold layer were applied to these samples using Quorum Q150R ES (Quorum 

Technologies) to reduce the transparency of NFs. Surfaces can be compared in terms of roughness 

parameters (based on ISO 25178); including average of the height difference between five highest peaks, the 

five lowest valleys as “Sz” [11]; and kurtosis as “Sku” is a measuring of the sharpness of the surface height 

distribution. 

a)    

b)  

Figure 2 Images of nanofibers when Nanospider was used with (a) SEM microscopy and (b) confocal 

microscopy; on left are shown PUR polymer and right are PVB polymer. Note to image (b): The red to white 

areas in the images correspond to the upper layers of nanofibers, while the green and blue areas correspond 

to the lower layers of nanofibers (as shown by the color scale of the z-axis next to the images). 

2.4. Material characterization 

The biodegradability of polymeric materials is determined using a respirometric method (by measuring 

biochemical oxygen demand (BOD) in Micro-Oxymax Respirometer, Columbus Instruments) in the presence 

5 µm 5 µm 

230 µm 230 µm 
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of aerobic microorganisms in an aqueous environment according to ISO 14851:1999. The samples (electro-

spun polymer materials) were prepared by weighing; a bacterial inoculum from real wastewater treatment plant 

(dry matter 4.3 g/L and the colony forming unit value was 100 000 CFU/mL) was used. The test was carried 

out in standard medium (i.e. samples and inoculum were mixed with the selected volume of medium). 

Differential scanning calorimetry (DSC) was performed by the DSC 6 instrument (Perkin-Elmer company) 

to compare the thermal transitions of the individual samples (thermo-analytical technique). Based on the 

results, the influence of the spinning technique on the thermal properties of polymers PVB and PUR was 

evaluated. The parameters glass transition Tg (°C) and melting point TM (°C) were obtained. 

The ball burst BB1PN was measured on device of Testometric M350-10CT. The parameters bursting strength 

(N) and distance to break (mm) were obtained. 

The tensile strength was measured on device of Testometric M350-5CT. The parameters tensile strength 

(N) and extension (mm) were obtained. 

3. RESULT AND DISCUSSIONS 

Table 1 and Table 2 summarize the image analysis results and material characterization.  

 

Table 1 Result of image analysis based on SEM 

 and confocal microscopy 

Table 2 Result of material characterization based on  

 BOD, DSC, tensile strength, and ball burst 

 
PUR PVB   PUR PVB 

Fiber length (µm/µm2) 2.3 ± 0.3 1.4 ± 0.2  BOD                   (mg/L) 23.2 ± 0.01 22.7 ± 0.06 

Fiber diameter    (nm) 297 ± 29 387 ± 42  Glass transition Tg (°C) 35.9 ± 0.03 62.3 ± 0.02 

Degree of disorder (-) 5.0 ± 1.0 4.4 ± 0.9  Melting TM              (°C) 227 ± 0.03 72 ± 0.02 

Porosity                (%) 38.3 ± 1.9 44.4 ±1.2  Tensile strength      (N) 3.8 ± 3.5 10.7 ± 0.5 

Pore size            (nm) 471 ± 68 697 ± 66  Extension             (mm) 9.2 ± 2.3 4.5 ± 1.3 

Roughness “Sz” (µm) 54.4 ± 19.3 75.4 ± 6.7  Bursting strength     (N) 9.1 ± 4.9 14.4 ± 2.7 

Kurtosis “Sku”        (-) 4.5 ± 1.3 5.3 ± 1.3  Distance to break (mm) 25.3 ± 3.2 32.9 ± 2.9 

Skewness “Ssk"     (-) 0.83 ± 0.2 1.45 ± 0.3  Angle of wettability (deg) 88.7 ± 12.5 74.4 ± 10.2 

The biodegradability value of polymeric materials (BOD) has very little difference, thus there is unclear which 

morphological parameter has major impact; we can just suppose that porosity and fiber diameter will be more 

dominant for intensive bacterial cell colonization (material has higher active surface, thus higher number of 

bacteria can presence on surface). 

The glass transition is influenced by fiber diameter, porosity, and roughness (higher values of fiber parameters 

causes higher Tg). The melting point is influenced by fiber length (i.e. by total amount of fiber in given area), 
and by degree of disorder (high disorder corresponds to higher fiber overlap and to kurtosis). Also, the 

correlation with BOD can be supposed (lowering melting point can led to increasing of susceptibility to 

enzymatic and microbial attacks and thus to higher value of BOD).  

The tensile strength has a clear connection with fiber diameter and pore size; the extension is predisposed 

with fiber length and with degree of disorder (i.e. higher degree of disorder corresponds to more twisted or 

curved fibers that can be straightened, so a longer elongation can be achieved). The bursting strength has a 

relationship with fiber diameter, pore size and roughness; the distance to break as well with the same para-
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meters; the dominant factor can by roughness (higher roughness correspond to the distance between the 

lowest valley and the highest peak; higher distance correspond to higher strength that must be expended). 

The angle of wettability corresponds to hydrophilic properties of surface (lower value of angle shows a better 

wetting; higher value applies for bad wetting hydrophobic surface). More hydrophobic material seems to be 

PUR polymer, which has a greater predisposition to repel water (89 deg) than PVB (74 deg). Only type of 

material used influences the interaction with water and based on image analysis method only the parameter 

degree of disorder seems to be in consistent with angle of wettability. 

4. CONCLUSION 

The characterization of nanofibrous materials requires a complex approach and evaluation of the results of 

various methods. Experimental results confirmed that mechanical properties are possible to predict by using 

image analysis of the surface parameters of nanofiber structures (produced by electrospinning). Detailed 

image analysis of fiber properties is highly important. The measuring of only fiber diameter is very 

underestimated evaluation. There are significant parameters that influence fibrous structures behavior (like 

porosity, pore size, roughness etc.) and have a significant impact on mechanical properties. The field of 

detailed characterization of nanomaterials can have a significant impact on creating new materials for industry 

and specific biological applications. 
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Abstract  

The ZrB2-MoSi2 coating modified by Y2O3 and Al was prepared on a carbon/carbon composite substrate by a 

new multi-chamber detonation accelerator (MCDS). The thickness of deposited coatings ranged about 90-130 

m. The powder containing 41 mol.% of ZrB2, 5 mol.% of MoSi2, 1 mol.% of Y2O3 and 53 mol.% of Al (1-25 

μm) has been used as the feedstock material to deposit a dense layer. The structural-phase state of the 

coatings was characterized by X-ray diffraction and scanning electron microscopy with energy-dispersive 

spectroscopy. The ZrB2-MoSi2 coating was well-adhered with carbon/carbon composites. The coating 

displayed compact microstructure with porosity lower than 1%. It was established that phase composition of 

ZrB2-MoSi2 powder under the influence of high temperatures and the atmosphere of detonation products 

changes with the formation of a complex heterogeneous structural-phase state in the coatings. As-sprayed 

coating consisted of t-AlZrO2, fcc-Al, m-ZrO2 and m-SiO2. ZrB2-MoSi2 coatings are characterized by the 

presence of nanodispersed particles. The most of the powder particles were melted and formed lamellar-like 

structure typical for thermally sprayed coatings. But small amount of partially-melted areas has non-uniform 

structure, ranging from lamella to sphere with a size range of 0.05-1.5 μm.  

