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A Facile Surface Modification through SiO2 
Coating for Improving the Electrochemical 
Performance of Ni-rich Cathode Material 

Xiaoxue Lu1,2 , Ningxin Zhang1, Marcus Jahn1, Wilhelm Pfleging2, Hans J. Seifert2 

1. Center for Low-Emission Transport, Austrian Institute of Technology GmbH, Giefinggasse 2, 
1210 Vienna, Austria; 

2. Institute for Applied Materials - Applied Materials Physics, Karlsruhe Institute of Technology, 
Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany 

 
Ni-rich layered cathode materials LiNixMnyCozO2 (NMC, x+y+z=1) are considered as the 

most promising cathode materials in Lithium-ion batteries due to their higher discharge capacity 
and working voltage. However, the application of NMCs is limited by strong capacity decay after 
long-term cycles mainly caused by surface degradation [1]. As an inexpensive material, SiO2 can 
protect the surface from direct physical contact with electrolyte and significantly reduce surface 
degradation by acting as a HF scavenger [2]. In this research, a homogenous amorphous SiO2 layer 
is synthesized facilely via a sol-gel process and applied on commercial NMC622. The 
physicochemical properties after SiO2-coating was analyzed by ICP, XRD, SEM and TEM. 
Electrochemical tests, i.e. cyclic voltammetry, long-term charge- discharge and rate capability test 
were carried out to compare the performance of the non-coated and coated NMC622 materials. It is 
shown that the initial bulk material properties and discharge capacity are not affected by the coating 
layer. After 700 cycles in the range of 3.0 - 4.3 V with 2C discharge, the cells with coated materials 
retained 80% of initial capacity, higher than uncoated ones which were 74%. Post-mortem analysis 
was performed to reveal the stabilizing mechanism of the SiO2 coated electrodes. It is confirmed 
that SiO2 coating is a facile surface protection method to enhance the cyclic stability of Ni-rich 
NMC materials. 

References 

1. H.-H. Ryu, et al., Chem. Mater., 2018, 30, 1155-1163. 
2. T. Yim, et al., RSC Adv., 2013, 3, 25657-25661. 
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Polymerisation of Furfuryl Alcohol as Carbon Coating Method for 
LiNi0.6Mn0.2Co0.2O2 Cathode Materials for High-Performance Lithium-ion 

Battery Applications 

Anish Raj Kathribaila,b, Jürgen Kahra, Arlavinda Rezqitaa, Marcus Jahna, Maitane Berecibarb,  
Joeri Van Mierlob, Annick Hubinc 

a Center for Low-Emission Transport, AIT Austrian Institute of Technology GmbH, Giefinggasse 2, 
1210 Vienna, Austria 

b Department of Electrical Engineering and Energy Technology (ETEC), Vrije Universiteit 

Brussel, 1050 Brussels, Belgium 

c Department of Electrochemical and Surface Engineering (SURF), Vrije Universiteit Brussel, 

1050 Brussels, Belgium 

E-mail: anish.kathribail@ait.ac.at 

The promising cathode material for tomorrows Li-ion batteries are nickel-rich LiNixMnyCozO2 
(NMC, x+y+z=1) materials. They outperform other contenders for the application of Li-ion 
batteries due to their high specific energy. However, unwanted side reactions at high potentials (> 
4.2 V vs. Li+/Li) remain a challenge, leading to structural degradation and hence lower cyclic 
stability [1]. Surface coating has been proven in several materials fields to solve the problems 
related to the material degradation caused by side reactions. This study for the first time adopts the 
approach of polymerising furfuryl alcohol to achieve a homogenous carbon coating, followed by a 
calcination step to prepare carbon-coated LiNi0.6Mn0.2Co0.2O2((NMC622/C) materials since carbon 
has high conductivity and is stable against the electrolyte. Numerous analytical techniques were 
performed to characterize the coated materials, i.e. Thermogravimetric Analysis (TGA) to 
understand the kinetics during carbonization, in-situ High-Temperature X-Ray Diffraction (HT-
XRD) to monitor the phase changes, Scanning and Transmission Electron Microscopy (SEM & 
TEM) were used to observe the morphology of the particle. Fourier-Transform Infrared (FT-IR) 
spectroscopy was used to observe the presence of polymerisation and the carbon in the sample, 
CHNS(O) analysis to quantify the amount of carbon in the sample after the heat-treatment step. 
Furthermore, detailed electrochemical analysis such as cyclic voltammetry, charge-discharge and 
rate capability tests were carried out to investigate the impact of the carbon coating on the 
electrochemical performance and structure stability of the material. The results from the XRD show 
no phase change in the sample after the calcination, SEM and TEM shows the homogenous coating 
of the carbon on top of the NMC and FT-IR shows the presence of the carbon bonds on the heat-
treated samples, TGA results show the decomposition of the polymer approximately200 oC and 
formation of carbon. Further, the electrochemical cycling tests show approximately10 % 
improvement in the capacity retention of the coated sample when compared to non-coated 
counterpart. 

References: 
1.  [1] W. Liu, P. Oh, X. Liu, M.J. Lee, W. Cho, S. Chae, Y. Kim, J. Cho, Angew. Chemie - Int. 

Ed. 54 (2015) 4440–4457. 
2. [2] Z. Chen, Y. Qin, K. Amine, Y.-K. Sun, J. Mater. Chem. 20 (2010) 7606–7612. 
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Interface Engineering in Energy Conversion and Storage:  
Case Studies of Titania 

Ladislav Kavan 

J. Heyrovský Institute of Physical Chemistry, v.v.i., Dolejškova 3, CZ-18223 Prague 8 

E-mail: kavan@jh-inst.cas.cz 

Titania is a popular n-semiconductor material for  energy conversion (dye-sensitized[1,2] or 
perovskite[3] solar cells) and storage (twater splitting[4], or Li-ion batteries[5]). All these 
applications benefit from the accurate knowledge of electronic structure near the conduction band 
minimum (CBM), which is described by the Fermi level position, flatband potential, work function 
and electron affinity. Despite its key significance, this subject if far from being understood, and 
literature is congested by vaguely defined data and conflicting reports. One of the reason is that the 
interfacial effects are often ignored. An example is the CBM position in TiO2 anatase or rutile: 
Photoelectron spectroscopy (UPS, XPS) and most theoretical simulations (assuming inherently 
vacuum environment) support the CBM of anatase being lower (by ca. 0.2 eV) than that of rutile 
(type II staggered alignment) but electrochemical impedance studies in aqueous electrolyte solution 
show just the opposite (type IV aligned configuration).  Theoretical simulations of the TiO2/water 
interface show that the type IV alignment is ultimately possible in liquid environment[6]. This 
would put the theoretical simulations and aqueous electrochemistry into qualitative concord, even 
though the used interface models were quite simple: one or two monolayers of water, molecularly 
adsorbed or dissociated, which is far from reality in electrochemical experiments. However, 
modelling a system with high ionic strength, long-range electrostatic interactions and 
electrochemical double-layer still remains a challenge[6].  The absolute positions of CBM and 
Fermi levels in TiO2 are unknown, and there is is hardly any ‘universal’ value for the given material. 
Hence, discrete numbers, which frequently appear in literature dealing with water splitting, solar 
cells and Li-batteries must be taken with care.  Recently, we have carried out a comparative study 
of several well-defined single-crystal materials (anatase, rutile brookite) in various orientations and 
environments (vacuum, air, water vapor, aqueous- and non-aqueous electrolyte solutions using the 
standard techniques. i.e. photoelectron spectroscopy, near-ambient photoelectron spectroscopy, 
Kelvin probe and electrochemistry). Such a multimethod approach is less frequently encountered in 
the literature, but it allows exploring the intuitively expected fact that even the used experimental 
technique (differing e.g. by its surface-sensitivity) can   influence the found results to a remarakble 
extent.  
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Printed electrode layers for Li-ion batteries 

T. Syrovýa, T. Kazdab, L. Kubáčc, L. Syrováa 

a Department of Graphic Arts and Photophysics, University of Pardubice, 533 53 Pardubice,  
Czech Republic 

bDepartment of Electrical and Electronic Technology, Brno University of Technology, 616 00 Brno, 
Czech Republic 

cCentre for Organic Chemistry s.r.o., 53354 Rybitví, Czech Republic 

Presented study is focused on development of printed electrode layers for Li-
ion batteries made by printing technologies. For fabrication of electrodes 
were used various printing technologies as a screen/stencil printing and 
micro-dispensing technique, which enabled to print electrode layers with 
various thickness and specific geometry of electrodes too. By printing were 
prepared electrode layers based on NMC electrode material for high energy 
density batteries. For printing of electrode layers was developed printing ink 
formulations with high content of electrode materials, which was generally in 
range of 85-95 % in dry electrode layer. By printing was fabricated NMC 
electrode layers with areal capacity up to 6.6 mAh/cm2 with gravimetric 
energy density 566 Wh/kg and specific capacity 149.6 mAh/g at 0.1 C. 

Introduction 

In recent years, the main energy storage sources for many stationary and mobile applications 
are based on lithium ions based batteries. Although the production of given battery technology is 
stable and provides good characteristics, there are still higher and higher requirements to increasing 
volumetric and gravimetric energy density. These parameters are limited by value of the cathode's 
specific capacity or energy density, especially at high current load, what is crucial for mobile 
applications. The specific capacity of inorganic material based cathodes varies depending on the 
type of material between 140 - 250 mA.h/g.  

In actual applications the most used cathode material is based on NMC [1]. Because 
development for given family of electrode materials is in progress some stechiometric modifications 
especially NMC622 (LiNi0.6Mn0.2Co0.2O2) and NMC811 (LiNi0.8Mn0.1Co0.1O2) are more often 
used too. Tuned stoichiometry and crystalline structure enabled a capacity approaching 220 mAh/g 
at 3.6 V vs. Li/Li +, ie at a slightly lower voltage than the LCO [2-3]. The more advanced type of so-
called Li-rich NMC, can achieve a capacity exceeding 300 mAh/g due to their structure and Li-ion 
inserting capabilities [4], which enable to realize a high nickel content NMC based accumulators 
with voltage up to 4.5 V. In the case of even more advanced cathode materials of the 3b generation 
such as Li-rich NMC or LiNi0.5Mn1.5O4 is the operating voltage at the level of 5 V vs. Li/Li + is 
achieved with specific capacity up to 140 mAh/g [5-6]. Such a high operating voltage is generally 
problem for currently used electrolytes, because at a given potential they often decompose and thus 
a rapid decrease in battery life.  

From these perspectives the route to achieve higher values of gravimetric energy density, is 
over new type of materials with high specific capacity and/or to develop of new type of electrolytes 
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which are electrochemically stable at potentials around 5 V. The next approach how to increase 
energy density of whole battery is reducing of portion of metallic collector by increasing of areal 
specific capacity of electrodes. Because it is connected with significant increasing of electrode 
thickness, such type of thick electrode layers generally more are suitable for stationary application, 
where low current loads are required. 

Experimental 

The ink formulation for printing was based on solvent borne system, where the PVDF was 
used as a binder and NMP as a solvent. The NMC (Gelon) was used as received. The ratio of NMC 
to PVDF varied in ink formulation from 8:1 up to 22:1. The solid content of electrode materials in 
slurry was in range to 25 to 35 % wt. The solid content of electrode materials in dry layer varied 
from 85 up to 95 % wt. The various carbon based conductive materials was used. 

The electrode layers were printed by stencil/screen printing at Al foil, where thickness of wet 
layers was approximately 100, 175 or 475 um. The printed layers were dried at 105 °C for 1h. Dry 
layers were cut off to circle electrode with diameter 16 mm, then was calendared by the pressure of 
100 kg.cm–2. Prepared electrodes were transferred to Jacomex glovebox with Ar atmosphere. The 
half cells were assembled with Li chips in coin cell CR2025. As a electrolyte 1 M LiPF6 in 
EC:DMC:EMC in ratio 1:1:1 was used (Central Glass Czech s.r.o.). The assembled cells were 
characterized at galvanostatic cycling at current load from 0.1 to 5C. For selected cells CV and EIS 
analysis were performed. 

Results 

The NMC based electrode layers with 9.2, 22.5 and 44.3 mg/cm2 of active material were 
printed. The initial columbic efficiency in first cycle at 0.1 C was 80.0, 83.2 and 83.1 %. The 
maximal columbic efficiency was 99.9, 99.7 and 96.6 %. The maximal specific capacities at 0.1 C 
in first cycles were 150.5, 150.1 and 149.6 mAh/g. The maximal gravimetric energy density was 
575, 572 and 564 Wh/kg. The thicker layer were more affected by lithium dendrite shortcuts, which 
for selected cells make fails in cycling. 

  
Figure 1. (A) Charging/discharging curves at cycling rate 0.1C for LiPF6 electrolyte for electrodes based on 
NMC with various amount of electrode materials per area (B) Galvanostatic cycling at rate 0.1 for 
carbonates-based type Li electrolytes for electrodes based on NMC with various amount of electrode 
materials per area. 
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Conclusion 

By printing technique was prepared set of cathode electrode layers based on NMC electrode 
material. It was printed various thickness of electrode layer where the maximal amount of electrode 
material was 44.3 mg/cm2. Even for such high loading, the high specific capacity was achieved – 
149.6 mAh/g at current load 0.1C. The maximal columbic efficiency for given electrode was 
96.6 % which indicate quite big loss in charging/discharging process. The thinner layers with areal 
capacity 1.4 mAh/cm2 and 3.4 mAh/cm2 exhibit more efficient cycling behavior and were less 
prone to shortcuts caused by lithium dendrite growth. 
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Strategies enhancing the electrochemical performance of  
NMC811 high energy electrodes for xEV applications 
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Layered oxide cathodes are among the most promising candidates meeting future 
requirements for Li-ion batteries for application in electric drives. Lithium nickel manganese cobalt 
oxides, NMC, as one of the most common representatives, is therefore under constant investigations, 
whereas most of the recent studies focus on low Co [1] and Ni-rich NMCs such as NMC622 or 
further NMC811. Besides cost reduction, these compounds promise higher cut-off voltages and 
increased energy densities. 

Unfortunately, in NMC cathodes the reactivity increases directly proportional to the Ni 
content, leading to structural changes and further reduced cyclability and thermal stability [2],[3]. 
With high Ni content, the stability decreases drastically, even leading to difficulties and significant 
capacity decay when being stored under ambient conditions [4],[5]. To stabilize the nickel-rich 
NMC cathodes, different approaches such as doping [6], coating [7], gradient particles [8],[9], and 
adoption of the electrochemical system such as electrolyte additives [10] are currently under 
investigation. 

Another drawback of NMCs is that they suffer from low high rate compatibility and 
corresponding low capacity retention at higher charging/discharging rates. This effect is even more 
pronounced for thick high energy electrodes. Increasing the high current cyclability is currently 
studied via more sophisticated electrode designs such as 3D electrode design via incorporation of 
carbon nanotubes [11] or laser structuring [12]. 

Two strategies for the improvement of NMC811 are presented:  

1) Increasing the stability via particle coating using different coatings and methods (namely 
physical vapor deposition and atomic layer deposition) and  

2) Ultrafast laser ablation for improved Li+-diffusion kinetics, and reduced overpotentials at 
elevated C-rates. 

Improved NMC811 electrodes with enhanced cycling stability and transport kinetics will be 
presented and compared to untreated NMC811. The optimization strategies lead to high energy 
NMC811 based Li-ion batteries with reasonable specific capacities and rate capability for next 
generation xEV applications 
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Quantification of critical process parameters of Li-ion pouch cell production  

Bernd Eschelmüllera,b, Katja Fröhlicha, Marcus Jahna  

aElectric Drive Technologies, AIT Austrian Institute of Technology GmbH, Vienna,  

bDepartment Technik, Green Mobility, FH Campus Wien, Vienna  

Knowledge about critical process parameters in battery cell production could 
be used to reduce costs of future production plants and to increase production 
yield, lifetime and safety of energy storage systems.  

This work deals with the impact of assembly errors and production 
imperfections and provides information about critical process parameters 
during the assembly of Li-ion pouch cells. Their influence on the 
electrochemical performance and the sensitivity to certain process parameters 
during manufacturing are evaluated under realistic conditions. We place 
special focus on single process steps such as cutting electrodes, stacking, 
electrolyte filling, formation and degassing, which are investigated and 
evaluated.  

Therefore, a statistical screening design is carried out to get a general 
information regarding the impact of defined process failures on performance 
characteristics.  

After evaluation of the given data, requirements for the assembly process for 
Li-ion pouch cells are derived and will be presented in this talk. 
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Lithium-Ion Batteries: from Atomic Scale Processes to Data-driven Diagnostics 

Y. Zhang, A. Zülke, M.P. Mercer, D. Csala, H. E. Hoster 

a Energy Lancaster, Lancaster University, Lancaster LA1 4YB, UK;  
ALISTORE European Research Institute, CNRS FR 3104, 80039, Amiens, France 

b The Faraday Institution, Didcot OX11 0RA, UK 

Non-destructive methods of analyzing state-of-health of Lithium-Ion 
Batteries rely on externally measurable quantities such as voltage, current, 
and temperature. Such data are interpreted “classically” via models and 
parameter fitting on the one hand, and also in a purely “data-driven” 
approach on the other. 

Here, we will demonstrate how those two approaches can work together, and 
we will give some examples of how certain “features” that feed into data-
driven methods do actually relate to atomic-scale processes such as phase-
transitions. Observable voltage profiles split into anode- and cathode-related 
features. Those features shift with respect to each other as the cell degrades. 
It is important to understand to which extend those features are path 
dependent in terms of their shapes and position, which we will briefly 
illustrate at the example of graphite electrodes.   

Data-driven approaches of capturing and predicting battery degradation are a quickly 
growing field of research [1-3]. This is not only, but also driven by the fact that experimental 
studies with Lithium-Ion Batteries (LIBs) are inherently slow and thus expensive for industry. At 
the same time, understanding the performance and degradation of LIBs requires uniting the current 
scales gap between atomistic, continuum and cell level models.  

The State-of-Health (SOH) of a Li-ion cell at a specific point in time can be defined as the 
capacity at that moment divided by the initial capacity of that cell (“Relative Capacity”). Figure 1 
illustrates a typical cell degradation study, bundling charge-discharge cycles in batches of 50, 
interrupted by check-up cycles. In those check-up cycles, a slow charge (over 20 hours) provides 
good estimates of the remaining relative capacity and also of the type and intensity of internal 
degradation processes. In real-world operation, State-of-Health estimates rely on less 
comprehensive data sets. In particular, slow charges from 0-100 % will be scarce, so that estimates 
of the actual capacity must rely on fewer data points. 

Machine Learning (ML) tools (here: random-forest regression) can be used to derive SoH 
estimates based on small sub-sets of full charge curves (Figure 2). Such sub-sets are available in 
typical battery re-charging scenarios, even if the charging does neither start at 0 % nor go all the 
way to 100 %. For ML algorithms, the shape of the curve in the evaluated voltage window serves as 
a “feature” that bears sufficient information to estimate the capacity of the cell even without 
charging it to the end [1,2].  

Physical interpretation of voltage profile features and their change over time often involves 
a step of numerical differentiation, producing Differential Voltage Analysis (DVA) profiles (Figure 
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3). They can be broken down into anode- and cathode related contributions, which change in 
amplitude and relative position as a cell degrades.  

      
Figure 1. Relative capacity as a measure for state-of-health declines over the course of repeated 
charge/discharge cycles. Slow constant-current charging is a common way to determine the capacity and to 
extract voltage profiles that contain useful diagnostic information. 

 

 
Figure 2. Random forest regression approach for state-of-health estimation [1,2]. 
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Those changes provide insights into the underlaying degradation mechanisms, which in turn 
improves forecasts of the longer-term degradation behaviour of a given cell under varying 
conditions of usage. A comprehensive picture requires the combined application of data-driven and 
physics-based interpretation of cell degradation and diagnosis data. 

Path- and history dependence makes interpreting voltage profiles less straightforward. At 
the example of graphite anodes, we will demonstrate that some phase transitions come with a 
history-dependent behaviour that prevails even at higher temperature [4]. We will highlight the 
experimental evidence of that behaviour and provide some ab-initio-based insights into the 
underlying entropy- and enthalpy-driven processes. 

In summary, data-driven and physics-based cell diagnosis should ideally work hand-in-hand 
to select the most suitable features for powerful ML algorithms, to avoid artefacts, and to get a 
deeper understanding of battery degradation processes at the same time. 

 
 
Figure 3. (a) voltage profile during slow charging, broken down into anode and cathode contributions; (b) 
dV/dQ (Differential Voltage Analysis) of the same profiles; (c) change of the DVA profiles during cycle 
ageing; (d) 3D visualisation of the DVA development during ageing. 

References 

1. Y. Li et al., Renewable and Sustainable Energy Reviews 113 (2019) 109254. 
2. Y. Li et al., Applied Energy 232 (2018) 197.  
3. K. A. Severson et al., Nature Energy 4 (2019) 383. 
4. M.P. Mercer et al., under review.   

