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Preface
The 4th International Symposium on Fundamentals and Application
The decision to hold the 4th symposium NFA - Nanomaterials: Fundamentals and Application in November 2020
was made because the previous three (2017, 2015 and 2012) had proved that there was a real need for giving
scientists and engineers a combined forum to discuss the nanomaterials preparation and analysis of materials and
associated problems from their various points of view. Another reason was that there have been many advances in
chemical and physical technology, vital to the discovery, production and characterization of materials. Due to the
current critical epidemiological situation, we decided to organize this year's conference online. This is why number
of participant is just symbolic but with strength in presentation. Novel knowledge will be presented from a field:
models in catalysis and technology use, changed of structures under electron beam, and PEGylated alginate carrier.
As with the past three symposia in the series the Slovak Chemical Society again agreed that the symposium could
be held under its aegis. This organization has always supported the principle of free communication among bona
fide scientists, but for the time in many years, nearly every country in the world allowed their scientists to travel
to Slovakia.
We believe in virtual enthusiastic discussions, the constructive arguments and suggestions and the establishment
of friendship ties between delegates from all corners of the globe.
The organizers are most grateful, not only to Slovak Chemical Society for its unfailing support over the years, but
also to those people, authorities, and organizations that made it possible to hold this symposium.
I wish all participants enjoy this virtual meeting to collect new information form nanoscience. And WELCOME
at the next year's conference in the High Tatras from 10th to 13th October 2021!

Andrej Oriňak
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First principles perspective on nanostructures in catalysis
K. Honkalaa*
a

Department of Chemistry, Nanoscience Center, University of Jyväskylä, Finland
*
karoliina.honkala@jyu.fi

Density functional theory calculations (DFT) together with different multiscale strategies are nowadays
extensively used to explain and predict the catalytic properties variety of nanostructures. In my presentation, I will
give examples on our recent efforts in these fields.
Recent studies demonstrate that single atom catalysts can efficiently catalyze many chemical reactions. Employing
DFT calculations, we have evaluated thermodynamic and kinetic stabilities of Rh and Pt single atoms with and
without CO atmosphere on ZrO2. Our results show that bae subnanoclusters are more stable than single atoms and
become more so with increasing size meaning that acclomeration is always favored. CO binds strongly to the
single atoms and clusters, and our atomistic thermodynamics treatment indicates that some CO will be present
even at ultra-high vacuum conditions. A CO atmosphere is shown to hinder cluster growth from single atoms, and
is even capable of spontaneous cluster disintegration in the case of Pt clusters.
The second example deals with the optimization of Rh and Pt clusters on ZrO 2 [2]. Herein, we combined DFT
calculations with genetic algorithm to optimize cluster structures. The reactivity of these structures towards a
water-gas-shift [3] reaction have been studied anlysing the binding properties of CO [2] and H2O [4]. We find that
metal-oxide perimeter sites are structurally different presenting varying Pt and Rh co-ordinations and CO
adsorption energies. Our analysis shows that the presence of a support always destabilizes CO adsorption at the
cluster edge but the magnitude of destabilization varies substantially from site to site. We also find that the metaloxide interface activate water, but the dissociation behavior varies considerably between sites. It is shown that the
studied clusters break scaling relationships for water dissociation, suggesting these catalysts may achieve activities
beyond the maximum imposed by such relations. Overall, our results highlight the uniqueness of interfacial sites
in catalytic reactions, and the need for developing new concepts and tools to deal with the associated complexity.
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Two-dimensional nanomaterials: research and applications

M. Omastováa,*, M. Mičušíka, N. Bugárováa, Y. Soykaa, A. Aniskevichb,
D. Zeleniakienec
a

Polymer Institute SAS, Dubravska cesta 9, 845 41 Bratislava, Slovakia
Institute for Mechanics of Materials, University of Latvia, Jelgavas Str. 3, Riga, LV-1004, Latvia
c
Department of Mechanical Engineering, Kaunas University of Technology, Studentu Str. 56, 51424, Kaunas,
Lithuania
*maria.omastova@savba.sk
b

The discovery of graphene [1] motivated the scientific community to prepare and study other new two-dimensional
(2D) materials. The current intense interest about 2D materials is due to their unique properties resulting from their
structure. They offer highly specific surface area as well as electronic structures that can achieve new interesting
properties. Graphene and/or graphene oxide particles are intensively studied as promising candidates for various
applications as materials for energy storage, photovoltaics, electrical and optical sensors, etc. Graphene based
biosensors, including modified graphene oxide (GO) particles are intensively studied nowadays. In particular, the
hydrophilic character of GO permits the manufacture of reliable, highly sensitive and ultrafast biosensing
nanoplatforms.
MXenes are a new class of 2D inorganic materials, discovered by Barsoum and his group in 2011 [2]. MXenes are
prepared from MAX phases of the formula Mn+1AXn, where M is the most common transition metal, A is an
element of the 13 or 14 group of the periodic table, and X is usually C and/or N. By etching of the A layers from
MAX phase, MXene are formed. The process of etching caused that surface of MXenes contains functional groups
e.g., -O, -F, -OH, and hydrophilicity of these 2D particles.
In this work modification of GO and MXene was studied, and application examples of these 2D fillers will be
demonstrated.
A new type of graphene-oxide multifunctional nanoplatform was prepared for the detection of tumor cells. In a
first step, GO nanolayers were prepared and functionalized with magnetic nanoparticles and a monoclonal antibody
(MAb) specific for CA IX cancer marker. Prepared GO platforms were characterized in terms of oxidation,
nanoparticle size and exfoliation, using various physical and chemical methods. Magnetic nanoparticles (MNps)
were prepared by the chemical precipitation method and their surface was modified by poly-L-lysine. CA IXspecific antibody was attached via an amide bond to a modified magnetic nanoparticle that was conjugated to the
GO platform again via an amide bond. After performing toxicological tests on a cell line, no effect of the
cytotoxicity of the multifunctional GO platforms was found. The selectivity of GO-MNps-MAb platforms to target
tumor cells has been demonstrated. The results also provided promising evidence of tumor cell targeting with a
wide potential for visualization and future tumor treatment [3].
Ti3C2Tz MXenes were prepared by the hydrochloric acid/lithium fluoride etching of MAX phase type Ti 3AlC2.
The characterisation of MXenes, and MXene coatings was carried out with XPS, AFM, and SEM analyses [4].
The stability of MXene layers was study within few months by conductivity measurement.
Experimental condition of MAX phase etching and methods of MXene preparation significantly influence the final
electrical conductivity of MXenes [5]. It is found that the high electrical conductivity and mobility of MXene can
accelerate the charge transfer, what opened opportunities for the use of MXene as potential materials solar cell
applications, in batteries and supercapacitors.

Acknowledgements
This project has received funding from the European Union’s Horizon 2020 research and innovation programme
under the Marie Skłodowska-Curie grant agreement No 777810, and by project APVV 14-0120 (Slovakia).
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On the use of the ICA technique for EV-battery SOH estimation
D-I. Stroea*, A. Gismeroa, E. Schaltza
a

Department of Energy Technology, Aalborg University, 9220 Aalborg Øst, Denmark
*dis@et.aau.dk

Introduction
Electric vehicles (EVs) have developed as a key technology in the transition to a sustainable and fossil fuel-free
future. Because of their advantages in terms of energy density, power capability, and lifetime in comparison to
other battery technologies, Lithium-ion batteries are powering the majority of the EVs available in the market.
Nevertheless, as in the case of all energy storage devices, the performance of Li-ion batteries (e.g., capacity, power
capability etc.) is degrading in time during long-term operation [1]. In the case of a Li- ion battery-powered EV,
this will result in reduced range and acceleration capability. Furthermore, the battery is the most expensive
component of the EV and subsequently the value of the EV is given by the state of the battery. Thus, it becomes
obvious that the state-of-health (SOH) of the battery has to be estimated from both technical and economic
perspectives.
Different methods for battery SOH estimation have been proposed [2]; each of them with their advantages and
drawbacks. However, in this work we propose the incremental capacity analysis (ICA) technique for estimating
the SOH of EV -batteries because it requires only the current and voltage signals measured during constant-current
charging of the battery. Thus, there is no need for special measurement equipment as it is the case of the
electrochemical impedance spectroscopy.
Dubarry et al. firstly proposed the ICA technique, as a method for identifying aging mechanisms, which cause the
capacity fade of the battery [3]. The method relies in differentiating the battery charging capacity against the
voltage. In the newly obtained incremental capacity (IC) curve, the voltage plateaus, which are characteristic to
the charging voltage curve, are transformed into visible IC peaks and valleys as illustrated in Fig. 1.

Figure 1 Battery capacity (top) and IC (bottom) as a function of voltage.

In this paper, we demonstrate the applicability of the ICA technique as a method for SOH estimation of EV
Li-ion batteries by successfully comparing the ICA results obtained at both cell- and car-level.

Experimental Set-Up
A Li-ion battery pack (see Fig. 2) from a market available EV was dissembled and the twelve NMC-based Li-ion
batteries were aged at various calendar and cycle aging conditions. the aging tests were stopped and the capacity
of each cell was measured at 25°C using a 0.2C-rate current (i.e., 12.6 A), as presented in Fig. 3. For more details
regarding the calendar aging tests, the reader is referred to [4].

Figure 2 Disassembeled EV battery pack.

Figure 3 EV battery cell during capacity measurement.

Results at cell level
The ICA technique was applied to all the charging capacities measured on the twelve cells during the aging tests.
An example of the ICA plots behavior obtained during 12 months of calendar aging at 50% SOC and 40°C is
presented in Fig. 4. Similar results were obtained for all the other cells.

Figure 4 Evolution of the IC plots during 12 months of calendar aging.

As it can be observed in Fig. 4, different metric points (i.e., IC peaks and IC valleys) are highlighted. The position
of all these metric points is changing, while the aging process evolves. Thus, they can be considered as features,
which can be used for battery SOH estimation.
The relationship between the capacities of the calendar and cycling aged cells and the coordinates of the IC Peak
1 are presented in Fig. 5 and Fig. 6. There is a good correlation between the capacity fade of the cells, and the
evolution of the location of both the voltage coordinate (see Fig. 5) and IC coordinate (see Fig. 6.), in the case of
Peak 1; however, the voltage coordinate estimates better the battery capacity, which was measured with 0.2C.

Figure 5 Battery capacity fade as a function of the voltage coordinate corresponding to Peak 1.

Figure 6 Battery capacity fade as a function of the IC coordinate corresponding to Peak 1.

Similar investigations were performed for all the observed peaks and valleys and we found out that it is mainly the
voltage coordinate of the IC metric points (i.e., peaks and valleys) that estimates with higher accuracy the capacity of
the tested NMC-based EV battery cells.

Results at car level
The ICA technique was also applied at car level as presented in Fig. 7. Due to the limitations imposed by the battery
management systems (BMS), the allowed voltage interval for performing the capacity measurement was 3.55 V – 4.1
V (while at cell level 3 V – 4.125 V). The obtained ICA plots for five measurements at car level are presented in Fig.
8. In order to be able to compare the results at cell and care level, the voltage at car level was down scaled to the
values at cell level. A good agreement between ICA results obtained at car and cell level can be observed.

Nanomaterials: Fundamentals and Applications: November 9.-10. 2020, Online conference

Figure 7 Test setup for capacity measurement on EV battery.

Figure 8 IC as a function of voltage obatined for EV battery (voltage scaled to cell level).

Conclusions

13

In this work, we demonstrate the feasibility of applying the ICA technique for the SOH estimation of EV batteries.
Very similar IC plots can be obtained at both cell and car level, even though the BMS of the EV battery does not allow
a full charging of the battery (as it can be performed in laboratory conditions).
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Nonenzymatic sensor for determination of glucose modified by gold nanoparticles
V. Niščákováa*, J. Shepaa, R. Oriňakováa
a

Department of Physical Chemistry, Faculty of Science, P. J. Šafarik University in Košice, Moyzesova 11, 041 54,
Košice
*veronika.niscakova@student.upjs.sk

Worldwide, diabetes is the most common disease. To avoid complications with this disease, patients monitor and
control their blood glucose levels [1]. The key goal of reducing problems with diabetes is to measure the patient´s
blood glucose concentration, based on which a significant number of enzymatic and non-enzymatic electrochemical
glucose sensors have been investigated [2].
In this work we prepared a sensor for the glucose determination and we subsequently characterized surface and
electrochemical performance of this sensor. We prepared this sensor by a simple electrochemical deposition of gold
nanoparticles on Au microelectrode. The surface morphology of this modified electrode was studied by a scanning
electron microscopy and atomic force microscopy. We observed the formation of spike-like nanostructures, which
were homogeneously distributed on the surface (Fig. 1), increased the surface area of electrode, and showed the best
catalytic activity. We used three different methods to study performance of electrodes: cyclic voltammetry,
chronoamperometry and electrochemical impedance spectroscopy. Modified electrode exhibited good electrocatalytic
activity toward oxidation of glucose in two linear ranges from 0.1 mM to 0.5 mM and from 0.5 mM to 30 mM, high
sensitivity for both linear ranges 1.7 µA/mM and 2.4 µA/mM, and stability. Moreover, the modified electrode showed
a good selectivity and suitability for use in real samples.

Figure 1 SEM images of Au microelectrodes modified with spike-like nanostructures deposited at -0.2V
potential,
Magnification: 10,000x and 20,000x scale: 1μm.
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NiAg nanocavity films for SERS detection of organic dyes
O. Petruša*, J. Mackob, R. Oriňakováb, V. Sochac
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c
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b