Keywords: Multi-chamber detonation accelerator, ZrB2-MoSi2 coatings, carbon/carbon composites,  

                   microstructure 

1. INTRODUCTION 

Carbon-carbon composites are the most potential materials for high temperature applications due to its 

excellent mechanical and thermosphysical properties (low density, low coefficient of thermal expansion and 

improved mechanical properties at high temperatures above 2000 °C) [1-3]. However, in spite of its attractive 

mechanical and thermal properties at high temperatures, their poor resistance to an oxidizing atmosphere 

beyond 500ºC limits their performances as the high-temperature structural materials. One of most widely used 

methods for improving carbon-carbon composites oxidation resistance is to apply such coatings as MoSi2, 

ZrSiO4, SiO2-SiC, ZrB2-SiC [4-7]. A new multi-chamber gas-dynamic accelerator (MCDS) was proposed to 

spray ZrB2-MoSi2 coatings in this study [8-10]. ZrB2-MoSi2 nanocomposite coating containing 1 mol.% of Y2O3 

and 53 mol.% of Al. Including silicide into ZrB2 can significantly promote the oxidation protection ability of ZrB2 

coating because of a stable compound silicate glass layer formation [11]. Y2O3 was successfully used as a 

stabilizer of high temperature tetragonal and cubic modification of zirconia [12]. Aluminum was added as a 

bond for the oxidizing agent during of the spraying and creating "plastic" lamellae and nano-dispersed 

inclusions, which will relieve internal stresses. The microstructure, elemental and phase composition of coating 

were investigated in the present work. 

https://doi.org/10.37904/nanocon.2019.8657 
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2. EXPERIMENTAL 

2.1. Materials 

The powder containing 41 mol.% of ZrB2, 5 mol.% of MoSi2, 1 mol.% of Y2O3 and 53 mol.% of Al (1-25 μm) 

(Figure 1) has been used as the feedstock material to deposit a dense layer on the carbon/carbon composites 

substrate. 

   

Figure 1 SEM micrograph (back-scattered electron mode) and elemental composition of composite 

powder 

2.2. Apparatus and Procedure 

Vertically mounted, multi-chamber, gas-dynamic accelerator (MCDS) with a barrel length of 500 mm was 

employed to deposit the ZrB2-MoSi2 nanocomposite coatings in this study. The realized detonation regime of 

the combustion of the gas mixture in two chambers has a special profile in MCDS. The automated equipment 

(Figure 2) consists of: 1 - device for spraying, 2 - standard powder feeder with a feed rate of up to 3 kg/h, 3 - 

a standard low-pressure (max. 0.3 MPa) gas panel, 4 - an automated control system for the technological 

process, 5 - an automated manipulators for moving MCDS and 6 - a specimen holder. 

 

Figure 2 Equipment for deposition of the ZrB2-MoSi2 coating. 
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The spray parameters used for deposition of ZrB2-MoSi2 coating are listed in Table 1. 

Table 1 Parameters employed for deposition of ZrB2-MoSi2 coating by a new multi-chamber detonation  

             accelerator 

Flow rate of fuel mixture components, 
[m3/h] Barrel 

length 
[mm] 

Barrel 
diameter 

[mm] 

Spray 
distance 

[mm] 

Powder 
feed rate 

[g/h] 

Frequency 
[Hz] 

Oxygen 
Propane (30 %) 
+ butane (70 %) 

Air 

4*/3.6** 0.75*/0.68** 0.12*/0.12** 500 16 80 600-700 20 

*Cylindrical form combustion chamber. **Combustion chamber in the form of a disk 

The cross-section of the coating was polished using abrasive SiC paper and diamond suspension to prepare 

the samples. The morphology of the polished cross-section of the coating was investigated by scanning 

electron microscopes (SEM) FEI Nova NanoSEM 450 and FEI Quanta 600 FEG with energy-dispersive 

spectroscopy (EDS). Porosity of the composite coating was measured by the metallographic method with 

elements of the qualitative and quantitative analysis of the pores geometry by using an optical inverted 

Olympus GX51 microscope. X-ray analysis was performed by the Rigaku Ultima IV diffractometer. Crystalline 

phases were identified by the ICDD PDF-2 (2008) powder diffraction database. 

3. RESULTS AND DISCUSSION 

The cross-sectional morphologies and elemental composition of the ZrB2-MoSi2 nanocomposite coating are 

illustrated in Figure 3. The thickness of deposited coatings ranged from 90 to 130 m. ZrB2-MoSi2 coating has 

uniform and dense microstructure with porosity lower than 1%, and has a good adhesion to the substrate.  

   
(a)      (b) 

Figure 3 SEM image of cross‐section (a) and elemental composition (b) of the ZrB2-MoSi2 coating (back‐
scattered electron mode) 

The cross-section images show two areas with different types of structure (Figure 4). The most of the powder 

particles were melted. It was found that the shape of the fully-melted area has typical for thermally sprayed 

coatings lamellar-like structure (Figure 4a). A partially-melted area consisting of unmelted non-uniform 

particles changes from lamella to sphere with a size ranged from 0.05 to 1.5 μm. (Figure 4b). 
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(a)      (b) 

Figure 4 SEM images of fully-melted (a) and partially-melted areas (b) of the ZrB2-MoSi2 coating  

(back‐scattered electron mode) 

Figure 5 shows the X-ray diffraction (XRD) of the ZrB2-MoSi2 powder and coatings. 