21



21st Advanced Batteries, Accumulators and Fuel Cells  Lithium Batteries and Related Systems 

Electrochemical Performance of Co3O4 Anode Material with Conductive Binder 

M. A. Kamenskiia, A. I. Vypritskayaa, S. N. Eliseevaa and V. V. Kondratieva 

a Institute of Chemistry, St Petersburg State University, St Petersburg, 199034, Russia 

A water-soluble conductive binder consisting of poly-3,4-
ethylenedioxythiophene:polysterne sulfonate and carboxymethyl cellulose 
was proposed for conversion Co3O4 anode material. This type of electrode 
shows ultrahigh specific capacity value and brilliant C-rate capability in 
comparison with electrode where composition of poly(acrylic acid) and 
carboxymethyl cellulose was used. It also demonstrates better stability during 
continuous cycling at 0.2 C. Long-term cycling voltammetry measurements 
show that using of conducting polymer as binder component lead to superior 
stability of the Co3O4 electrodes.  

Introduction 

Transition metal oxides (such as TiO2, SnO2, Fe3O4, Co3O4) are perspective anode materials 
for lithium-ion batteries due to their high specific capacity (> 600 mAh·g-1) which is much higher 
than for commercial graphite anode (372 mAh·g-1) (1). Among them, Co3O4 has drawn attention 
owing to its high theoretical capacity (890 mA·h·g-1). Nevertheless, practical application of Co3O4 
is sophisticated because of its low electronic conductivity (2) and high volume expansion during 
charge-discharge processes (3) which leads to loss of electronic contact (4) and on account of this 
fact stability of electrode during charge/discharge process is low.  

One of the ways to improve cycle life of Co3O4 electrode and enhance electrochemical 
properties is application of different types of binder in the composite electrode material. In 
particular, it was demonstrated that using of water-soluble binder consisting of poly(acrylic acid) 
(PAA) and carboxymethyl cellulose (CMC) led to superior performance of Co3O4 electrode in 
comparison with conventional electrode which contains polyvinylidene fluoride as binder (5). 

In our previous works combination of conducting polymer poly-3,4-
ethylenedioxythiophene:polystyrene sulfonate (PEDOT:PSS) and CMC was used for some 
intercalation electrode materials (6). Herein we present an application of this binder for Co3O4 
anodes. 

Experimental Details 

Co3O4 electrodes were prepared by mechanically mixing of electroactive grains with carbon 
black and binder in the following ratio: 70 wt% of Co3O4, 20 wt% of carbon and 10 wt% of binder 
(PAA/CMC and PEDOT:PSS/CMC (1/1 w/w)). The resulting viscous slurry was cast onto a Cu foil 
(blade gap height for coating – 150 µm, mass loading of Co3O4 ~ 3.0 mg·cm-2), dried in a vacuum 
oven at 50 °C for 12 h. Electrodes were assembled in CR2032 coin cells vs. Li foil. Electrochemical 
tests were performed by galvanostatic charge/discharge (current range 0.2 – 1 C), cyclic 
voltammetry (CV) at scan rate 0.1 mV·s-1 and electrochemical impedance spectroscopy at different 
potentials.  
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Results and Discussion 

At first cycle of CV curves of Co3O4 electrodes strong peaks are observed at E = 0.8 V for 
both electrodes (dashed lines), corresponding to the reduction of Co3O4 into metallic Co and 
formation of amorphous solid-electrolyte interface (SEI) film (7). Further a reversible oxidation (E 
= 2.09 V) and reduction (E = 1.07 V) process is observed according to the following equation: 

 
  Co3O4 + 8Li+ + 8e− ⇄ 3Co + 4Li2O [1] 

 

Potentials and current densities of peaks at first cycle of CVs Co3O4 electrodes are close to 
each other, regardless of the type of binder. The capacity values calculated from CVs data are given 
in Table I, and all these values at first cycle are higher than 1000 mA·h·g-1. This ultrahigh capacity 
has been observed earlier and was explained by several effects: reversible formation of gel-like 
polymer film on the surface of electrode (pseudo-capacity-type) and ability of nanomaterials to 
introduce extra Li+ ions (8). 
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Figure 1.  Cyclic voltammograms of Co3O4 electrodes with different binders (PAA/CMC and 
PEDOT:PSS/CMC) at scan rate 0.1 mV·s-1. 
 
TABLE I.  Cathodic capacity values of the Co3O4 electrodes calculated from CVs. 

 
Cycle Q / mAh·g-1 (PAA/CMC) Q / mAh·g-1 (PEDOT:PSS/CMC) 

1 1000 1040 
10 1080 1100 
30 1100 1200 
50 890 1200 

 
During 50 cycles of CVs the shape of curves is changed. For Co3O4 electrode with 

PAA/CMC binder anodic peak currents decrease by a factor of 5, the splitting of cathodic peak into 
two is observed and it shifted toward more negative potentials (close to 0.46 V). Co3O4 electrode 
with conductive binder is more stable, however, a shoulder of anodic peak at E = 2.42 V while the 
main peak at E = 2.09 V is still remains. Cathodic peak is stable; decrease of current is less than for 
Co3O4 electrode with PAA/CMC. Capacity value of electrodes with conductive polymer is stable 
over 50 cycles, while for another electrode it dropped more significantly (1200 mAh·g-1

 and 890 
mAh·g-1, respectively).  
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Galvanostatic charge/discharge measurements showed the similar results: Co3O4 electrode 
with conductive polymer is more stable in full current range and during continuous cycling at low 
current density (0.2 C).  
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Melanin as Semiconductor with Polymer Structure is Effective Modifier for 
Electrodes of High Energy Li - Ion Batteries  

Influence structure and nature of melanin on efficiency of cathode based on 
LiMn2O4 

Elena Shembelb,c,  Volodymyr Kyrychenkoa, Irina Maksyutac, Vlad Redkob, Nellya Zadereyc 

aSunoil-Agro, Pavlograd, 51400, Ukraine 

b Enerize Corporation, Coral Springs, FL, 33067, USA 

c Scientific Research Laboratory of Chemical Power Sources of Ukrainian State University of 
Chemical Technology, Dnipro, 49005, Ukraine 

Melanin is a biological organic polymer and has semiconductor properties. 
The structure of organic semiconductors, including melanin, determines the 
mechanism of their conductivity, electrical and catalytic properties. Research 
into the properties of melanin, which are synthesized on the basis of 
innovative technologies developed by Sunoil-Agro, confirms the innovating 
prospects for using melanin. In current presentation using the melanin we 
investigated and developed the method to modify the cathode materials of Li-
ion batteries. Increasing the energy and power characteristics of LiMn2O4 - 
based cathodes as a result of their modification with melanin will be 
presented in our abstract. More detailed information will be presented in the 
followed presentation during Conference 

Introduction 

In order to increase the energy and power of the Li-ion battery, innovative composite cathode 
materials are developed and used, which have numerous advantages, for 
example: .LiNi0.5Mn1.5O4; LiNi x Co y Mn1−x−y O2. A recent publication [1] present innovating 
materials for cathodes of Li-ion batteries layered oxide materials, and in particular LiNi 1–x–y 
CoxMnyO  (NCM) and LiNi1–x–y CoxAlyO2 (NCA), which are promising for Li-ion batteries with 
the high energy and high power. 

At the same time, modification of cathode materials is also an important factor in improving 
the performance of Li-ion power sources. In our studies, we proceeded from the fact that the unique 
properties of melanin can provide an effective modification of the electrode materials of lithium 
power sources. Melanin is an organic polymer with unique, multifunctional semiconductor 
properties. It exhibits a switching effect from a weakly conductive to a highly conductive state at 
relatively low electric fields. 

Our presentation is dedicated to the modification by Melanin the cathode materials, which are 
now widely used in the production of lithium power sources. In the future, the developed 
modification method using Melanin can be used for new cathode materials. The experience of the 
authors of this presentation in the field of modification of cathode materials LiMn2O4 using Al2O3 
is presented in the patent [2]. LiMn2O4 has certain advantages over the widely used cathode 
materials based on LiCoO2 and LiFePO4. LiMn2O4 is environmentally friendly, has a relatively 
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high electronic conductivity and provides a high electrode discharge voltage. LiCoO2 is 
environmentally harmful and expensive. LiFePO4 has a low conductivity, therefore, a larger 
amount of highly conductive carbon material must be added to the cathode mass. The discharge 
voltage of the LiFePO4 cathode is relatively low compared to the discharge voltage of Li-ion 
batteries with cathode based on LiMn2O4 

Below presented results of Melanin's modification of a LiMn2O4-based cathode. In the 
research and development of the modification of electrode materials, we used various types of 
Melanin, which was synthesized by Sunoil-Agro. The technology for the synthesis of various types 
of melanin was also developed by Sunoil-Agro. An important factor is that to modify cathode 
materials various forms of melanin were used, including those that differed in the nature and 
valence of the cation in the melanin structure. 

Experimental 

Electrodes with two types compositions have been fabricated and tested: 1) LiMn2O4 -64 % 
wt. Меланин – 16 % wt. Carbon black- 7.5% wt.; Graphite with high conductivity – 7.5 % wt. 
Fluoroplastic binder F4D-5% wt. and 2) LiMn2O4 -85% wt., Carbon black- 5% wt.; Graphite with 
high conductivity - 5% wt. Fluoroplastic binder F4D-5% wt. LiMn2O4 from company Merck has 
been used. Conductivity of powders of LiMn2O4 and Melanin have been tested using innovating 
non-contact, non-destructive electromagnetic method that developed by company Enerize 
Corporation [3, 4]. The cells with coin 2325 design have been used for testing. All procedures were 
carried out in an Ar-filled glove box. The negative electrodes were made of lithium foil. The 
fiberglass was used as the separator. Electrolyte composition: 1M LiClO4, DMC and EC (1:1). In 
this abstract results of electrochemical tests, which have been carried out by recording the charge-
discharge curves in a galvanostatic mode presented. Cycling has been carried out in the potential 
range of 3 ÷ 4.3 and at a constant value of the charging current and discharge currents equal to 0.1 
C. Impedance spectra were obtained using VoltaLab PGZ 301 analytical radiometer. The frequency 
range has been from 100 MHz to 100 kHz. Used two types of Melanin. Melanin # 1 contains 
cations with a +1 valence. Melanin # 2 contains cations with a valence +3. More detailed results 
will be illustrateв during presentation. 

Results 

Fig 1 presents the dynamics of changes from the cycle number of the specific discharge 
capacity of the cathodes, which contains Melanin # 1 (curves 1 and 2); and a cathode that does not 
contain Melanin (curve 3  

Presented results illustrate that the electrodes, which modified with Melanin, have higher 
discharge capacity  
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Figure 1. Dynamics of changes the discharge capacity                   Figure 2. Melanin. C18H10N2O4   
of electrodes from cycle number  
Curves 1.2: Electrodes based on composite of LiMn2O4 and Melanin # 1  
Curve 3: Electrode based on LiMn2O4 without Melanin 
 

На Fig. 3 Discharge - Charging curves of electrodes based on LiMn2O4 with Melanin and 
without Melanin for different cycle numbers are presented. 

 
Figure 3A.                                                                       Figure 3B. 
Discharge - Charging curves of electrodes based on LiMn2O4. The numbers on the curves correspond to the 
cycle number. On the Fig, 3A results of cycling electrode LiMn2O4 that has been modified by Melanin #1 are 
presented. On the Fig, 3B results of cycling electrodes LiMn2O4 without the Melanin are presented. 

 

These results also illustrate that the electrodes, which modified with Melanin, have higher 
discharge capacity  

Impedance characteristics of LiMn2O4 electrodes, which are modified with different types of 

Melanin are presented in Fig. 4 
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Figure 4A.                                                                   Figure 4B.  
Comparison of the impedance characteristics of electrodes based on LiMn2O4 modified by Melanin 
(curves 1) and electrodes based on LiMn2O4 that NOT modified by Melanin (curves 2) 
On the Fig. 4A curve 1 corresponds to electrode LiMn2O4 that modified with Melanin # 1 
On the Fig. 4B curve 1 corresponds to electrode LiMn2O4 that modified with Melanin # 2 

 
Increasing discharge capacity of cathodes that modified with Melanin # 1 will results 

increasing the energy of Li-ion cells with LiMn2O4 active cathode material. Decreasing the 
impedance of cathode that modified with Melanin #1 will results of increasing the power of Li-ion 
cell with LiMn2O4 active cathode material. 

Developed method and conception for modification electrode material of Li batteries using 
the Melanin could be successfully used for modification the wide areas of new electrode materials. 

The Nature / Structure of Melanin and the Nature / Structure of the electrode material 
determines the synergistic effect of the influence the modification on increasing the energy and 
power characteristics of Li-ion batteries electrodes. 
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Solid Polymer Electrolytes and Modified Electrodes are Basis for New 
Generation of High-Energy Lithium Batteries 

Safety, Wide Operating Temperature, High Energy, and Low Price 

E. Shembela,b, O. Chervakova, A. Markevycha, O. Kolomoietsa, I. Maksyutaa, V. Redkoa,b, 
Y. Polishchuka, N. Zadereya, V. Pysnya, N. Koltsova  

aScientific Research Laboratory of Chemical Power Sources of Ukrainian State University 
of Chemical Technology, Dnipro, 49005, Ukraine. 

bEnerize Corporation, Coral Springs, FL, 33067, USA 

The presentation and the followed publication of article results of investigation, developing, 
manufacturing, and test experimental samples of innovating lithium batteries with 1) anode based 
on Lithium or Lithium alloys (instead of anode that are based on carbon materials); 2) solid polymer 
electrolytes with performance in temperatures from minus 30oC and up to plus 120oC; and 3) 
cathode, which is based on modified lithium oxides, will be illustrated. Innovating solid polymer 
electrolyte is modified using ionic liquids. Cathode has been based on LiMn2O4, which have been 
synthesized using Ukrainian manganese ores. 

Testing protocols for the developed solid polymer electrolyte in a wide temperature range up 
to plus 200oC confirm the unique stability of the properties of the ionic liquid-modified electrolyte. 
Exactly the solid polymer electrolyte, which has been developed, makes it possible to use the Li-
based anode. And it was the use of a Lithium anode that provided the high energy of this current 
source.  

For the successful manufacturing of this innovative batteries technologies have also been 
developed: manufacture of current leads for the cathode and for the anode, ensuring low resistance 
at the interface of current leads and electrode mass; and ensuring low resistance at the interface of a 
solid polymer electrolyte with the structure of the anode and cathode. 

Results of tests experimental samples of innovating lithium batteries in the mode that includes 
many number cycles: discharge / charge mode under wide operating range of current and 
temperature from minus 30oC up to 120oC, confirm unique properties of developed Lithium 
batteries. 

 

More detailed information will be presented in the followed version of this abstract 
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Comparison of High-Voltage Cathode Materials for Lithium-ion Batteries 

D. Kunicky, L. Chladil 

Institute of Electrotechnology, Faculty of Electrical Engineering and Communication, BUT, 
Technicka 10, 616 00 Brno, Czech Republic 

The article brings an overview of several material development approaches in 
the field of high-voltage layered-spinel cathode materials which could be 
used in HEVs, PHEVs and EVs due to their promising electrochemical 
properties. The commercially used batteries are not satisfactory in terms of 
increasing demand for higher capacities, higher voltage and eco-friendly 
materials. The materials discussed in this paper could be an excellent 
alternate to them as they do not contain cobalt, has high capacity and are 
cheaper. There are identified their superior properties throughout the article 
and at the end is the summary of electrochemical characteristics. 

Introduction 

Current research of lithium-ion batteries is focused on developing non-toxic and inexpensive 
cathode materials that would be better than commercially used LFP and NMC cathodes. LFPs 
biggest advantage is their cost and safety operation but their low theoretical capacity and low 
operating voltage suits only very narrow field of use. NMC cathodes are great in term of 
electrochemical properties but their biggest disadvantage is the cobalt included in the structure. The 
very promising cathode materials are composites of layered (LiMnO2) and spinel (LiMn2O4) 
structures. Maintaining high operational voltage around 4-5 V, thus providing high energy densities, 
can be used in modern PHEVs, HEVs or EVs. Its three-dimensional structure provides high rate 
capabilities because of the better lithium ions diffusion. 

Discussion 

Layered-spinel cathodes delivers best properties from both layered and spinel phases. First 
mentioned phase implements the structural integrity and delivers high capacities, meanwhile, the 
spinel phase improves the diffusion of the lithium ions due to their 3D interstitial space thus 
improving the electrochemical performance of the cells.  

Many researches are focused on layered-spinel cathode materials containing cobalt, but there 
are also cobalt free composites that are promising alternates in EVs battery packs and decreasing 
their costs. All mentioned researches are in Table 1 at the end of article. 

The composites could be simple and complex. One of the simple ones is the research 
conducted by Liu [ 1] where was used Li1.3Ni0.25Mn0.75O2.4 cathode material prepared by co-
precipitation method and quenched in liquid nitrogen after heating at 500 °C for 4 h and 850 °C for 
12 h. This cooling is important to obtain sub-micron size particles which results in enhanced rate 
performance and greater discharge capacity. Layered-spinel structure was confirmed by the 
HRTEM and FFT technology. Discharge capacity retention after 40 cycles at 0.2 C current is 
98.2 %. Extending this study by long term cycling stability and elevated temperature measurements 
could lead to better understand this material and its possibility of usage in commercial applications.  
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Liu [ 2] doped similar structure Li1.1Ni0.235Mn0.735Cr0.03O2.3 with chromium, which is widely 
used as a dopant [ 3]. Chromium enhances the kinetics of lithium-ion diffusion and charge transfer 
reaction. Doped material shows better discharge capacity, coulombic efficiency and rate 
performance and is also structurally stabilized. It has superior discharge capacity rate of 100.1 % 
after 50 cycles at 0.2 C and good discharge capacity of 113 mAh·g-1 under 10 C rate while pristine 
is only 93 mAh g-1.  

More complex composite is e.g. 0.2LiNi0.5Mn1.5O4·0.8Li[Li0.2Ni0.2Mn0.6]O2 which was also 
made by co-precipitation method [ 4]. There were prepared three samples with different sintering 
temperature of 900 °C, 1000 °C and 1100 °C. Best properties had the first mentioned sample mainly 
because of the smallest primary particles. Interesting fact is that the specific capacity is lower at the 
1st cycle than at the 60th cycle. This is explained by activating layered structure of 
Li[Li0.5Ni0.25Mn0.75]O2 with contribution of spinel structure LiNi0.5Mn1.5O4. There was a little 
decrease in discharge capacity after 50 cycles mainly due to the existence of Jahn-Teller distortion. 
This phenomenon is one of the major problems of cathodes involving manganese. 

According to the size of the particles there is study aiming on nanofibers of spinel-layered 
0.5LiMnTiO4•0.5Li2Mn0·5Ti0·5O3 [ 5]. Electrospinning method was used to synthesize the 
composite nanofibers with diameter of approximately 80 nm. Material has lower discharge capacity 
in contrast to the above-mentioned cathodes but has excellent cyclability – the discharge capacity 
rate is 95.3 % after 100 cycles at 1 C rate. Titanium is in the +4 oxidation state (Ti4+) and is 
electrochemically inactive.  

Very important aspect, which is often omitted, is the elevated temperature performance of 
batteries. But there are researches that along general measurements includes elevated temperature 
measurements for instance [ 6] where spinel-layer-layer composite 
0.5Li[Ni0.5Mn1.5]O4·0.5[Li2MnO3·Li(Mn0.5Ni0.5)O2] was encapsulated by various concentrations 
of ZrO2 (1 %, 3 % and 5 % wt.%). The ZrO2 did not influence the structure of the material. Its 
superior properties under elevated temperatures (55 C) are outstanding, showing good capacity 
retention of 86 % after 30 cycles at 1 C. During the high temperatures reacts the PF6 and produce 
unwanted reactions with electrolyte and cause irreversible structural changes. Only 1 wt.% can 
suppress this reaction and preserve electrochemical properties. 

 
Table 1. Summary of discussed cathode materials. 

Formula Method Electrolyte 
Discharge 
capacity 

(mAh g-1) 

Volt. 
[V] 

Discharge 
capacity rate 

(%) 
Ref. 