Since the 1980s, the USA, EU, China, and other countries have been making efforts to reduce the utilization of organic
dyes in the industry; however, they are still illegally used in many countries due to their low cost and high efficiency
[1]. Nowadays, the industry produces many contaminants such as the by-products during the production of paper,
textile but also pharmaceutical products. About 200 tonnes of organic dyes per month are still used as a feedstock in
these industries [2]. Surface Enhanced Raman Spectroscopy (SERS) is a suitable technique to detect a very low
concentration of organic molecules using nanostructured films or nanoparticles to enhancement analytical signal. In
our study, we prepare the NiAg nanocavity films by colloidal lithography using 518 nm polystyrene sphere mask
followed by two steps electrochemical deposition of Ni film and Ag nanoparticles. As probe analytes, we selected
rhodamine 6G (R6G), crystal violet (CV), methylene blue (MB), and malachite green oxalate (MGO) which are used
in many industries as dyes, fungicides etc. NiAg nanocavity films show high hydrophobicity with contact angle 140.2°
± 6.1°. Due to this fact, the analytes can be preconcentrated to the small spot on the sample. SERS activity was tested
with 532 nm laser excitation source with different concentrations of dyes. Figure 1 shows concentration dependence
range from 1.10-5 to 1.10-12 mol.dm-3 for R6G and from 1.10-5 to 1.10-10 mol.dm-3 for CV, MB and MGO. The RSD
for R6G, CV, MB, and MGO was 20.1%, 13.8%, 16.7%, and 19.3%, and the detection limit was 1.3×10−12,
1.5×10−10, 1.4×10−10, 7.5×10−11 mol.dm-3, respectively. Finally, we performed the principal component analysis
to extract the differences in complex spectra of the dyes where the first and second PCs carry 42.43 % and 31.39 %
of the sample variation, respectively. The achieved results demonstrated the suitability of AgNi nanocavity films for
the SERS-based detection of organic dyes, with a potential in other sensing applications.
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Figure 1 Plot of logarithmic signal intensity vs. logarithm of dyes concentration for the characteristic peaks of
R6G, CV, MB, and MGO at 1646, 1175, 1617, and 1615 cm-1, respectively.
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Diabetes mellitus is group of metabolic diseases which growing prevalence is certainly to be one of the most
challenging problems in the 21st century [1]. A stable and cost-effective detection of glucose is of significant
importance in medicine and industry [2]. Titaniun dioxide is widely used material, its properties depend on the
morphology, crystallinity, and polymorph type [3]. However, from the sensors point of view, the most important
ability is the formation of ligant-to-metal charge transfer complex with glucose molecule [4]. According to this
property, one could expect that TiO2 nanostructure could have comparable selectivity to an enzymatic sensor, but
overcome the typical drawbacks accompanying these sensors. It can be stated that TiO2 is the most promising material
for non-enzymatic glucose sensors development.
The aim of this work was to study properties of TiO2 nanotubes as a very promising material for glucose detection.
The principle of TiO2 glucose sensors is shown in the figure1. The TiO2 – glucose ligant-to-metal charge transfer
complex formation was proved via infrared, Raman, and X-ray photoelectron spectroscopy. The electrochemical
impedance spectroscopy was applied as a promising analytical method to study surface phenomena and the bulk
properties [5]. To the best our knowledge, this kind of sensor has never been studied especially in the case of nonenzymatic glucose detection. TiO2 sensor displays wide linear range from 1 to 15 mM in a pH neutral condition. The
sensors display good reproducibility and repeatability. Moreover, TiO 2 sensors show good sensitivity 8.3 kΩ.mM-1
and low limit of detection 1.2 mM. Therefore, this kind of sensors is promising candidate for blood glucose sensing
and could replace the enzymatic glucose sensors.
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Figure 2 Graphical interpretation of TiO2 non-enzymatic glucose sensor principle.
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Diabetes mellitus (DM) is a heterogeneous metabolic disease characterized by chronic hyperglycemia. Often, the
symptoms are not sufficiently observable at early stages and so hyperglycemia causes that pathological and functional
changes take place in advance, before the diagnosis of the disease. Therefore, the development of sensors that are time
saving, accurate, instrumentally undemanding are currently unavoidable. Currently, third generation of glucose
sensors are udes for diabetes diagnosis. The huge disadvantage of these sensors are pH and temeprature stability
limitation arising from the properties of the used enzyme. Mentioned senosrs are stable only in pH range 4-8 and they
are unstable at the temperature over 40°C. Therefore, research is currently focused on the development of a new sensor
for insulin determination withou biological component. Screen printed carbon electrodes (SPCEs) can be considered
as a most suitable material for diabetes diagnosis because of the small size of working electrode leads to analysts
volume reduction [1-3]. The surface of bare SPCE was modified by combination of chitosan, multi walled carbon
nanotubes (MWCNTs), and zinc nanoaprticles (ZnNPs). ZnNPs were electrochemically deposited on the
chitosan.MWCNTs/SPCE surface via pulse depoition method. Thereafter, insulin was determined on the prepared
electrode using chornoamperometry method (Figure 1). The measurement was performed by adding a constant amount
of insulin in 0.1 M NaOH and PBS (2 μl) with the same concentration (2 μM) and the current response of the system
was monitored after a gradual increase in concentration. Subsequently, the limit of detection of the prepared electrode
was determined via Randles-Ševčík equtaion. The LOD was calculated as 0.47 µM. This value make the
ZnNPs/chitosan-MWCNTs/SPCE as a potential candidate for future insulin determination.

Figure 1 The current-time response curve for the successive addition of 2 µM insulin in 0.1 M NaOH and
PBS.
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Different corrosion products are formed on the surface of the metallic samples after immersion into a corrosive
medium. Their appearance may be influenced by different factors, such as medium composition, sample composition,
immersion time, pH, etc [1]. Morphology of the sample surface can also bring information about the corrosion
mechanism. The type of corrosion is a crucial factor that needs to be addressed during the preparation of biodegradable
metals. In this work, we have compared iron and zinc powders compressed at 350 MPa into the form of pellets with
1 cm diameter (Figure 1a,b) and immersed in simulated body fluids (SBF) for 3 hours at 37 °C. After immersion,
pellets were gently rinsed in ethanol and dried at 65 °C for 20 minutes. Morphology of the metallic surface was
observed by means of optical microscopy (Dino-Lite Premier AM4013MT, 1.3 MPx, 200× Magnification). Iron and
zinc samples were compared (Figure 1). In the case of pure iron, brown corrosion products (iron hydroxides) (Figure
1c) are formed inhomogeneously over the whole sample. On the other hand, the Zn sample was completely covered
with a thin layer of zinc oxides (Figure 1d) suggesting that most of the products passed into the corrosive medium.
Localized corrosion can cause a sudden change in properties after a relatively long period of stagnation. These findings
suggest different corrosion behavior of iron and zinc in SBF which needs to be taken into account when choosing
proper potential implant biomaterial.

Figure 1 a) Fe and b) Zn pellet surface before corrosion (50 × magnification); c) Fe and d) Zn pellet surface
after 3 hours of corrosion (250 × magnification).
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Besides the continuing quest for still better bioinert, practically incorrodible metallic materials for the use in permanent
implants, an interest in bioabsorbable or biodegradable, quite corrodible metallic materials has emerged in context
with their possible future use as biomaterials in temporary implants [1,2].
Bioabsorbable implants have to satisfy a number of engineering and medical requirements. The possibility of adjusting
the degradation rate of implant in order to match the application needs is one of them. In that context, the ability to
control the corrosion rate of involved metallic biomaterials is important.
One of interesting ways is to fabricate metal - matrix composites filled with micro- and nano-particles from
appropriately chosen semiconducting metal oxides. To manipulate the corrosion rate, the dependence of corrosion
parameters on geometric, electrochemical and physical characteristics of the composite and its constituents can be
used [3,4].
To gain a preliminary insight on how the oxides in metal-matrix composite can affect its corrosion behaviour, a simple
mathematical representation of corrosion of a two-component, metallic-oxidic specimen in an electrolyte simulating
human body fluids was analysed [5]. The model has assumed [6-10]:
1. At a steady-state corrosion, there is one oxidation reaction - the oxidation of metal, and one reduction reaction - the
reduction of oxygen dissolved in electrolyte.
2. The oxidation of metal takes place only on the metallic surface of the specimen, while the reduction of oxygen takes
place on the entire surface of the specimen. In general, the rate of oxygen reduction on a metallic surface differs from
that on an oxidic surface.
3. The transport of electroactive species by diffusion through the electrolyte is sufficiently fast, so the electrode
reactions are purely activation-controlled.
4. The electrolyte and all participating solids conduct electricity sufficiently well to almost eliminate any ohmic
potential drop when the current flows through them. The significant potential drop is only that across the electrodeelectrolyte interface.
If a two-component specimen freely corrodes in an electrolyte, it is gaining an electric charge until some distribution
of local values of electric potential is established. Under the above mentioned assumptions, these local values are
practically equal to each other and the potential of the electrode is established at some value common for the whole
specimen - the corrosion potential Ecorr. After the corrosion potential is established, the total current flowing from the
electrode (specimen) to the electrolyte (the total corrosion current) is balanced by the total current flowing from the
electrolyte to the electrode (specimen). Using the equality of currents flowing from and to the specimen, choosing the
appropriate relationships between current density and electrode potential and accepting the above assumptions, the
following relationships for the corrosion potential Ecorr and corrosion current density icorr can be found

0
𝐸𝑐𝑜𝑟𝑟 = 𝐸𝑐𝑜𝑟𝑟
+
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𝑏𝑐

𝑖𝑐𝑜𝑟𝑟
0
𝑖𝑐𝑜𝑟𝑟

=

𝐴𝑚𝑒𝑡𝑎𝑙
𝐴𝑚𝑒𝑡𝑎𝑙 +𝐴𝑜𝑥𝑖𝑑𝑒

(1 +

0
𝑖𝑐,𝑜𝑥𝑖𝑑𝑒
𝐴𝑜𝑥𝑖𝑑𝑒 𝑏𝑎 +𝑏𝑐
0
𝑖𝑐,𝑚𝑒𝑡𝑎𝑙
𝐴𝑚𝑒𝑡𝑎𝑙

)

(2)

Here Ametal is the area of the specimen surface region occupied by a metal and Aoxide is the area of specimen surface
region occupied by an oxide. The total area of the specimen surface is Ametal+Aoxide. baln10 and bcln10 are Tafel slopes
0
for the anodic reaction (oxidation of metal) and the cathodic reaction (reduction of oxygen). 𝑖𝑐,𝑚𝑒𝑡𝑎𝑙
is the exchange
0
current density for the reduction/evolution of oxygen on the surface of metal, 𝑖𝑐,𝑜𝑥𝑖𝑑𝑒 is the exchange current density
0
0
for the reduction/evolution of oxygen on the surface of oxide. 𝐸𝑐𝑜𝑟𝑟
and 𝑖𝑐𝑜𝑟𝑟
is the corrosion potential and the
corrosion current density for purely metallic specimen (Aoxide = 0).
Equations (1) and (2) show that corrosion characteristics of the specimen depend on the concentration of oxides
determining the value Aoxide.
If the ratio of area of surface region occupied by oxide to the area of surface region occupied by metal Aoxide/Ametal
0
0
increases, the corrosion potential of the specimen increases too (Fig.1). If 𝑏𝑐 𝑖𝑐,𝑜𝑥𝑖𝑑𝑒
< (𝑏𝑎 + 𝑏𝑐 )𝑖𝑐,𝑚𝑒𝑡𝑎𝑙
, corrosion
current density decreases with increasing ratio Aoxide/Ametal. Otherwise, the corrosion current density first increases,
reaches its maximum value, then decreases and approaches zero when Aoxide/Ametal tends to infinity (Fig.2).
But for a large enough ratio Aoxide/Ametal, it is necessary to take equations (1) and (2) with a grain of salt. If the ratio
Aoxide/Ametal increases to such an extent that the value of corrosion potential approaches closer than about 100 mV the
value of reversible potential of oxygen reduction/evolution reaction, it is necessary to take into consideration another
oxidation reaction, namely the reverse reaction to the oxygen reduction. In such a situation, analysed simple model
becomes insufficient and a more exact model is needed.

Figure 1 Corrosion potential calculated by means of equation 1. Figure demonstrates the change in (𝑬𝒄𝒐𝒓𝒓 −
𝑬𝟎𝒄𝒐𝒓𝒓 )/𝒃𝒄 with the change in the Aoxide/Ametal ratio. The curves presented were calculated for bc=2ba,
𝒊𝟎𝒄,𝒐𝒙𝒊𝒅𝒆 /𝒊𝟎𝒄,𝒎𝒆𝒕𝒂𝒍 =10 (top curve) and 𝒊𝟎𝒄,𝒐𝒙𝒊𝒅𝒆 /𝒊𝟎𝒄,𝒎𝒆𝒕𝒂𝒍 =0.1 (bottom curve).
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Figure 2 Corrosion current density calculated by means of equation 2. Figure demonstrates the change in
𝒊𝒄𝒐𝒓𝒓 /𝒊𝟎𝒄𝒐𝒓𝒓 with the change in the Aoxide/Ametal ratio. The curves presented were calculated for bc=2ba,
𝒊𝟎𝒄,𝒐𝒙𝒊𝒅𝒆 /𝒊𝟎𝒄,𝒎𝒆𝒕𝒂𝒍 =10 (top curve) and 𝒊𝟎𝒄,𝒐𝒙𝒊𝒅𝒆 /𝒊𝟎𝒄,𝒎𝒆𝒕𝒂𝒍 =0.1 (bottom curve).
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Degradation of metallic biomaterials for implants with temporary function represents a new concept of bioactive
biomaterials used. They should support the tissue during the healing process for a certain period of time. The corrosion
resistant metal implant materials currently used for orthopaedic, cardiovascular, and paediatric implants could be
potentially replaced by degradable metallic materials in some cases. The major constituent of these degradable
materials could be iron for its low toxicity. However, the cytotoxic effect of iron nanoparticles in vitro on some cell
lines was confirmed [1]. Zhu et al. [2] have shown that only iron concentration over 50 μg ml -1 expresses in vitro
toxicity to endothelial cells (ECs). In this study, we have examined the influence of extract dilution to the viability of
human brain glioblastoma astrocytoma cell culture U87MG. Extracts were prepared by leaching of an iron sample in
a certain amount of culturing media in a thermostat at 37°C simulating human body temperature. We have observed
a significant dependence of cell viability to the final extract dilution. In case of pure undiluted extract relatively low
cell viability was observed. Cell viability in case of 10% extract content was about the same as in the case of the
control sample, thus significantly low toxicity was observed. When considering permanent circulation and renewal of
body fluids, prepared iron cellular material could be suitable for implant use.
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The development of appropriate degradable materials with the ability to improve the repair and regeneration of human
bones and tissues is constantly advancing. The reliability of implantable biomaterials depends on their mechanical and
degradative properties and certainly the biocompatibility of such biomaterials plays a role in their success in medical
applications [1].
In many cases, material sintered from powdered Fe is used as the biodegradable metal. It can be modified with various
additives, which leads to a change in the properties of this material. Inorganic metal oxides such as MgO and ZnO are
attractive for corrosion resistance control. The effect of reducing bacterial contamination has also been reported using
these specific nanoparticles [2].
Powdered carbonyl iron and MgO or ZnO nanoparticles were treated by powder metallurgy. The powders were mixed,
compressed and sintered by spark plasma sintering (SPS) method.
One of the requirements Fe-based biomaterials must meet is that the material has to be mechanically resistant. The
material should have the same or greater mechanical stability as the replaced body part to ensure its high reliability.
The physical properties of materials depend on their microstructure, which can be characterized in terms of the number
and types of phases present and the relative amount of each.
The microstructure of samples was examined in more detail using a scanning electron microscope. The flexural
strength of Fe-MgO and Fe-ZnO composites prepared by SPS was measured, and their Young's modulus was
determined.
Fe-MgO and Fe-ZnO rectangular bars (25×5×4 mm) were subjected to three-point bending tests. These tests were
performed at room temperature using a TiraTest 2300 (Germany) universal loading machine. Deformation rates were
0.8 mm/min, span of 16mm. Ultimate flexural strengths (UFS) were determined. The modulus of elasticity was
determined by the dynamic resonant method. The natural frequency of the fundamental bending mode was measured
utilizing the equipment BUZZ-O-SONIC 5.9.6. (BuzzMac International, LLC, U.S.A), and the corresponding
modulus of elasticity was subsequently calculated using the equipment software. The test results are summarized in
Table 1. The addition of nanoparticles to the iron powder results in an improvement of the mechanical properties of
the sintered products in case of MgO nanoparticles, while it results in an deterioration of these properties in the case
of ZnO nanoparticles. A more homogeneous distribution of MgO and ZnO in sintered products plays a decisive role.
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specimen

Young's
modulus [GPa]

UFS
[MPa]