 
(a)       (b) 

Figure 5 XRD patterns of the (a) ZrB2-MoSi2 powder, and (b) the ZrB2-MoSi2 coating 

It can be seen that the powder was consisted of hexagonal ZrB2, tetragonal MoSi2, and cubic Y2O3 and Al 

phases (Figure 5a). Reported powders could be melted quickly and some part of powders react with oxygen 

in the air during the spraying process, Tetragonal AlZrO2, cubic Al, monoclinic ZrO2 and monoclinic SiO2 were 

identified in the coating (Figure 5b). It was clearly shown that melted or semi-melted ZrB2 and MoSi2 particles 

reacted with oxygen in the surrounding environment during spraying process, led to formation of AlZrO2, ZrO2 

and SiO2. It should be noted that MoO3(s) vaporizes at the same time as it is produced while MoO3(g) 

possesses high vapor pressures at high temperatures. 

4. CONCLUSION 

Multi-chamber detonation accelerator (MCDS) was applied for deposition of the ZrB2-MoSi2 nanocomposite 

coating on carbon/carbon composites in this study. MCDS has provided conditions for formation of dense and 

uniform coating layers. These coatings have a lamellar-like structure typical for thermally sprayed materials 

with a small amount of partially-melted areas and non-uniform structure ranged from lamella to sphere with an 

average size from 0.05 to 1.5 μm. The melted powder partialy react with oxygen in the air during spraying led 
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to formation of AlZrO2, ZrO2 and SiO2. The results of this work open up new prospects for the further elaboration 

of new technologies for manufacturing protective coatings able to enhance the properties of carbon/carbon 

composites an oxidizing atmosphere at high temperatures. 
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Abstract 

Nanomaterial powders and colloids are already a large industry and are expected to continue to grow rapidly. 

In the context of risk assessment associated with nanomaterials, characterization of nanoparticle size and 

morphology is required. Until now, the best method giving direct access to these parameters has been electron 

microscopy (EM), in particular, transmission electron microscopy (TEM). Although this method is widely used, 

several issues are highlighted such as cost, maintenance, sample representativity and damage for sensitive 

materials. Low-voltage transmission electron microscopes (LVTEMs) could be an alternative approach to solve 

some of these issues. This paper presents a first comparison between a benchtop LVTEM and a conventional 

device to determine the number size distribution of the constitutent particles of two polydispersed industrial 

powders (TiO2 and SiO2) with particle sizes close to 100 nm and two colloids referenced for their particle size 

(ERM FD 304 and NM 300 K). The samples were prepared with an optimized deposition protocol involving 

glow discharging and Alcian blue solution pre-treatment on the EM grids. The benchtop LVTEM produced a 

rather good resolution and the relative differences obtained for the median diameters D50 are generally within 

±15 %. On the basis of these results, benchtop LVTEM could be promoted for identifying nanomaterials within 

the framework of risk assessment strategy. 

Keywords: Benchtop electron microscope, nanomaterials, nanomaterial classification, constituent  

         particles, size distribution, powders, colloids 

1.  INTRODUCTION 

Nanomaterial powders and colloids are already a large industry (Piccinno et al., 2012 [1]; Saldanha et al., 2017 

[2]). Improvement of the synthesis processes and the new properties highlighted at the nanoscale lead to the 

creation of new and innovative products, which suggests that this industry is expected to continue to grow 

rapidly. With nanoparticles being used increasingly at work, potential exposure of workers to the inhalation of 

released particles is possible throughout the lifecycle of the powders and liquid suspensions (Bekker et al., 

2015 [3]; Debia et al., 2016 [4]). Since adverse health effects of nanoparticles are a growing concern, it remains 

challenging to evaluate the risks associated with nanoparticles in order to propose preventative measures. 

The first step in a risk assessment strategy is the identification of the“nano” nature of a material (ISO/TS 

12901-1, 2012 [5]). The reference criterion proposed by the European Commission (EC) is based on the 

number size distribution of constituent particles (EC, 2011 [6]). A powder or colloid is considered as a 

nanomaterial if more than 50 % of the constituent particles in the number size distribution has at least one 

dimension under 100 nm. This recommendation does not specify a particular method to obtain the number 

size distribution but it highlights the necessity to implement the most relevant and available methods in this 

purpose.  

https://doi.org/10.37904/nanocon.2019.8617 
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Until now, the best method for directly obtaining particle size and shape has been electron microscopy (EM), 

in particular transmission electron microscopy (TEM) (Babick et al., 2016 [7]; De Temmerman et al., 2013 [8]). 

Although this method is widely used, the main issues highlighted are the high cost of the devices, heavy 

maintenance, high operator qualification for manipulating the microscopes, and the damage caused by the 

electron beam to the most sensitive samples (biological or polymers). Moreover, the sample representativity 

can be discussed with TEM since one can expect to count nearly 1000 constituent particles. However, no open 

literature demonstrates this clearly. In the particular context of risk assessment, risk prevention professionals 

do not always have the necessary skills in EM methods or the funding to invest in expensive devices. 

 

Figure 1 Examples of LVTEM applications for nanoparticle characterization. (a) cellulose fibers,  

(b) liposome, (c) nano-plastics collected in sea water and (d) goldnanoparticles 

Recently, benchtop low-voltage transmission electron microscopes (LVTEMs) are evaluated as a solution to 

such issues (Delong, 1992 [9]; Bell et al., 2014 [10]; de la Calle et al., 2018 [11], Drummy, 2014 [12]). These 

unique instruments have been developed and manufactured by the company Delong Instrument (Brno, Czech 
Republic) since 1992 (Delong, 1992 [9]). Specifically dedicated to low voltage, these TEM are proposed in two 

versions: the LVEM5 operating at 5 kV and the LVEM25 at 25 kV. These instruments are extremely compact, 

require little space and resources and can combine other imaging modes such as scanning electron 

microscopy (SEM), scanning transmission electron microscopy (STEM) or electron diffraction (ED) in one 

single device. Moreover, low acceleration voltage combined with the Schottky field emission gun opens up the 

possibility of avoiding heavy metal stains typically used for imaging polymeric and organic molecular materials 

while causing less damage to this kind of material (Drummy, 2014 [12]) and preserving a reasonably high 

resolution (< 2 nm). Figure 1 shows four examples of applications of LVTEM to characterize nanomaterials. 

Examples (a)-(c) respectively concern cellulose, liposome and nano-plastics collected in sea water. They 

present a low contrast when conventional TEM is used and can even be damaged by the electron beam at 

high voltage. With a 5 kV low-voltage microscope, it becomes possible to characterize their shape and 

measure their diameters without using any staining. Example (d) is a micrograph of gold nanoparticles between 
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5 and 10 nm in diameter. This latter example shows that the resolution of LVTEM at 5 kV allows nanoscaled 

particles to be characterized.  