Li1.3Ni0.25Mn0.75O2.4 Co-precipitation 
1M LiPF6 
EC-DMC 

(1:1) 

282.0 
(0.1 C) 4.8 

98.2 
40 cycles 

0.2 C 
[ 1] 

Li1.1Ni0.235Mn0.735Cr0.03O2.3 Co-precipitation 
1M LiPF6 
EC-DMC 

(1:1) 

261.9 
(0.1 C) 4.8 

100.1 
50 cycles 

0.2 C 
[ 2] 

0.2LiNi0.5Mn1.5O4·0.8Li[Li0.2Ni0.2Mn0.6]O
2 

Co-precipitation 
1M LiPF6 
EC-DMC 

(1:1) 
276.0 4.8 

176 at 1st 
276 at 60th  

0.1 C 
[ 4] 

Li2MnTiO4+z electrospinning 
1M LiPF6 
EC-DMC 

(1:1) 
210.0 4.8 

95.3 
100 cycles 

at 1 C 
[ 5] 

1 wt.% ZrO2 doped 0.5Li[Ni0.5Mn1.5]O4· 
0.5[Li2MnO3·Li(Mn0.5Ni0.5)O2] 

Co-precipitation + 
Sol-gel 

1M LiPF6 
EC-DMC 

(1:1) 
234.0 4.8 

86 at 55 °C 
30 cycles 

1 C 
[ 6] 
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Conclusions 

Among many other systems of lithium-based batteries are manganese-based batteries closest 
to the commercial market and composites of spinel and layer structures deliver adequate 
electrochemical properties – high discharge capacity > 200 mAh g-1, high operating voltage > 4 V 
and good cyclability. It is believed that these materials are promising alternate to current materials 
used commercially. It is obvious that various doping elements and approaches to the structure of 
materials in terms of the coexistence of layer and spinel phases have significant influence on 
specific capacity, stability, rate capability, energy density and operating voltage. There is also a 
demand to research electrolytes that can would be stable during high operational voltages and high 
temperatures. More research should be performed in this field with other possible materials to 
develop cheaper, stable, eco-friendlier and more powerful batteries with higher energies that can 
replace energy storages based on fossil fuels and non-renewable energy sources.  
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2Brno University of Technology, Technická 10, Brno, 616 00, Czech Republic 

Almost every person is using batteries on daily base. From small appliances 
to larger power tools to large stores and electric cars. Requirements for 
lithium ion batteries getting higher every year either from view of capacity, 
cycle number or high current flow. With higher requirements is also the 
safety of batteries connected. Lithium ion batteries need to work safely and 
reliably at higher temperatures and loads. From flame safety view is 
necessary non-flammability of all battery parts. One of potential risk is 
organic solvents based electrolyte. This paper focus on influence, of flame 
retardant additive in electrolyte and it compatibility with the negative 
electrode in lithium ion battery. Several phosphorous based flame retardants 
were tested and their influence on capacity of negative electrode was 
determined.  

Introduction 

A sum of experiments was made on carbon negative electrode and standard electrolyte for 
lithium ion accumulators. As electrolyte a mixture of ethylene carbonate (EC) and dimethyl 
carbonate (DMC) in weight ratio 1:1 and 1 mol LiPF6 was used. To the electrolytes was added 5 
vol.% of additive in form of flame retardant. Selected flame retardants were chosen by results 
obtained by previous flashpoint measurements. The galvanostatic cycling was made in 0,2C current. 
The results of one selected flame retardant are shown in Fig. 1. Shown flame retardant is triehtyl 
phosphate (TEP). The reached capacity was 270 mAh/g and was stable in first ten cycles. Used 
flame retardant does not decrease dramatically the capacity of the negative electrode and have no 
influence on the stability of the electrode. 
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Figure 1. Capacity of negative electrode and TEP flame retardant, 
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A Review of Mechanical Stress on Lithium-ion cells 
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Aalborg University, Department of Energy Technology, Aalborg, DK-9220, Denmark 

Email: ssm@et.aau.dk 

Shocks and mechanical vibrations are accompany by lithium-ion batteries 
especially in mobile applications. The mechanical properties and 
performance of the lithium-ion battery cells in mobile applications especially 
electric vehicles are affected by the shocks and mechanical vibrations. 
Notwithstanding, the impacts of vibration on the performance, degradation, 
cycle life and thermal properties of lithium-ion batteries and components are 
unknown.  

Introduction 

A model was designed which provides to simulate the disorderly vibrations energy 
accumulation, and gathering the changed electric energy in the battery cell which planned to 
provide the brightness at the dim time[1]. 

Cycle life experiments were performed to disclose the impact of dissimilar cut-off voltages 
and charging current rates on the aging mechanism of batteries[2]. 

An investigation was accomplished to specify the durability of commercially accessible 
battery cells and calculates both the mechanical and electrical vibration-induced degradation by 
calculating variations in battery cell natural frequency, impedance and capacity. In addition, the 
influence of the in-pack orientation and battery cell state of charge was evaluated [3]. 

An investigation was demonstrated that presents the impact which the variation in electrical 
properties of vibration several aged battery cells could have on the control strategy which was used 
through the battery cell management system of a hybrid electric vehicle[4].  

An investigation was accomplished to which found out that both the mechanical properties 
and electrical performance of the lithium-ion cells were comparatively unchanged when 
encountered to vibration power which is corresponding to a common vehicle life[5]. 

The mechanical frequency feedback function was studied as a non-destructive technique to 
quantify parameters including damping and stiffness of pouch cells and their correspondence with 
the temperature, state of health and the state of charge of the battery cell[6]. 

Standard vibration requirements was compared with vibration magnitude in an electric vehicle 
for lithium-Ion batteries by employing energy spectral density study[7]. 

An approach was characterized for dynamic optimization and investigation of an electric 
vehicle suspension system by employing the motor in-wheel technology[8]. 

A procedure was determined to construct unpredictable energy spectral density profiles which 
were characteristic of one hundred thousand miles of UK customer electric vehicle application 
employing vibration dimensions from three electric vehicles, for taking vibration durability 
assessments of underfloor installed rechargeable power storage systems[9]. 
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The different international regulations and standards for safety analysis of lithium ion 
batteries in automotive utilizations under different abusive environments was reviewed [10]. 

Mechanical design and strategic placement methodology of a robust battery pack for electric 
vehicles applications was reviewed [11]. 

Result and discussion 

Performance and mechanical properties of lithium-ion batteries could be severely affected by 
the acceleration inertia, road irregularity and abrupt crash. In recent years, the effect of the 
mechanical vibration on lithium-ion batteries has attracted more and more consideration from 
researchers [12-14]. A research was presented to specify the durability of commercially available 
battery cells and determines both the mechanical and electrical vibration-induced degradation via 
quantifying alterations in battery cell natural frequency, impedance and capacity. In addition, the 
influence of the in-pack orientation and cell state of charge was evaluated. The focus of attention of 
disclosed experimental outcomes was potential for essential mechanical and electrical properties in 
the battery cell to diverge, attributable to the utilization of vibration energy, which is accomplished 
with a regular road vehicle life [12-14].  

The vibration experiments of lithium-ion battery module, which was employed for electric 
vehicle, were investigated regarding open circuit voltage [15]. The wettability of the negative and 
positive plates of the battery cell was altered in the electrolyte during the vibrating process, 
remaining for a course lengthy enough following vibration, the battery keeps its wettability constant 
and its discharge capacity was partially regained. The outcomes exhibited that the construction of 
the lithium-ion battery module stays fixed. In addition, the temperature and voltage stays steady in 
the vibrating process. After and before the vibration process, no evident variation was seen in the 
AC internal resistance of the battery module. Conductivity of the active particles of the battery was 
considerably decreased, resulting in decline in charge capacity and rise in DC internal resistance of 
battery module [15]. 
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A comprehensive experiential laboratory characterization experiment method 
was established and exerted to different lithium-ion batteries. Consequently, 
the batteries’ power, open circuit voltage, capacity, capability, internal 
resistance, and signal AC impedance were determined for different load 
currents and over an extensive temperature range. According to these 
performance outcomes, battery models, which were capable of predicting the 
dynamic behavior of the lithium-ion batteries were improved and 
experimentally validated under different operating conditions.  

Introduction 

Due to their big power and energy densities, lithium-ion batteries are a considerably essential 
element of electric vehicles. Their application has enhanced noticeably in the last few years [1-7]. 
One of the important issues of employing lithium ion batteries in electric and hybrid vehicles is 
appropriate thermal management. Proper thermal management is essential with the intention of 
controlling degradation at a satisfactory rate. In addition, it is important to decrease the risk of 
thermal runaway. 

It is usually appropriately comprehended that enhancing the working temperature of a lithium 
ion battery tends to raise the rate of degradation. Notwithstanding, there is insufficient 
comprehension regarding the advantageous technique in which to thermally control the lithium-ion 
battery cells in a battery pack. In addition, the influences of temperature gradients among battery 
cells in a battery pack are not well-understood [8-12].  

Thermal management of the lithium-ion battery is a considerably complicated problem. The 
solution for thermal management will be dissimilar for different pack topologies, battery cells, and 
different applications.  

The investigation, which is represented in this research, demonstrates a considerable scientific 
advancement and improvement in the comprehension of thermal management in lithium ion battery 
cells. 

Various experimental research has been accomplished on the thermal and electrical 
performances of lithium-ion batteries. Experimental investigations were restricted to surface 
temperatures integrated with the thermal or analytical modeling of heat dissipation with the 
intention of achieving battery temperatures and to determine the battery cell total heat loss. 

This section studies the performance behavior of a lithium titanate oxide-based battery at 
different working conditions. Battery cell performance analysis were put into research appertaining 
to comprehensive experimental laboratory measurements. Different load profiles were applied to 
the lithium titanate oxide-based battery. To assess the performance of the lithium titanate oxide-
based battery cell, extensive laboratory characterization experiments were accomplished.  
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Characterization of the battery cell behavior under dissimilar conditions is very important and 
has different application such as fully parameterization of the performance model of the li ion 
batteries. Therefore, comprehensive laboratory tests are essential for the investigated lithium 
titanate oxide-based battery cell. 

Consequently, an approach to characterize the battery cell behavior under dissimilar 
conditions such as load current, temperature and SOC was established and exerted to a lithium 
titanate oxide-based battery cell. 

Preconditioning test 

The initial movement toward the characterization method comprised of a relaxation test and 
preconditioning test. The main purpose of doing a preconditioning test was to eliminate any 
potential passivating to which the battery cell was exposed to, among the primary experiments and 
the manufacturing time. Furthermore, another objective of this experiment was to notice if the 
battery cell temperature, voltage and capacity are balanced. In addition, it has to be emphasized that 
the preconditioning experiment was exerted to all the lithium titanate oxide-based battery cells.  

Capacity test 

The purpose of conducting a capacity measurement was to specify the dependency of the 
discharged and charged capacity of the lithium titanate oxide-based battery cell on the load current 
and temperature. Consequently, the battery capacity was measured at dissimilar temperatures and 
discharge-charge current rates. The battery cell capacity was measured throughout discharge and 
charge at the particular current rates and temperature. It can be observed that the capacity of lithium 
titanate oxide-based battery cell is greatly reliant on the applied current rate and temperature.  

Open-circuit voltage measurements 

Consistent with the majority of the lithium titanate oxide-based battery cell parameters, the 
OCV is greatly depending on the working conditions and it alters with the temperature and the 
SOC. The goal of fulfilling this experiment was to acquire the relationship among SOC and OCV 
for discharging and charging states at dissimilar temperatures and for SOCs among 0% and 100%, 
by taking 5% SOC resolution into consideration.  

Hybrid Pulse Power Characterization Test 

The hybrid pulse power characterization test was applied to the lithium titanate oxide-based 
battery cell at different temperature and current rates. The measurement profile, which was applied 
to the battery cell, is demonstrated in Figure 3.4. As it can be seen, the current profile consists of 
successive discharging and charging DC current pulses of dissimilar current rate. The pulse time 
was appointed to 20 s and the relaxation duration among each two successive pulses was assigned 
to fifteen min. For a comparison between different conditions and to understand the effect of 
temperature on the hybrid pulse power characterization experiments, the tests were repeated at 
different temperature. 
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Lithium-ion Cell 

S. S. Madani *, E. Schaltz and S. K. Kær  

Department of Energy Technology, Aalborg University, DK-9220 Aalborg, Denmark; 
esc@et.aau.dk (E.S.); Skk@et.aau.dk (S.K.K.);  

*Correspondence: ssm@et.aau.dk (SSM);  

Lithium-ion batteries are being implemented in different large-scale 
applications including aerospace and electric vehicles. For these utilizations, 
it is essential to improve battery cells with big cycle life because battery 
substitute is costly. For their implementation in real applications, lithium-ion 
battery cells undergo extension during the course of discharging and 
charging. To avoid disconnection among battery pack ingredients and 
deformity during cycling, compacting force is exerted to battery packs in 
electric vehicles. This investigation strives to demonstrate how exterior force 
affects the performance and behavior of a lithium-ion battery cell 
corresponding to static exterior force by monitoring the applied pressure at 
dissimilar state of charge. Electrochemical impedance spectroscopy was used 
as the main technique for this research. It was concluded that the profiles of 
the achieved spectrums from the experiments seems completely dissimilar in 
comparison with the cases without external pressure. 

Introduction 

The effect of externally and internally mechanical stresses against the electrochemical 
performance of lithium-ion batteries was studied. Focused attention was on the dependency of the 
ion transport inside the separator against the stress condition. It was concluded that utilization of 
external pressure on the battery cell brings about stresses [1]. 

The impact of the utilization of pressure throughout the procurement of LiCoO2   cathodes and 
compound flaky synthetic graphite anodes on their electrochemical performance in Li intercalation 
and de-intercalation processes was investigated by employing electrochemical impedance 
spectroscopy, chronopotentiometry and voltammetry . It was concluded the utilization of pressure 
throughout the procurement of LiCoO2 and graphite has opposed impacts on their performance [2]. 

Stress development in lithium-ion compound electrodes throughout electrochemical cycling 
and consequential interior pressures on the cell casing was investigated. In addition, a model was 
introduced to determine the interior pressure that would be produced in a spirally wound battery 
casing attributable to the electrode stress throughout discharge and charge cycling [3]. 

The reasons for the abrupt degradation of useable capacity were investigated with the help of 
supplementary procedures including, post-mortem analyses, computed tomography, and 
electrochemical studies . The acquired outcomes indicate collectively to inharmonious aging as a 
main factor for the abrupt degradation of battery cell capacity, which consequently is caused by 
dissimilarities in regional compression [4]. 
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The thickness variation of a commercial pouch type battery cell was studied at numerous sizes 
. The shifts of the single separate electrode materials were scrutinized by dilatometry. It was 
concluded that the cathode cooperates considerably to the thickness variation of the battery and 
enlarges directly by the delithiated capacity with about two percent [5]. 

24 big capacity lithium-ion battery cells with great silicon content were cycle under seven 
dissimilar cycling situations, to investigate the consequence of dissimilar stimulus on the cycle life 
of Si-anode full battery cells. The impact of different factors was considered such as the discharge 
current, depth of discharge and ambient temperature. The pressure development was observed 
through battery lifetime and demonstrates the identical behavior throughout all cycling states. By 
decreasing the capacity retention, an irreversible pressure growth occurs. An understandable 
interdependence could be distinguished among pressure behavior and the capacity retention of the 
Si-alloy cells. This indicates a correspondence among the principal aging mechanism between their 
irreversible pressure increase and Si-alloy cells [6]. 

The impacts of exterior compacting on the ageing and performance of single-layer lithium ion 
pouch cells were researched by using a spring-loaded structure. In addition, a coupling between 
mechanics and electrochemistry was demonstrated. Four different pressure were applied to the 
battery to investigate the effect of different pressure from 0.66 to 1.98 MPa on impedance in new 
battery cells. In addition, the impedance was characterized at different pressure levels. After cycling 
the new battery cells, the aged cells were investigated for impedance increase and capacity fade. 
The impact of pressure distribution was simulated. The outcomes demonstrated that the mass 
transport and kinetic resistance raised with pressure in a new battery cell [7]. 

To decrease cyclable-lithium loss throughout cycling the most appropriate and beneficial 
pressure was determined around 1.3 MPa. Ageing pressure influences the charge transfer resistance 
of the ohmic resistance of the cell and both graphite and NMC electrodes. It was concluded that 
pressure distribution causes current distribution whereas the increased current throughput at lesser 
pressures does not speed up its ageing [7].  

An experimental setup was designed and constructed to determine electrical performance of 
NMC based 25Ah lithium-ion battery cells for various applied pressures . The temperature range 
was considered between 0-45°C. External pressure influences the voltage and capacity of the cell. It 
was seen that raised pressure increased the cell capacity and voltage during charge and decreased it 
during discharge . The impedance rises, which was the most considerable parameters demonstrated 
bulk transport variation for active materials with applied pressure. Power capability and greater 
capacity of the cells were mainly seen when there is no external pressure condition [8].  

An experiment was accomplished to specify the influence of external pressure on different 
electrical parameters such as galvanostatic electrochemical impedance spectroscopy, capacity 
variation, voltage, current, for a pouch cell . Outcomes demonstrated that the external static pressure 
does have not influence on ohmic contribution, nevertheless, it could improve ion diffusion for 
pressure between 0.125 MPa and 1 MPa . It was observed that lithium ion pouch cell produced 
dynamic pressure during discharge and charge processes near 50 % state of charge, which agreed 
with capacity change. In addition, it was seen that the pressure speed was affected by current rate. 
The dynamic pressure is not influenced by current rate in charged condition. Nevertheless, voltage 
was influenced among 35%-65% state of charge [9].  

The impacts of mechanical stress on commercial lithium-ion battery life were studied by 
observing the capacity and stack pressure of constrained lithium-ion pouch cells during charging 
and discharging . It was found that stack stress is a dynamic amount. The stress oscillating with 
discharge and charge. It was seen that it gradually raised irreversibly during long period of time 
with charging and discharging . Changes in primary stack pressure was shown as a significant 
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parameter, which could be controlled by manufacturer. It was observed that by changing the 
primary stack pressure the cells experience various stress evolution over their lifetime . It was 
concluded that battery cells, which were manufactured with greater stack pressure demonstrated 
lower cycle lives [10]. 

The effect of compressive pressure on battery degradation was investigated. Battery cells 
were cycled 1200 times under 0, 5 psi and 15 psi compressive pressure loads . It was seen that 
capacity fade for 0, 5 and 15 psi pressure loads were 11.0%, 8.8% and 8.4%. Correspondent power 
fade demonstrated an opposite trend compared to the capacity fade . This contradictory behavior 
was found to be pertaining to the separator creep and wettability rise in the cell after pressure load 
was applied . The investigation determined the progress of compressive loads over numerous cycles 
and it was concluded that pressure raises with cycling [11]. 

The previous studies and achievements, which were discussed are restricted to specific 
sections of lithium-ion batteries and the connection among force generation and coulombic 
efficiency and also capacity change throughout charge and discharge under several current is not 
obviously described. 

This investigation suggests a principal method with the intention of determination of the 
effect of external force on the performance and behavior of a lithium-ion battery cell. Initially, the 
primary aim is to present the impedance properties variation in external static force condition for 
the lithium-ion battery cell. The influence of external force on the battery cell performance at 
dissimilar state of charge is an important aspect, which up to the present time is not completely 
comprehended. The main idea of this investigation was to present the excellent experimental set up 
to provide constant pressure on battery cell during cycling, and to investigate the mechanism in 
battery cell when pressure is applied. 

The main purpose of this investigation is accordingly to quantify and determine battery state 
of charge impacts on lithium ion cell performance owing to cycling under force by using 
electrochemical impedance spectroscopy. In addition, the impact of external force on capacity 
decline and impedance change with cycling was studied. The procedures and experimental 
configuration in this investigation is presented in Part 2. Following introducing the outcomes 
attributable to applying cycling and force, an explanation of the outcomes was summarized in Part 
3. Eventually, the main conclusion was outlined in Part 4. 

Result and discussion 

Figure 12 demonstrates the feedback of impedance experiments in the Nyquist plane for the 
battery cell at different state of charge in the absence of external pressure. Figure 13 demonstrates 
electrochemical impedance spectroscopy results of Li-ion battery cell under external static force 
equal to 8 kN. The profile of these spectrums appears different compared to the case without 
external pressure. The figure could be divided into two sections. In the first section, there is an 
important value, which is the amount of crossing with the real axis (R1) and it appertains to the 
aggregate of inner ohmic resistances of the separator, electrolyte, cabling and current collector. The 
arc might be corresponding to the interface among the active material and electrolyte or to the solid 
electrolyte interface. In addition, it could be representing the charge transmission mechanism at 
electrolyte-electrode interface [12,13]. The second section corresponds to the transmission of 
lithium ion mostly attributable to relocation and diffusion phenomena [12,13]. For better view of 
the results, zooming of the electrochemical impedance spectroscopy results for both cases are 
illustrated in Figure 14. 
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To comprehend stress development plots of the restrained battery cell it is essential to 
comprehend the fixed thickness character of the solid constraint.  

The constraint, which is illustrated in Figure 4, restrains the battery cell to keep a fixed 
thickness in such a manner which stress and not thickness, is free to expand. Stress evolution 
consequently is relevant to the cell thickness variations that would happen in the nonattendance of a 
solid constraint, accompanied by the quantified stress alteration being identical to the exerted stress 
essential to invert the battery cell thickness alteration. The fixed thickness scheme contributes a 
well explanation of batteries which are mainly located in solid constraints. 

In this investigation two important parameters were employed to study the achieved data form 
electrochemical impedance spectroscopy measurements. The initial parameter is R1, which is the 
amount on the real axis where the impedance spectrum intersection with the axis. This resistance is 
commonly named as the ohmic contributions.  