Fe

198.8

697

Fe-1.0ZnO

199.0

688

Fe-5.0ZnO

185.4

616

Fe-0.5MgO

201.4

703

Fe-1.0MgO

214.1

735

Table 1 Mechanical properties of the biomaterials

Degradation performance of the materials was evaluated by potentiodynamic measurements and electrochemical
impedance spectroscopy method in Hanks' solution.
Corrosion measurements showed that a small addition of MgO or ZnO nanoparticles to the iron matrix caused an
increase in the degradation rate and the corrosion potential shift to more negative values. But as the content of
nanoparticles increased, the corrosion rate of the composite decreased. The corrosion rate fell even below the level of
pure iron prepared by spark plasma sintering. This reduction in the corrosion rate was most likely due to the low
electrical conductivity of the oxide phase, which led to the ohmic potential drops along the galvanic current paths in
the ZnO regions. In order to reduce undesired ohmic potential drops and thus accelerate corrosion, the current paths
in the oxide regions should be as short as possible and/or the conductivity of the oxidic regions should be as high as
possible [3]. It turns out that in the case of samples treated with SPS, the shift of the corrosion potential and the
degradation rate depend on the amount of nanoparticles present. In these cases, the material appears to be more
compact, the surface is more homogeneous.
In the last step, the hemocompatibility of the prepared samples was determined. Different amounts of added
nanoparticles led to a reduction in hemolytic activity compared to pure iron. A slight decrease in thrombus formation
was also observed. The samples were evaluated as hemocompatible.
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Figure 1 Tafel plots for Fe-MgO and Fe-ZnO composites in Hanks' solution.
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Z. Orságová Králováa*, R. Gorejováa, R. Oriňakováa, M. Schnitzer b, R. Hudák b, M. Kozákb, T.
Sopčákc, K. Kovaľc, A. Oriňaka
a

Department of Physical Chemistry, Faculty of Science, Pavol Jozef Šafárik University in Košice, Moyzesova 11,
041 54 Košice, Slovakia
b
Department of Biomedical Engineering and Measurement, Faculty of of Mechanical Engineering, Technical
University of Košice, Letná 9, 042 00 Košice, Slovakia
c
Institute of Materials Research, Slovak Academy of Sciences, Watsonova 47, 040 01 Košice, Slovakia
*
zuzana.orsagova.kralova@upjs.sk

Hydroxyapatite (Ca10(PO4)6(OH)2) (HAp) has been used for a plenty of biomedical applications such as matrix for
drug release control and bone tissue engineering materials. HAp deposited on to the implant surface led to improved
adhesion of osteoblasts and enhanced calcium deposition in the case of nanocrystalline HAp coating compared to
microstructural HAp coating [1]. The low mechanical strength of regular HAp biocoatings limits its use to low loadbearing purpose. To overcome these limitations nanocrystalline HAp was developed which exhibits improved
densification due to larger surface area [2].
Samples of certified Ti-6Al-4V material were prepared by additive manufacturing. Their porous structure imitated
cancellous bone structure. Titanium prismatic samples had regularly arranged pores with a rage of diameter from 200,
400 to 600 μm. (Fig.1). The samples were etched for 30 min in 1M H 2SO4 to improve the adhesion of the deposited
HAp coating. The electrolyte used in deposition process was composed of Ca(NO 3)2, NH4H2PO4 with the addition of
hydrogen peroxide. Optimization of the most appropriate electrochemical HAp deposition procedure involves
galvanostatic and potentiostatic methods.
The morphology, arrangement and composition of HAp coatings were characterized by scanning electron microscope
with EDX elemental analysis (Fig. 1). Resulting coatings were detected and identified by XRD analysis, which
confirmed the nanocrystalline structure of HAp. The HAp coating was distributed homogenously with a formation of
three-dimensional longitudinal crystals (Fig. 1B). Thus, using the mentioned methods, we evaluated that the most
suitable electrochemical method for deposition of HAp coating onto the titanium implants is galvanostatic deposition
for 40 min (-5mV) with consequent leaching in NaOH for 2 hours. Compared to other application method, such as
spray procedure, the HAp coating was deposited also in the inner surface of the porous structure.
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Figure 1 A) SEM image of HAp coating electrochemically deposited onto Ti porous material (600 μm). EDX
analyses of the surface chemical composition of the studied HAp coatings B) calcium B) phosphorus.
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Influence of polymeric coating on corrosion properties of iron-based biodegradable
materials
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Metallic biomaterials are used for various medical purposes due to their excellent mechanical properties. Depending
on the application a suitable surface treatment method may lead to an increase or decrease in the rate of degradation
[1]. The properties of metallic biomaterials are highly influenced by production treatments, such as chemical treatment
or electrochemical and biochemical treatments [2]. One of the new approaches in the treatment of biomaterials is the
application of nanocoatings to metallic biodegradable materials to improve the degradation properties of the
biomaterials and biocompatibility.
This work deals with the preparation and testing of the degradation behaviour of iron-based biomaterials. Iron-based
cellular samples were prepared by sintering of iron-impregnated polyurethane (PUR) foam. In order to increase the
corrosion rate and improve the mechanical properties and biocompatibility of the samples, a polymeric polyethylene
glycol (PEG) coating was applied to the porous samples. To study the degradation, the open circuit potential (OCP)
of the samples was measured at 37 °C in Hanks' solution. A Nyquist plot of cellular samples before immersion in
Hanks' solution is shown in Figure 1. The diameter of the semicircle for uncoated samples indicates increased
resistance and increased susceptibility to corrosion of polymer coated samples. Corrosion properties of coated and
uncoated samples were studied using an anodic polarization method in Hanks´ solution. The samples coated with
polymeric layer corroded faster than uncoated samples.

Figure 1 Nyquist diagram of Fe/P and Fe/P-PEG samples before degradation.
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In particular, research on an encapsulated drug carrier using alginate acid as an outer
shell coating: Encapsulation research of ultrafine particles using PEGylated alginate acid
and its application. Development and research of drug-encapsulated PEGylated alginate
carrier
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Stage 1：
Basic research on the development of PEGylated alginate carrier（：Experiment completed and ongoing）
：Development and research of drug-encapsulated PEGylated alginate carrier
Stage 2：
35

Application example to new drug development（：Experiment completed and ongoing）
: New drug synthesis using drug-encapsulated PEGylated alginate carrier
Specific example-A new drug containing ultrafine particles
：Application to the development of new MRI contrast agents.
Composite synthesis of PEGylated alginate-coated magnetic ultrafine particles（：Experiment completed）
Alginate acid were used to our research, it succeeded a little more waited to undertake research using.
In our research group, the use of ultrafine particle outer shell coating material of alginate acid has been successful
with a little ingenuity from the research experience of the past 35 years.
So, it synthesized almost successfully by performing research and development of ultrafine particles agents using
Alginate acid in place of glycose coating. It is where the product has been characteristics and evaluation. Since
Alginate acid is a polymer having very much a carboxyl group, it was able to bind very strongly and polyethylene
glycol and iron oxide, Zn-iron oxide particles. Since alginate acid is also a polymer having a large number of carboxyl
groups, it would be able to bind.
Stage 3：
Animal experiment research on PEGylated alginate acid-coated magnetic ultrafine particles（：During the
experiment）
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Using 7.0T-MRI (Bruker Co. Ltd) for animals of the Experimental Animal Central Research Institute in Japan, we
administered a newly developed and manufactured MRI contrast medium to rats and evaluated MRI angiography and
intra-organ accumulation of contrast medium.

Stage 4：
Study of alginate composite gel structure（：During the experiment）
Specific example
Study of Isopropyl-acrylamide-Hydroxyethyl methacrylate-alginate composite gel（：During the experiment）
Applied research
Application and development of artificial organs alginate composite gel structure (not the start of the experiment)
Stage 5：
In vitro studies in cultured cells (not the start of the experiment)
：Evaluation of intracellular uptake rate of alginate complex gel structure in vitro study.
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Corrosion processes in Li-accumulator systems with non-aqueous electrolytes
R. Apostolovaa*, E. Shembela
a

Scientific Research Laboratory of Chemical Power Sources of Ukrainian State University of Chemical Technology,
Dnipro, 49005, Ukraine
*apostolova.rd@gmail.com

In the presentation, some new data about corrosion processes in Li-battery systems with non-aqueous electrolytes are
presented.
Corrosion
and
side
processes
in
lithium
power
sources
are
considered:
(1) electrochemical corrosion of the positive and negative electrodes, (2) electrochemical and chemical decomposition
of a non-aqueous electrolyte that occurs in parallel with the main electrochemical processes.
Corrosion of materials in an aquatic environment has been extensively and deeply studied, while in a non-aqueous
environment it has received much less attention from researchers. Along with the general laws of corrosion processes
in non-aqueous and aqueous media, there are specific features of corrosion processes inherent only in non-aqueous
media. Corrosion in a battery system is defined as a chemical or electrochemical reaction between a material and the
environment, resulting in deterioration of material properties [1]. A rechargeable lithium-ion battery (LIB) is a system
in which the potentials of the electrodes often go beyond the stability of the electrolyte. As a result, in contrast to a
thermodynamically stable system, corrosion can easily occur in LIB. In LIB, current collectors of positive and negative
electrodes must be electrochemically stable in contact with the components of the power source within the window of
electrochemical resistance. In practice, prolonged corrosion of current collectors leads to a gradual increase in the
internal resistance of the power source and a gradual decrease in capacity. Corrosion of the current collector can shortcircuit the power supply, affecting its safety. Formation of a compact, protective passive film on the metal surface of
the current collector is very important for battery performance and safety. Depending on the nature of salts and
electrolyte additives, different types of protective films are formed. The solubility of these surface layers in the
electrolyte is a determining factor in the overall stability of the current collector. The review [2] presents the
electrochemical behavior and processes of the formation of a protective film on various metal current collectors in
typical Li-containing electrolytes.
In a lithium battery on the positive electrode side with an aluminum current collector, the dissolution of aluminum
and the formation of a cathode surface film (CEI) are processes associated with corrosion. One of the two processes
that leads to the dissolution of aluminum is anodic dissolution. Another reason leading to the chemical dissolution of
aluminum is an insufficient protective layer on its surface. Aluminum with a standard redox potential of (–1.68 V) vs.
(H+/H2) can react chemically with the environment and be oxidized, which leads to its dissolution and formation of
pitting without the need for external current/voltage imposition. The formation of surface films on the positive and
negative electrodes in a lithium-ion battery (LIB) and a lithium battery (LA) is considered as a corrosion phenomenon.
For cathode materials of a lithium power source, the CEI film, usually induced by an external current/voltage is
characterized
by
oxidation
of
the
electrolyte
components
with
the
formation
of
+
a Li -permeable surface coating. Similar processes are known for anode materials (graphite), where an electronically
insulated Li+-conductive SEI surface layer is formed. While SEI on graphite in LIB forms when an external
current/voltage is applied, for aircraft with a lithium anode such surface layers arise spontaneously, caused by a very
low standard redox potential of lithium (–3.04 V) vs. H+/H2-electrode. In the case of a lithium electrode, the formation
of SEI is accompanied by the reduction of electrolyte components and lithium oxidation [3]. A lot of research has
been devoted to the dissolution of the aluminum current collector, the formation of CEI and SEI, while the
deterioration of conversion in LIB and aircraft associated with galvanic corrosion did not attract close attention of
battery researchers until recently.
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Lithium electrode corrosion processes. Recently Lin et al. showed that the difference in the kinetics of electrolyte
reduction on two contacting metals Li/Cu leads to the degradation of lithium deposits on a metal base [4]. Galvanic
corrosion is defined here as an electrochemical reaction involving a galvanic pair of two metals and an electrolyte,
resulting in accelerated oxidation of the metal with a lower standard potential in the presented galvanic pair. In aircraft
such galvanic corrosion occurs at the Cu-collector/Li interfaces especially intensively when thin lithium electrodes
are used. Although it has long been believed that lithium corrosion in electrolytes involves direct transfer of charge
across the lithium-electrolyte interface, it has been found that the observed corrosion is due to a galvanic process
between lithium and a copper substrate. The observations are confirmed by a detailed analysis of films formed on
copper and lithium, where differences in the kinetics of electrolyte reduction on two surfaces can explain the rapid
galvanic process [5].This path is largely ignored by previous research on battery corrosion.
Lithium-based (LA) batteries have ten times the theoretical capacity of graphite-based batteries. However, lithium
metal is very sensitive to corrosion due to its low redox potential, which is one of the dominant factors that determine
the stability of lithium during cycling. Further, a systematic understanding of the evolution of the corrosion process
after the initial formation of SEI is needed.
Several strategies can be used to suppress galvanic corrosion. First, the passivation of the current collector is required
for low electrolyte permeability, which has become an intensively studied topic of homogeneous deposition of lithium
[6]. Second, the deposition of dense compact lithium is necessary to isolate the substrate from the electrolyte in order
to block the path of galvanic corrosion. Third, the development of an all-solid-state battery can help stabilize the
interface to avoid excessive side reactions.