Therefore, LVTEM could offer some potential benefits for nanomaterial characterization with a risk assessment 

strategy, in particular, easier implementation and wider accessibility of the technique. However, no study to 

our knowledge has ever demonstrated the performance of LVTEM in determining number size distribution of 

powder or colloid nanoparticles with a view to implementing the first step of risk assessment strategy.  

In this work, we evaluated the relevancy of a LVTEM by comparing the number size distributions of the 

constituent particles of two representative industrial powders (TiO2 and SiO2) and two colloids referenced for 

their particle sizes based on the micrographs obtained with those from a conventional TEM device. The final 

goal was to have initial feedback about the possible use of LVTEM for the implementation of risk assessment 

strategy where nanomaterial identification is concerned. 

2.  MATERIAL AND METHODS 

2.1.  Instrumentation 

Two different electron microscopes were used in this work. A Delong LVEM5 operating in transmission electron 

microscopy mode with a Schottky field emission gun at an accelerating voltage of 5 kV and a spherical 

aberration coefficient Cs of 0.64 mm, and a conventional TEM CM200 (Philips) operating at an accelerating 

voltage of 200 kV with a Cs of 2mm were implemented. The micrographs were collected with a Retiga 4000R 

CCD 2048 × 2048 for LVEM5 and a Gatan ES500W CCD 1350 × 1024 for CM200. 

2.2.  Powders and colloids 

The characteristics of the materials are summarized in Table 1 based on manufacturers’ information 

contained in commercial product data sheets. TiO2 is mainly used as colorant for paintings whereas SiO2 is 

employed in buildings for improving the mechanical properties of concretes. ERM FD 304 and NM 300 K are 

reference materials for their particle sizes. They are widely used in EM analysis as standard materials for 

checking devices (Thunemann et al., 2014 [13]). The same batch of each material was used to prepare the 

samples. 

Table1 Characteristics of the powders and reference colloids used in this work according to data from the 

manufacturers 

Type Material Specific Surface 

Area (m2/g) 

Particle 

shape 

Particle size (nm) 

(reference values) 

Other 

information 

Powder TiO2 (anatase) 9 Spherical N.A 
Industrial 

powder 

 SiO2 (amorphous) 23    

Colloid ERM FD 304 (SiO2) N.A  27.8 ± 1.5* 

Material 
certified for the 

particle size 
mode 

 NM300K (Ag)   
17 ± 3.17 (1st population) 

5 ± 1.4 (2nd population) 

Reference 
material for 

mean size 

* The uncertainties indicated for the reference materials correspond to one standard deviation available  

    in literature. 
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2.3.  Sample preparation and analysis 

For the powders, samples were prepared at the concentration 0.5 mg/mL in deionized water under basic 

conditions (pH 10.5 for TiO2, pH 11 for SiO2) followed by 10 min of sonication at 50W before grid deposition. 

These formulations correspond to the highest stabilities we could obtain for the dispersed particles in the 

medium based on previous zeta potential measurements. The reference colloids were only diluted by a factor 

1000, then, sonicated 10 min at 50 W. For LVEM5 observations, Holey carbon film Cu 300 Mesh grids (Cu-

300HD, Pacific Grid tech) were treated beforehand by glow discharge (ELMO, Cordouan Tech.) for 15 s at 2 

mA, followed by Alcian Blue 1 % (Clin- Tech) treatment. Then, a 5 μL droplet of colloid was deposited on the 

treated grids over the course of 1 min (“drop on grid method”) before being blotted with a filter paper. The glow 

discharge plasma treatment makes the carbon membrane hydrophilic improving the wettability of the TEM grid 

for the colloidal drop, while the Alcian blue treatment charges the carbon surface positively, increasing its 

affinity with the negatively charged particles. The combination of both treatments improves the dispersion 

homogeneity of particles on the grid surface and limits the aggregation phenomenon. For TEM CM200 

observations, Cu 400 Mesh carbon film grids (Agar Scientific) were deposited over the course of 1 min on 2 

μL colloid drop (“grid on drop method”) (Mast and Demeestere, 2009 [14]). We did not use the same type of 

grids in both microscopes since the grid membrane thickness has a high impact on the low voltage observation 

quality. Actually, the thinner the membrane is, the better resolution and contrast are, and it appeared that the 

best grids for the LVEM5 were constituted of a carbon membrane thinner than 5 nm. On the other hand, these 

grids revealed to be too fragile for the TEM CM200. Therefore, we chose to use the most appropriate grids for 

each acceleration voltage in order to operate in the optimal conditions, and the best resolution, with each 

instrument.  

To limit variability in the results, a single operator took and analyzed the micrographs obtained with LVEM5 

and CM200 with the ImageJ software (Java version 1.8.0). A minimum of 100 isolated constituent particles 

were counted and their equivalent projected surface diameters were measured to establish the number size 

distributions since approximated spherical shape was observed for all the materials. To compare the results, 

the median diameters D50 were calculated from the cumulated number size distributions. 

3.  RESULTS AND DISCUSSION 

Figure 2 presents a typical micrograph obtained with LVEM5 and TEM CM200 for the four materials.  

For all the materials, the particles are correctly dispersed on the grids. This facilitates the counting to determine 

the number size distribution. The ERM FD 304 sample presents the highest density of particles on the grids. 

Despite the high dilution factor (1000), the number of particles obtained on a single micrograph is much higher 

than for TiO2, SiO2 and NM 300 K. LVEM5 shows a good resolution and a higher contrast compared to the 

conventional TEM CM200 for the material tested. It is possible to distinguish several constituent particles both 

with LVEM5 and TEM CM200. The particle shapes are nearly spherical for SiO2, ERM FD 304 and NM 300 K 

whereas TiO2 particles seem more ovoid.  

Figure 3 represents the number size distributions and the corresponding cumulated number size distributions 

obtained on LVEM5 and TEM CM200 for the four materials. There is a large range of TiO2 and SiO2 particle 

sizes, from 30 nm to over 300 nm; the ERM FD 304 and NM 300 K particle size range was smaller, from 18 

nm to 36 nm and from 10 nm to 35 nm respectively. This illustrates the polydispersity of the industrial powders 

contrary to the reference colloids which are characterized by a monomodal number size distribution. There is 

a general good match between the number size distributions obtained from the two different sets of 

micrographs. However, larger differences are observed for the SiO2 particles, since the count obtained with the 

LVEM5 indicates a majority of constituent particles between 30 and 180 nm in size, while there is a wider size 

range, from 30 nm to 250 nm, obtained with the TEM CM200. In our opinion, the sample preparation seems 
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to be the main reason explaining such discrepancy since the same batch of powder was used. In particular, 

very few SiO2 particles larger than 200 nm were identified on the CM200 sample grid and not on the LVEM5 

sample grid, despite of the significant number of micrographs observed for particles counting. Moreover, the 

change in contrast induced by the different acceleration voltages does not appear as a significant source of 

size disparity here since the NM 300 K, TiO2 and SiO2 particles edges are quite sharp and dense. 