The secondary parameter is R2, which is the amount of battery impedance on the real axis 
while negative imaginary section reaches to a local minimum after a local maximum. R2 is usually 
refers to the total resistance of the battery cell because it contains electrochemical impedances and 
ohomic resistance.  

Comparison of electrochemical impedance spectroscopy results at different state of charge in 
the present and absence of external pressure for the battery cell in the Nyquist plane is illustrated in 
Figure 15. As could be seen from the figures by increasing the external force, R1 increased with 
external force at the investigated temperature. Notwithstanding, total resistance R2 decreases, as 
external force rises at the investigated temperature. This demonstrates external force alters the bulk 
transmission characteristics of active materials of the battery cell [14].  

Contemplating R1, considerable change was seen for R1. Accordingly, the external static 
force appears to have a great influence on the separator, electrolyte, cabling and current collector 
properties. Consequently, it could be assumed that this amount is influenced by the external 
pressure.  

In Figure 14, demonstrates that the diffusion part moves left when decreasing the state of 
charge in load condition. This movement appears to begin from the commencement of different 
sections for dissimilar state of charge. It could be concluded that the external pressure in this 
experiment could increase the ion diffusion in electrode [15]. 
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The electrochemical properties of modified spinel samples at different current 
densities are presented. The LiMn2O4 electrode with a maximum percentage 
of covering (14% of LiNi0.5Mn1.5O4) can endure higher current loads 
compared with the sample consisting 7% of surface layer. The capacity 
values for the samples at 45 and 30 C are 21.7 and 30.5 mAh∙g-1, respectively. 
Thus, it can be concluded that the proposed method of modification can be an 
effective tool for obtaining electrode materials for the new generation of LIBs. 

Introduction 

Lithium-ion batteries are widely used in portable electronics and electric vehicles and are of 
increasing popularity for military and aerospace applications. Nevertheless, modern LIBs have 
several disadvantages from the point of view of safety and reliability, so that numerous attempts are 
made worldwide for raising the improvements of their components. Among strategies aimed at 
obtaining safer and more reliable cathode materials, a one suggested by Sun and Amine leans on the 
application of a thin protective shell onto the surface of a material, which forms a core [1]. Since 
2005, this approach attracts much attention of experimentalists and is broadly reviewed, see, e.g., 
Refs [2,3]. 

The core-shell strategy can be subdivided into two directions. One of them deals with 
materials where core and shell are of no structural (and sometimes chemical) relations. Another 
operates with structurally related (isomorphous) components, which can be adjoined forming a 
particle with a concentration gradient. There are many examples of gradient materials first dealing 
with layered cathodes of LiMO2 family, where M=Co, Ni and Mn; in addition to Ref. [2] and latest 
reviews [2, 3] see Ref. [4] where lithium- and nickel-rich oxides are obtained in according with both 
strategies.  

One of materials promising for the core-shell gradient structure formation is lithium-
manganese spinel, LiMn2O4 [5]. It is widely studied, manufactured in great amounts and applied in 
numerous commercial LIBs, including those for electric vehicles. On the one hand, lithium-
manganese spinel is cheap, non-toxic and environmentally friendly, so that can substitute more 
spread, expensive and toxic LiCoO2. On the other hand, in spite of quite high theoretical capacity 
(Qsp.=148 mAh∙g-1) and wide electrochemical window (3.4-4.5 V vs Li+|Li), it endures the capacity 
fading due to the interaction with an electrolyte generating manganese losses through a 
decomposition reaction. In this paper, we use a citric acid aided method for obtaining LiMn2O4 
covered with LiNi0.5Mn1.5O4. 
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Experimental 

For obtaining LiMn2O4, 1 M solutions of Mn(NO3)2, LiNO3 and citric acid (all of analytical 
grade from Makrochim, Ukraine) are mixed in a stoichiometric ratio of cations and twice excess of 
the acid. After evaporation at 80 °C to the stage of a glassy residue, the latter is grinded and 
decomposed at 120 °C, pyrolyzed in air at 400 °C for 1 h and annealed in air at 700 °C for 24 h.  

For preparation core/shell composites, LiMn2O4 is put into a mixture of 1 M solutions of 
Ni(NO3)2 (analytical grade, Makrochim, Ukraine), Mn(NO3)2, LiNO3 and citric acid with a proper 
ratio of components and all operations are performed as described above.  

Results and Discussion 

XRD patterns of the surface modified materials are given in Fig. 1. As follows from these 
data, the presence of the modifier is difficult to discern because of the close resemblance of X-ray 
pictures of both spinels (JCPDS 35-0782 and JCPDS 32-0581, respectively). The fact is that both 
phases belong to the same space group (Fd3m, Z=8) and have close unit cell dimensions (a=8.248 
and 8.172 Å, respectively). Just a minor shift of reflexes to greater angles may signify the presence 
of LiNi0.5Mn1.5O4 in surface modified samples. 
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Figure 1. XRD patterns for bare LiMn2O4 and LiMn2O4/LiNi0.5Mn1.5O4 surface modified materials with a 
different percentage of covering. 

 
As follows from TEM micrographs, surface modification does not cause changes in the 

morphology of the core material, LiMn2O4 (Fig. 2). For the pristine LiMn2O4 and the LiMn2O4/ 
LiNi0.5Mn1.5O4 composite containing 7 % coverage, the mean particle size is close to 85 nm.  

In Fig. 3, the electrochemical properties of modified spinel samples at different current 
densities are presented. The LiMn2O4 electrode with a maximum percentage of covering (14% of 
LiNi0.5Mn1.5O4) can endure higher current loads compared with the sample consisting 7% of 
surface layer. The specific capacity values for the samples at 45 and 30 C are 22 and 31 mAh∙g-1, 
respectively. Thus, it can be concluded that the proposed method of modification can be an 
effective tool for obtaining electrode materials for the new generation of LIBs. 
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Figure 2. TEM images for LiMn2O4/LiNi0.5Mn1.5O4 surface modified materials with the different percentage 
of covering. 
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Figure 3. High-rate performance of LiMn2O4/LiNi0.5Mn1.5O4 surface modified materials at different current 
loads (1.0С-45.0С). 
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Crystalline V2O5 oxide invariably attracts developers of lithium batteries with high specific 
energy (higher than LiCoO2, LiFePO4) and capacity (higher than LiMn2O4); low cost and 
prevalence in nature. The theoretical capacity of V2O5 reaches 442 mAh/g. The actual discharge 
capacity of V2O5 decreases due to its structural rearrangement caused by incorporated lithium ions. 
Various methods of nano- and micro-structuring of V2O5 have been proposed, which make it 
possible to bring the actual discharge capacity closer to the theoretical one. However, the 
development of the production of V2O5/Li-accumulators is hampered by the complexity of the 
proposed nanostructuring techniques, additional financial costs, therefore, an acceptable simple and 
financially low-cost V2O5 production technology is required. We have managed to improve the 
discharge characteristics of thin-layer V2O5 oxide by doping it with sodium electrochemically with 
the formation of monoclinic bronze β-Na0.33V2O5 [1–3], as well as synthesizing vanadates [4] 
improved with potassium [5]. 

Here we present the results of the double effect (K, Na) on the electrochemical conversion of 
V2O5 in a prototype lithium battery. Vanadium oxide compounds were synthesized by a simple 
electrolysis method, precipitating them onto the anode from solutions of potassium metavanadate in 
the presence of sodium ions, as well as from solutions of oxovanadium sulfate in the presence of (K, 
Na) ions. 

The composition of the initial metavanadate solutions for synthesis is following:  
K+–0.5 g-ion/l; Na+ – 0.05 g-ion/l, pH 2.0. The deposits of K,Na,V-oxides were obtained onto a 
stainless steel anode at ianode = 3.5–4.0 mA/cm2, t = 80–85° С, followed by their heat treatment at 
300° С for 2.5 h. It was found that the deposits contain sodium vanadates Na5V12O32 [PCPDF WIN 
No. 24–1156] and potassium vanadates KV5O13 [PCPDF WIN No. 40–45]. Table I shows the 
results obtained with K,Na,V-oxide electrodes, the active mass of which is 30–40 mg/cm2, and a 
lithium counter electrode in the electrolyte 1 mol/l LiClO4, propylene carbonate (PC), 
dimethoxyethane (DME) at a density current idischarge = 0.20 mA/cm2, icharge = 0.05 mA/cm2. A 
common characteristic feature of the investigated electrodes is the high open-circuit voltage (OCV> 
3.70 V). 

Electrodes with an increased mass of the active component show the possibility of conversion 
with a return of 130 mAh/g (mass 125 mg/cm2) and 150 mAh/g (mass 91 mg/cm2) when discharged 
to a voltage of 2.5 V.  
TABLE I. Results of the study of composite electrodes based on K,Na,V-oxide material, obtained from a 
solution of potassium metavanadate in the presence of Na+ 

 
Loading 

     mg/cm2 

 
OCV, V 

 
№ cycles 

Qdisch, mAh/g 
Еdisch=3.8–2.0 V, Еdisch=3.8–2.4 V 

  31.0–40.0 3.75–3.80        1 
      21 

325–280 
 

 
218–235 
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The deposits were obtained from solutions of oxovanadium sulfate in the presence of (K, Na) 
ions in the form of a dispersed powder onto an 18N12Kh9T stainless steel anode and in the form of 
a dense coverage. Deposition conditions: cathodes – titanium alloy VT – 1, anodic current 
density 15–20 mA/cm2, t = 80–85° С. Electrolyte composition: VOSO4 – 0.20 mol/l,  
K+ – 0.50 g-ion/l, Na+ – 0.05 g-ion/l. The deposits were heated at 300°C for 2.5 h. According to X-
ray phase analysis, the deposits contain sodium vanadates Na10V24O64 [PCPDF WIN No. 19–1257] 
and potassium KV5O13 [PCPDF WIN No 40–45]. Traditional composite electrodes based on the 
synthesized dispersed powder with acetylene black at a discharge of up to 2.6 V provide a capacity 
of 130–140 mAh/g. When cycling a thin-layer sample that does not contain an electrically 
conductive additive and a binder, paired with a lithium counter electrode, the discharge capacity are 
250–290 mAh/g within a voltage of 3.8–2.0 V in the first cycle and 234 mAh/g in the 21st cycle at a 
current density of 0.05 mA/cm2 (Figure 1). It can be increased by co-deposition of vanadium oxide 
with an electrically conductive polymer (such as polypyrrole or polyacetylene). 

 

 
Figure 1. Discharge-charge curves of thin-layer ballastless K,Na,V-oxide compounds with a mass of 
3 mg/cm2, obtained onto the anode from a solution of oxovanadium sulfate in the presence of Na+ and K+.  

Conclusion 

Precipitation by electrolysis from metavanadate solutions and solutions of oxovanadium 
sulfate with the same content of potassium and sodium ions in them leads to a difference in the 
structure of vanadates. The discharge profile of the synthesized products from a metavanadate 
solution is characterized by a monotonic decrease in voltage from the OCV passing into an 
extended horizontal section near 2.60 V. In the high-voltage part of the discharge curves of the 
synthesized material, obtained from solutions of oxovanadium sulfate, the voltage does not 
monotonically change from OCV to 2.60 V. There are horizontally inclined voltage sections, which 
are especially pronounced in thin-layer electrodes (Fig. 1) – near 3.4 V and 3.2 V, as well as near 
2.3 V. Such plots are a characteristic feature of the discharge curves of crystalline V2O5 oxide. In 
these curves of the synthesized material, the length of the sections near 3.4 V and 3.2 V is increased 
under the influence of K+. The horizontal sections near 3.4 and 3.2 V characterize phase transitions 
in V2O5 oxide (α-ε) and (ε-δ), which provide a theoretical capacity for the formation of LixV2O5  
(x = 1) 147 mAh/g, whereas the actual discharge capacity in micrometer V2O5 is equal  
120–110 mAh/g. The synthesized material in these sections reaches the theoretical capacity of 
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V2O5 oxide or its excess (Figure 1). Along with this, the descending part of the discharge curve of 
the synthesized material is lengthened under the influence of potassium ions, increasing its 
discharge capacity. The irreversible capacity of the synthesized material in the 21st cycle at a 
discharge up to 2.0 V does not exceed 10% of the starting capacity, which is much less than in 
V2O5 oxide. 

The double potassium-sodium effect, which promoted the improvement the discharge 
characteristics of the vanadium-oxide compound obtained from a solutions of Na,K-oxovanadium 
sulfate, can be useful for the implementation of miniature lithium batteries based on an 
electrochemically synthesized thin-layer Na,K,V-oxide material.  
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A State of Art Critical Review on Advancement in Mxenes for Lithium and 
Sodium Ion Batteries in the view of Atomic Layer Spacing  
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Abstract  

Recently Mxenes, an emerging family of 2-D metal carbide, nitride and 
carbo-nitrides have fascinated significant attention in the field of 
electrochemical energy storage owing to its unique properties such as 
hydrophilic nature, large surface area to volume ratio and internal surface 
areas, higher conductivity, larger atomic spacing. MXene can produce 
remarkably higher volumetric capacitance than the graphene owing of its 
ultra-high density and pseudo-capacitive charge storage behavior in sulfuric 
acid and thus, making it most suitable for electrochemical energy storage 
applications. Even though there have been wide ranging research reported the 
about MXenes, the most notable characteristics of MXenes are overlooked 
such as larger and adjustable atomic layer spacing, which makes these novel 
materials unique from other 2-D materials. By considering the distinguished 
nature of MXenes, we mainly discuss the role of adjustable interlayer spacing 
achieved through pillaring technology on performance of anode material for 
the battery. In addition, future viewpoint and challenges of Mxene composite 
will be discussed regarding the electrochemical energy storage. 
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Electrochemical characterization of gel polymer electrolyte used in lithium-ion 
batteries 

I. Veselkovaa, M. Sedlaříkováa 

a Department of Electrical and Electronic Technology, Brno University of Technology, Technická 
10, 616 00 Brno, Czech Republic 

The preparation and electrochemical properties of gel polymer electrolytes 
are briefly reviewed in this paper. Gel polymer electrolytes with LiPF6 and 
TEA BF4 were prepared. Ionic conductivity was calculated from impedance 
spectroscopy measurement and its dependence on temperature was studied. 
The electrochemical stability window of the samples was studied by linear 
sweep voltammetry. The results indicate which gel had higher conductivity 
and higher electrochemical stability. 

Introduction 

Lithium-ion batteries have been paid increasing attention in recent decades due to their high 
energy density, long cycle lives and high efficiency. Gel polymer electrolytes (GPEs) have been 
increasingly studied due to several advantages, including no shape restrictions, faster charging and 
discharging, and higher power density [1], [4]. 

Gel polymer electrolytes consist of a large quantity of liquid electrolyte and polymer network, 
which are completely compatible with each other to form a stable gel. Due to the workability of 
polymers, the gel polymer electrolytes can render the energy storage devices with adjustable shapes 
and high flexibility, which is promising for burgeoning portable and wearable electronics [4], [5]. 
Gel polymer electrolytes have become one of the most desirable alternatives among various 
electrolytes for electrochemical devices, and significant progress has been made in lithium ion 
batteries and the other kinds of electrochemical energy storage devices. In order to meet the 
requirements of wearable devices for flexibility and deformability, more special gel polymer 
electrolytes with tough, stretchable and compressible functionalities have been developed as well 
[1], [4], [5]. 

Requirements for gel polymer electrolytes for lithium batteries are high ionic conductivity at 
ambient and subsurface temperatures, good mechanical strength, significant transference number, 
thermal and electrochemical stability, and better compatibility with electrodes [6]. 

Chemical composition and preparation 

Lithium hexafluorophosphate-98% (LiPF6), tetraethylammonium tetrafluoroborate-99% 
(TEA BF4), ethylene carbonate (EC), diethyl carbonate (DEC), methyl methacrylate (MMA), 
ethylene glycol dimethacrylate (EDMA) and benzoin ethyl ether (BEE) were purchased from Sigma 
Aldrich [2], [3]. Fig. 1 shows chemical formulas of chosen salts. 
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Figure1. Chemical formulas of chosen salts: (a) LiPF6, (b) TEA BF4 

Preparation of gel polymer electrolyte 

Gel precursor solution was prepared by dissolving LiPF6/TEA BF4 into EC/DEC (in weight 
1:1). Monomer MMA, crosslinking agent EDMA and initiator of UV-light polymerization BEE 
were then added into the solution. Afterward, this solution was stirred 20 min, until all the staring 
materials had dissolved. Finally, gel electrolyte precursor was exposed to UV irradiation for 60 min 
to obtain self-standing gel polymer electrolyte [2], [3].  

Experiment 

Gel polymer electrolytes with different conductive salts (LiPF6, TEA BF4) were prepared 
during experiment. All manipulation with gel electrolytes was in glove box in argon atmosphere. 
Electrochemical properties (ionic conductivity, potential window) were measured of prepared gel 
samples. For measure electrochemical properties gel sample was placed into electrochemical test 
cell between two steel electrodes.  

Figure 2 presents the dependence of ionic conductivity on temperature. The measurements of 
conductivity were performed from 25°C to 60°C. In this figure we can see that the conductivity of 
the samples increases with the increase of temperature. The GPE based on TEA BF4 had higher 
conductivity, but conductivity of gel electrolyte with LiPF6 increases linearly with increasing 
temperature.  

  
Figure 2. Temperature dependence of ionic conductivity for the gel polymer electrolyte as a function: 
(a) GPE based on LiPF6, (b) GPE based on TEA BF4 
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Figure 3 illustrates potential windows of prepared gels. The potential window of gel prepared 
with LiPF6 varies from 4.04 V to over then 5.1 V, whereas the potential window of gel electrolyte 
prepared with TEA BF4 varies from 3.42 V to 3.71 V at room temperature (25°C). 

 
Figure 3. Potential windows of prepared gel polymer electrolytes 

Conclusion 

Gel polymer electrolytes with the same concentration of conductive salts (such as LiPF6 and 
TEA BF4) were prepared. The electrochemical properties of these GPEs were measured. The ionic 
conductivity of these samples increases with increasing temperature and increase have a linear 
dependence. The gel based on TEA BF4 has higher conductivity, but electrochemical stability is 
low. Conversely, gel based on LiPF6 is more stable, but ionic conductivity is low. From the 
electrochemical analyses, it can be stated that the gel polymer electrolyte system is an effective tool 
for improving the properties of lithium batteries.  
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Active masses for supercapacitor electrodes based on copolymers and compo-
sites of redox-active comonomers and intrinsically conducting polymers 
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Supercapacitors SCs employing charge storage in the electrochemical double layer have es-

tablished themselves as powerful options to store and release electric energy at high power showing 
a remarkably high stability (for an introduction see[1-3], for monographs on most relevant aspects 
see[4-9]). Despite remarkable progress in material and design development the energy density of 
available devices is considered to be still disappointingly low. In particular for applications where 
slightly less power at much higher energy storage capability combined with the remarkable stability 
of SCs is desired approaches to enhanced charge storage in the electrode material finally resulting 
in higher energy density would be highly welcome. 

The utilization of surface-confined redox reactions of metal oxides (later: chalcogenides) has 
been suggested years ago[10, 11], intrinsically conducting polymers ICPs have been proposed as 
another option [12]. Redox-active organic materials have been proposed for charge storage, too, 
driven by environmental and recycling concerns as well as by the limited resources of at least some 
metals in said chalcogenides (e.g. cobalt). Various conditions should be met by candidate materials: 

• Insoluble in the electrolyte solution in order to avoid self-discharge and loss of electrode ca-
pacitance 

• Fast and reversible electrode reactions to ensure high rate capability of the electrode and high 
overall energy efficiency 

• Cheap and easily available 

• Causing no unacceptable environmental concerns 

Among candidate materials members of the quinone and the ferrocene families (see Fig. 1) of 
compounds have attracted particular attention. 

 
Figure 1. Schematic redox reactions of quinone and of ferrocene. 

 

There are various methods of integrating these materials into an actual electrode. The most 
simple approach would be to deposit the molecules of interest on the carbon material used as the 

OH

OH

O

O

+ 2 e- + 2 H+ + e-Fe2+ Fe3+
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starting bulk material of the electrode. Given the poor solubility of anthraquinone AQ and aminoan-
thraquinone AAQ in neutral and acidic aqueous electrolyte solutions soaking the carbon (e.g. pow-
der) in a nonaqueous solution of the AAQ in e.g. acetonitrile appears to be a simple and sufficient 
option. Depending on the available surface area of the carbon material in a given sample and the 
amount of dissolved AQ or AAQ the actually introduced amount may be enough to enable a mono-
layer coverage or more. In any case it remains open whether adsorption (as claimed e.g. in [13]) or 
simply deposition took place. Determination of adsorption isotherms might help to find out more. 
Using an ICP instead of the carbon might provide a support which is redox-active for storage itself 
beyond the double layer storage of carbon materials. This option has apparently not been verified so 
far, it is part of our ongoing research. 