Corrosion properties of current collectors of the positive electrode
The authors of this publication in the studies of thin-layer electrochemically obtained electrodes for lithium batteries
have repeatedly observed manifestations of galvanic corrosion. We are talking about thin-layer vanadium oxides V2O5
and manganese dioxide MnO2, deposited on a 18N12Kh9T stainless steel substrate. These oxide materials have a high
potential, in excess of 3.7 V vs. Li/Li+ electrode in an aprotic environment. The potential of the stainless steel electrode
can be 3.0–.3 V vs. Li/Li+electrode. After a long stay of the V2O5/steel18N12X9T electrode with an active mass of
less than 0.3-0.4 mg/cm2 in a lithium-containing alkyl carbonate electrolyte without current, its initial potential
decreases to values close to 3.4 V vs. Li/Li+electrode.. This leads to a loss of discharge capacity in the redox reaction
with
lithium,
since
the
V2O5/Li
discharge
curve
has
a
phase
transition
region
in
V- pentoxide at a potential undercurrent of about 3.4 V, which is lost during storage of a thin-layer V2O5/ stee1
18N12X9T electrode due to galvanic corrosion leading to a decrease in potential without current to 3.4 V.
The anodic behavior of austenitic stainless steel SUS 304 as a positive electrode current collector in a lithium-ion
battery/capacitor has been studied in organic electrolyte solutions based on a mixed alkyl carbonate solvent with
various lithium salts [7]. Stable passivating characteristics were determined for stainless steel in a LiPF 6 solution, but
pitting corrosion or active dissolution of steel is observed in solutions containing the anions BF 4–, (CF3SO2)2N–,
(TFSA)– and ClO4–. The mass ratios of dissolved metal particles in Li-TFSA and LiClO4 solutions are equivalet to the
ratios of the alloy composition mass, which indicates that during anodic polarization in these electrolyte solutions, the
predominant dissolution of one of the steel components does not occur. Anodic corrosion in a Li-TFSA solution is
partially suppressed by the addition of a PF-6-containing salt or HF to the electrolyte.
In our studies of electrochemically prepared thin-layer NiS electrodes in lithium-perchlorate electrolytes with a solvent
1,3-dioxolane, the reason for the drop in the discharge capacity of a NiS/Li battery during cycling was established [8].
Changes in the surface morphology of the NiS electrode after 14-fold cycling are manifested in the formation of a
pronounced surface film on the electrode. The adhesion and cohesion of NiS particles is weakened. With further
cycling, the active component loses its mechanical integrity, peels off from the base. An analysis of the FTIR spectra
of the electrodes revealed a satisfactory stability of the spectral region, which characterizes the vibration of bonds in
NiS (in the region of wave numbers around 400 cm–1). After a 14-fold discharge of the NiS electrode to 0.9 V in the
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spectral region 1200–600 cm–1, the intensity of the bands attributed to surface impurities increases as a result of
electrochemical interaction of the base (stainless steel) with electrolyte with the formation of a surface film that
prevents the effective passage of the electrode process. Metal sulfides based on stainless steel can initiate corrosion
processes in the base. Since the redox potential of the base, the predominant component of which is iron, is more
negative than the potential of the metal sulfide, anodic dissolution of the base is carried out in a corrosive galvanic
metal-sulfide/iron pair. In this case, the corrosive effects of the base can contribute to weakening the adhesion of metal
sulfide to the base, leading to a decrease in the discharge capacity of the battery.
Now the interest to the galvanic corrosion in Li batteries increases. However, the authors of this publication drew
attention earlier to galvanic corrosion in lithium power sources with cathode materials FeS 2 (pyrite) and SO2. In the
Li-FeS2 power source, the following processes were investigated: (1) electrochemical corrosion in a short-circuited
pair active material (FeS2 – a material of a current collector from the series Pb, Cd, Zn, Al, Ni, Ti, Cu, Pt, graphite,
steel 0.6 KhN28MDT) [9–12]; (2) electrochemical and chemical decomposition of a non-aqueous electrolyte, which
occurs in parallel with the main electrochemical reaction in the power source [11]. The direction of corrosion
processes, their rate, and the nature of the products formed can change depending on the nature of the active material,
the composition of the electrolyte, the nature of the material of the current collector, the degree of cathodic reduction,.
Side processes can be carried out on the active material and the electrically conductive filler of the cathode. They
should be considered for power sources with a discharge voltage near 1.5 V, since most non-aqueous electrolytes are
reduced in the region close to 1.5 V. Corrosion processes have been investigated by us in the initial FeS2 (pyrite) and
reduced
to
a
stable
potential
of
1.6–1.8
V
in
the
electrolyte
1 M LiBF4, PC, diglyme. The rate of corrosion processes in reduced FeS2 (pyrite) is higher than that of the initial one.
It has been found that the highest polarization is observed on aluminum and, accordingly, the lowest corrosion current.
Aluminum is recognized as the best material for the FeS2 cathode current collector.
A potentiodynamic study of various metals in electrolytes (PC, diglyme, LiBF 4) and (PC, DME, LiClO4) on various
materials showed that in the series Al <Ni <Ta <Ti <glassy carbon <Zn <Cu <Pd, the corrosion current increases. The
rate of gas evolution on FeS2 (pyrite) during decomposition of the electrolyte depends on the composition of the
electrolyte and can vary from 8×10–3 to 2×10–5 cm3/min in the investigated series of 1M LiBF4/
γ-butyrolactone, 1.6 M LiBF4/sulfolane, 1M LiBF4/diglyme, 1M LiBF4/PC, 1M LiBF4/γ-butyrolactone,
tetrahydrofuran (1: 1), 1M LiBF4/ PC, DME (1: 1), 1M LiBF4/PC, DG (1: 1), 1M LiBF4/PC, dioxolane (1: 1),
1M LiClO4/PC, acetonitrile (1: 1), 1 M LiClO4/dimethyl sulfoxide, 1 M LiClO4/PC [12]. During the cathode reduction
of the solid-phase oxidizer FeS2, the electrochemical and chemical decomposition of electrolytes occurs. The
electrolyte 1M LiBF4/PC, DG (1: 1) has advantages in corrosion resistance in the studied series of electrolytes.
Conductive additives graphite and carbon black are used in the composition of the porous FeS 2 electrode. The
potentials of unreduced pyrite and graphite with a surface oxidized in air are close (3.7 and 3.6 V vs. Li+/Li electrode,
respectively) and the magnitude of the corrosion current is small. In a partially discharged electrode, particles of a
conductive filler become cathodes and gas evolution is possible on them.
In the study [13], a number of metals (Al, Zn, Pb, Cu, Sn, oxidized Al, Ni, Ti, stainless steel 18N12X9T, Pt, graphite)
were tested for the cathode current collector in order to select the most corrosion-resistant materials of the SO2/Li
power source in the electrolyte composition of PC, AN (1: 3), LiBr (1 M), SO 2 (2.2 M). The values of the stationary
potential of metals are lower than the potential of graphite, which is used as the cathode matrix of the SO2 depolarizer.
In corrosive metal-graphite pair in the initial state, oxidation processes on the metal are possible. However, the cathode
potential changes in the range 3.14–2.00 V during the operation of the power sources due to the passivating of the
cathode surface caused by the formation of lithium dithionite. The comparative rate of electrochemical processes on
various metals is evidenced by potentiodynamic curves in the redox reaction with lithium. The magnitude of the
cathode current at a potential scan rate of 0.05 V/s reaches about 10–5 A/cm2 for all metals. The exception is aluminum,
in which the current is 1.0–1.5 orders of magnitude lower. It is known that the products of cathode reduction of SO 2
in PC electrolyte, LiClO4 (1 M), SO2 (2.2 M) are oxidized on platinum,in two stages with maxima at potentials 3.14
V (oxidation of SO2–) and 3.9 V (oxidation dithionite ion). In the electrolyte PC, AN, LiBr (1 M), SO 2 (2.2M), the
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peak near 3.9 V is absent in the potentiodynamic curves of all studied metals due to the instability of the anodically
oxidized bromide. The smallest cathode peak in the used electrolyte in the group of metals under study is observed
for aluminum. By the nature of the anodic processes on metals, the latter can be divided into two groups. On metals
of the first group (Ni, Ti, Cu, Pb, Zn, Sn), the oxidation processes proceed at a rate of 10 –4–10–2 A/cm2 and more with
a tendency to increase from cycle to cycle. At equal polarization of metals, the anode current increases in the series
Ni <Ti <Cu <Zn <Pb <Sr. The second group of metals includes aluminum and tantalum with a maximum current of
10–5 A/cm2. In studies of corrosion pairs (cathode matrix SO 2 – metal), the data on the lowest rate of processes on
aluminum and tantalum were confirmed. The experimental results made it possible to unambiguously resolve the
question of the best corrosion-resistant material for the cathode current collector of the SO2 – Li cell with the
electrolyte PC, AN, (1: 3), LiBr (1M), SO2 (2.2 M). It is aluminum. To solve the problem of a cathode current collector
in a secondary Li-SO2 power source, the electrochemical behavior of nickel [14] and a number of metals [15] in the
PC electrolyte, LiСlO4 (1 M), SO2 (2.2 M) was studied. It was shown that the rate of electrochemical transformations
on nickel depends on the properties of oxide films formed in air and during the electrochemical performance of the
electrolyte. In the range of working potentials of the primary Li-SO2 cell (2.0–3.3 V), the rate of electrochemical
transformations on nickel is no more than 0.1–0.5% of the rate of the main current of the power source on the carbon
graphite electrode. This gives reason to consider nickel as a suitable material for the cathode current collector of
primary Li–SO2 cell. Nickel is unsuitable for the cathode current collector of the secondary Li-SO2, since at a potential
of 4.3 V, which is reached in the charge cycle, anodic dissolution of the metal occurs according to the reaction Ni – 2
ē → Ni2+.
To suppress corrosion of the aluminum collector, corrosion inhibitors are introduced into the electrolyte [16], and
super concentrated electrolytes are used in power sources [17]. Progress has been made in defining the mechanisms
for overcoming corrosion, using new electrolytes, and new materials for current collectors [18–21].
40
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Electrochemical performance of specific composites as electrodes for supercapacitors
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Supercapacitors (SC) receive considerable attention due to their capabilities such as power density, long cycle life,
and a wide range of operating temperatures. However, there are still many obstacles to their application that have not
yet been overcome. One of the potential promising is the use of composite for preparation of SC electrode, where the
advantages of one material complement the disadvantages of another. The composite consisting of carbon-based
materials, transition metal oxides or hydroxides, and conductive polymers can improve capacity, due to the Faradaic
reaction and separation of charge between the electrode-electrolyte interfaces [1,2].
Several conductive polymers have been studied for application in supercapacitors. In this work, the polyaniline (PANI)
has been chosen. PANI has long been condemned for its poor cyclic stability, despite its strong advantages such as
good resistivity, electrical conductivity, and especially pseudocapacitance [3].
This work describes the improvement of cyclic stability of PANI through a combination of reduced graphene oxide
(rGO) and copper-metal-organic framework (MOF). Crystalline porous MOFs as organic units that link metal ions to
clusters are characterized by a large surface area, high stability, large pore volume, and organic functionality and these
properties predetermine them for the preparation of the electrode in supercapacitors [4]. Many articles have been
written and even more, work has been done using carbon materials. Graphite aroused great interest, especially after
its discovery. Its oxidized form - graphene oxide (GO) offers a wide range of uses in different fields of interest.
Compared to pure graphite, GO is more reactive due to the oxygen functional groups on its surface and edges, but it
is also less conductive. However, this can be remedied by reducing it and decreasing the oxygen content [5,6].
In this study, the composites of rGO, PANI, and Cu-MOF were prepared via the one-step co-assembly method, i.e.,
PANI was supported on the composite structure of rGO and Cu-MOF via chemical polymerization process. The
properties of the prepared electrode materials were examined by X-ray diffraction techniques (XRD), ATR-FTIR
spectroscopy, scanning electron microscope (SEM), and X-ray Photoelectron Spectroscopy (XPS). The first results
showed a combination of composite hardening as promising.
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Carbonized metal-organic framework (MOF) MIL-101(Fe)-NH2 was used as a host for sulphur in lithium-sulphur
batteries. MOF effectively captured and encapsulated sulphur and lithium polysulphides. Consequently, the cathode
showed at 0.5 C high initial discharge capacity of 705 mAh g-1 and after 200 cycles of 476 mAh g-1, with fading rate
of 0.162 % per cycle. Columbic efficiency during the whole cycling procedure at 0.5 C was around 95 %.

Introduction
The demand for high energy density batteries has increased in the last decade, mainly by electric vehicles, portable
electronic devices and military applications. Commercial lithium-ion batteries can not satisfy the energy density for
such extensive applications [1, 2]. Lithium-sulphur (Li-S) batteries represent a very promising battery energy storage
because of their high theoretical specific capacity (1675 mAh g-1) and energy density (~2600 Wh kg-1) [3]. The main
advantages of sulphur are nontoxicity, natural abundance, as a cathode material might reduce the battery cost and
environmental concerns [4].
Nevertheless, Li-S battery system has some obstacles that block the successful commercial production. Sulphur
and discharge products (Li2S/Li2S2) must overcome low conductivity at the insulator level. The cathode material must
contain conductive material and the amount of active material reduced. Next drawback is the volumetric expansion
during cycling up to 80 %, which leads to instability of the electrode structure [5]. A lower-order (Li2S, Li2S2) and a
higher-order (Li2S4, Li2S6, Li2S8) polysulphides are produced during cycling. The higher-order polysulphides are
soluble in the organic electrolyte, which leads to irreversible loss of capacity. A migration process of polysulphides is
known as polysulphide shuttle; the higher polysulphides diffuses to lithium anode and react cations of lithium, the
results of this reaction are lower polysulphides, and they deposit on the lithium anode. Loss of active material, low
columbic efficiency and capacity fading are consequences of polysulphide shuttle [6, 7].
A conductive host with high porosity can resolve the issues mentioned above [8]. Porous materials with unique
structure containing carbon are metal-organic frameworks (MOFs). MOFs are materials having metal ions on ‘robust’
framework with large surface area, modifiable pores, and cavities [9]. This work deals with application of carbonized
MIL-101(Fe)-NH2 as a host for sulphur in Li-S batteries.

Experimental
The carbonization of MIL-101(Fe)-NH2 was executed in a tubular oven at 600 °C for 1 hour in a nitrogen atmosphere.
Sulfur, carbon Super P and carbonized MIL-101(Fe)-NH2 were grinded in a planetary ball mill for 30 min at 500 rpm.
Electrode material slurry was prepared by stirring of sulfur, Super P, carbonized MIL-101(Fe)-NH2 and PVDF
(polyvinylidene fluoride) in NMP (in N-methyl-2-pyrrolidone). After 24 hours of sttiring the electrodes were
fabricated on aluminum foil by a coating bar, dried in the oven at 60 °C for 24 hours and pressed with a pressure of
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315 kg cm-2. The electrochemical test cells (El-Cell®) were assembled in argon-filled glove box (Jacomex). The
electrolyte consisted of 0.25 M of lithium nitrate (LiNO 3), 0.7 M of lithium bis(tri-fluoromethanesulfonyl) imide
(LiTFSI) solution in 1,2-dimethoxyethane (DME) and 1,3-dioxolane (DOL) with the volume ratio 2:1. As a counter
electrode was used metal lithium and electrolyte was impregnated into the glass fiber separator.

Results and Discussion
Electrochemical investigation of the prepared electrode was realized using cyclic voltammetry (CV) and galvanostatic
cycling. CV curves of the S + Super P + MIL-101(Fe)-NH2 + PVDF electrode in a potential window from 1.8 V to
3.0 V measured at a 0.1 mV s-1 are shown in Figure 1. Two cathodic peaks and one anodic peak are clearly visible.
The first cathodic peak observed at 2.38 V corresponds to the reduction of elemental sulphur to higher-order
polysulphides. The second cathodic peak located at 2.0 V is attributed to the transformation of higher-order to lowerorder polysulphides and the discharge product. Stable cathodic and anodic peaks indicating fast redox kinetics, optimal
cycle stability and better utilization of the active materials.

45

Figure 1 CV curves of the S + Super P + MIL-101(Fe)-NH2 + PVDF electrode at scan rate 0.1 mV s-1.

Galvanostatic long-term cycling measurements were performed with the S + Super P + MIL-101(Fe)-NH2 + PVDF
electrode at 0.5 C (see Figure 2). The initial discharge capacity reached the value of 705 mAh g -1 and after 200 test
cycles, the capacity decreased to 476 mAh g-1 with a total efficiency of 95 % during the whole cycling procedure. The
capacity decay was 0.162 % per cycle, due to strong physical capture of polysulphides. This result indicates that
carbonized MIL-101(Fe)-NH2 possess stable structure and strong chemical interaction with polysulphides, resulting
in the efficient encapsulation of the polysulphides in the support.
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Figure 2 Galvanostatic cycling of the S + Super P + MIL-101(Fe)-NH2 + PVDF electrode at 0.5 C.

Conclusions
It was proven that carbonized MIL-101(Fe)-NH2 can be used as a conductive support for sulphur electrodes in Li-S
batteries. The unique structure of MOF can efficiently mediate the redox reaction to stable structure of cathode and
faster kinetic reaction. The initial discharge capacity at 0.5 C was 705 mAh g-1 and after 200 cycles the specific
capacity reached the value of 476 mAh g-1, which is 67.6 % of original discharge capacity. The efficiency during longcycling was around 95 % with fading rate of 0.162 % per cycle. To sum up, it can be concluded that carbonized MOF
MIL-101(Fe)-NH2 is an appropriate support for sulphur and lithium polysulphides. The S + Super P + MIL-101(Fe)NH2 + PVDF electrode described in this work is a promising material for application in Li-S batteries.
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Nowadays, there is a huge demand for energy due to the population growth and technological progress. The
researchers pay an intensive attention to the devices able to produce and store energy. Li-S batteries play a significant
role in a development of rechargeable batteries. They are attractive adept due to their high theoretical capacity of
sulfur (1672 mAh g-1), abundance and non-toxicity of sulfur and low cost of sulfur. Li-S battery belongs to the
conversion type of battery; it means new chemical compounds during electrochemical reactions are formed [1, 2].
We report the synthesis of S-MWCNTs-PPy-nanopipes as a cathode material for Li-S batteries. The synthesis was
accomplished using a simple chemical oxidative polymerization of pyrrole monomer by adding the anions azo dye
methyl orange (MO) and FeCl3. To characterize the cathode material cyclic voltammetry, galvanostatic
charge/discharge measurements or electrochemical impedance spectroscopy were carried out.
As shown in Fig. 1, MWCNTs formed agglomerates among the PPy-nanopipes. Our goal was to accommodate sulfur
inside these agglomerates to control volumetric increase during the charge/discharge process. Homogeneous sulfur
distribution in PPynanopipes and also in MWCNTs agglomerates was confirmed by EDX elemental map analysis and
by TEM. STEM analysis confirmed a presence of sulphur inside the MWCNT tube. The improved electrochemical
performance of S-MWCNTs-PPy-nanopipes was attributed to the stable network between the sulfur and MWCNTsPPy-nanopipes that effectively facilitates Li+ ion diffusion which inhibited shuttle effect. Combination of PPynanopipes and MWCNTs provides additional conductivity and delivers extra capacity.