 

 

Figure 2 Typical micrographs obtained for the four materials studied with LVEM5 and TEM CM200 
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Figure 3 Number size distributions and cumulated number size distributions obtained with LVEM5 and TEM 

CM200 for the TiO2 and SiO2 powders and the ERM FD304 and NM 300 K colloids 

Table 2 summarizes the D50 obtained from the cumulated number size distributions. It can be seen that the 

LVEM5 results are in line with those of TEM CM200. In particular, the discrepancies of LVEM5 compared to 

TEM CM200 are within ±15 %. The standard deviations are higher for the powders than for the colloids since 

the constituent particles are more agglomerated and more difficult to identify for counting. The best comparison 

is obtained for TiO2 with a relative difference of 2.5 %. The reference diameter is found for ERM FD 304 with 

both microscopes and the standard deviations associated are low. So, we validate the reference value 

obtained.  

Table 2 Median diameters D50 obtained from the cumulated number-based size distributions. The values  

   are indicated with one standard deviation 

Material LVEM5 TEM CM200 Relative difference 

(LVEM5 vs.TEM CM200) 
D50 (nm) % <100 nm D50 (nm) % <100 nm 

TiO2 124 ± 44 22 121 ± 41 20 2.5 % 

SiO2 84 ± 40 70 98 ± 25 55 -14 % 

ERM FD304 25.5 ± 2 100 27.2 ± 1.8 100 -6 % 

NM 300K 19.1 ± 3.3 100 17.2 ± 5.5 100 11 % 
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However, the ideal case is treated here. The ERM FD 304 is a monomodal spherical nanoparticulate sample 

and can be well characterized in terms of size with a quite reduced number of particles, typically around 100 

particles. This result cannot be generalized, in particular for the powder cases where a greater number of 

particles should be counted (more than 1000 particles) to obtain as most as possible representativity as 

demonstrated by De Temmerman et al (De Temmerman et al., 2013 [8]). For NM 300 K, the first reference 

diameter is found with both microscopes but the second diameter is not. The literature reports that the second 

diameter for this colloid is rarely observed (Klein et al., 2011 [15]). However, the main cause we attributed to 

this observation is a possible dissolution of the 5 nm population under acidic conditions as several studies 

highlighted this behavior for silver nanoparticles (Liu and Hurt, 2010 [16]; Loza et al., 2014 [17]; Zhang et al., 

2018 [18]). Even if successive rinsing steps were done during grid preparation, some Alcian blue traces could 

have stayed on the grids and dissolve the finest silver nanoparticles. Indeed, Alcian blue solution contains 3 % 

acetic acid. There is no general trend concerning the discrepancies and it can be supposed that the 

discrepancies observed in size measurement are mainly related to the sample preparation and the level of de-

agglomeration which would affect the operator’s ability to identify isolated constituent particles. On the basis 

of the D50 results, both microscopes classify the TiO2 powder as a non-nanomaterial since more than 50 % of 

its number size distribution of the constituent particles is higher than 100 nm. The SiO2 powder and the 

reference colloids are classified as nanomaterials. We point out however that the two powders are border 

cases for both microscopes taking into account the influence of sample preparation and the relative high 

standard deviations obtained. Other characterization approach we performed apart from this study, such as 

the Volume Specific Surface Area (VSSA) determination (Wohlleben et al., 2017 [19]), highlighted these border 

line situations. A powder is considered as a nanomaterial for a VSSA value above 60 m2/cm3 according to the 

EC recommendation (EC, 2011 [6]). The VSSA values are of 35 m2/cm3 and 58 m2/cm3 for TiO2 and SiO2 

respectively. Although the VSSA is not the reference criterion to classify a powder in the nanomaterial 

category, these results encourage to classify the TiO2 powder as a non-nanomaterial whereas the SiO2 case is 

confirmed to be very closed to the thresholds for size and VSSA parameters. In the risk assessment context, 

a borderline material should be classified as nanomaterial. So, SiO2 powder is proposed as a nanomaterial 

here. 

4.  CONCLUSION 

In this work, we compared a low voltage benchtop electron microscope operating in transmission mode with a 

reference TEM device for subsequent establishment of number size distributions of nanoparticulate powders 

and colloids. Such work integrated a workplace exposure context to nanomaterials. The results demonstrated 

that benchtop LVTEM is a suitable device for generating quality micrographs with a resolution comparable to 

its TEM equivalent. The comparison of the number size distributions and the median diameters D50 of the 

constituent particles obtained showed relative differences systematically within ±15 % which is relatively good 

taking into account the standard deviations obtained. For counting alone, a well-prepared sample and any one 

of the two microscopes would indicate whether or not industrial substances are nanomaterials and confirm the 

reliability of the EM method for size and shape determination with the use of references. Lastly, the comparison 

suggests that benchtop LVTEM could be used by risk prevention professionals in routine checks to identify 

nanomaterials more easily (facility of implementation) than with conventional TEM. However, these results 

need further investigation. It would be interesting to compare benchtop LVTEM and TEM on more industrial 

powders and colloids covering wider size ranges, different shapes (rod-like, fiber-like, platelets, needle-like, 

etc.) and chemical compositions. Moreover, the study of the influence of sample preparation and the 

repeatability of the measurements with benchtop LVEM should be undertaken to strengthen these first 

encouraging results. 
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Abstract  

Nanoindentation has become a popular tool for the exploration of mechanical properties of materials at the 

nanoscale. However, calibration and traceability issues are often neglected, making the direct comparison of 

results between different instruments difficult. The direct calibration of the sensors is challenging and requires 

dedicated instruments leaving indirect calibration as the only option to ordinary users. However, indirect 

calibration compares only the resulting hardness or modulus of the reference sample and the measured 

sample. Therefore, it cannot distinguish the source of errors, such as errors in the depth and load sensors, 

errors in the reference sample properties, contamination of the tip or sample, wear of tip and others.  

In this contribution we explore the possibility of using measurements of indents by atomic force microscopy for 

the verification of the depth sensor. Measurements for different nanoindentation devices are presented and 

compared with a focus on the uncertainties of the method.  