Covalent linking of the molecules to a carbon surface is a further option promising at first 
glance higher stability against loss of active material into the electrolyte solution and protection 
against possible failure to exchange electrons with the conducting carbon support. Examples involv-
ing chemical synthesis procedures of variable complexity are shown in Fig. 2. 

Figure 2. Proposed structure of 1,2-diaminoanthraquinone attached to a carbon surface [14]. 
 

An option somehow combining aspects of the preceding examples is incorporation of the re-
dox-active material with the ICP to form a copolymer. The molecule may be part of the polymer 
chain or it might be attached to the chain as a pendant group, examples are shown in Figs. 3 and 4. 

Figure 3. ICP chain with pendant quinone redox moieties (simplified scheme). 

Figure 4. ICP with redox moieties incorporated in the molecular chain (simplified scheme). 
Both products are true copolymers; on nomenclature and experimental ways for verification 

see [15]. Although in most concepts the experimental realization will be the crucial test the question 

N *

N

N

N

OH

OH

OH
* n

 

OH

OH

OH

OH

OH

N *
N

N
N*

n

 

57



21st Advanced Batteries, Accumulators and Fuel Cells  Supercapacitors 

for advantages and disadvantages of both options may be asked. Pendant groups as in Fig. 3 may be 
preferable because they most likely will interfere less with charge transport along the chain and thus 
electronic conductance of the ICP. For reported examples no conductance data have been reported, 
accordingly the question is currently an academic one. 

A final possibility somehow resembling the arrangement of Fig. 3 is the use of functionalized 
redox-active molecules (e.g. anthraquinone-2-sulfonate [16]) as counter-anions for the ICP. Upon 
oxidation of the ICP the counter-anion moves into the ICP and may participate in charge storage. 
Upon reduction it will be reduced itself provided the electronic charge transfer proceeds effectively, 
and the ICP will be reduced itself. Because the counter-anion must be sufficiently soluble in the 
electrolyte solution self-discharge by movement of this anion between the electrodes is likely. If no 
suitable means to prevent this movement are installed the positive effect of enhanced charge stor-
ageChyba! Záložka není definována. may turn out to be rather limited. Adding a membrane may increase the 
internal resistance of the cell, but gelling of the electrolyte solution may provide an option waiting 
for verification. 

Examples of all presented options will be shown, results as far as available will help to assess 
the practical achievements. 
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The different composites made from rGO, Ni-MOF and PANI were 
synthesized via hydrothermal method and tested as electrodes of the 
supercapacitors. The structure and morphology of the composites were 
characterized via SEM, XRD and FTIR. The electrochemical properties of 
electrode materials were studied using CV, galvanostatic charge/discharge 
and EIS. The results obtained have shown that the incorporation of rGO, Ni-
MOF and PANI into the composites leads to increased specific capacitance It 
can be explained by formation of  thridimentional porous structure, which 
enhances the contact between electrolyte ions with the composite electrodes. 
The specific capacitance of rGO/Ni-MOF/PANI in  

1 M H2SO4 is about 200 F/g at 0.2 A/g charge/discharge, and the average 
capacitance retention remained 80% after 5000 cycles at current density 
1 A/g. 
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New Hybrid Phospho-Siloxane Membranes for H2/O2 Fuel Cells 
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Currently, the low operating temperatures of commercial proton conducting 
polymer membranes and their humidity requirements for achieving 
sufficiently high proton conductivity add high complexity to fuel cell systems, 
which impacts their cost and durability. In our research, we focused on the 
development of new cost-effective polymer nanocomposite membranes with 
better medium-temperature performance. 

Introduction 

To produce cost-effective medium-temperature fuel cells, it is necessary to develop a new 
type of membrane able to achieve sufficiently high proton conductivity in a dry atmosphere. To 
meet these criteria, a high concentration of relatively stable hydroxyl groups is required in the 
structure of the membrane. When such groups are close to each other, they form diffusion pathways 
suitable for fast proton migration even in a dry atmosphere above 100 °C. Therefore, we developed 
a nanocomposite membrane based on a hybrid inorganic-organic polymer with a 
polydimethylsiloxane backbone containing phosphorous heteroatoms with SiO2 nanoparticles and 
micro/nanowires. 

Experimental 

Our first-generation hybrid inorganic-organic phosphor-siloxane polymer membranes was 
based on a polydimethylsiloxane backbone containing phosphorous heteroatoms (1). The desired 
structure of the membrane was formed by the reaction of dimethyldichlorosilane and 
tetraethoxysilane in molten orthophosphoric acid (Fig.1). For the improved second-generation of 
our membranes (Fig.2), the first-generation polymers were filled with spherical SiO2 nanoparticles 
(5 to 20 nm, specific surface of 200 m2·g-1) covered with -OH functional groups (2). Moreover, the 
structure of the membranes was reinforced with microwires and nanowires based on SiO2. The 
membrane proton conductivity (Figs.3 and 4) was precisely measured using electrochemical 
impedance spectroscopy in a temperature range of 25—200 °C. The impedance data were recorded 
with an Autolab PGSTAT30 potentiostat in a frequency range of 10 mHz—1 MHz. The resulting 
impedance spectra were analyzed in Bode and complex Nyquist plane diagrams (Fig.5) using the 
equivalent circuit approach. 
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Figure 1. Flexible membrane 50x50 mm. 
 

 
Figure 2. SEM picture of membrane’s surface. 
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Figure 3. Hopping mechanism of proton conductivity in a membrane. 
 

 
Figure 4. Hopping of protons in the presence of SiO2 nanoparticles. 
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Figure 5. Impedance of a membrane at increased temperature.  

Results and Discussion 

The proton conductivity of the first-generation membranes calculated from the circuit 
parameters was promising. Therefore, using based on them simulations, we optimize the 
composition and structure of the second-generation membranes. Their proton conductivity was 
further enhanced when the polymers were filled with spherical SiO2 nanoparticles covered with -
OH functional groups and their structure was more reinforced by incorporating microwires and 
nanowires based on SiO2.This resulted in membranes with an improved mechanical strength, 
elasticity and higher conductivity of about 9 S·m-1 at 150 °C in a dry atmosphere. Next, we tested 
the performance of the membranes in a laboratory H2/O2 fuel cell in the range from 20 to 180 °C 
using dry H2 and O2 input gases. The fuel cell was equipped with standard electrodes made of 
carbon paper with a Pt/C catalyst; the surface area of the electrodes was 5 cm2. The performance of 
the fuel cell significantly improved as the temperature increased. Power density maxima increased 
and moved to higher current densities and current/voltage characteristics became less steep. 
Following these tests, the membranes were characterized using other analytical tools, including 
optical and electron microscopy, differential thermal analysis, thermal gravimetric analysis, infrared 
and Raman spectroscopy, and nuclear magnetic resonance. The collected data were used for the 
simulations to optimize our furthermore advanced phospho-siloxane membranes. 

Conclusion 

By introducing the functionalized SiO2 nanoparticles and micro/nano wires into the structure 
of our phospho-siloxane membranes, their proton conductivity, mechanical strength, and 
electrochemical performance significantly improved. Collectively, our results indicate that the 
developed hybrid polymer membranes containing nanoparticles, microwires and/or nanowires are 
promising for the construction of H2/O2 fuel cells operating at elevated temperatures in a dry 
atmosphere.  
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Introduction 

When narrow-gap semiconductors were used in photoelectrochemical cells (PEC), the 
magnitude of the photo potential is insufficient to decompose water.  To solve this problem, you can 
replace the anodic oxygen evolution reaction with another, for example, by the reaction of 
oxidation xS2-  Sx

2- + 2(x-1)e- [1, 2]. This process takes place with less overvoltage in the 
electrochemical system, which allows more efficiently converse a solar energy. In addition, for 
more efficient production of hydrogen, it is necessary that the cathode chamber is filled with 
electrolyte with pH = 1 – 2, and the anode chamber with electrolyte with pH = 13 – 14. The high pH 
difference in the anolyte and catholyte chambers causes the appearance of a chemical potential that 
promotes the processes of water decomposition in the photoelectrochemical cell. For long-term 
operation time of such systems, it is necessary to stabilize the electrolyte composition of the anolyte 
and catholyte chambers (as well as pH), which can be done using a membrane that excludes 
changes in pH, and the concentrations ions involved in an electrochemically reactions. We proposed 
to replace the traditionally used ion-conducting membrane MF4-SK (Nafion type) in such system 
with a ceramic membrane of the composition La0,56Li0,33TiО3 (LaLiTiО3) which has high 
conductivity for lithium ions and additionally introduce into consist of electrolyte lithium 
compounds. Therefore, the purpose of this work was to determine the fundamental possibility of 
using a ceramic membrane based on LaLiTiO3 in a photoelectrochemical cell and to study the 
characteristics of this system. 

Experimental part 

Lanthanum-lithium titanate LaLiTiO3 was obtained by solid-phase reactions. The initial 
reagents were: La2O3, Li2CO3, TiO2 rutile. Homogenizing grinding of stoichiometric amounts of 
the initial reagents, as well as the synthesized mixture, was carried out in a planetary centrifugal 
mill Retsch PM-100. The fusion of mixture was carried out at a temperature of 1050 °C for 2 hours. 
The resulting blanks were pressed and sintered in an air atmosphere at a temperature of 1300 °C for 
2 hours. From the obtained blanks were cutted discs with thickness 0.7 mm and a 20.5 mm in 
diameter. This thickness is due to the design of the PEC cell, which allows the membrane to be 
tightly fixed and prevent mixing of electrolytes. The density of ceramic samples LaLiTiO3 was 
measured by pycnometric and geometric methods. The microstructure of the ceramics was 
examined using a SEM microscope JEOL JSM-6510. To study the conductivity of the LaLiTiO3 
ceramics, contacts were prepared by firing a silver-containing paste. For impedance studies in the 
32 MHz – 0.1 Hz range were used impedance analyzer 1260A Impedance / Gain-Phase Analyzer 
(Solartron Analytical). The electrical equivalent circuit and the values of its components were 
determined using the ZView computer program. X-ray diffraction (XRD) was performed on a 
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DRON-4-07 X-ray diffractometer. The current-voltage characteristics were measured in a model of 
photoelectrochemical cell with two different electrodes with an area of 2 cm2 (CdSe electrode) and 
1 cm2 (Pt electrode) using a P-8S potentiostat (Elins, Russia). To compare the current-voltage 
characteristics were used the ceramic membrane from Li0.56La0.33TiO3 and MF4-SK membrane 
(Nafion type) with the same diameter. Electrolytes were: 1M NaOH + 1M Na2S + 10% LiOH 
(anolyte) / 30% H2SO4 + 1M Li2SO4 (catholyte) and 1M NaOH + 1M Na2S + 10% LiOH (anolyte) 
/ 30% KOH + 2M LiOH (catholyte). The temperature during measurement was 22 – 24 °C. The 
photosensitive CdSe semiconductor film was formed by an electrochemical method on substrate 
from 0.4 mm thick titanium (VT1-0 grade). The substrate was preliminarily degreased in acetone, 
followed by etching for 1 – 2 min in a mixture of acids: HF - 15 g / l; HNO3 - 200 g / l. Then, 
electrochemical treatment was carried out in a solution of 0.7 M H2SO4 (mode: E = 0.2 – 0.65 V; 
sweep - 10 mV / s; 5 cycles). Electrochemical deposition of a semiconductor CdSe film was carried 
out at in a potentiostatic mode on a titanium substrate with the potential E = -0.6 V (±0.03 V) 
relative to a silver-chloride reference electrode. The current density was j = 0.7 – 2 mA / cm2 and 
the time was 30 minutes. For electrolysis, a sulfuric acid electrolyte was used with the following 
components: H2SO4 - 0.7 – 2 mol / l; H2SeO3 - 0.003 – 0.005 mol / l; CdSO4 - 0.02 – 0.03 mol / l. 
Annealing of the CdSe electrode was carried out in an air atmosphere at 470 °C for 3 h. Then, the 
surface was activated in an aqueous solution: HCl - 180 g / l, HNO3 - 17 g / l for 4 – 5 sec at room 
temperature. The surface of the CdSe semiconductor film was studied using a SEM electron 
microscope JSM 6700F. 

The results of XRD analysis of the sintered ceramic sample of the LaLiTiO3 composition 
show that the main phase is solid solutions with a perovskite structure of the rhombohedral system 
(space group R 3c) with unit cell parameters about a = 5.48 Å and c = 13.42 Å. In addition, the 
presence of low-intensity peaks of the P4 / mmm tetragonal phase is observed, corresponding to the 
same chemical composition of LaLiTiO3 as the rhombohedral phase. It was found from SEM 
microscopic studies that the grain size of the ceramics were 2 – 10 microns. 

XRD analysis of the surface of a CdSe electrode obtained by electrochemical deposition on a 
titanium substrate and subsequent annealing showed the formation of a hexagonal CdSe phase. It 
was found from SEM microscopic studies that the particle size of electrochemically deposited CdSe 
were ≥ 2 μm. In the study of the parameters of the photoelectrochemical cell, it was found that the 
ion-conducting membranes MF4-SK and the ceramic membranes Li0.56La0.33TiO3 effectively 
operate in the PEC system for the hydrogen evolution. A CdSe photoanode and a Pt cathode were 
used for measurements. Light power was 10 mW / cm2. When the CdSe photoanode was 
illuminated, the open-circuit voltage ranged from -0.5 V to -1.1 V, depending on the type of used 
membrane and electrolyte.  

In Figure 1 shows the dependences of the photocurrent on time for the PEC cell when the 
photoanode is illuminated with various electrolytes and membranes. In practical application, in a 
PEC cell, are realized lower magnitude values of the hydrogen evolution current when using the 
Li0.56La0.33TiO3 membrane (Figure 1 a) due to it higher resistivity in comparison with the MF4-SK 
membrane (Figure 1 c). Membrane MF4-SK has low polarization losses due to low resistance, but 
when it is applied, the pH of solutions is equalized during several months (2 ÷ 3 months).  
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Figure 1. Dependence of the photocurrent on time for PFC cell with the membrane: Li0.56La0.33TiO3 (a, b) 
and MF4-SK (c) Electrolyte were anolyte / catholyte, respectively: 1M NaOH + 1M Na2S + 10% LiOH / 
30% H2SO4 + 1M Li2SO4 (a, c); 1M NaOH + 1M Na2S + 10% LiOH / 30% KOH + 2M LiOH (b). 

 
Ceramic membrane LaLiTiO3 showed the absolute separation capacity. 

Conclusions 

A ceramic membrane for a photoelectrochemical cell was created on the basis of the 
LaLiTiO3 compound. The parameters of a photoelectrochemical cell were investigated using 
different types of membranes (LaLiTiO3 and MF4-SK). It was found that membranes MF4-SK and 
LiLaTiO3 effectively work in the photoelectrochemical systems for hydrogen evolution. In contrast 
to MF4-SK, the LiLaTiO3 ceramic membrane in the electrochemical cell showed an absolute 
separating ability, but due to its high resistance it has large polarization losses. Is shown 
fundamental possibility of creating an electrochemical cell with ceramic membrane based on 
lanthanum-lithium titanates (La,Li)TiO3. The ceramic membrane has an advantage over MF4-SK at 
a low current density. For increase the current it’s necessary to decrease the resistivity (an increase 
in it area and a decrease in its thickness)  
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Vanadium redox flow batteries, with several MWh-scale installations worldwide[1], proved to 

be a safe, reliable and long-lasting energy storage technology. However, high and fluctuating price 
of vanadium stimulate the seek for alternative active compounds. Organic redox couples are 
particularly attractive[2, 3] as their relevant properties can be tailored by modification of their 
chemical structure. Moreover, they can be produced at high volumes and low costs e.g., from oil 
residues. 

In our study a series of organic redox active compounds based on bipyridine or anthraquinone 
was synthesized and characterized with respect to their application in redox flow battery as active 
compound of negative electrolyte. General electrochemical characterization was assessed from 
voltammetric experiments using glassy carbon rotating disc electrode at different pH of electrolyte. 
Selected molecules were tested in a flow electrolysis cell using carbon felt electrodes to evaluate 
their electrochemical stability under conditions of application. The change in chemical structure of 
the redox molecules due to cycling was evaluated by NMR analysis of the electrolytes. 
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The vanadium redox flow battery is one of the most promising technologies for storing of 
electric energy from renewables. Its advantages are power and capacity independency, high 
efficiency and outstanding lifetime. 

In previous work, we observed energy efficiency decay by 15% during 2000 charge-discharge 
cycles when using as received carbon felt negative electrode, whereas it decreased only by 1% with 
thermally treated felt.1 Nonetheless, even the slow decrease could be a problem on ten years scope. 

Thus, here we study influence of operating conditions such as current load (0 and 150 mA cm-

2), and SoC of negative electrolyte (+25 to +95%) on deactivation rate of as received felt using 
modified double half-cell setup2 with single negative electrolyte to evaluate the effect of these well 
defined conditions for real battery operation and accelerated lifetime testing. Both full-cell and half-
cell polarization at 25 mA cm-2 and electrochemical impedance spectroscopy at OCV were used for 
deactivation evaluation. Before and after 6-days experiments under given conditions 
characterization in +50% SoC was performed to compare the performance under identic conditions. 

Results showed us that used felt electrodes have significantly different initial performance 
(charge transfer resistances) and also initial phase of deactivation process is very variable for 
individual pieces of the same felt material. From these data it seems that current load neither 
electrolyte SoC does not have huge effect on the deactivation rate. The developed method can be 
easily adopted for stability evaluation of electrode materials for redox flow batteries of versatile 
chemistries. 
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The results of research and development presented in this article confirm the 
prospects for the use of modifying additives based on Nano dispersed carbon-
containing additives in the electrodes of lead-acid batteries. The energy, 
power, and stability parameters during cycling the electrodes of the lead 
battery are increased. The developed method is technological, easy to operate, 
does not require the use of scarce materials and significant production costs 
for implementation in production. The use of this innovative approach to 
modifying the technology for manufacturing electrodes of lead-acid batteries 
solves significant problems that appear for both the positive and negative 
electrodes 

Introduction 

To improve the operational characteristics of lead battery, it is necessary to increase the 
conductivity of the active mass of the electrodes, to reduce the irreversible sulfation of the electrode 
plates, avoid the destruction the electrode mass of the positive electrode, and etc. Research and 
development confirm that the solution to these problems can be based on the introduction of 
nanostructured carbon additives into the electrode mass. Such modifying additives optimize the 
formation of the skeletal structure of the electrodes of lead-acid batteries and increase the 
conductivity of the active mass of electrodes. 

The presence of nanostructured carbon materials optimizes the porous macrostructure of the 
electrodes. This contributes to a greater depth of distribution of the electrochemical process in the 
inner layers of the active mass. And this allows to shorten the period of the mode of formation of 
electrodes and battery charging. The effect of a nanostructured carbon material depends on its 
nature, conductivity, specific surface area, particle size, pre-activation, and also on the ratio of the 
components of the paste. In this work, показан synergistic effect of nanotechnology and optimized 
industrial manufacturing process for lead electrodes enhances the performance of lead-acid batteries. 
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Experimental 

The following materials have been investigated and used: 

• - Fullerene soot obtained at the M.S. Polyakov Institute of Geotechnical Mechanics under the 
National Academy of Sciences of Ukraine. Fullerene soot (FS) has been produced by the 
Huffman-Kretschmer method and consists of approximately 65% C60 fullerene, 32-33% C70 
fullerene, and 2-3% higher fullerenes; 

• Thermo-expanded graphite (TEG), developed and provided by the company Enerize 
Corporation. 

• Natural graphite 
• Carbon black 
• Electrode paste powders for the positive and negative electrodes of lead-acid batteries.  
• Electrode pastes and electrodes have been produced in the course of these studies work.  

 

The determination of the conductivity and density of carbon materials powder and electrode 
masses based on them have been carried out by innovating an electromagnetic non-destructive 
contactless method, using a special device. These non-destructive method and device have been 
developed by the Enerize Corporation (USA) [1, 2]. 

The complex resistance of the electrodes was determined as a segment on the active 
resistances axis obtained by extrapolating the impedance spectrum. The frequency range in which 
the impedance spectra were obtained is 100 kHz - 100 Hz. The amplitude of the voltage is 10 mV. 
The electrodes were connected according to a 2-electrode scheme: a working electrode based on 
PbO2, a counter electrode based on Pb. An analytical radiometer Voltalab PGZ 301 was used to 
register the impedance spectra. All measurements were carried out at a temperature of 25 ° C. 

Results 

Table 1 shows density and conductivity of power carbon materials. For comparison, the 
values of conductivity and density of various powders of carbon materials are given, possible 
candidates for use in lead-acid batteries. 