Figure 1 Schematic representation of sample preparation and characterization, SEM image and elemental
map of carbon and sulfur distribution for S-MWCNTs-PPy-nanopipes sample.
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Hydrogen, as a renewable and clean energy source, is proposed as a potential fuel candidate for the future due to its
high gravimetric energy density and environmental friendliness [1]. Electrochemical water splitting is a simple, clean,
and convenient method of producing hydrogen, but its sustainable production is highly dependent on efficient and
inexpensive catalysts. However, commonly used catalysts such as platinum or other noble metals are relatively
expensive, therefore great emphasis is put on finding a suitable substitute [2].
Needle-less electrospinning technology (NLE) was used to prepare carbon fibers based electrocatalysts modified with
cobalt phosphide nanoparticles. Two cobalt salts, nitrate Co(NO3)2 and oxalate CoC2O4, were used as cobalt sources.
Co2P nanoparticles are considered as the most active among transition metal phosphides with high catalytic efficiency.
The fibers were heat treated in controlled sintering furnace in argon atmosphere or in argon atmosphere followed by
hydrogen reduction atmosphere. SEM images revealed a continuous and regular fibrous morphology (fiber diameter
1-10 µm). The apparent porous structure was evident in both cases of used atmosphere (Ar and Ar/H 2), however, the
change in the sintering method determined different porosity in the carbon fiber matrix. While the use of pure argon
atmosphere caused a higher value of internal microporosity with isolated pores, the hydrogen environment led to the
formation of surface micropores. The design of carbon fibers with incorporated Co2P nanoparticles for samples with
highest cobalt content is shown in Fig. 1. Electrocatalytic activity was evaluated by polarization curves. The most
significant potential shift to more positive values was observed for samples with the highest cobalt content (3g), which
provided the current density of 10 mA cm-2 at an overpotential of −300 mV. The Tafel slopes were calculated form
the Tafel plots derived from the polarization curves. The smallest Tafel slope and fastest HER kinetics were found in
the samples with highest cobalt content and highest specific surface area. The durability and stability of the most
effective fibrous catalysts was proved by means of long-term stability tests.
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Figure 2 SEM images of carbon fibers with incorporated Co 2P nanoparticles prepared from 3.0 g Co(II)
oxalate/30 ml DMF (a, b) and 3.0 g Co(NO 3)2/30 ml DMF (c, d).
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Today's world is dependent on modern technologies that are related to freely available connectivity by rapid transfer
of information from anywhere and also on the fast transport of goods and people. However, transport of people and
goods brings the environmental burden caused by the combustion of fuels which is from environmental point of view
unsustainable from the long term perspective. Modern communication technologies, on the other hand, work without
an internal combustion engine but they need some compact portable source of power. The answer solving both
problems are modern Li-ion batteries, which enable the operation of portable devices and the implementation of
efficient electrical transport. This technology also has its limits, and in the future, it will be necessary to look for other
types of batteries for energy storage. One of the further possibilities of development are post-lithium ion batteries.

Introduction
Modern technologies such as mobile phones, laptops and other wearable electronics would be unfeasible without the
use of today's Li-ion battery technologies. In the case of modern technologies in transport such as drones or
electromobility, whether personal, freight transport or in the future air transport is need for high energy density
batteries even higher. The currently used Li-ion batteries have undergone considerable development in the past years
since its introduction into practice [1][2]. Their gravimetric energy density has thus increased more than three times
to the current approximately 260 Wh/kg [3][4]. However, some applications will require even higher gravimetric
energy densities in excess of 400 Wh/kg. Likewise, dependence on one type of battery using lithium as the active
element may lead to a shortage of lithium sources in the distant future. Solutions for the future can be post-lithium ion
batteries, which offer in the case of some technologies related to this group a higher gravimetric energy density (Li-S
batteries) or independence from the use of lithium (Na-ion batteries) [5]. However, these technologies suffer from a
number of problems that limit their lifespan and thus the possibility of future application in practice [6]. One of the
groups of materials that can be used to solve the problems connected with this modern battery systems are the socalled metal-organic frameworks. In the following text, will be described their possible application for individual postlithium ion technologies.

Li-S batteries
Li-S batteries are one of the most promising battery technology from the gravimetric energy density point of view. In
addition to the advantage of using cheap and ecological friendly sulfur, they offer the main advantage of high
theoretical capacity of the sulfur 1675 mAh/g. Thanks to the working potential against lithium around 2.1 V, it offers
a high theoretical gravimetric energy density exceeding 3000 Wh/kg [7]. Main disadvantage of this battery technology
is highly limited cyclelife. This is caused by high volumetric expansion of sulfur during battery cycling ~80% and by
shuttle effect. Shuttle effect is connected to main electrochemical reactions occur during cycling. Original S8 during
discharging form lithium polysulfides and some part of this polysulfides are soluble in electrolyte which leads to
significant capacity drop related to loss of the actime mass from electrode. Those lithium polysulfide are subsequently
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deposited on the surface of the lithium negative electrode which increase internal resistance and decrease active
surface area on the negative electrode [8]. One of the effective method how we can prevent this polysulfide dissolution
is their active capture in the mass or in the surface of the positive electrode [9]. One from the effective way to achieve
this capture of lithium polisulfides in the electrode structure can be to use metal-organic frameworks [10]. These
structures, which combine a carbon porous matrix with metals or their oxides, exhibit a number of interesting
properties for Li-S battery application. When carbon-based materials are used as polysulfide scavenger, polysulfides
are trapped in the porous structure of the carbon particles [11]. However, this process of the lithium polysulfide capture
has its limitations. It was found that polar materials, such as nanostructured transition-metal oxides, sulfides or Ndoped materials have high affinity to lithium polysulfides, becouse of the strong interaction between polar species and
lithium polysulfides [12][13]. An interesting way to combine these properties of carbom materials and metal oxides
is the use of metal-organic frameworks which, after their calcination, form a carbon matrix in which the transitionmetal oxides are uniformly distributed. Based on these findings, an MnO/C composite structure obtained by
calcination of Mn-Bpdc MOF at 700 ° C under a nitrogen atmosphere was formed. MnO was selected based on its
high affinity for lithium polysulfide binding. MnO/C composite was deposit on the surface of the Li-S positive
electrode based on 60% sulfur, 30% Super P and 10% poly(vinylidenefluoride) (PVDF). It was observed that MnO/C
composite electrode coating leads to improvement of the electrode stability and to better capacity utilization see Figure
1. [14]
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Figure 1 Capacity comparison of basic and MnO/C coated electrode during long-term cycling at 0.2 C [14].

Na-ion batteries
Na-ion battery systems are very attractive because of sodium used as active element. Sodium, the sixth most common
material in the earth's crust, is cheap and ecological. Another advantage of sodium usage is the possibility of using
aluminum as a current collector on both electrodes. However, sodium has higher potential against standard hydrogen
electrode -2.71 V compare to lithium -3.04 V and theoretical capacity of the sodium is significantly lower 1166 mAh/g
compare to lithium 3860 mAh/g [15]. These properties limit Na-ion batteries in terms of the achievable gravimetric
energy density and which will be lower than in the case of Li-ion batteries. However, this limitation would not be
significant for less demanding applications or for stationary energy storage and the main prerequisite for a successful
market application would be price and a sufficiently long cycle life. However, the short cycle life of anode materials
in particular is one of the main shortcoming of this battery system. Compared to Li-ion batteries, use of the graphite
as anode material is in the case of Na-ion batteries not possible. Diameter of sodium ions is about 34% higher compare
to lithium ions which leads to decomposition of graphite layers during sodium intercalation and the consequent
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capacity loss [16]. This is a main reason why the research focuses on the development of anode materials that would
have a sufficiently high cycle life and at the same time high capacity. One of the promising possibilities is the use of
composite carbon materials combined with metal oxides based on metal-organic frameworks. An example could be
the use of the Co-C nanocomposite based on Co-Bpdc MOF after treatment at 800°C in N2 atmosphere. The Co-C
nanocomposite exhibit high electrochemical activity at low potential against sodium and capacity over 200 mAh/g see
Figure.2 [17].

Figure 2 A) CV of the Co-C nanocomposite electrode at scan rate 0.5 mV/s, B) Charg and discharge cycles of
the Co-C nanocomposite electrode [17].

Conclusions
This article serves as a brief review of post-lithium ion technologies and the possibilities of using metal-organic
frameworks to improve the properties of Li-S and Na-ion batteries. It is clear from the text that different properties of
active material are required for each battery technology. However, these properties can be achieved by the correct
modification of the active material by selecting the metal or its oxide and if necessary by adjusting the annealing
temperature and the used atmosphere.
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We describe the photoelectrochemical properties of silicon-based metal-insulator-semiconductor photoanodes for
water splitting comprising thin RuO2 and RuO2-IrO2 films as top catalytic layers. RuO2 and IrO2 offer low resistivity,
high optical transparency, work function as well as high catalytic efficiency. RuO 2 and IrO2 films with a thickness of
5 nm were grown using liquid injection metal-organic chemical vapour deposition, MOCVD. A thin SiO2 layer was
prepared by ozone treatment of the Si-n substrate at 300 °C. These samples were then subjected to
photoelectrochemical water splitting reactions.
RuO2/SiO2/n-Si photoanode exhibited a photovoltage of 0.5 V and was able to generate photocurrent with a density
up to 10 mA/cm2 (Fig. 1, left) at a thermodynamic water oxidation potential (1.23 V vs. normal hydrogen electrode,
NHE) in H2SO4, pH=0 solution under 1 Sun light intensity with AM 1.5 spectrum. Lower photovoltages and
photocurrents were achieved in Na2SO4, (pH=6), and KOH (pH=14) solutions.
IrO2-RuO2/SiO2/n-Si photoanode exhibited a lower photovoltage and lower photocurrent compared to the RuO 2
analogue. A photovoltage of 0.4 V and up to 5 mA/cm2 (Fig. 1, right) photocurrent was achieved for the IrO2RuO2/SiO2/n-Si photoanode at a thermodynamic water oxidation potential in H 2SO4, pH=0 solution. Similar to the
RuO2 based silicon photoanodes, these IrO2-RuO2 photoanodes achieved lower photocurrent at near-neutral and basic
conditions.
The stability of the RuO2/SiO2/n-Si photoanode was examined in 1 M H2SO4 and 1 M KOH solutions. The
RuO2/SiO2/n-Si photoanode in the 1M H 2SO4 solution showed a current density of 10 mA/cm2 under an applied
voltage of 1.23 V vs. NHE. Degradation occurred after 1.5 h of operation. Similar behaviour was observed for an
applied bias of 1.5 V vs NHE in 1M H2SO4 for the RuO2 based photoanodes. The RuO2/SiO2/n-Si photoanode was
found to be more stable in the KOH solution. Using an applied voltage of 0.674 V vs. NHE (0.27 V above the
thermodynamic water splitting potential) in 1M KOH resulted in a current density of 2 mA/cm2 after 10 h. Similarly,
stability measurements were performed on IrO2-RuO2/SiO2/n-Si photoanodes in 1 M H2SO4 and 1 M KOH solution.
In 1M H2SO4 solution, at an applied bias of 1.5 V vs NHE (0.27 V above thermodynamic water oxidation potential)
a photocurrent of 20 mA/cm2 was observed which was stable for 5 h followed by gradual degradation of the
photoanode. In 1M KOH solution, at an applied bias of 0.404 V and 0.674 V vs NHE (thermodynamic water oxidation
potential and 0.27 V above, respectively) lower photocurrents stable for several hours were observed.
In summary, the RuO2/SiO2/n-Si photoanodes provided higher photovoltage and photocurrent and were prone to rapid
degradation under solar irradiation whereas the IrO2-RuO2/SiO2/n-Si photoanodes exhibited lower photocurrent and
photovoltage but higher stability under studied conditions.
This study was performed during the implementation of the project Building-up Centre for advanced materials
application of the Slovak Academy of Sciences, ITMS project code 313021T081 supported by Research & Innovation
Operational Programme funded by the ERDF. The research was funded also by APVV (project APVV-17-0169).
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Figure 1 Cyclic voltammetry in dark and under solar light AM 1.5 1000 W/m2 for (left) RuO2/SiO2/n-Si and
(right) IrO2-RuO2/SiO2/n-Si MIS structures measured in 1 M H2SO4 with pH 0. Dashed line represents the
water oxidation potential.
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Introduction
The use of solid electrolytes is the ideal way to solve the safety problem of liquid electrolytes, but this advantage
comes with a considerably reduced conductivity. To combine the advantages of liquid and solid polymer electrolytes,
gel polymer electrolytes have been introduced [1]. Gel polymer electrolytes (GPEs) have a practical interest for the
electrochemical power sources because they usually exhibit ionic conductivities higher than 10 -3 S/cm and have a
higher stability than solid and liquid electrolytes [2]. Furthermore, compared to liquid electrolytes, the main
advantages of GPEs are their non-leakage nature and higher thermal stability, so they can be used to prepare flexible,
thinner, and smaller electrochemical devices [3].
Good mechanical strength of gel polymer electrolyte can be achieved by adding nanoparticles. Generally, the addition
of nanoparticles into the polymer electrolyte system slows down the re-crystallization kinetics of polymer chains and
reduces the degree of crystallinity. This reduction in crystallinity in turn improves ion transport in the composures [4].
The addition of nanoparticles can improve the conductivity of electrolyte due to the ion interactions and increases the
ionic transport at room temperature. Due to this addition, the potential window of electrolyte increases too.

Materials
For the preparation of gel electrolytes based on methacrylate, tetraethylammonium tetrafluoroborate (TEA BF 4),
ethylene carbonate (EC), diethyl carbonate (DEC), methyl methacrylate (MMA), ethylene glycol dimethacrylate
(EDMA) and benzoin ethyl ether (BEE) were chosen.
For the experiments the following nanoparticles were chosen: aluminium oxide (Al 2O3), tungsten(VI) oxide (WO3),
zirconium oxide (ZrO2) and lanthanum oxide (La2O3) [5]. All nanoparticles and other materials were purchased from
Sigma-Aldrich.

Preparation of GPEs
The first step is the preparation of precursor solution. Precursor solution consists of conductive salt, which dissolved
in organic solvent. A monomer, a cross-linked agent and an initiator of UV-light polymerization were also added into
the precursor [6]. Nanoparticles were added into the electrolyte solution in the amount of 2 wt%.
The second step is determined by obtaining a gel structure. After stirring the solution with all materials, the precursor
was exposed to UV irradiation to obtain self-standing gel polymer electrolyte.

Experiment
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During the experiment gel polymer electrolytes with nanoparticles were prepared. Electrical conductivity was
measured by impedance spectroscopy in temperatures from 30 °C to 60 °C.
Figure 1 presents values of electrical conductivity of gel polymer electrolytes, which were measured at room
temperature (23 °C).

Figure 1 Electrical conductivity of gel electrolytes at room temperature.

Figure 2 presents the Arrhenius plot, which shows electrical conductivity depending on temperature.
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Figure 2 Arrhenius electrical conductivity plot of gel polymer electrolytes.