Keywords: Nanoindentation, depth sensor, calibration, AFM  

1. INTRODUCTION 

Nanoindentation has been used for over more than two decades to study the mechanical properties of objects 

at the nanoscale, such as thin films, nanoparticles, composites, nanotubes and others. It is based on pushing 

a sharp hard tip, usually made of diamond, into the sample and measuring continuously the load applied to 

the tip and the depth into which it penetrates the sample. From these load and depth data as well as information 

about the tip shape, various material properties can be acquired: the most common being the indentation 

hardness and Young’s modulus following the method by Oliver and Pharr [1].   

In order to acquire meaningful, quantitative data which can be compared with results from other laboratories, 

metrological aspects such as traceability are crucial. Traceability consists of an unbroken chain of 

measurements, so-called calibrations, which link the given measurement including its uncertainty to other 

instruments up to national standards [2].  

The calibration of highly complex instruments, such as the nanoindenter, is non-trivial [3-5]. The sensors are 

usually calibrated by the manufacturer but often this procedure is not traceable and insufficient information is 

available. Furthermore, the instrument’s performance may change due to ageing, which requires a 

recalibration. Obviously, it is also necessary to check the instrument regularly, as the changes may be minor 

at first and can be overseen in the beginnings. Calibration of complex instruments is quite often very 

problematic, mainly due to bad access to sensors. Solutions to this problem may require special equipment, 

which may be costly or require expertise not available in the given laboratory. Therefore, these complex 

instruments are very often calibrated indirectly using reference samples. In this case, not the sensors 

themselves are calibrated but a chosen output quantity, e.g. modulus or height. In the case of a nanoindenter, 

https://doi.org/10.37904/nanocon.2019.8633 



  Oct 16th - 18th 2019, Brno, Czech Republic, EU 

 

 

699 

the height sensor, load sensor, frame compliance and tip shape must be calibrated. Calibration is most 

commonly performed using reference samples with specified hardness or elastic modulus but this does not 

allow to study the performance of the height or load sensors themselves. In fact, once the system is calibrated, 

reasonable results for elastic modulus can be obtained even though the intermediate results of depth and load 

are false. This is an advantage for the measurement of elastic modulus, but a problem for the study of depth 

itself. For the direct calibration of depth sensors the standard ISO-14577 [5] recommends to use laser 

interferometry. However, this is costly, requires expertise in laser technology and there may be difficulties to 

place interferometers suitably. As an alternative, imprints on reference samples can be used to calibrate the 

depth sensor by another suitable tool. 

Atomic force microscopy (AFM) is a popular tool for length measurements at the nanoscale. It works usually 

in ranges up to approx. 10 µm in the vertical direction, thus covering a range of imprints on various samples. 

It operates in air and does not require any specific sample preparation. Traceability can be achieved with 

suitable height standards.  

In this contribution we study the feasibility of the calibration of depth sensors in nanoindenters using AFM 

measurements of imprints on samples. Results from calibrations of different instruments are presented and 

analyzed. Several sources of uncertainties must be analyzed. Uncertainties from the determination of the 

residual depth from nanoindentation unloading curves as well as from AFM images arise. Contamination also 

acts as a source of uncertainty. These uncertainties are presented and commented. Some estimates are given, 

although they depend on the instrument and sample. We also comment on the choice of the sample. 

2. EXPERIMENTAL 

Nanoindentations were performed on TI 950 nanoindenters from Hysitron located at and one Ultra Nano 

Hardness Tester from Anton Paar (formerly CSM). The AFM measurements were done using Dimension Icon 

microscopes from Bruker. Copper and fused silica reference samples were used. Some of the measurements 

were done in clean room facilities so as to reduce contamination. 

2.1. Nanoindentation 

Two TI 950 nanoindenters and one UNHT tester were used to create the imprints at different loads.  Loads 

ranged from 1 to 10 mN, each load was used 5-9 times. Linear loading was used with both loading and 

unloading times 2 s (TI 950) or 30 s (UNHT). Berkovich tips were used in all cases. The residual depth was 

determined as the depth value for zero load. This corresponds to the point of last contact between the tip and 

the sample. 

2.2. AFM 

Two Dimension icon instruments were used. Measurements were performed in tapping mode. The data were 

corrected if necessary, e.g. levelling or row alignment. The depth of the imprint was determined as the distance 

between the minimum of the imprint and the mean plane surrounding it. A step height standard was used for 

the calibration of the z-sensor.  

3. EXPERIMENTAL 

A typical AFM measurement of an imprint on fused silica and copper is shown in Figure 1. The plane far away 

from the indent which acts as the reference plane was set to zero. Note also, that the roughness is higher for 

the copper sample. 
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Figure 2 An AFM image of an imprint created at a load of 2 mN on fused silica (left) and copper (right)  

A typical loading-unloading curve on fused silica is shown in Figure 2. The inset shows a magnification of the 

regions marked in blue, where the tip loses contact with the sample. The point of last contact is shown in the 

inset in red. Note, the behavior of the load at the point of last contact. This is a feature of the feedback loop. 

The speed of the unloading and the sampling rate determine the number of data points available and thus also 

the step in depth. Since this directly determines the uncertainty, care should be taken to choose slow unloading 

with high data sampling. The last contact point was chosen either manually or using the intercept of a fitted 

line with the zero axis. 

 
Figure 2 A typical loading/unloading curve on fused silica. The inset shows a magnification of the regions 

marked in blue, where the tip loses contact with the sample. The point of last contact is shown in the inset  

in red. 

The depth data determined by AFM and nanoindentation for two instruments are combined in Figure 3. The 

data can be used to find e.g. a linear calibration relation.  
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Figure 3 Depth values determined from nanoindenter and AFM for two different instruments including 

a linear fit. The relative uncertainty of the slope is 4 % (left) and 3 %(right). 