The research results showed that when the fullerene powder is compacted and when the 
natural graphite powder is compacted with their conductivity does not change. At the same time, 
compaction of thermally expanded graphite and acetylene black leads to an increase in their 
conductivity by about an order of magnitude. The conductivity of fullerene soot is 2 times higher 
than the conductivity of TEG. However, the conductivity of a mixture of dry components of 
electrode masses with the addition of fullerenes is much lower than the conductivity of dry 
components of electrode masses with the addition of thermally expanded graphite. Here is a 
combined effect of two factors: the conductivity and density of powders of carbon materials. TEG 
graphite is light (0.055 g / cm3), while fullerene has a higher density (0.157 g / cm3). TEG, due to a 
larger amount in the same volume, is better distributed in the electrode mass, thereby providing a 
satisfactory electrical contact between the particles of the mass components. That is, in addition to 
the conductivity of the carbon material, it is necessary to take into account the macrostructure of the 
mixture based on it. 
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Table I. Conductivity of various carbon materials powders 

Parameter 
Not compacted,  Сompacted, 
ρ,     

g/cm3 
σ, S/m  ρ,   

g/cm3 
σ, S/m 

Fullerene black 0,116 3,32·10-3  0,157  3,35·10-3 
Graphene 0,099 1,24·10-3  0,108      5,15·10-3 
Thermo-
expanded 
graphite 

0,042 3,38·10-4 
 

0,055     1,27·10-3 

Natural graphite   0,240 5,63·10-4  0,433     6,20·10-4 
Carbon black   0,182 6,77·10-4  0,223      1,37·10-3 

 
. Figure 1 shows the hodographs of the electrodes impedance after the 1st stage of formation.

 
Figure 1. Impedance hodographs of electrode for lead-acid cell after 1st step of forming. The electrolyte is 
sulfuric acid with a density of 1.24 g / cm3. Working area of the electrode 15 cm2.   
 

Figure 1a presents the hodograph impedances of two systems each with two electrodes: 1) 
positive industrial electrode from the factory and negative electrode that have been modified with 
Fullerene; and 2) positive industrial electrode from the factory and negative electrode that have 
been modified with TEG. Figure 1b presents the hodograph impedances of two systems each with 
two electrodes:1) positive electrode modified with nano dispersed TEG and negative industrial 
electrode from the factory; and 2) positive electrode modified with Fullerene and negative industrial 
electrode from the factory;. 

Presented results illustrate that for positive and negative electrodes, the effect of 
nanostructured carbon additives is different. The nano dispersed carbon materials– Fullerene and 
TEG, which could modify the electrodes for lead-acid batteries, dramatically decreased the 
impedance of negative electrodes. The effect of nano structured carbon additives on the impedance 
of positive electrodes is much less pronounced. 

However if both electrodes in lead-acid batteries – negative and positive –are modified with 
nanostructured carbon materials, for example, with Fullerene, the impedance parameters of system 
substantially decreased.(Fig.2).As results the complex resistance of the system decrease and the 
power of lead-acid battery increase. 
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Figure 2. Impedance hodographs of two electrodes of lead-acid cell. The electrolyte is sulfuric acid with a 
density of 1.24 g / cm3. Working area of the electrode 15 cm2.   

 
Result of investigation shown that the effect of a nanostructured carbon additive on the 

impedance characteristics of the electrodes of lead-acid batteries depends on the degree of 
formation of the electrodes 

In summary, the complex of research and development illustrates the synergistic effect of the 
conductivity and macrostructure of a nano dispersed carbon-containing additives, which modify 
electrodes and dramatic improves the energy and power characteristics of lead-acid batteries. 
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The paper deals with the influence of temperature on the cell impedance 

parameters during discharge and charge of the lead-acid battery cell. Nyquist 

diagrams for different temperatures were compared.  

Introduction 

Use properties of lead-acid batteries are affected by ambient temperature. This can have both 

positive and negative effects on important cell parameters, such as capacity, power, or cycle life. 

The operating temperature for lead-acid batteries ranges from 10 to 30 °C (optimally 20 °C ± 5 °C). 

The manufacturer's specifications are given at 20 °C. Lower temperatures cause an increase in 

internal resistance and associated drop in capacity. This is due to the slow diffusion processes 

during discharge and charge of the battery. Higher temperatures cause a decrease in internal 

resistance and thus an increase in power, but the rate of all parasitic reactions, such as self-discharge, 

corrosion, and gassing during charging, increases. In open systems, there is increased evaporation 

of electrolyte and exposure of electrodes. In sealed systems, the oxygen cycle rate increases during 

charging, causing additional battery heating. This can case thermal runaway of the battery. 

Impedance spectroscopy is suitable method for impedance measurements. Impedance of 

electrochemical cell is measured in a wide range of frequencies and the results are shown by 

impedance diagrams. They can be plot either in the Bode diagram (modulus in log scale vs. 

frequency and phase angle vs. frequency) or in the Nyquist diagram (imaginary part vs. real part). 

In the Nyquist diagram, electrochemists are used to plot the opposite of the imaginary part on the 

ordinate axis, so that the capacitive loop appears in the upper quadrant and inductance part in lower 

quadrant [1 - 8]. 

In Nyquist diagram of a battery cell is included the ohmic resistance due to the connections, 

the separator, the resistivity of the electrolyte and the surface coverage of the electrodes by 

crystallized lead sulphate. This high frequency resistance is in the range of m, which is the real 

part of the impedance at frequencies higher than 100 Hz. Capacitive loop is determined by the 

porosity of the electrodes. Frequency range is between 0.1 and 100 Hz. Size of capacitive loop 

corresponds to charge transfer resistance. Charge-transfer reaction has a speed depending on the 

temperature, the concentration of the reaction products, and also the potential. For positive electrode 

in the course of discharge this is the resistance of the electron transfer from crystal to electrolyte 

and resistance of the charge-transfer of reduction of Pb
4+

 to Pb
2+

 [9]. Second loop at frequencies 

lower than 0.1 Hz corresponds to Warburg impedance caused by ionic diffusion in the electrolyte 

and in the pores of the electrodes and depends on the sulphatation reaction on the electrodes. 

All of these resistances are influenced by temperature of the battery. Change of the battery 

temperature causes change of the shape of the Nyquist diagram and consequently the impedance 

changes in a wide range of frequencies. 
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Experiment 

For the experiment exploring changes of impedance in the lead-acid battery cell a sealed lead-

acid cell was used, with spiral construction, containing AGM separator with a capacity of 2.5 Ah, 

with nominal voltage 2V and internal resistance 5 mΩ [10]. 

The cell was inserted in temperature chamber with constant temperature. In situ measurement 

comprised discharge with current 0.4 A to end of discharge 1.6 V. After attaining of limiting 

voltage, charging continued with a charge current 0.4 A with a 2.4 V voltage limitation. In the 

course of discharge and charge, the potential electrochemical impedance spectroscopy (PEIS) was 

measured. Amplitude of PEIS was 5 mV, frequency interval was from 6 kHz to 50 mHz, with 

6 measured points per decade. 

Results of the PEIS measurements are presented in Fig. 1 for discharging of the cell and 

Fig. 2 for charging. Fig. 1 on the left represents a Nyquist diagram of the cell during discharge (2 % 

of DoD) for temperatures from -20 to 50.9 °C. It can be seen that as the temperature decreases, both 

the internal resistance of the cell (intersection of the x-axis) and the charge transfer resistance (loop 

size) increase.  

Fig. 1 in the middle represents a Nyquist diagram of the cell in the course of discharge (40 % 

of DoD) for temperatures from -20 to 50.9 °C. The internal resistance does not change much for all 

dependencies. Loops in the low frequency range are more flattened and have a lower radius - the 

charge transfer resistance decreases. 

Fig. 1 on the right represents a Nyquist diagram during discharge of the cell (90 % of DoD) 

for temperatures from -20 to 50.9 °C. The internal resistance increases at all temperatures. The 

lowest increase in internal resistance occurs at the lowest temperature. Because of the lowest 

capacity, so much lead sulfate was not formed at the end of the discharge at the lowest temperature 

comparing with the higher temperatures. Lead sulphate content has a more influence on the internal 

resistance increase than the low cell temperature. Loops in the low frequency range are even more 

flattened and have a larger radius. Thus, at the end of the discharge, there is a small increase in 

charge transfer resistance compared with state at 40 % of DoD. 

 

   

Figure 1. Comparison of Nyquist diagrams of the cell during discharge (DoD = 2%, 40% and 90%). 
 

Fig. 2 on the left represents a Nyquist diagram of the cell during charge (10 % of SoC) for 

temperatures from -20 to 50.9 °C. The internal resistance decreases at all temperatures. The higher 

internal resistance is at the lowest temperature of -20 °C and, paradoxically, at the highest 

temperature. The high internal resistance at the highest temperature is probably due to the higher 

lead sulphate content. The cell at this temperature had the highest capacity and hence the highest 

lead sulphate content at the end of discharge. The loops in the capacity area are not flattened, their 

radius increases with decreasing temperature. The highest charge transfer resistance is therefore at 

the lowest temperature. 
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Fig. 2 in the middle represents a Nyquist diagram of the cell during charge (40 % of SoC) for 

temperatures from -20 to 50.9 °C. At all temperatures there is a further decrease in internal 

resistance. The highest internal resistance is at the lowest temperature of -20 °C. This differs 

significantly from the internal resistances at other temperatures. The loop radius in the capacity area 

increases during charging. As the temperature decreases, the loop radius is bigger, so the charge 

transfer resistance is higher. Thus, the highest charge transfer resistance is at the lowest temperature. 

The exception is temperature 25 °C, where the loop radius is bigger than at 6.5 °C. The cell at 

temperature 25 °C and at 40 % of SoC has a lower lead sulphate content than at 6.5 °C and 

therefore it has a higher charge transfer resistance. 

Fig. 2 on the right represents a Nyquist diagram of the cell during charge for temperatures 

from 6.5 to 50.9 °C for 70 % of SoC (63 % of SoC for 6.5 °C). The dependence at -20 °C could not 

be measured for this SoC, the cell has already reached a voltage limit of 2.4 V during charging and 

PEIS measurement failed in this charging mode. At all measured temperatures, the internal 

resistance further decreases to the lowest value. The highest internal resistance is at the lowest 

temperature of 6.5 °C. The loop radius in the capacity area reaches the highest values. As the 

temperature decreases, the loop radius is larger, so the charge transfer resistance is higher. 

 

   

Figure 2. Comparison of Nyquist diagrams of the cell during charge (SoC = 10%, 40% and 70%). 
 

Conclusions 

The temperature influences the basic parameters of the lead-acid battery both in current off 

state and in operation (discharging and charging of the battery). These parameters include 

capacitance and impedance components - internal resistance and charge transfer resistance. 

Impedance changes can be detected by the Nyquist diagram. Value of the impedance components is 

changing with frequency, temperature and state of charge. Both internal resistance and charge 

transfer resistance increase with decreasing temperature. During discharging and charging, both 

components of the impedance change their value and this change is influenced by the temperature 

of the battery. Used frequency during impedance measurements reveals different impedance 

components of the battery. 
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The Technological Aspects of Iron Electrode Material 

O. I. Bilana and R. K. Nafeevb 
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Considered main technological aspects of Fe3O4 synthesis and preparing iron 
electrode from it. Received material has good cycling character, reach 80% 
current efficiency and 180 Ah/g equivalent discharge capacity. 

Introduction 

Iron is one of most common element on the Earth. So using it for large-scale electrical energy 
storage is promising direction on cost effective and environmental-friendly point of view [1]. For 
this reason many research attempts dedicated to use this metal in electrochemical systems like 
nickel – iron, air – iron [1] and even flow [2] batteries. 

Solid electrode material has smaller volume and needs less equipment accompaniment, that is 
why lot of efforts are made for first one. Synthesis of main component of iron electrode 
determinates it base performance, thus many works were concentrated on it preparing. [1, 3]. In 
other works were investigated sulfide and bismuth additives [4, 5] to receive maximal activity of 
iron solid electrode. 

Present study considerate the technological aspects of material for iron electrode in alkaline 
medium. 

Experimental 

Fe3O4 were synthesized by two step method [6]. First of all FeSO4 precipitated with NaOH. 
Sediment rinsed with distillate water to pH = 7.0 and dried in dilution at 85°C. After that added 
2.5% H2O, reduction agent (Fe powder for Type I or polyethylene for Type III samples) and 
annealed at 800°C for 4 hour. Annealed Fe3O4 were cooled in desiccator to room temperature (near 
20-25°C). Prepared material (95.85%) mixed with 1% NiSO4·7H2O dissolved in 3% pure water 
and added 0.15% sulfur containing agent (pristine sulfur for Type I or equivalent amount FeS for 
Type II samples). Pressed pellets with mixed material placed in Ni plated steel strep with 
perforation. 

Prepared iron electrode were tested in a three-electrode compartment with pocket type nickel 
hydroxide counter electrodes and a Zn reference electrode. The electrolyte was prepared from 
potassium hydroxide (density 1.20 g/ml). Charged 12 hours with current 0.25C (25% of nominal 
capacity). Discharged with current 0.20C to 0.65V relatively Zn electrode. 

Results 

Charge (a) and discharge (b) curves for two Fe3O4 samples synthesized with different 
reduction agent were mixed with pristine sulfur shown on Fig. 1 (Type I - Fe powder and Type III - 
polyethylene) 
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Figure 1. Charge and discharge potential depending on time for various Type samples (relatively Zn 
reference electrode).  
 

Sample Type I potential at constant current charge (Fig. 1, a) is near 30 mV higher, than 
sample Type III. For nickel – iron battery it implements higher energy efficiency of charge. But at 
first part of discharge step (Fig. 1, b) sample Type I show lower energy efficiency, because it has 
near 40 mV higher potential, relatively Type III sample. Considering overall energy efficiency 
sample Type I is more beneficial owing to more energy uses on charge step (12 hours charge with 
current 25% of nominal capacity versus 7 hours discharge with current 20% of nominal capacity ). 

As sulfur containing agent for passivation prohibiting used pristine sulfur for Type I sample 
or equivalent amount FeS for Type II sample f (Fe3O4 synthesized with Fe powder reduction agent). 
At charge step (Fig. 1, a) sample Type II has near 20 mV lover potential then sample Type I. It may 
be caused low solubility of FeS and accordingly lower activity sulfide-ion. But at discharge (Fig. 1, 
b) sample Type II has higher equivalent capacity (180 Ah/g) than sample Type I (177 Ah/g). 

As described in [1] formation newly-prepared iron electrode repeated from 20 to 50 cycles. In 
present work stable discharge capacity attained less then 15 cycles (Fig. 2).  

 

 
 
Figure 2. Equivalent discharge capacity depending on cycle number. 
 

At the first formation cycle sample Type III has the highest capacity. After full formation 
process it has the lowest capacity (170 Ah/g). After overall energy efficiency analysis of sample 
Type I (with highest capacity - 180 Ah/g) had 80% efficiency by current. 
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Conclusions 

Synthesis Fe3O4 with Fe powder as reduction agent and using FeS as sulfur containing agent 
allows reach 180 Ah/g equivalent discharge capacity from iron electrode in alkaline medium. 
Fabricated electrode in real nickel – iron battery shows 80% current efficiency. Considered 
technology speed up production process because stable discharge capacity attained less then 15 
cycles 
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Effect of Surfactants to Decomposition of Supersaturated Zinc Electrolytes in 
Ni-Zn Battery 
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b Central European Institute of Technology, BUT, Technická 10, 616 00 Brno, Czech Republic 

This work discussed a process of decomposition of alkaline supersaturated 
zincate solution (SZS) based on KOH and monitored growth of zinc oxide 
crystals in broad timescale. Decomposition of SZS is an important process 
taking place in the entire volume of supersaturated zincate solutions that are 
the mostly used electrolyte for Ni-Zn or Zinc-Air batteries. SZS is formed 
primarily at a short distance from the negative electrode during fast 
discharging of zinc anode or in entire volume of electrolyte in final stage of 
discharging. A supersaturated 6 mol/l KOH solution was prepared by 
oversaturation at higher temperature with subsequent cooling. Initial level of 
supersaturation reached 0,9 mol/l than its balanced concentration in a 
potassium hydroxide solution. 

Introduction 

The one of the most investigation aspects in the field of Ni-Zn alkaline accumulators is the 
ability of effective suppression of zinc dendrite growth at charging, when the dissolved tetrahedral 
zinc species are re-deposited from electrolyte onto the surface of negative electrode current 
collector [1], [2]. Many different approaches to this challenge was investigate and most of them 
have begun taking the organic cationic, anionic or nonionic surfactants that seems to be effective in 
dendrite grow inhibition. The presence of these surfactants on the one side can resolve this 
fractional problem but on the other side also can influence of many other processes which has 
occurred in the Ni-Zn cells at battery operation. Whereas some of these processes as self-
discharging, dendrite inhibition or electrode passivation were studied in details, influence of these 
additives to decomposition rate of supersaturated zincate solution (SZS) and also to recrystallization 
were neglected. Decomposition of SZS is important process, which take place in the whole volume 
of SZS but mainly has occurred in the bulk and at a short distance from the negative electrode, 
because in this part is the highest degree of supersaturation at discharging. Rate of the 
decomposition process is influenced by temperature, initial supersaturation concentration of zincate, 
concentration of hydroxide (pH) and also by presence of specific additives [3]. In relation to the last 
mentioned, for example the study of SiO3

2- additive effect on decomposition kinetics shows that 
SiO3

2- causes complete inhibition of decomposition by its adsorption on the surface of ZnO. At 
decomposition firstly the formation of nuclei take place and follow these nuclei further grow into 
the final shape as the supersaturated concentration decrease. In some study it was concluded that 
specific shape of ZnO crystal strongly influence the cyclability of negative electrodes. Also, many 
studies were focused to preparing specific shapes ZnO particles by hydrothermal method where the 
organic additives as CTAB, SDS, Starch etc. were used to determination of appropriate particle 
shape. It would seem that the presence of dendrite inhibitors that are mostly organic ion-active 
substances could influence the crystallinity of active materials of negative electrodes and thus 
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influence also the cyclability or Ni-Zn or Zinc-air batteries. The use of any organic additives should 
be preceded by a study of how these additives affect the growth of ZnO crystals and how they affect 
the upcoming recrystallization processes. 

Experimental 

For the decomposition, 500 ml of supersaturated zinc solution with potassium hydroxide 
concentration 6 mol/l and higher zinc oxide concentration than in equilibrated saturated state was 
prepared. 168,33 g of potassium hydroxide was dissolved in approx. 10 ml of deionized water and 
then 51,57 g of zinc oxide were gradually dissolved and solution was heated and mixed by magnetic 
stirrer for 30 minutes. After reaching of fully clear and transparent solution we added the rest of 
deionized water to obtain 500 ml of supersaturated solution. Solution was dispensed to 100 ml 
sample containers and these were placed to climatic cell tempered to 30 °C. Then the 
decomposition process began and the samples of growing crystals were separated after 7 days (168 
hours). Separation of ZnO crystals was performed using repeated washing with distilled water and 
centrifugation until neutral pH of washing solution was reached. Concentration of solute zinc oxide 
were monitored by chelatometric titration and amount of supersaturated zinc were calculated using 
equation 

  𝑉𝑠𝑠𝑠
𝑉𝑠𝑡𝑠𝑡

∗ 𝐶𝑐ℎ𝑒𝑒 ∗ 𝑀𝑚𝑚𝑚𝑚 = 𝐶𝑚𝑚𝑚  (1) 
 

Where Vstd is amount of titration standard (μl), Vtitr is amount of analyzed sample (50 μl), 
CChel is Chelaton III concentration (0,01 mol/l), MmZnO is zinc oxide molar mass and CZnO 
corresponds to final concentration of zinc oxide (g/l). 

Results and discussion 

Table 1 shows the amount of Chelatone III solution required to reach equivalence point for 
each measured sample at different decomposition times. Overall amounts of zincate in 
supersaturated solution is calculated using equation 1. Highlighted cells indicate the times when the 
crystals were separated from the solutions and subjected to SEM and XRD analysis. 
TABLE 1. Measured volumes of Chelatone III and calculated values of zincate concentrations 

Time (h) 17 41 66 90 155 167 213 306 404 500 572 665 737 
Sample 1 (μl) 6300 6210 6120 5950 5075 4648 4425       
Sample 2 (μl) 6185 6180 6080 5930 5090 4780 4425 4020      
Sample 3 (μl) 6125 6175 6125 5960 5010 4952 4410 3990 3800     
Sample 4 (μl) 6350 6125 5980 5860 5070 4851 4435 3985 3850 3725 3699   
Sample 5 (μl) 6275 6175 6050 5990 5040 4802 4430 4010 3775 3672 3582 3465 3420 
Avarage (μl) 6234 6164 6059 5935 5053 4848 4425 4001 3808 3699 3641 3465 3420 
CZnO (g/l) 101,4 100,3 98,6 96,6 82,2 78,9 72,0 65,1 61,9 60,2 59,2 65,4 55,6 
CZnO-SZS (g/l) 71,5 70,4 68,7 66,7 52,3 49,0 42,1 35,2 32,0 30,3 29,3 26,5 25,7 
CZnO-SZS (mol/l) 0,88 0,87 0,84 0,82 0,64 0,60 0,52 0,43 0,39 0,37 0,36 0,33 0,32 

 

As can be seen from Tab. 1 and Fig.1, the concentration of ZnO decreases with time. After 
737 hours, the concentration of ZnO decreased by almost 50 % but still was 0.3 mol above the 
equilibrium saturated state. At the beginning part of the experiment, supersaturated concentration 
seems to be almost stable and only small decrease of zinc concentration is detected. In this part a 
nuclei of zinc crystal are formed and this consume only small amount of solute zinc. After 
approx.100 hours, faster decrease in ZnO concentration was detected and this part correspond to 
significant increase in particle dimension. In Fig. 1 it is possible to observe the time course of 
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decomposition. The green dots indicate the time when precipitate separated. We performed the first 
crystal separation after 167 hours and the highest decrease in supersaturated concentration between 
first two separation indicate significant changes of crystals. Although we would expect a significant 
increase in particle dimension during this rapid zincate decline, the ESEM images of zinc powder 
and precise particle analysis revealed that average length of particles stays almost the same in this 
time. Because of the zincate had to be consumed in some way we assumed, that nucleation and the 
growth of the new crystals had to still proceed in this stage of decomposition. 