Conclusion
Current development of this work is focused on improving the electrochemical properties of gel electrolytes based on
methacrylate, which will replace liquid electrolytes in electrochemical power sources. The main goals were to increase
ion conductivity, and to extend potential window for improving electrochemical stability of the polymer and the

Copyright ©NFA 2020

ISBN 978-80-8152-941-2

Nanomaterials: Fundamentals and Applications: November 9.-10. 2020, Online conference

solvent. Nanoparticles were added to gel polymer electrolytes in the amount of 2 wt% to achieve these goals. The
electrical conductivity depending on temperature and potential windows was measured.
In Figure 1, we can see that the addition of nanoparticles increases the electrical conductivity of gel electrolytes. The
highest conductivity has the sample with 2 wt% of La2O3. With increasing the temperature from 30 °C to 60 °C, the
electrical conductivity of gel samples increases as well. It means that the electrical conductivity of gel electrolytes
with nanoparticles has the Arrhenius behaviour. It supports the idea that ions move mainly through the liquid
electrolyte phase in these gel electrolytes.
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Basic principles of atomic layer deposition
Atomic layer deposition (ALD) is chemical method based on a sequential introduction of chemical precursors and
reactants. Compared to chemical vapour deposition distinctive and clear feature of ALD lies in the self-limiting nature
of precursor adsorption and reaction. ALD growth consists of the four steps: 1) precursor adsorption, 2) purging, 3)
reactant exposure and 4) purging. These steps constitute an ALD cycle. ALD takes place in conditions where precursor
adsorption is the self-limiting step, i.e. only 1 molecular layer is adsobed at the surface. Theoretically, exposure to
reactant gives rise to formation of 1 atomic layer of the reaction product. Consequently, ALD is a surface-controlled
process, where parameters other than reactants, substrate and temperature have little influence. ALD cycle for growth
of Al2O3 film is schematically depicted in the Fig. 1.
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Figure 1 ALD cycle for Al2O3 film growth.

Repeating of the ALD cycle results in precise control of thin film thickness. Fig. 2 shows linear dependence of the
film thickness on number of cycles. Furthermore, ALD films can be grown at low temperatures, the films are of very
good quality without defects such as pinholes. As ALD is surface-controlled process, the films are uniform in thickness
on large planar surfaces and highly conformal on 3 dimensional substrates. Excellent analysis of growth of Al 2O3
films by ALD can be found in ref. [1]. Overview of deposition of various films by ALD was published in 2013 [2].
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Figure 2 Thickness as a function of number of ALD cycles for Al 2O3 film growth.

ALD application in microelectronics
ALD prepared films found broad application in microelectronics, in particular in preparation of high-k dielectrics as
replacement of SiO2 gate oxide in CMOS technology [3]. Similarly, ALD was used for growth of high-k thin films in
dynamic random access memory (DRAM) applications. We have shown, that dielectric constant of ALD grown TiO 2
can achieve values higher than 100 due to en epitaxial growth of the rutile structure on RuO2 electrode [4]. Another
application of ALD in microelectronics includes thin films in resistive switching structures [5, 6]. In vertical structures,
resistive switching using ultra-fast pulse of 10 ns was demonstrated. In insulating films in GaN-based metal-oxidesemiconductor high electron mobility transistors substantial suppression of gate leakage current was achieved using
10 nm of ALD grown Al2O3 film [7]. ALD films are used in microelectronics due to their high quality, capability to
cover large surface with high homogeneity and conformal growth on non-planar substrates.

ALD films for energy application
ALD was employed for preparation of ZnO-based transparent conducting electrodes used in solar cells. Deposition of
the Al-doped ZnO films was carried out at temperatures between 150 and 250 °C on Si and quartz substrates. Diethyl
zinc and trimethyl aluminium were used as precursors and water vapours as reactant. Al-doping was performed by
inserting Al2O3 cycles in ZnO growth. Deposition of 1 Al2O3 layer per 7 deposited ZnO layers gave the best results.
Resistivity of the Al-doped ZnO films depended on the deposition temperature and film thickness. Transition electron
microscopy revealed typical columnar growth of the films with fine grained polycrystalline region close to the
substrate. The films prepared at 250 °C exhibited 002 texture and for the thickness above 100 nm showed resistivity
of 1 mΩcm. This corresponds to the sheet resistance of 40 Ω/square. Fig. 3 displays resistivity of the Al-doped ZnO
films deposited at temperatures from 100 up to 250 °C as a function of thickness. Hall measurement revealed electron
concentration up to 4*1020 cm-3 and mobility in the range of 10-20 cm2Vs-1. Optical transmittance of the films was
higher than 80% in the wavelength range between 400 and 900 nm for the thickness up to 350 nm.
Inorganic-organic hybrid perovskite solar cells suffer from poor stability in ambient atmosphere. Oxygen and moisture
are supposed to be reason for the solar cell degradation. Encapsulation of solar cells using ALD thin films has potential
to improve their stability in ambient atmosphere. ALD prepared Al 2O3 films were employed for encapsulation.
Trimethyl aluminium was used as a precursor while water vapours were applied as reactant. Deposition of the
Al2O3 films was performed at 50°C [8].
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Figure 4. Current-voltage characteristics for a) unprotetected and b) Al2O3 encapsulated perovskite-based
solar cell.

Power conversion efficiency of the solar cell encapsulated by 25 nm Al2O3 thin film decreased after 4000 hours in
ambient atmosphere from 13.4 to 9.2%, while unprotected solar cell was completely degraded. Degradation of the
unprotected cell was found to be related to the short circuit current density decrease. This indicates degradation of the
perovskite layer. Such the perovskite layer deterioration was confirmed by X-ray diffraction.
Potential application of ALD layers emerged recently in improved performance of batteries with electrodes covered
by thin films. For Li-S batteries coverage of the sulfur cathode by ultrathin ALD films can effectively suppress the
well-known “shuttle effect” rooted in the formation of soluble polysulfides during charge/discharge of the battery [8].
Ultrathin ALD film on grafite anode protects effectively the surface and result in highly durable and safe Li-ion battery
[10]. Utilization of thin films in batteries opens another possibility for ALD application in materials for energy.
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Insulin is a peptide hormone produced by β cells of small spherical structures called Islets of Langerhans located in
the endocrine pancreas [1, 2]. The main function of insulin in the body is to regulate the concentration level of the
blood glucose. Insulin also plays role in the regulating the metabolism of fats and proteins. After increasing the glucose
concentration in the blood, insulin is produced in the Islets of Langerhans and transported to the cell membranes.
Subsequently, insulin activates the insulin receptors located on the cell membrane mainly brain, liver, and muscle
cells. This step resulting in a series of other processes, including the activation of GLUT4 transporters, which provide
glucose uptake into cells and its subsequent conversion to ATP [3]. Insufficient production of insulin or failure to
provide the mentioned mechanism leads to worldwide known disease called diabetes mellitus (DM). Diabetes mellitus
is severe and chronic disease represented by hyperglycaemia caused by insulin insufficiency or insulin resistance. In
the present several types of diabetes are known. There are three main forms of DM – type 1 DM, type 2 DM, and
gestational DM [4]. Type 1 DM is the result of the destruction of β cells and insulin deficiency. It is typical for
childhood period because of genetic predisposition. Type 2 DM is typical by insulin resistance or insufficient secretion
of insulin [5]. Type 2 DM is caused especially unhealthy lifestyle, obesity and strong family history [6]. Since it is not
possible to cure DM completely, it is necessary to focus on the early and rapid diagnosis of this disease, which will
be followed by treatment based on insulin administration.
Nowadays, third generation of enzymatic glucose sensors is commercially used of DM diagnosis. The first generation
of glucose sensors faced several complications like as high operating potential and oxygen dependents. The second
generation of glucose sensors used organic redox mediator for immobilisation of glucose oxidase (GOx) on the sensor
surface. The third generation of sensors is based on the direct transport of electrons between GOx and the electrode
surface. Nevertheless, third generation of enzymatic glucose sensors are currently used for DM diagnosis they faced
various deficiencies like temperature and pH instability arising from the presence of used enzyme [7]. Therefore,
research is currently focused on the development of an electrochemical sensor without a biological component. Since
the amount of insulin in the blood indirect depends on the amount of glucose, the electrochemical sensor for insulin
determination can be considered as the new approach in the diabetes diagnosis.
Currently different analytical methods are used for the detection of insulin. Immune methods include luminescent
immunoassay (LIA), radioimmunoassay (RIA), and enzyme immunoassay [7, 8]. High-performance liquid
chromatography (HPLC) and capillary electrophoresis (CE) are non-immune methods [7] Unfortunately, these
methods are expensive, slow, and time-consuming [1, 2]. Therefore, the electrochemical methods are the most
appropriate methods for insulin determination because of their unique properties like high sensitivity, low limit of
detection (LOD), good selectivity, low cost and, rapid response [1, 9].
Different studies consider carbon as the most appropriate electrode material for the construciton of electrochemical
sensor for insulin determination. However, carbon can be considered as the best electrode material for insulin
determination, bare carbon electrodes displayed some disadvatnages like high LOD, not appropriate sensitivity and
stability. To improve the analytical characteristics of carbon electrodes various type of nanomaterials for electrode
modification are used. Carbon nanotubes (CNTs) are the most often used modification of carbon electrodes because
of their unique properties like high conductivity, and mechanical strenght [10]. CNTs are also used because of the
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enlargement of active surface area of working electrode leading to improvement of analytical characteristics of
prepared electrode. Also, metla nanoaprticles like Zn, Ni, Cu or metal oxide nanoparticles (ZnO, CuO, CoO) are used
for carbon electrode modification. These nanoaprticles catalyst the insulin oxidation on the carbon electrode surface
and improve the characteristics of prepared electrode.
Zinc nanoparticle (ZnNPs) are one of the most suitable candidate for carbon electrode modification because of their
low price, biocompatibility, and simple prepration. There is also assumption of covalent bond binding between ZnNPs
and insulin leads to better sensitivity of prepared sensors. Therefore combination of MWCNTs, chitosan and ZnNPs
was choosen to study the effect for insulin oxidation.
This work deals with the preparation and characterization of the screen printed carbon electrode (SPCE) modified by
combination of multi walled carbon nanotubes (MWCNTs), chitosan, and ZnNPs. First, chitosan and activated
MWCNTs were ultrasonicated for one hour. After that the 10 µl of this mixture was dropped on the working electrode.
ZnNPs were electrochemically deposited on the SPCE modified by mixture of chitosan and MWCNTs using pulse
deposition method. The deposition potential was chosen according to polarization curve as – 0.6 V and the deposition
time was changed due to the study of the influence of the deposition time of Zn to the surface structure of the prepared
electrode. Three different deposition times were used t1 = 15 s, t2 = 30 s, and t3 = 60 s.
The surface morphology of the ZnNPs/chitosan-MWCNTs/SPCEs was characterized by scanning electron microscope
(SEM) and the elemental composition of the electrodes surface was studied using EDX analysis. Figure 1 shows SEM
images of ZnNPs/chitosan-MWCNTs/SPCE prepared with different deposition times (t1 = 15 s, t2 = 45 s, and t3 = 60
s), respectively. Figure 1 shows that with increase deposition time of Zn a compact Zn layer was gradually formed on
the surface of the MWCNTs-chitosan modified SPCE. As can be seen at the deposition time of 60 s, the Zn layer on
the surface has already cracked.
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Figure 3 SEM images of ZnNPs/chitosan-MWCNTs/SPCE at 100 times magnification prepared with different
deposition times of Zn t1 = 15 s, t2 = 30 s, and t3 = 60 s.

Also the active surface areas of ZnNPs/chitosan-MWCNTs/SPCEs prepared with the different deposition times of Zn
were determined electrochemically in solution consisting of 1 mM K 4[Fe(CN)6]/1mM K3[Fe(CN)6] and 1 M KCl via
cyclic voltammetry method according to Randles-Ševčík equation. The results confirmed the increasement of active
surface area with the increase of deposition time of Zn. The highest surface area (0.80 cm2) was determined for
ZnNP/chitosan-MWCNTs/SPCE with the deposition time of Zn t = 30s. The active surface area at the deposition time
of t = 60s was lower than in the case of deposition t = 30s due to the formation of a compact Zn layer instead of Zn
nanoparticles. Based on the previous results the ZnNPs/chitosan-MWCNTs/SPCE prepared with the deposition time
t = 30s of Zn can be considered as the most appropriate for insulin determination. Therefore, stability and long-term
stability of this electrode was studied. The current response towards insulin oxidation after 50 cycles decreased of

Copyright ©NFA 2020

ISBN 978-80-8152-941-2

Nanomaterials: Fundamentals and Applications: November 9.-10. 2020, Online conference

only 3.2% and the current response towards insulin oxidation after one month of the electrode storage decreased of
only 2.8% what represents the great value. The selectivity of the electrode was studied in the presence of interferences
(glucose, uric acid, and lactic acid) with the same concentration as the concentration of these analysts in the human
blood. Obtained results suggest that no significant effect of interferences on electrochemical determination of insulin
at ZnNPs/chitosan-MWCNTs/SPCE in blood can be expected. Therefore, ZnNPs/chitosan-MWCNTs/SPCE prepared
with the deposition time of Zn t = 30s can be considered after initial tests for electrode characterization as a suitable
candidate for future electrochemical sesnor for the diagnosis of diabetes. Therefore, further tests and determined
analytical characteristics of the electrode will be performed and a detailed study of insulin determination on the
prepared electrode will be obtained.
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Tear fluids are easily accessible sampling material which allow diagnostics of not only ophthalmological but also
systemic diseases. The composition of tear fluid changes significantly during the presence of a disease. The various
noninvasive diagnostic methods help to detect the disease from tear fluid. In our work was developed new noninvasive
approaches and techniques in the analysis of tear fluid from patients by cyclic voltammetry using amperometric
sensors. Amperometric biosensors are widely used due to their high selectivity and high efficiency. Amperometric
glucose biosensors are obtained by immobilizing glucose oxidase molecules on sensor electrodes [1]. To improve the
performance of sensors (Au-Pt) onto the sensor's working area, we carried out the immobilization by glucose oxidase
and Nafion®. Improving sensor parameters lowers the threshold for glucose detection in tears, which may help
identify diseases that are often asymptomatic in the early stages. Also was done the work to fabricate sensors to reduce
the used volume of the tears fluid and optimize the geometrics scheme of their realization. This is a very important
aspect since the volume of the analyte is limited (is 0,7 μL). In the manufacture of sensors was used, a combination
of electron beam lithography and magnetron sputtering.
The cyclic voltammetry method, with the use of a standard three-electrode compound, was applied to test the
performance of advanced sensors. Two types of sensors have been compared using the method of cyclic voltammetry:
the commercial sensor Au-Pt and the sensor Ag-Pt of our own manufacture. From the measurement of 10 μL of 0.9%
saline solution (NaCl) using a reagent-less method (Figure 1).
As can be seen the curves have strong differences. All three redox regions are clearly visible on the graph, obtained
from measurements on sensor Ag-Pt. Besides this sensor also has a large working area, which can significantly
increase the glucose detection limit. However, it should be noted, that besides the visible advantages, the sensor has
very low stability and is deactivated after two or three cycles of work. So, fabricated sensor Ag-Pt can be used for
further application only after the improvement electrode adhesion to the glass substrate. Au-Pt sensors have shown
correct results in the necessary working areas, and stable performance within several cycles of work. All further
measurements were carried out on this sensor.
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Ag(20nm)/Pt(25nm) sensor, WE-Pt
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Figure 1 Comparison of CV curves between the commercial sensor Au-Pt and sensor Ag-Pt in measurement
of 10 μL 0,9 % NaCl (scan rate: 50 mV s- 1).