3.1. Uncertainties in the Nanoindentation method 

In this contribution, when determining the residual depth, we take into account three sources of uncertainty: 

uncertainty related to the determination of first contact, uncertainty related to the determination of last contact 

and the elastic deformation due to the uncertainty in load. The determination of contact depends crucially on 

the sampling rate and to a lower degree also on the approach or unloading rate, i.e. the speed of the tip with 

which it is approaching the sample or is being retracted. The contact criterion, such as the definition of the 

contact force plays a minor role. We found that the uncertainties of first contact were negligible for the TI 950 

instrument, being around 0.2 nm. For the UNHT, on the other hand, the choice is much more critical. It could 

be kept below 1 nm with suitable settings but easily exceed 2 nm for the UNHT for non-optimal settings. We 

found uncertainties of last contact around 1 nm but also significantly higher values up to 5 nm when the settings 

were not chosen well. A small elastic deformation remains up to the final separation of tip and sample thus 

leading to an overestimate of the residual depth. Since the unloading is equivalent to a purely elastic interaction 

with an effective indenter tip [6] we estimated the residual deformation based on the formula (1) from Hertz 

contact theory [7] 

ℎ = 6�
7

8
�√:;

�/�
               (1) 

where F is the residual load, E is the modulus of reduced contact and R is the tip radius. As shown in [8], the 

effective tip shape tends to have a radius at least as high as the original tip. This allows us to estimate upper 

bonds for the residual deformation. Assuming a residual load of 2 µN (TI 950) or 10 µN (UNHT) and a tip radius 

between 50 and 150 nm, we arrive at a deformation between 1.5 - 2.0 nm for fused silica and 2.8 -4.0 nm for 

copper. The literature values for the moduli of reduced contact are 70 GPa for fused silica and 130 GPa for 

copper.  

3.2. Uncertainties in the AFM method 

Several effects must be taken into account when determining the overall uncertainty of the depth of the imprint. 

The roughness of the sample contributes to the uncertainty of the flat plane outside of the imprint. 

Contamination and the resolution affect the determined minimum depth value. The uncertainty of the 

calibration of the z-sensor contributes to the overall depth value. The roughness was below 1 nm for fused 

silica and 5-8 nm for copper. Bigger particles of contamination on the flat part can be automatically or manually 

detected and removed from the evaluation of the reference plane. As the AFM gives us values on a grid, the 

minimum itself probably won’t be measured at. This means, we need a sufficient resolution to ensure that the 



  Oct 16th - 18th 2019, Brno, Czech Republic, EU 

 

 

702 

error by substituting the real minimum by a close value will be small enough. Assuming a spherical shape of 

the imprint around the minimum with a radius of 50-150 nm the pixel size should not be larger than approx. 15 

nm in order to keep the uncertainty below 2 nm. The dependence on the resolution was verified by measuring 

one indent repeatedly with different resolution. We found differences in the range of 1-2 nm depending on the 

size of the imprint. If the contamination is close to the minimum in the imprint itself, the depth of the imprint 

can no longer be determined exactly. Fortunately, even in this case the induced error may not be too dramatic 

thanks to the bluntness of the indent. This is illustrated in Figure 4, where the real shape of the indent was 

estimated and the difference found to be approx. 1 nm. The repeatability was tested by remeasuring a set of 

imprints. Differences of over 3 nm were found, thus indicating the necessity of proper cleaning and data 

acquisition. The uncertainty of the z-sensor calibration constant was mostly around 1 %. 

 

Figure 4 Example of a profile across a contaminated imprint with estimated reconstructed shape. The 

difference in this case is 1 nm. 

4. DISCUSSION 

In this work we used fused silica and copper samples, in previous work we used also steel reference samples. 

Several aspects should be considered when choosing a sample. The hardness of the sample should be such 

that the created imprint can be measured by the AFM with a reasonable uncertainty. If the sample is very hard, 

the imprints will be very shallow. Since the dominant sources of the AFM uncertainty do not depend on the 

depth itself, the relative uncertainty will be very high. On the other hand, if the sample is very soft, the imprints 

will be too deep making them impossible to measure by AFM. The elasticity should be low as it acts as a 

source of uncertainty for the determination of the residual depth from the nanoindenter‘s unloading curve. The 

roughness of the sample makes the determination of the reference plane in the AFM measurement more 

difficult. Several samples can be combined to cover a larger depth range. 

Contamination is a significant problem. If the nanoindentation tip happens to make contact with the 

contamination first, this will lead to an erroneous determination of the zero contact. This can be reduced by 

cleaning the sample and carefully inspecting and choosing a suitable area. The change in the surface energy 

after creating an imprint attracts the contamination particles to the imprints. The contamination on the flat 

surface also adds uncertainty to the determination of the flat plane, although this can be reduced by suitable 

filtering procedures. As mentioned above, contamination of the imprint itself can alter the apparent position of 
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the minimum. Contamination also contributes to problems with the feedback loop in the AFM or with the AFM 

tip. In order to reduce contamination, the sample should be moved from the nanoindenter to the AFM as fast 

as possible. Measurements in clean room facilities are preferable. 

Most sources of uncertainty do not depend on the depth value. This means that their influence will be large for 

shallow depths. Care must be taken to find suitable measurement settings both for AFM and for the 

nanoindentation as the uncertainties for standard settings may be too high.  

The AFM measurements make this method quite time consuming. Imprints must be measured with high 

precision and at high resolution. Sufficient numbers of imprints should be made for each load value so that the 

data can be evaluated statistically. 

5. CONCLUSION 

The depth sensor of a nanoindentation instrument can be calibrated using AFM measurements of imprints on 

a suitable sample. Unlike direct calibration of the sensors which requires special equipment and expertise this 

method requires only an AFM which are often available in nanotechnology facilities. No special requirements 

are imposed on the sample. This makes the method accessible to wide range of scientists.   
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Abstract 

Air pollutants have been shown to cause a vast amount of different adverse health effects. These effects 

include impairment of many respiratory (e.g. asthma, chronic obstructive pulmonary disease) and 

cardiovascular (ischemic heart disease, infarction, stroke) diseases. However, in recent years, the evidence 

showing effects beyond the lungs and circulatory system are becoming more evident. Neurological diseases, 

namely Alzheimer´s disease (AD) has shown to be associated with living near traffic. However, reason for this 

has remained unresolved until today. Our new H2020 project TUBE aims on revealing the mechanisms of 

action of ultrafine particles involved in neurological diseases. The TUBE consortium includes experts in areas 

of aerosol technology, emission research, engine and fuel research, human clinical studies, epidemiology, 

emission inventories, inhalation toxicology, neurotoxicology and disease mechanism studies. This enables 

research of resolving the effects of nanoparticles from different traffic modes for both air quality and 

concomitant toxic effect of these air pollutants. We will investigate adverse effects of air pollutants using cell 

cultures, animal exposures and volunteered human exposures as well as the material from epidemiological 

cohort study. These are going to be compared according to inflammatory, cytotoxic and genotoxic changes 

and furthermore beyond the current state of the art to neurotoxic and brain health effects. With this approach, 

we are aiming to a comprehensive understanding of the adverse brain effects of nanoparticles from traffic. 