In the next three crystal separation - 404 h, 572 h and 737 h we detect important increase of 
particle dimension form ESEM images. Because of only 0,11 mol/l zincate was consumed we 
attribute the crystal growth rather to recrystallization processes than to direct growth from SZS 
decomposition. This is also indicated by the fact that particle distribution profile shows the 
important increase of the larger um sized crystals on the expense of the smaller. 

 
Figure 1. Change in zincate concentration in the SZS during its decomposition 

Conclusions 

This study brings the initial measurement which aimed to monitoring the zinc oxide crystal 
growth from supersaturated zincate solution. This study will serve to following comparison with the 
similar decomposition system affected by different organic additives. Problematics of 
crystallization and recrystallization of zinc oxide powder play an important role in batteries with 
zinc anode as are Ni-Zn or Zinc-Air batteries and this study should be helpful in optimization of 
long-thermal properties of the system when diffusion properties as well as the stable active surface 
of electrode have to be ensured. 
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Influence of the water-soluble binders to the properties of Li-S batteries 
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Lithium-sulfur batteries are on of the most promising battery system 
nowadays. However, this system is devalued with a number of shortcomings. 
One of the main ones are the volumetric changes during cycling. This 
deficiency can be compensated by usage of the right binder. This article 
describes the effect of the water-soluble binders on the stability of the 
electrode during cycling.  

Introduction 

With the pressure to reduce of global warming, the importance of renewable power sources is 
growing. However, renewables are a solution to replace conventional fossil power sources only in 
combination with energy storage systems. Currently are lithium-ion batteries most common type of 
batteries for stationary energy storage systems. They have several advantages such as high 
gravimetric energy density, high power density or long cycle life. However also lithium-ion 
batteries have their limitations. Intensive research of new battery technologies that would in the 
future surpass lithium-ion batteries by their parameters is currently underway. One of these 
technologies are Li-S batteries. The main advantage of Li-S batteries is high theoretical capacity 
1672 mAh/g. Which leads in combination with mean value of the discharge plateaus around 2.2 V 
against lithium to high gravimetric energy density ~ 3200 Wh/kg [1]. Main disadvantage of Li-S 
batteries is low cycle life which is caused by process called shuttle effect [2]. During charging and 
discharging, a whole series of polysulfides are formed, part of this polisulfides are soluble in the 
electrolyte, which leads to a capacity drop. Dissolved polysulfides are subsequently deposited on 
the anode surface, thus further decreasing the capacity. Another problem are volumetric changes up 
to 80% during cycling [3]. These changes can be compensated by a binder with sufficient binding 
properties and at the same time sufficiently flexibility. In this article, we are focus on testing of 
three kinds of water-soluble binders: Carrageenan, PEO (polyethylenoxid) and CMC 
(carboxymethyl cellulose). A standard electrode with a PVDF (polyvinylidenfluorid) binder was 
used for comparison. 

Experimental 

The electrode slurry was based on Sulfur as active material consisting of NMP  
(N-Methyl-2-pyrrolidone) or water (solvent), PVDF or PEO or CMC or Carrageenan (binder) and 
carbon Super P. The weight ratio of the materials was: active material 60 %, Super P 10 %, PVDF 
10 %. The resulting mixture was subsequently deposited by a 200 µm coating bar on an Al foil, 
dried and pressed. A disk with the diameter of 18 mm was cut out of the coated aluminum foil and 
inserted into an electrochemical test cell El-Cell© ECC-STD. The assembly was done in a glove 
box filled with an argon atmosphere. Metal lithium foil was used as a material for the anode and 
0.25 M LiNO3+0.7 M LITFSI - DME:DOL 2:1  w/w  as the electrolyte. We can see a comparison 
of capacities during cycling at different C-rate figure 1.    
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Figure 1.  Cycling at different C-rate for all tested electrodes with different binders. 

Conclusion 

The highest capacity was reached by the cell with the electrode with PVDF binder, however, 
this capacity at the 0.2 C was not as stable as the capacity of the cell with the CMC or Carrageenan 
binder. The cell with the Carrageenan binder lost only 8.8 % of its capacity after all cycling. In the 
case of CMC binder was capacity even higher than before cycling. Cell with PEO electrode was 
highly unstable. CMC and Carrageenan can be used as a binders for Li-S batteries instead PVDF 
with lower stability. 
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Nowadays, electrical energy storage is one of the most critical issue to answer global warming 
by effectively replacing fossil energies by renewable ones. The Li-ion technology, widely studied 
and available on the market for multiple application is now reaching its limits and does not 
represent alone a viable option toward energetic transition. Therefore, one option currently under 
study is the use of metallic lithium as anode both in Li-ion cells and in the so-called “post Li-ion 
technologies”. In this perspective, lithium metal anode represents the “holy grail” of battery 
research for its extremely high theoretical specific capacity (3860 mA h g-1), the lowest redox 
potential (-3.040 V vs the standard hydrogen electrode) and a low gravimetric density  
(0.534 g cm-3). 

However, metallic Li also presents many challenges derived primarily from dendrite 
formation upon cycling causing both safety issues and poor cycling performance. In addition, liquid 
electrolytes contain combustible organic solvents that can cause leakage and fire risks during 
overcharge or abused operations, especially in large-scale operation. Therefore, replacement of 
liquid electrolytes with a solid electrolyte has been recognized as a fundamental approach to 
effectively address the above problems. Generally, all solid-state electrolytes can be classified into 
3 categories: solid polymer electrolytes (SPE), inorganic ceramic electrolytes (ICE) and solid 
composite electrolytes (SCE). While SPEs suffer from poor ionic conductivity at room temperature 
and low thermal and electrochemical stability, and ICEs from poor interfacial contact with 
electrodes, SCEs solve these issues and benefit from their advantages such as good ionic 
conductivity, good flexibility and intimate contact with the electrodes. For example, the preparation 
of methacrylate-based polymer matrix, in a solvent free, thermally induced, radical polymerization, 
allows the addition of a wide range of organic and inorganic additives up to really high ratio. 
Meanwhile, eventual activation with small amount of liquid electrolyte allowed to obtain SCEs with 
outstanding room-temperature conductivities for metallic lithium batteries. The simplicity of the 
formulation and the preparation method open the road to highly versatile electrolytes, adaptable in 
function of the final application. In particular, the use of inorganic additive permitted to enhance 
mechanical properties thus avoiding lithium dendrites nucleation and stabilizing 
Li stripping/platting in Li-ion cells, while addition of dextrin based nanosponges limiting oxygen 
cross-over phenomenon in Li-O2 cells allowed to stabilize SEI layer, hence greatly improving cells 
safety in both cases. 
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Novel inorganic host materials for Li-S batteries 
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Republic 

Lithium–sulfur (Li–S) batteries, being introduced in the early twentieth century, have received 
a great deal of attention for emerging applications such as electric vehicles, drones, and unmanned 
aerial vehicles1. Based on the electrochemical reaction S8 + 16Li ↔ 8Li2S, sulfur possesses a 
theoretical capacity of 1672 mAh g −1, almost ten times of that of the current commercial cathode 
materials for Li-ion batteries such as LiCoO2, LiFePO4 or LiNix Coy Mn1 −x −yO2 (NMC)2. By 
coupling with a Li metal anode, the theoretical gravimetric energy density and volumetric energy 
density of Li-S batteries can reach to 2500 Wh kg −1 and 2800 Wh L −1, respectively2. Unfortunately, 
the commercialization of Li-S batteries is hindered by several major challenges.  First, both sulfur 
and lithium (di)sulfide discharge product are electronically and ionically insulating, which leads to 
low electrochemical utilization and limits the rate capability. High-order lithium polysulfides 
formed in the initial lithiation of S8 dissolve into electrolyte, diffuse through the electrolyte and 
reaches the Li metal anode producing insulating lithium sulfide (Li2S) on the Li metal surface3. 
During the subsequent charge, low-order lithium polysulfides are oxidized to high-order lithium 
polysulfides and returns to the sulfur cathode by an electric field, constituting the so-called shuttling 
process. The shuttling process causes self-discharge and impairs cyclability by forming unstable 
interfaces at both electrodes and losing the active material of the sulfur cathode1. Different 
carbonaceous sulfur additives used to adsorb lithium polysulfides solved this problem to a limited 
extent only, since purely carbonaceous materials can only partially restrict polysulfide intermediates, 
and the hydrophilic lithium polysulfide molecules will diffuse out from carbon host over long-term 
cycling4. On the other hand, metal oxides are currently the most promising inorganic compounds to 
anchor polysulfides in Li-S batteries and attract an attention of many research teams.  

In our study, we prepared sulfur composites with transition metal oxides or oxynitrides (TiO2, 
Li4Ti5O12, TiOxNy) with different morphology by synthetic procedure combining melting diffusion, 
milling and atomic layer deposition (ALD). The prepared samples were characterized by XRD and 
Raman spectroscopy and their electrochemical performance was evaluated by cyclic voltammetry 
and galvanostatic chronopotentiometry. Difference in electrochemical performance of evaluated 
composite materials and strategies of future research will be discussed. A cathode consisting of 
sulfur- nanofibrous TiOxNy composite exhibited the most stable performance during cycling. On 
the other hand, TiO2 layers made by ALD on composite electrode surface have a blocking effect 
even after thermal post treatment at 450oC. 
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Abstract 

NATO SPS project investigates new materials that will enable production of components for 
Li-ion batteries with significantly improved reliability, including greater stability, power density 
and efficiency. These materials will address questions concerning safety, environmental 
compatibility, price and efficiency. The project is focusing on the development of new sulfur-based 
composite cathode materials suitable for high energy lithium-ion batteries. 

The lithium-sulfur battery is a “conversion” type battery, because the electrochemical 
reactions which take place during charging and discharging of the battery result in new chemical 
compounds [1,2]. The advantage of lithium-sulfur batteries is primarily their superior storage 
capacity (energy density - theoretical specific capacity is 1672 mAhg-1), but they also excel in 
economic and environmental terms. Sulfur is a relatively inexpensive and abundant raw material, 
unlike expensive elements, such as cobalt, which are used in lithium-ion batteries. However, 
various challenges are connected to the lithium sulfur cell chemistry, which need to be solved 
within systematic studies and by the development of new material concepts. Targeted problems of 
our project are divided into three main parts: 

• Preparation of different sulfur cathode composites with high specific capacity and improved 
cyclability 

• Improving fire safety of lithium rechargeable batteries 
• Electrochemical and structural testing of our active materials and final small Li-S cells 

 

Several samples with different composition were prepared and tested. The electrochemical 
properties of composites were investigated by cyclic voltammetry (CV), electrochemical impedance 
spectroscopy (EIS) and galvanostatic charge/discharge measurements. Structural, stability and 
safety tests were also performed. The best samples were chosen and tested in small laboratory 
prototypes (Fig. 1). Results obtained from electrochemical characterization of final prototypes 
showed improved stability, performance and sustained cycle stability and low decay rate after 200 
cycles. 
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Figure 1. Li-S laboratory prototypes prepared within NATO SPS research project. 

Acknowledgement 

This research was sponsored by the NATO Science for Peace and Security Programme under 
grant 985148 and by the project iCoTS ITMS No. 313011V334. 

References 

1. X. Ji, L.F. Nazar, J. Mater. Chem., 20 (2010) 9821. 
2. D. Capkova et al., Electrochim. Acta, 354 (2020) 13664. 
 

 

91



21
st
 Advanced Batteries, Accumulators and Fuel Cells  New Systems of Batteries 

Inverse Vulcanization of Sulfur – Amorphous Electroactive Polymer for Li-S 
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Lithium-sulfur batteries have the potential to increase battery capacity while 

maintaining their weight and volume. This is possible due to the high 

theoretical energy density of sulfur. However, these batteries suffer from 

several failing, which still hinder practical use. Inverse vulcanization of 

sulfur seems to be perspective method for the preparation of polymer sulfur, 

because it prevents its recrystallization and stabilizes amorphous sulfur. The 

contribution also deals with the estimation of solubility of inversely 

vulcanized sulfur samples in common process solvents and solvents used in 

electrolytes. 

Introduction 

Lithium-ion (Li-Ion) batteries currently dominate energy storage. However, their further 

development is limited by a theoretical energy density of 400 Wh / kg, which is insufficient to meet 

the growing demands. A potential solution is to use batteries based on a combination of lithium 

sulfur (Li-S), which can bring a theoretical energy density of up to 2600 Wh / kg [1]. However, the 

use of sulfur is problematic due to its low specific electrical conductivity of 10-30 S / cm. During 

the cycle, polysulfides are also formed, which cause morphological and structural changes, further 

reducing the effective contact and conductivity of the entire electrode [2]. Higher polysulfides are 

soluble, migrate through the separator electrolyte, and react irreversibly with the lithium anode. 

This work is focused on the preparation of materials from inversely vulcanized polymer sulfur 

(IVS). Current research shows that sulfur in amorphous form achieves higher cyclic stability as well 

as charge efficiency compared to its crystalline form [2]. The inverse vulcanization method, in 

which polymer sulfur is crosslinked by reaction with a crosslinking agent such as 1,3-

diisopropenylbenzene (DIB), stabilizes the polymer sulfur. This prevents recrystallization, which 

causes problems in the further use of polymeric sulfur materials. 

Experimental 

Copolymer material with different ratios of starting materials was prepared by the method of 

inverse vulcanization (IVS), developed by Griebel, Pyun and colleagues [3]. The temperature of 

addition of DIB to the sulfur melt proved to be a critical factor in the preparation. If the procedure 

of the authors of the method was followed, the samples recrystallized sulfur and formed crystalline 

phases in the sample, which was proved by XRD. Stable results have been achieved by modifying 

the preparation process, and our preparation method thus produces an amorphous polymeric 

material which does not recrystallize and precipitate elemental sulfur even after several years. 

IVS samples with sulfur, 70, 60, 50 and 40 wt.% Were synthesized. %. In the case of sulfur 

70 wt. % was not the resulting solid phase copolymer at room temperature, but was highly viscous. 

In the case of samples with a sulfur content of 60 wt. % and less the substance was in a glassy state 
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after cooling and in the long run the substance was stable in its properties. As the ratio of the input 

substances changed, the color shade of the resulting copolymer changed, see Figure. 1 

 

Figure 1. Left - IVS structure with different degrees of crosslinking using DIB. Right - IVS cast on glass with 

sulfur content gradually from the left 70, 60, 50 and 40 wt.  

Electrochemical characterization of electrode material 

Based on the recorded results of the previous sections, a material with a ratio of elemental 

sulfur and DIB input precursors was chosen for the preparation of the electrode paste in the ratio 

70:30 wt. %. This material was chosen for characterization because of all the samples it has the 

lowest solubility in electrolytes due to the lowest DIB content, 

this is related to the largest theoretical capacity for the total weight of the electrode of all 

prepared samples. The conductivity of the selected material is also the highest of all examined, 

although this difference is not significant. Electrodes whose material was ground by various 

methods were examined. 

 

Figure 2. IVS charging and discharging characteristics with a sulfur content of 70% at 0.1C (left), cyclic 

voltammetry (right). 

Conclusion 

Based on the study of known methods for the preparation of polymeric sulfur, especially the 

method of inverse vulcanization of sulfur using 1,3-diisopropenylbenzene, sulfurized polymeric 

materials with different ratios of input precursors were synthesized. These materials have great 

potential as electroactive materials for the positive electrodes of lithium-sulfur batteries, but this 

technology still suffers from a number of unresolved negative aspects, and the study of new high-
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sulfur polymeric materials could contribute to their solution. An important factor in the inverse 

vulcanization of sulfur is the temperature at which the components are mixed, in this case the 

addition of the crosslinker 1,3-diisopropenylbenzene. The crosslinker must be added when the 

temperature of the sulfur melt reaches 159 ° C, otherwise there are problems with the miscibility of 

the two materials. 
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Alternative Binder for Lithium-Sulfur Batteries 

D. Capkováa, T. Kazdab, and A. Straková Fedorkováa 
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Demand for clean and efficient energy storage is constantly growing due to 
concerns about limited global energy supply, environmental and climate 
change. Batteries with expected energy density values in the range of several 
hundred watts per kilogram are currently receiving special attention. One of 
the most common examples of high-energy batteries are lithium-sulfur 
batteries and they may replace Li-ion batteries in their applications. Sulfur 
has the advantages of low price, natural affluence, and compatibility with 
nature. However, several shortcomings of this technology need to be solved 
before commercialization. By using a suitable binder in the production of the 
positive electrodes, some of them could be repressed. 

Introduction 

Sulfur as a cathode has been studied since the 1960s, but great advances in the preparation of 
composites that can be used commercially have been made recently. Chemistry of sulfur is different 
from typical intercalation materials (e.g. LiFePO4). Sulfur forms molecular structure consisting of 
eight atom ring (S8).  The S8 ring is opened during discharging, the length of sulfur chain is 
shortened, and the discharge product is Li2S (1). Elemental sulfur provides a gravimetric capacity 
of 1672 mAh g-1 though the multielectron redox conversion and the theoretical energy density of 
~2600 Wh kg-1 (2). In addition, sulfur is commonly found on the earth’s surface, financially 
unpretentious and environmentally nontoxic (3).  

However, lithium-sulfur (Li-S) battery system has some barriers that blocks the successful 
commercial production. Sulfur as an electrode material must overcome low electricity conductivity 
at the insulator level and the positive electrode must contain conductive material, which reduces the 
content of active material. Next drawback is the volumetric expansion during cycling which may 
negatively affect the electrode structure. The higher order polysulfides are soluble in the organic 
electrolyte, which results in significant capacity fading. The higher polysulfides diffuses to lithium 
anode and react with lithium ions, the product of this reaction are lower polysulfides and they 
irreversibly deposit on the anode surface. The process of polysulfide migration is known as the 
shuttle effect. The consequence of shuttle effect is loss of active material, low columbic efficiency, 
or rapid capacity fading (3, 4). 

The binder is connecting sulfur, conductive material and current collector. The binder has a 
significant role on electrochemical and physical properties of the electrode. Polyvinylidene fluoride 
(PVDF) is the most common used binder in the lithium battery industry. Although, PVDF is soluble 
only in organic compounds such as N-methyl-2-pyrrolidone (NMP), which is slightly toxic and 
volatile. Natural binders like carrageenan are made from naturally available organic sources such as 
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plants. Carrageenan is a bioderived polymer from polysaccharides in seaweed and it is water-
soluble binder (5).  

Experimental 

The working electrode with carrageenan as a binder was prepared by slurry coating method. 
The slurry consisting of 60 % sulfur, 23 % Super P, 7 % Ketjen Black and 10 % carrageenan 
(Sulfate 29.42 %) was mixed on magnetic stirrer for 24 hours. Carrageenan was dissolved in the 
mixture of water and ethanol in the ratio 2:1. Dried electrodes were pressed using a pressure of 
325 kg cm-2. The electrolyte in composition of DME (1,2-Dimethoxyethane):DOL (1,3-Dioxolane) 
2:1 with 0.7 M LiTFSI (Lithium bis(trifluoromethanesulfonyl)imide) + 0.25 M LiNO3 (Lithium 
nitrate) was saturated in glass fiber separator and pure lithium was used as an anode. The 
electrochemical test cells (El-Cell®) were assembled in argon glove box (Jacomex). The sulfur 
loading of the electrode with Sulfate 29.42 % was ~1.47 mg cm2. 

 
Figure 1. The dischagde capacities and the efficiency of the electrode with carrageenan as a binder. 