Also, to evaluate the effect of saline solution on the results of CV measurements the following solutions were measured
(Figure 2). The glucose concentration chosen for two cases was: 0,3 mM D - glucose concentration observed in the
tears of a healthy person; 9 mM and higher - observed in the tears of patients with diabetes mellitus. Two anodic
reaction peaks are observed at -0,1 V and +0,1 V, respectively, for two concentrations of glucose in the NaCl solution,
which may indicate that the reagentless method is not informative to measure these samples and requires further
improvements.
In this regard, at the second stage, measurements were performed using the Glucose oxidase and Nafion®.
Comparative CV curves measured in the presence of Glucose, on standard and modified sensors with GOx, presented
in Figure 3. Comparison plots obtained from CV curves from standard and modified sensors show the dependence of
the value of glucose concentration. Namely, the effect of glucose concentration on the potential of the anodic peak. In
the first case, the peak shifts to the right, in the second case, its value increases.
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Figure 2 Comparison between CV measured of clear 0,9% s.s. and combined with the presence of 0,3 mM of
glucose (healthy people) and 9mM of glucose (people with DM) on the Au-Pt sensor (scan rate: 50 mV s-1).
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Figure 3 Comparison of CV curves between the commercial sensor Au-Pt (a) and sensor Au-Pt with modified
WE (b) in 0,9 % NaCl as the solvent in the presence of 0 - 24 mM glucose (scan rate: 50 mV s- 1).

Study of electrochemical measurement of sensor Au-Pt by cyclic voltammetry confirmed the possibility of detecting
glucose in solutions at rather low concentrations, which corresponds to the glucose concentrations in human tears.
Taking into account the results of cyclic voltammetry, we can assume the possibility of the further use of Au-Pt sensors
to study the presence of glucose in tear fluids in various diseases, after their modification using Glucose oxidase and
Nafion®.
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High-throughput discovery of electrocatalysts require development both fabrication techniques of materials libraries
as well as approaches for their activity screening. Scanning flow cell is a technique which is widely used for rapid
screening of electrocatalysts libraries [1-4] but not for their fabrication. Here we propose for the first time to apply the
flow cell technique to fabrication of materials libraries on example of Pt-Ni alloy. The idea is to use electrolyte for
electrodeposition which contains Pt and Ni salts, instead of electrolyte used for measurements in the flow cell system.
In this case, application of the standard electrodeposition technics makes possible the fabrication of the deposits of
variable compositions on one substrate.

Electrochemical flow cell was designed with 3D modeling software and then printed from polylactide (PLA) via Prusa
i3 3D printer. 3D printing technology is extremely appropriate for the flow cells fabrication because the cells contain
small connected channels and openings which are difficult to form by convectional drilling and grinding techniques.
The three-electrode configuration of the flow cell was used. The reference electrode was placed in the flow cell as
close as possible to the working electrode. Platinum wire, acted like counter electrode, was immersed into a container
with an electrolyte. As working electrode, the glassy carbon substrate with dimensions of 5×50 mm was used. The
electrolyte for the electrodeposition was a mixture of 0.003 mol/l K 2PtCl4 + 0.1 mol/l NiCl2 + 0.5 mol/l NaCl
(pH = 2.5).

The electrodeposition was performed in the potentiostatic mode. Fig. 1 shows fabricated Pt-Ni combinatorial library
consisted of 7 points on a glassy carbon substrate. These 7 points was deposited at different fixed potentials from 0.2
V (vs. Ag/AgCl) to 0.8 V with a potential step of 0.1 V. The concertation of Ni changes from 3 at. % for the first point
to 61 at. % for the last point with increasing of Ni content from point to point. Thus, the fabrication of the Pt-Ni
material library by the flow cell electrodeposition technique was successfully demonstrated.
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Figure 1 Pt-Ni combinatorial library on glassy carbon substrate fabricated by flow cell electrodeposition
technique.
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Abstract
Chalcogenide glasses have been traditionally used as elements of IR optics devices, optoelectronics, electronic
equipment, fiber optic communication devices, and sensitive infrared systems. Irradiation of these materials with light
can modify their optical and physicochemical properties. Recently, the possibilities of modifying the surface of
chalcogenide films by laser and electron irradiation for the manufacture of diffraction, waveguide, and other elements
of integrated optics, optoelectronics, as well as for photo and electron lithography have been demonstrated [1-4]. The
modification of the surface of chalcogenide films by a laser beam, based on polarization-dependent photoplastic
phenomena, is caused by directional mass transfer. The formation of a photo-induced relief is preceded by the
appearance of a periodically ordered charge on the film surface [5]. Similar phenomena of the appearance of a relief
on the surface of chalcogenide films are observed upon irradiation with an electron beam [6-8]. It was found that the
main role in the modification of the surface of chalcogenide films by the electron beam is played by the processes of
charge formation and its transport in the irradiated region [9]. In this work the sensitivity of binary AsxSe100-x
systems to irradiation with electrons and light were systematically studied to establish correlations between observed
phenomena and structure of these systems. Structural changes in these systems after electron beam irradiation were
carefully studied by X-ray absorption fine-structure (XAFS) and extended X-ray absorption fine structure (EXAFS).
We also investigated reliefs formed after electron beam irradiation with atomic force microscopy and kelvin force
microscopy.
We find that film sensitivity to electron beam irradiation correlates with electrical conductivity of films. We also find
that there is a correlation between sensitivity to electron beam and sensitivity to light.
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Introduction
The catalytic hydrogenation of nitrobenzene (NB) is still one of the most important chemical processes in the synthesis
of aniline (AN), which is an important material for production of polyurethanes, rubbers, dyes, or pharmaceuticals
[1]. The production can be carried out either in gaseous or liquid phase. The hydrogenation of NB in gaseous phase
occurs at higher temperatures and due to worse heat transfer conditions and large volumes of the steam phase, the
process is very demanding. These conditions make this process not favourable for current industrial production [1].
On the other hand, gas-liquid-solid systems, which consist of three or four phases offer simpler process due to lower
operating temperature and higher heat transfer coefficients, while being able to offer higher volume productivity [2,
3]. Gas and solid phases generally consist of a reacting gas and fine catalyst particles (Pt, Pl, Ru or Ni [1, 2, 3]). The
liquid phase acts as a continuous phase, in which solid particles and gas phases are dispersed [3]. This process usually
occurs in slurry reactors with suspended catalyst as the fixed bed reactors suffer from uneven flow and heat distribution
and local temperature increases [2].
Even though this technology is established, the properties of reactors and are usually only characterised
experimentally, which makes it difficult or even impossible to study internal processes. The use of numerical
simulations is surprisingly very sparse and limited. Usually, the simulations only investigate the reaction kinetics [4],
or they are focused on small-scale applications [5].
This work presents a custom 3D numerical model implemented into Ansys Fluent. The model describes a
hydrogenation of NB using a particle catalyst in a gas lift reactor. The model is able to study the effects of the
multiphase flow, heat transfer coupled with chemical reactions occurring on the catalyst particle surface.

Chemistry
The reaction mechanism itself is quite complex but can be simplified into two parts. In the first step, AN reacts with
H2, which produces AN and water, which is subsequently evaporated. The second step involves a deep hydrogenation
of AN which produces various side products [4, 6]. In this study a production of cyclohexylamine (CHA) has been
considered. The ratio between the reactions depends on the temperature and on the concentration of NB, which can
adsorb on the catalyst surface and slow down the reaction. As the temperature rises, the side reactions overtake the
main reaction, and the quality of the product is decreased.
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Figure 4 Reaction mechanism. First equation describes the production of AN. Second reaction describes the
side production of CHA.

Simulation
In the presented numerical model, the hydrogenation of a liquid nitrobenzene is described as a multiphase reacting
turbulent flow. The fluid flow is described by a Eulerian approach in which the transport of every compound (NB, H 2,
AN, H20 and CHA) is governed by an individual Navier-Stokes equation [7]. The effects of turbulence are defined by
a two-equation SST k-ω turbulence model. The surface tension between AN and H 2 is also considered, as it can
significantly influence the behaviour of the flow. The transport of catalyst particles is defined through a Lagrangian
discrete element method, which is governed by an equation of motion [8]. As the active surface of the catalyst particles
is much larger than a surface of a discrete sphere with the same diameter, the interaction between the continuum flow
and discrete particles is carried out by integrating the number of particles in a control volume to obtain the macroscopic
concentration. Then, the influence of the active surface can be incorporated directly into reaction rates, so it is not
necessary to model it explicitly. The reaction rates were based on the kinetic model presented by Turek et al. [4], in
which the kinetic rate is defined by Arrhenius equation. Additionally, the effects of NB adsorption on the catalyst
surface were also considered. The presented simulation studies the governing chemical reactions (Figure) at the
injection site of a gas lift reactor. The computational domain consists of a main pipe, in which the bottom opening
acts as an inlet for AN with a temperature of 440 K. and a small percentage of NB. Additional NB and H 2 are injected
from the side (NB-lower, H2-higher). The pipe is cooled (wall temperature was set to 373 K), so the temperature does
not increase dramatically. The velocity distribution and catalyst particle trajectories are shown in Figure 2.
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Figure 5 Velocity distribution of the mixture (left). Velocity and trajectory of catalyst particles (right).

The influence of the chemical reaction on temperature distribution in the reactor is shown in Figure 3. Without the
reaction, the temperature of AN cools down to 400 K. When the reaction occurs, the temperature of the mixture rises
to 440 K.
76

Figure 6 Temperature distribution without the reaction (left) and with the reaction (right).
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Conclusions
The flow characteristics in reactors can influence the mixing of reacting compounds as well as the heat transport and
in result, the quality of the final product. The presented numerical model is able to describe the fluid flow as well as
the catalytic hydrogenation of liquid nitrobenzene. The model might bring valuable information about the process as
these characteristics are difficult to observe experimentally. The application of numerical simulations might lead to
improving the design of reactors as well as to improving the quality and efficiency of the production. Additionally,
this model can be adjusted and used for any process with catalytic reactions.
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With rising concerns about energy supply and pollution emerging from the burning of fossil fuels, the attention now
is being drifted towards the importance of usage of renewable and clean fuels which include biomass. As an energy
source biomass can be used in promising alternative route that includes processes of pyrolysis, gasification, and
combustion. Pyrolysis with the use of appropriative catalyst can provide mainly high yields of bio-oils [1,2] at
moderate temperatures and shorter vapor residence time, biofuels and various chemicals. Bio-oil as a liquid fuel has
many great aspects, which includes low cost and clearly positive CO2 balance, possibility of utilisation in small-scale
power generation systems as well as use in large power stations, storability and transportability, high-energy density
compared to biomass gasification fuel and potential of using pyrolysis liquid in existing plants [3-5]. However, biooil also has physical and chemical disadvantages such as containment of high oxygen levels which causes instability
of bio-oil, corrosiveness, etc. Therefore, appropriative catalysts for production of desirable bio-oil fractions are
studied.
In our previous results (Podrojková et al. 2018), we have studied the effect of the crystallinity and morphology of
ZnO/2%Cu and ZnO/7%Cu catalysts on the bio-oil composition. Our results showed that different structure of catalyst
highly affects the bio-oil yield and composition. Therefore, in this study we focused on the solvothermal synthesis of
the porous ZnO nanoparticles doped with CuO and examined prepared nanocatalyst in the catalytic pyrolysis of
cellulose with comparison to our previous results.
The pyrolytic degradation of cellulose using Py-GC/MS unit has been studied over nanoporous ZnO and ZnO-CuO
nanocatalysts at the temperature range 400–800 °C. Kinetic parameters using differential and integral methods were
calculated. The activation energy of ZnO-CuO was lower by 30 kJ/mol from the activation energy of clean ZnO and
calculated rate constants showed that cellulose pyrolytic reaction is faster using ZnO-CuO catalyst. Comparison of
these results our previous studies of ZnO/2% Cu and ZnO/7% Cu nanocatalysts showed that nanoporous ZnO doped
with CuO highly enhanced overall product composition and porous structure of ZnO nanocatalysts has significant
effect on the reaction pathways fragmentation and transglycosylation of cellulose degradation.
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Figure 1 ZnO and ZnO-CuO nanocatalysts and its effect on cellulose pyrolysis at different temperatures.
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To decrease the carbon dioxide concentration in the atmosphere and reduce its negative effect on the Earth's
temperature, various chemical methods are being developed to employ CO 2 as an abundant C1 building block for
production of chemicals, materials, fuels or carbohydrates. One of them is hydrogenation, where one of the main
products is methanol. To obtain high level of methanol, high chemical stability and activation energy of CO 2 molecule
must be overcome. This may be accomplished using efficient catalysts. The main catalysts used in the synthesis of
methanol are catalysts based on Cu, ZnO and Al2O3 (CZA). ZnO increases life of the catalyst by removing acidic sites
in the alumina phase, thereby preventing the conversion of methanol to dimethyl ether. However, CZA catalysts show
low activity in the hydrogenation of CO2 due to the formation of water and the strong hydrophilic character of alumina
[1]. The selectivity still needs to be enhanced and the mechanism pathway is not well known either.
The experimental findings can be supported by computational studies to better understand the reaction mechanism
and enrich experimental results. Catalyst modelling with computational simulations using quantum mechanics theory
has great potential to contribute to the development of highly efficient CO2 conversion catalysts. At the present, density
functional theory (DFT) studies for catalytic CO2 hydrogenation are becoming very popular. DFT calculations of the
CO2 behaviour on the catalyst surface provides valuable insight into the activation of the C = O bond, information
about adsorption and dissociation of CO2. It can also help to understand the basic steps involved in the hydrogenation
mechanism of CO2, the nature of chemical reaction deeply from the molecular level, study the reaction including every
primitive step, then find the pathway of chemical reaction, and eventually find out the key points affecting the reaction
rate [2].
For DFT calculations the structure of CuO was used to observe how the oxygen atoms affect the reaction. DFT+U
methodology was implemented using GPAW program to describe the CuO cell, calculate the value of the U parameter
and to determine the structural parameters and the magnetic moment. For the CuO cell the calculated U parameter
value was 8.0 eV which differed slightly from the literature for CuO. Geometry of CO 2 adsorption on the surface of
CuO (111) was performed with correction of long-range dispersion interactions, and the results were compared with
the literature. It was found that the most energy stable surface of CuO(111) shows a strong adsorption (-95.038 kJ /
mol) and compared to the literature this adsorption is stronger. In the case of adsorption of the H 2 molecule, it was
found that the whole H2 molecule is not adsorbed on the surface of CuO(111), the molecule is first cleaved and then
hydrogen atoms are adsorbed separately. This structure shows strong adsorption (-91.38 kJ / mol).
Current and future obtained results from DFT calculations will be used and compared with our experimental results
of CO2 hydrogenation using ZnO-CuO core-shell nanoparticles.
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Figure 1 CO2 molecule adsorbed on CuO (111) surface. The upper figures (a, b, c, g) show side views, while
the top view is shown in figures d, e, f. Blue and red colored spheres indicate the surface atoms of Cu and O,
while the C atom of the CO2 molecule is represented by a brown sphere. Figure g shows the bond length
values in Angstroms of the structure with the lowest adsorption energy.

Acknowledgements
This work was supported by the Internal Scientific Grant System of Faculty of Science of Pavol Jozef Šafárik
University in Košice, Slovak republic project no. VVGS-PF-2019-1052 and by Scientific Grant Agency of the
Ministry of Education, Science, Research, and Sport of the Slovak Republic project no. VEGA 1/0074/17.