Keywords: Alzheimer`s disease, inflammation, neurodegenerative diseases, ultrafine particles 

1.  INTRODUCTION 

Air pollution, a massive public health issue known to pose a major threat to human health, is an important, 

ever-increasing global concern. Every year, 6.5 million premature deaths from cardiovascular and respiratory 

conditions occur as a direct result of exposure to air pollutants, especially to particulate matter (PM) [1]. A 

growing body of experimental proof from epidemiological studies and controlled animal studies shows that 

exposure to air pollutants also impairs the brain [2]. Living in highly polluted areas is associated exacerbated 

cognitive dysfunction and neurodegenerative diseases such as Alzheimer`s disease [3]. As has been shown 

recently, the association of air pollution to adverse health effects is particularly notable with traffic-related 

pollutants [4].  

Despite decades of Alzheimer’s disease (AD) research, the real molecular pathophysiology of the disease is 

still poorly understood, and treatments remain inadequate. Remarkably little attention is paid to the involvement 

of environmental factors, which are known from epidemiological studies to strongly impact AD generation [5]. 

Furthermore, even though the majority of patients suffer from sporadic, or early-onset AD (LOAD), most 

preclinical research is carried out using genetic models, or studies focus solely on genetic risk factors. The 

role of nanoparticles which are known by their ability to pass blood-brain barrier in the pathophysiology of 

neurodegenerative diseases is still poorly understood. This overview shortly summarize the current knowledge 

in this very actual and quickly developing field.  

https://doi.org/10.37904/nanocon.2019.8658 
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2. NEURODEGENERATION AND NANOPARTICLES - SCIENTIFIC PROBLEMS TO BE SOLVED 

2.1. Translocation of Inhaled Nanoparticles into the Brain 

There are 3 major pathways of the translocation of NPs into the brain (Figure 1). Olfactory and trigeminal 

nerves represent neural pathways of the translocation. Systemic pathway via blood circulation means 

translocation of inhaled NPs into blood (into nasal veins or through alveolae membranes) and the distribution 

via blood around body. To enter the brain, NPs have to cross the blood-brain barrier. Besides NPs, blood can 

carry into the brain proinflammatory markers (especially cytokines) that were produced and released into the 

blood circulation by cells as a consequence of their interactions with NPs (cytokines can cross the blood-brain 

barrier). 

 

Figure 1 Pathways of the translocation of NPs into the brain: 1. Olfactory nerve, 2. Trigeminal nerve, 

3. Systemic pathway via blood circulation 

The kinetics of the NPs translocation varies between minutes (for the translocation along nerves) and hours 

and days (through nerve axons). The same routes are used in (nano) medicine. 

2.2. Neurodegenerative diseases potentially associated with exposure to nanoparticles 

Common symptoms of all neurodegenerative diseases are cognitive function decline (dementia) and motion 

problems (ataxia) [6]. Different location of the brain damage and different macroscopic and microscopic 

manifestations of various neurodegenerative diseases are shown in Figure 2. On the macroscopic level, 

atrophy of the affected section of the brain occurs. On the microscopic level, deposition and accumulation of 

defective proteins occurs. 
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Figure 2 Localisation and symptoms of various neurodegenerative diseases in human brain  

(AD - Alzheimer`s disease; PD - Parkinson`s disease; ALS - Amyotrophic lateral sclerosis; HD - Huntington`s 

disease; LBD - Lewy bodies dementia; FTD - Frontotemporal dementia. According to [18] 

2.3. Major Causes of Neurodegeneration 

Causes of neurodegeneration are multifactorial with prevailing genetic predisposition. However, it is generally 

accepted that environmental factors significantly contribute to the disease development. Major factors are toxic 

metal exposure (e.g. As, Pb, Mn), exposure to pesticides, fungicides, insecticides, exposure to polychlorinated 

biphenyls, polybrominated biphenyls (flame retardants), other industrial chemicals and bacterial toxins 

(endotoxins) as well as lifestyle factors (diet, smoking) [7]. Polluted environment, especially air pollution by 

particulate matter (including combustion generated ultrafine particles and engineered nanoparticles air) might 

be also significant contributing factor.  

2.4. Mechanisms of Nanoparticle Neurotoxicity 

Main mechanisms of nanoparticle neurotoxicity are shown in Figure 3. Main mechanism is oxidative stress 

causing damage to macromolecules and cell damage by reactive oxygen species in neurons and glial cells. 

Oxidative stress may induce apoptosis and/or autophagy leading to microglia and astrocyte activation. Further 

effects include mitochondrial dysfunction, redox imbalance, lipid peroxidation, protein oxidation, DNA damage 

and signal transduction interference [8]. 

Direct action of NPs and formation of ROS leads to neuro-inflammation connected with the release of the 

inflammatory cytokines, impairment of neurotransmitter release, neuron loss, altered neuronal connectivity 

blood brain barrier lesions, changes in transporter proteins and aggregation of beta-amyloid and other proteins 

playing the crucial role in AD aetiology.  
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Figure 3 Mechanisms of Nanoparticle Neurotoxicity According to [22] 

2.5. Alzheimer's disease 

AD is the most common neurodegenerative disease and the most common cause of dementia (over 60 % of 

all dementia cases are caused by AD). AD is incurable, treatment with cognitive enhancers can mitigate, 

however not reverse, the disease progression). Cognitive and behavioural symptoms of AD include memory 

loss affecting ability to complete normal daily tasks, difficulties in performing familiar activities, speech 

difficulties, time and spatial disorientation, impaired ability to make rational judgement, difficulties with abstract 

thinking, changes in mood or behaviour, personality changes and loss of initiative. 

Probability of the development, of the disease increases with age. In the Czech Republic, it was estimated that 

20 % of people older than 80 years and 50 % of people older than 90 years are affected by AD [9]. More than 

106 mil., people worldwide will suffer by AD in the year of 2050 [10]. 

There are several studies suggesting that smog episodes exacerbate symptoms of neurological diseases [11]. 

It was found that young adults from areas with heavy air pollution exhibited higher AD biomarker levels in their 

cerebrospinal fluid and had higher risk of AD development later in life [12]. Also, a higher inflammation level 

and oxidative stress were detected in brains of experimental animals exposed to polluted air [13]. 

3.  CONCLUSIONS 

Recent development of molecular biology and toxicology opened new possibilities in discovery new biomarkers 

of AD and other neurodegenerative diseases in populations exposed to combustion generated and engineered 

nanoparticles. Particularly “omics” technologies should enable to identify all crucial genetic and epigenetic 
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changes leading to the development of AD. These findings may lead to new methods of prevention and 

treatment of AD.  
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