References
[1] S. Sharamun, et al., Sains Malaisia 47 (2018) 207-214.
[2] D. Weijing et al., Energy Procedia 152 (2018) 997-1002.

Copyright ©NFA 2020

ISBN 978-80-8152-941-2

81

Nanomaterials: Fundamentals and Applications: November 9.-10. 2020, Online conference

Modeling of catalyst and other nanomaterials

4

Thermal decomposition of methane using Pd as a catalyst - Theoretical study
K. Sisákováa*, E. Szlapab, K. Honkalab, R. Oriňakováa
Pavol Jozef Šafárik University in Košice, Šrobárova 2, 041 80 Košice
Nanoscience Center, Department of Chemistry, University of Jyväskyla, Survontie 9 C, 40500 Jyväskylä (YNC,
Ylistörinne), Finland
Slovak Republic
*k.sisakova@gmail.com
a

b

Introduction
The use of hydrogen in fuel cells is one of the most energy efficient technologies for the production of hydrogen of
the 21st century. Thermal decomposition of methane is one of the most promising and ecological methods for the
production of hydrogen, because no carbon oxides are formed.
CH4(g)→C(s)+H2(g)

ΔH298K=74.52kJ/mol

(1)

A great advantage of this reaction is also the possibility of using a by-product, which is solid carbon. Depending on
the type of catalyst used and the reaction conditions, it is possible to prepare different forms of carbon by this way [1].
However, the thermal decomposition of methane to produce COx-free hydrogen entails several obstacles that need to
be overcame. One of the disadvantages of the process is the high temperature at which the reaction takes place.
Decomposition of methane without the use of a catalyst takes place at temperatures higher than 1200 ° C. The
development of high-efficiency catalysts and the optimization of reactors are essential for the industrial production of
TCDs. Catalysts can reduce activation energy and shorten reaction times. Therefore, the selection of a suitable catalyst
plays a crucial role in the TCD catalyzed process. Currently, research is mainly focused on Ni-based catalysts, noble
metal doped catalysts, carbon catalysts and iron-based catalysts [2]. Another disadvantage is that the carbon formed
is adsorbed on the active sites of the catalyst and causes the catalyst to be deactivated. At present, many industrial
catalysts consist of Ni or Ni alloys of another metal supported on a suitable support. The main reason for this support
is to keep the catalytically active phase in a highly dispersed state. The most important factors influencing carbon
deposition during metal-catalyzed methane decomposition are particle size, dispersion, and stabilization of the metal
catalyst particles, which can be controlled by selecting a suitable support. In recent years, special attention has been
focused on the use of SiO2 as a support for a suitable catalyst for the process of thermal decomposition of methane.
The addition of a noble metal to a nickel-based catalyst, such as palladium, leads to a significant increase in stability
and overall hydrogen yields, but modification with other noble metals reduces nickel activity [3].
Due to the complexity of the experimental study of the mechanism of the decomposition reaction at the atomic level
and the study of the catalytic activity of various promoters, the theoretical study using the DFT method provides a
unique opportunity to examine catalysts without experimental measurements. Currently, most DFT studies of the
mechanism of thermal decomposition of methane focus on the study of catalysts based on transition metals - especially
palladium. Several articles have been published that focus on comparison of different forms of nanostructured
palladium [4]. Some DFT studies of catalysts for the TCD process indicate that defects such as steps are always
preferred in the process of TCD dissociation reactions compared to flat surfaces. In other words, dissociation reactions
are structurally sensitive. The structural sensitivity, i.e. where the reaction should take place, is largely related to the
binding competitive effect, which is determined by the reactant and the metallic valence bond. Also, reactions with
high valence reactants are more sensitive to structure compared to reactions with low valence reactants [5, 6].

Material and methods
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For simulations and modeling of thermal decomposition of methane, it was necessary to prepare and optimize the
surfaces of H2, CH4, methane radicals and palladium. The general gradient adjustment (GGA), which modifies the
functional, is commonly used in catalysis and is referred to as the revised Perdew-Burke-Ernzerhof (rPBE), which
uses double numerical plus polarization (dnp). This functional was used in conjunction with FD mode. The basis set
was used to balance electron exchange and correlation. The most stable crystallographic surface of palladium (fcc
111) was studied. The basal cell achieved relaxation when the forces applied to each atom were less than 0.05 eV / Å.
If the energy after relaxation reached a value > ∼ 0.05 eV, a new iteration of the "StrainFilter" relaxation cycle was
performed. Monkhorst-Pack k-node lattice with values for x, y and z axes - 4, 4, 1 were used for simulations. To
ensure the complete disappearance of the wave function in front of the cell edges, the vacuum is 10 Å on both sides.
To allow the relaxation of the two atomic layers, the lower 2 atomic layers were fixed. The grid parameter before
optimization was set to a = 3.93Å, which corresponded to the literature. The grid distances were set to 0.18 Å. The
base cell was modeled using the ASE program. This basic surface cell (3x3x4) consisted of 36 palladium atoms and
four layers. When optimizing the structure, the symmetry constraints were turned off so that the CH4, methane radical
and Pd molecules could move in all directions, reorient and thus find their structure with minimal adsorption energy.
When modeling the interactions of the adsorbing methane molecule on the palladium surface, the methane molecules
and the two palladium surface layers were allowed to relax indefinitely until the residual forces on all atoms reached
less than 0.05 eV / Å.

The adsorption energy per 1 molecule can be calculated from the relation:
Eads = Esurface+mol - (Esurface + Emol)

(2)

where Esurface+mol is the total energy of the adsorbate-substrate system; Esurface is the energy of the surface cell; Emol is
the energy of the isolated CH4 molecule. CH4 adsorption was studied taking into account long-range dispersion forces,
to correctly describe the interaction between the methane molecule and the palladium surface, where the PBE
functional and Tkatchenko-Scheffler correction for long-range interactions were used. The "Nudged elastic band"
(NEB) method is a method used to find transit states (and corresponding energy barriers) between given initial and
final states. The method involves assembling a "chain" of "replicas" or "images" of a system and releasing them to
some extent. This method was used to simulate the cleavage of C-H covalent bonds from a CH4 molecule. The initial
and final structures were optimized as in the case of surface formation.

Results and Discussion
The first step in the calculations and simulations of the TCD process using the DFT method was to optimize the surface
of hydrogen and methane and calculate their adsorption energies. The adsorption energy of optimized methane is 23.973 eV and the adsorption energy of hydrogen is -6.704 eV, which corresponds to the literature [5].
The adsorption energy of Pd is -138,815 eV. In order to achieve the most accurate energy value, the grid parameter
was also optimized in the values of 3.933 to 3.945 Å. The lowest value of adsorption energy was reached at the lattice
parameter a = 3.942 Å. This value was used for surface creation and subsequent optimization. The distance between
Pd atoms after optimization was 2.779 Å.
In order to find out how the methane molecule is rotated during adsorption on the Pd surface, several possibilities
have been optimized, as can be seen in fig. 1. It was shown that the lowest adsorption energy was achieved by methane,
which was placed on the surface of the Pd atoms turned with one hydrogen downwards - towards the surface of Pd.
This location corresponds to the literature [5]. The lowest value of adsorption energy was -162.914 eV.
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Figure 1 Comparison of the method of rotating the methane molecule during adsorption on the palladium
surface.

The activation barrier required to dissociate the first hydrogen bond from the methane molecule was calculated
using the NEB calculation method. A comparison of the energies before and after the cleavage of the bond can be
seen in fig. 2.

84

Figure 2 Comparison of energies before and after bond breaking.

The adsorption energy of the system before the cleavage of the hydrogen bond from the methane molecule on the
palladium surface was -162.914 eV and after the cleavage of the bond was -162.333 eV. The calculated activation
barrier is 0.581 eV for the palladium surface, indicating that from a thermodynamic point of view, this step does not
require a large activation energy for dissociation. Arevalo et. al. studied TCD of methane on the surface of nickel and
ruthenium, using NEB simulation of DFT calculations [6]. The activation barrier they calculated for the nickel surface
was 0.49 eV, while for the ruthenium surface it was 1.10 eV. From the given results we can see that while, from a
thermodynamic point of view, the surface of ruthenium requires a high activation energy, on the contrary, the surfaces
of palladium and nickel do not need a large activation energy for dissociation. Liu et. al. studied thermal decomposition
of methane on the surface of palladium and ruthenium [5]. They calculated activation barrier for the dissociation of
the first hydrogen bond from a methane molecule on the palladium surface of 0.3 eV. Compared to the values presented
in this work, their value is half lower. Such different values may be due to the use of other calculation methods than
in the case of the simulations of Liu et. al., where they used the VASP program with the PW method and in the case
of the DFT method they used PBE functional with Dudareva correction instead of the Tkatchenko-Scheffler
correction.
Similar to the first methane dissociation reaction on the palladium surface, the structures and adsorption energy were
optimized for the other dissociation reactions. The adsorption energy calculated in this work for the CH 3 radical was
1.258 eV, for the CH2 radical 3.198 eV, for the CH radical 5.655 eV. Kozlov kol. studied various palladium structures
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for the TCD process. They calculated a value of 1.316 eV for the CH3 radical, 3.234 eV for the CH2 radical and 5.731
eV for the CH radical [4]. As already mentioned, these small differences in values can be caused by the use of another
calculation program or a different Van der Waals correction.

Conclusion
Using the DFT method, we studied Pd nanoparticles for the TCD process. We used the GPAW program for calculation
and simulation, and the ASE program for surface modeling. The implementation of a given program for the study of
TCD process brings new possibilities for the study of catalytic surfaces. The results are comparable to current research.
Surfaces of methane, hydrogen, palladium and methane radicals were modeled and optimized. In addition, we
implemented NEB calculations. We found that activation barrier for the first hydrogen dissociation reaction from the
methane molecule on the palladium surface is 0.581 eV. This value is higher than stated in the articles, but these minor
differences were due to the use of other calculation methods. The adsorption energy calculated in this work for the
CH3 radical was 1.258 eV, for the CH2 radical 3.198 eV and for the CH radical 5.655 eV.
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Principle of Liquid organic hydrogen carriers
Hydrogen, as a secondary clean energy source, is becoming an efficient energy carrier for wide applications, especially
for a future fuel-cell-based automotive industry. Due to the flammable and explosive nature of hydrogen, its storage
and transportation with high capacity and energy efficiency under ambient conditions have become one of the
technical problem for the development of a “hydrogen economy” [1].
Liquid organic hydrogen carriers (LOHCs) are an interesting option for the storage of hydrogen. Hydrogen storage
and release by liquid organic hydrogen carriers (LOHCs) are achieved by a reversible catalytic hydrogenation and
dehydrogenation process. Generally, catalytic hydrogenation and catalytic dehydrogenation require different noble
metal catalysts. The concept of LOHC is based on the reversible hydrogenation of an unsaturated, usually aromatic,
compound. This reaction forms a saturated compound, which is the hydrogen-rich form of the carrier. In a
dehydrogenation reaction, the hydrogenated (i.e., hydrogen rich) form releases the hydrogen for further utilization.
The hydrogen uptake in the hydrogenation reaction requires elevated pressures of about 30 to 50 bar. The
dehydrogenation on the other hand can be operated at ambient pressure but necessitates high temperatures of up to
300 °C. However, during storage time, ambient conditions can be applied to the carrier, without any negative influence
on storage density or losses during storage time. This is one of the most important advantages compared to the majority
of other hydrogen storage technologies [2].
Several different substances such as toluene, N-ethylcarbazole or other carbazole derivatives have been studied as
Liquid Organic Hydrogen Carriers. Due to specific advantageous properties, such as excellent commercial availability,
high thermal stability and good hydrogen capacity, dibenzyltoluene (H0-DBT)/perhydro-dibenzyltoluene (H18-DBT)
LOHC system is of special relevance for practical and industrial applications [3].
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Figure 1 Concept of Liquid organic hydrogen carriers [4].

The design of a LOHC system is dependent on reliable data for substance properties. Important values are for example
the enthalpies of the hydrogenated and dehydrogenated form, since the enthalpy of reaction along with heat capacity
determines a major part of the energy demand of the process. Data concerning evaporation behaviour can also be
crucial since evaporation during hydrogen release influences the energy balance. Furthermore, knowledge about the
vapor pressure of the LOHC compounds is important for the removal of traces of LOHC from the hydrogen gas
leaving the release unit [5].

The use of catalyst in Liquid hydrogen carriers
Catalysis plays a crucial role within the underlying reaction processes. Hydrogenation of the unloaded LOHC
(H0LOHC) as well as dehydrogenation of the loaded LOHC (HnLOHC) is typically catalysed. A heterogeneous
catalysis is beneficial for such LOHC-storage systems because there is no need to separate the catalyst from the
reaction mixture. Thus, it is possible to operate the reactor and the storage tank separately; this might have advantages
especially for large systems. Using the right type of catalyst reduces not only the temperature but also the pressure
required for the reaction. For example, dehydrogenation temperature for benzene is 300–350 °C (one aromatic ring),
for naphthalene 250–300 °C (two fused aromatic rings) and for N-containing heteroaromatics 50–200 °C (from one
to three rings). Heterogeneous metal catalysts assist hydrogenation and dehydrogenation in the LOHC systems [17].
For example, hydrogenation of LOHCs with Ru or Ni catalysts takes place at temperatures of 100–250 °C and
pressures of 10–50 bar. Hydrogenation of LOHCs is exothermic, and thus excess heat can be recovered, or cooling is
needed. Endothermic dehydrogenation is typically catalysed by heterogeneous Pt or Pd catalysts at temperatures of
150–400 °C and pressures below 10 bar. Support is also important for the activity and stability of a heterogeneous
catalyst. Homogeneous catalysts typically operate at lower temperatures than heterogeneous catalysts. However, they
often require a solvent, and their durability may be modest [6].
Liquid Organic Hydrogen Carriers are able to store hydrogen in a dense and safe form at ambient conditions. While
storage of electrical energy in these carrier systems is possible and attractive application, the dynamics of the load
profile has been believed to represent a major challenge for this storage technology.
During the past few years, great efforts have been made to promote heterogeneous catalytic dehydrogenation.
Screening of different reaction conditions, catalysts, and support materials are attempted to obtain targeted reaction
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rate and desired product. As heterogeneous catalysts, special attention should be paid to the catalytic stability, which
is still poor. Aggregation, leaching, poisoning, as well as the structural change of the nanoparticles and support
materials are the main concerns regarding the catalyst deactivation. From the economical viewpoint, the search of
nonprecious metal or nonmetal catalysts with comparable catalytic activity to substitute the noble metals, which have
shown great performances is required.
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Biomass-derived molecules have been receiving a lot of attention as an alternative source of building blocks for
organic synthesis. Among them gamma-valerolactone (GVL) has been identified as a platform for production of valueadded chemicals due to many possibilities of catalytic functionalization and upgrade [1]. Recently it has been shown
that a similar molecule, gamma-nonalactone (GNL) may be converted to desirable biofuel preferentially over Ru/ZrO2
catalysts [2]. The selectivity pattern of GNL conversion hints towards complex reaction mechanism that could be
resolved with the support from computational modelling. Our density functional theory calculations, employed to
investigate the reaction mechanism of analogous GVL transformation over Ru(0001), suggest that hydrocarbons might
be produced preferably following the pathway involving ketone intermediate (yellow route on the figure below).
Subsequently microkinetic modelling is used to simulate the reaction rates of a complex GVL transformation and to
compare the selectivity towards the three products: ketone, alcohol and alkane, which depends on the temperature,
coverage and the effect of co-catalyzing water molecule.

89

Figure 1 Reaction network of gamma-valerolactone transformation over ruthenium terrace surface towards
butane.
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