 
Galvanostatic cycling at different currents was performed (Figure 1). The initial discharge 

capacity of the electrode with carrageenan was 759 mAh g-1 at 0.2 C. The capacity during cell 
cycling was decreasing faster through first five cycles, than it was stable around 600 mAh g-1. With 
the increase of discharge current, the electrode shows rate performances at 0.5 C, 1 C and 2 C with 
specific capacities of 381 mAh g-1, 214 mAh g-1, and 120 mAh g-1. After cycling at 2 C the current 
returns stepwise back at the same C-rates down to 0.2 C. The discharge capacity at sixtieth cycle 
correspond to 70 % of the initial discharge capacity. Columbic efficiency was around 96 % during 
the whole cycling procedure.  
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Conclusions 

It was demonstrated that carrageenan (Sulfate 29.42 %) can be used as a binder for positive 
electrodes in Li-S batteries. Carrageenan, the water-soluble binder, is natural polysaccharide that is 
ecofriendly, low-cost and there is not necessary to use toxic organic solution. In order to be able to 
use carrageenan as a common binder for Li-S batteries, it is necessary to preform additional 
measurements and experiments. 
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In the proposed work, we used conventional TiO2 anatase powder consisting 
of submicron particles as anode material for sodium-ion cells. In our 
experiment, we demonstrate that this material is stable during cycling, reveals 
strong formation effect and we discuss the electrochemical performance and 
structural properties. 

Introduction 

Sodium, a highly abundant element with almost inexhaustible supplies and much lower cost 
than lithium, is one of the candidates for use in the areas of electromobility and non-portable power 
storage for large-scale applications. Although the knowledge gained by studying materials for 
lithium-ion batteries can be assumed to some extent, there are still a number of obstacles preventing 
the commercial expansion of sodium-ion technology. A large number of suitable cathode materials 
are currently being explored, such as layered oxide structures, polyanionic compounds, etc. 
However, little has been found in anode materials with the desired properties and it is, therefore, 
necessary to continue their research. Carbon materials, especially hard carbon, and titanium dioxide 
TiO2 materials are currently the most promising. Titanium dioxide as the anode material for 
sodium-ion batteries excels in price, good stability, low volumetric expansion, non-toxicity, and 
availability. Of the known titanium dioxide polymorphs, anatase, which can theoretically 
accommodate the highest amount of sodium ions, offers a working potential of 0.8V vs Na+/Na, but 
suffers from low electron and ionic conductivity, which is usually compensated by its 
nanostructuring, composite preparation or by applying surface layers, eg Al2O3 [1; 2]. 

Also, the use of suitable electrolytes, which greatly affect the thickness and stability of the 
SEI layer, is a widely discussed topic. An article by Xu et al. compares the use of ethers-based 
solvents (DEGDME, DME) and carbonates (EC / DEC, EC / PC). 

Experimental 

The negative electrode of the sodium ion battery was prepared by the conventional method of 
applying an electrode paste to the copper foil. The electroactive material studied was nanostructured 
anatase from Sigma-Aldrich. The electrode composite was prepared in a manner common to testing 
lithium-ion battery electrode materials, where anatase was mixed with Super P carbon black 
(Timcal) and polyvinylidene fluoride (PVDF) polymer binder, which was dissolved in N-methyl 
pyrrolidone (NMP). The ratio of dry components in the composite was 80% anatase, 10% Super P 
and 10% PVDF. The electrode paste was coated with a Spiral Bar Coater (Neurtek) on a copper foil, 
dried, and 18 mm disks were cut from the electrode and subsequently used in an electrochemical 
cell. The battery was sealed in El-Cell-Std in a glove box. 
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Structural analysis 

Figure 1 shows TiO2 anatase images from a scanning electron microscope showing that the 
material consists of submicron spherical particles (dimensions in the range of 200-800 nm), but 
which are partially sintered and interconnected. During the mixing of the electrode paste, it was 
evident that the material was well dispersed, but it was unlikely that the mass was completely 
separated and dispersed at the submicron level. 

 
Figure. 1. Images of used TiO2 anatase from electron scanning microscope, view field 4.15 and 2.08 µm 

 

The X-ray diffraction spectroscopy in Figure 2 confirmed that the material obtained is pure 
anatase. It is a tetragonal lattice where a = b = 3.7842 Å c = 9.5146 Å. 
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Figure. 2. X-ray diffraction spectroscopy of TiO2 anatase used for the sodium-ion battery anode. The 
intensity is plotted on a logarithmic scale. 
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Figure. 3. Cyclic voltammetry (left) and discharging characteristics (right) of anatase in the sodium-ion cell. 
Cyclic voltammetry was performed at a sweep rate of 0.1 mV / s, discharge characteristics measured by a 
specific current of 0.5C (80 µA / cm2). 
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Figure. 4. Impedance spectra measured during molding cycling (measurement every ten cycles) and the 
course of forming anode with anatase by galvanostatic cycling with a specific current of 0.5C. 

Results and discussion 

From the measured electrochemical characteristics, it can be seen that the mechanism of the 
reaction of sodium with TiO2-anatase is different from the commonly mentioned intercalation in the 
case of lithium ions. The shape of the cyclic voltammetry curve is rather pseudocapacitive in its 
large area and shape without a sharp transition. The impedance spectroscopy in Figure. 3, which has 
been inserted after each tenth cycle of galvanostatic cycling, supports the idea of phase-transition 
forming. The usual tendency is that, based on the formation and eventual growth of the SEI layer, 
the Rct resistance gradually increases. It can be seen here that with each subsequent cycle it 
gradually decreases, which would correspond to the fact that a new form of material is preferred for 
the sodium reaction by cycling. Galvanostatic cycling clearly shows how the gradual formation of a 
new phase leads to the formation of an electrode. At the beginning of cycling, the efficiency is 
approx. 80%, but very quickly reaches the threshold of 100%, while capacity grows slowly linearly. 
It can, therefore, be assumed that at the beginning it is the formation of an SEI layer, which is soon 
formed and is no longer promoted. The initial anatase specific capacity was 30 mAh / g and doubled 
in 130 cycles. We attribute local sinks to temperature changes in the measurement room, always a 
few cycles in succession, which have a lower capacity and do not match the trend. 

Acknowledgments 

This work was supported by a specific research grant at BUT (No. FEKT-S-17-4595). 
Authors gratefully acknowledge the financial support from the Ministry of Education, Youth and 
Sports of the Czech Republic under project No. LTT19001, BUT specific research programme 
(project No. FEKT-S-17-4595). 

References 

1. J. Doe and R. Hill, J. Electrochem. Soc., 152, H1902 (2005). 
2. R. Smith, Electrochem. Solid-State Lett., 10, A1 (2007). 
3. E. Gaura and R. M. Newman, ECS Trans., 4(1), 3 (2006). 

100



21st Advanced Batteries, Accumulators and Fuel Cells  New Systems of Batteries 

Xanthan gum as the Binder for the Lithium-Sulfur Batteries 

K. Jaššoa, P. Čudeka, T. Kazdaa 

a Department of Electrical and Electronic Technology, Brno University of Technology, Technická 
10, 616 00 Brno, Czech Republic 

Lithium-sulfur (Li-S) batteries offer high energy density at a potentially low 
price and satisfying safety. However, before putting it into real operation, it is 
necessary to solve several problems, including the so-called shuttle effect. 
This shuttle effect causes a gradual degradation of capacity and thus affects 
battery cycle life. One of the Li-S components that can potentially affect its 
electrochemical properties and help solve certain problems is the binder. In 
recent years, many different binders have been studied in an effort to improve 
the electrochemical properties of the resulting Li-S cell. This paper is 
dedicated to the research of non-toxic water-soluble organic binder - Xanthan 
gum.  

Introduction 

Although, Li-ion battery technology enabled the revolution of portable electronic devices, 
they cease to suffice with their ever-increasing demands. Ever-increasing energy demand calls for 
new energy storage capable of meeting the requirements of high energy density and low cost along 
with long cycling life. Thus, developing advanced energy storage systems is the major 
technological and scientific challenge of the battery industry and research.  

Lithium-sulfur batteries (Li-S) are one of the most promising candidates thanks to their low 
cost and high theoretical energy density up to 2600 Wh kg-1 (1). Typical lithium-sulfur cell consists 
of metallic lithium as negative electrode and elemental sulfur as positive electrode. However, due to 
low electrical conductivity of sulfur (≈5×10-30 S cm-1), the negative electrode must be conducted by 
the addition of a conductive material, most often carbons (2). The volume of active material of the 
positive electrode is thus reduced by the conductive element and the binder, both of which 
contribute to the resulting electrochemical properties. According to many research papers, binders 
besides maintaining the structural integrity and stability of electrode, have a significant effect on the 
electrochemical performance of batteries (3). 

The binder often used in lithium batteries is polyvinylidene fluoride (PVDF). The PVDF 
binder is in many cases easy to use, compatible with other cell materials and provides good results. 
However, the traditional PVDF binder interacts with electrode materials via weak Van der Waals 
forces (4). Thus, PVDF consequently lacks the necessary capabilities required by Li-S batteries, for 
example, to suppress changes in electrode volume. Many types of research thus focus on functional 
binders, which are mostly non-toxic, water-soluble, and preferable eco-friendly and low-cost. Such 
binders include xanthan gum, a common food additive, which is the subject of this research.  
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Experimental 

Two series of electrodes consisting of 60 wt % sulfur, 30 wt % carbon and 10 wt % binder 
were prepared. Xanthan gums from CP Kelco under the designations Xantural® 75 and 
Xantural® 180 were used as binders. Selected samples were subjected to elemental analysis under 
SEM and the remaining samples were assembled into an electrochemical measuring cell (El-cell®) 
and subjected to galvanostatic cycling at various loads (C-rates).  

 

 
Figure 1.  Comparison of discharge capacities of electrode samples with different binders at various C-rates.  
 

The Figure 1. shows that the capacity of the Xantural® 180 sample in the first cycle of 
galvanostatic cycling is significantly higher than that of the Xantural® 75 binder sample. However, 
over the next 10 cycles, this capacity decreases sharply and approaches the capacities of the 
Xantural® 75 sample. With increasing load, the capacity of both samples decreases, while the 
Xantural® 180 sample behaves more stably. For a better comparison, the selected values related to 
the percentage decrease in capacity were plotted in the table. 
TABLE I.  Percentage-related values of the capacity decrease from the Figure 1. 
 

Cycles Xantural® 75  
Capacity drop [%] 

Xantural® 180  
Capacity drop [%] 

1st vs 20th cycle 4,43 18,80 
1st vs 50th cycle 8,06 16,77 

20th vs 50th cycle 3,80 -2,51 
 

The Table I. shows that the high capacity in the first cycle of Xantural® 180 was reflected in a 
large percentage decrease in relation to the 20th and 50th cycle, but when comparing the stable 20th 
cycle and the last cycle of GCPL, a capacity increase of 2.51% can be seen. Furthermore, in the 
case of Xantural® 75 there is a slight steady decrease in capacity below 5% during 0.2C cycling. 
Both electrodes thus show decent stability during the whole cycling. 

102



21st Advanced Batteries, Accumulators and Fuel Cells  New Systems of Batteries 

Conclusion 

From the values measured so far, it can be stated that the use of Xanthan gum in Li-S batteries 
is possible, while the binder with the designation Xantural® 180 achieves higher capacities. 
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Enhancing of electrochemical characteristics of Li-S system by means of 
optimization of sulfur electrode and electrolyte composition 

N. I. Globa, V. A. Sirosh, Yu. V. Shmatok, S. A. Kirillov 
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38A Vernadsky Ave., 03680 Kyiv, Ukraine 

The paper discusses the effect of the sulfur electrode and TEGDME – LiTFSI 
salt-solvate electrolyte composition on electrochemical characteristics of Li-S 
cells at different cycling conditions. 

Introduction 

It is known that the main electrochemical processes in lithium-sulfur battery are associated 
with the formation of polysulfides, whose solubility is determined by the length of polysulfide chain 
LixSy [1, 2]. Therefore, the electrochemical behavior of sulfur electrode in lithium current sources 
significantly depends on the electrolyte composition, nature and concentration of carbon conductive 
additive and electrode manufacturing method. Optimization of the listed parameters brings 
researchers closer to the realization of high and stable specific capacity during the cycling of the Li-
S electrode system in a wide temperature range and allows for reducing the self-discharge level 
during storage. 

The specific capacity of sulfur electrodes during cycling is limited, on the one hand, by a 
decrease in the sulfur content as a result of the dissolution of polysulfides and, on the other hand, by 
an increase in the cell resistance as a result of the formation of poorly soluble Li2S2 and Li2S. In 
addition, passing into the electrolyte polysulfides passivate the lithium anode, negatively affecting 
the overall resistance of the current source. These negative processes can be controlled, in particular, 
by optimal selection of the electrolyte composition and electrode structure. The composition and 
nature of carbon additives in turn provide the conductivity of the electrode structure that is 
extremely necessary in view of the low electrical conductivity of sulfur and contributes to the 
uniform distribution of polysulfides in the electrode structure. 

The paper discusses the results of galvanostatic cycling of sulfur electrode depending on the 
composition of cathode and TEGDME – LiTFSI salt-solvate electrolytes composition at the room 
and elevated temperature conditions. 

Experimental 

Sulfur electrodes were manufactured from elemental sulfur powder (S) with particle size of 
<150 μm, graphite and carbon black Super P (Timcal, Switzerland)) as conducting additives and a 
polyvinylidene difluoride binder (PVdF, Solef 6020) taken in percentage of 50:17.5:17.5:15 for 
composition 1 and 70:10:10:10 for composition 2. Slurry was applied to an aluminum foil (50 μm) 
using a doctor blade. The sulfur mass was ~2.5 mg/cm2 for composition 1 and ~3 mg/cm2 for 
composition 2. The tests were carried out in 2016 coin cells with a lithium metal counter electrode 
and a double layer of separators PORP-A (Ufim, Russia) and TF 4030 (Nippon Kodashi, Japan). 
Salt-solvate electrolytes were prepared using tetraethylene glycol dimethyl ether (TEGDME, 
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Aldrich, 99%) as a solvent and lithium bis(trifluoromethane)sulfonimide (LiTFSI, Aldrich, 99%) as 
a salt. The salt concentration was 0.4, 0.33 and 0.25 molar fractions (m. f.). All works were carried 
out in glove boxes with dry atmosphere. Electrochemical tests were performed on a BTS-3000 
multichannel cycling system (Neware, China) in the temperature range of 25÷40 °C. 

Results and Discussion 

Salt-solvate electrolytes can be considered as one of the means to optimize the operation of 
the lithium-sulfur system under cycling conditions. Salt-solvate electrolytes based on TEGDME – 
LiTFSI solutions have low glass transition temperatures that provide their high electrical 
conductivity, thermal and electrochemical stability in a wide temperature range. The high solubility 
of LiTFSI in TEGDME makes it possible to obtain electrolytes with a wide range of salt 
concentrations (up to 0.5 m. f.) and thus to regulate the dissociation-associative properties in the 
TEGDME – LiTFSI–LixSy systems by changing the LixSy solubility. 

Figure 1 shows the dependences of specific capacity on cycle number for sulfur electrodes in 
salt-solvate electrolytes of different composition. 

 

 
 

Figure 1. Dependences of specific capacity on cycle number for sulfur electrodes of composition 1 (a) and 
composition 2 (b) in salt-solvate electrolytes TEGDME – LiTFSI. Ich=Idch=100 μA/cm2. U=1.5÷2.8 V. 
Operating temperature – 25°C. 

 
It is important to note the high values of coulombic efficiency of charge-discharge processes 

obtained in salt-solvate electrolytes. The coulombic efficiency increases with increasing of the salt 
concentration and reaches its maximum value of ~90% in the case of LiTFSI concentration of 0.4 m. 
f. The maximum effect of the carbon additive content on specific capacity is manifested in more 
concentrated salt-solvates. Thus, a decrease in the total content of conductive additives from 35% to 
20% leads to a change in the specific capacity from 600 mAh/g to 190 mAh/g at 25°C. The specific 
capacity of the sulfur electrode becomes less dependent on the cathode composition with an 
increase in the operation temperature up to 40°C. 

It is found that the loss of specific capacity of the cells with TEGDME – 0.4 m. f. LiTFSI 
electrolyte during the storage at the room temperature conditions for 576 hours is ~38% (for 
electrode composition 1) and is restored by more than 90% with further cycling. In the case of 
electrode composition 2, the specific capacity is restored by about 94% after storage for 650 hours. 
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The energy storage become one of most important a strategic area in context 
of sustainable development of human society. With last two decades, the 
electrochemical energy storage devices (batteries), got crucial role. The 
current trend led by electromobility, renewable energy resources set new 
level of requirements on battery parameters. Since 1991 when the first 
commercial lithium-ion battery was produced, this battery technology 
developed to the most advanced battery technology on the market. Lithium-
ion batteries found application in wide range of devices from small portable 
electronic devices, via electric vehicles up to huge stationary energy storage 
systems. Important parameter of the battery it is the rate capability parameter. 
The current generation which occurs in the battery during charging-
discharging cycle is directly proportional to rate of reactions. And the 
reaction rate depends on diffusion rate. In this work the diffusion rate 
expressed by chemical diffusion coefficient is measured and evaluated. 

Introduction 

Lithium-ion batteries are the most advanced battery technology of the present time. The 
lithium-ion batteries possess highest gravimetric and volumetric energy density among all types of 
batteries. Lithium-ion batteries have a long list of applications, there are not used only for powering 
small portable electronic device. The range of their application varies from life-saving medical 
equipments, via electric vehicles, boats, bikes to remote off or on the grid stationary energy storages 
with capacity in order of MWh. This broad range of applications brings new range of demands like 
safety, cycle lifespan or peak power. Thanks to continuous research in the field of lithium-ion 
batteries, the lithium-ion batteries reached significant improvement in many parameters. 

One of the most important parameter, especially in power applications such as electric 
vehicles, is the power density or just peak power crucial parameter. This parameter describes the 
ability of the battery cell provide current without increasing internal resistance, in different words as 
much the battery cells acts like ideal current source. An ideal current source produces a known 
current independent of load. 

The lithium-ion battery technology operates in “rocking chair scheme” i.e. lithium ions 
moving cross the cell via electrolyte from negative electrode to positive electrode and vice versa. 
Electrode materials in lithium-ion batteries working on insertion or intercalation principle, lithium 
ions and atoms enter to the bulk of active electrode material. This process is called “solid state 
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diffusion” and it is the slowest process (thus determining the speed of the reaction) during charging 
and discharging. This process controls the amount of the current produced by the cell.  

In lithium-ion batteries, the negative electrode (anode) is made from graphite, graphite have 
layer sheet structure as is depicted in Fig. 1. The research of graphite intercalation properties 
expressed by chemical diffusion coefficient is the main goal of our work [1 – 6].   

 
Figure 1. Layered structure of the graphite [1]. 
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Polymer Structure of Sulfur Ensures Low Self Discharge of Li-S Primary and 
Secondary Batteries. Synergistic Effect of Sulfur Structure and Design of Sulfur 

Electrode 
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Dynamics of change in impedance spectra and electrochemical parameters of 
the Li-S rechargeable batteries with non-aqueous liquid electrolyte 0.7 M 
LiIm, 0.25 M LiNO3, DME: DOL (2:1) during storage after assembly and 
cycling have been shown. Our investigations confirm that the performance of 
Li–S batteries is heavily dependent on the electrode technology and design, 
some constructive materials like current collector. 

Introduction 

Lithium-sulfur (Li–S) batteries offer a theoretical specific energy of 2500 Wh/kg (or 
2800Wh/l) and a specific capacity of 1675Ah/kg of sulfur based on the complete reduction from 
elemental sulfur to lithium sulfide Li2S. The advantage of lithium-sulfur batteries: high capacity 
and high energy density up to 500 Wh/kg, low price, environmental compatibility. One of the 
biggest problems of the sulfur cathode is self-discharge due to the formation of polysulfides. This 
problem can be avoided by different ways: use of electrolyte with composition in which sulfur is 
insoluble; use of S polymorphs and sulfur-based materials (for example, doped carbon-sulfur 
composites or conductive organosulfur composites); use of special electrodes design.  

In this work, two approaches have been used: insoluble μ-S polymorph with a specific 
polymer structure as active material and special design of positive electrode including porous 
carbons membrane witch can effectively decrease the resistance of sulfur cathodes. The carbon 
micropores interlayer with used in this investigations facilitates the absorption of soluble 
polysulfides shuttling in the electrolyte and makes them available to be reutilized during cycling. 

Experimental 

The positive electrodes have been fabricated by slurry coating. As the current collector has 
been used the aluminum foil with modification by fusion of graphite into aluminum [1]. Disk 
electrodes based on sulfur have the following parameters: d – 1.6 cm, working surface – 2.0 cm2. 
Cathode mass has the following composition: Sulfur - 75% wt.; Carbon black- 10% wt.; Graphite 
with high conductivity - 10%; PVdF (6020/1001, Solef) - 5% wt. The drying of the cathode was 
under at 60 °C for 6 h under vacuum and 2 h at 120oC without vacuum. 

We used two type of sulfur: polymeric insoluble sulfur Crystex (TM) HD OT 20 “washed” in 
acetone [2] and natural elemental sulfur. 
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The cells with coin 2325 design have been used for testing. All procedures were carried out in 
an Ar-filled glove box. The negative electrodes were made of lithium foil. The microporous 
polypropylene Celgard®2300 with a thickness of 25 mkm was used as the separator. Electrolyte 
composition: 0.7М bis(triuoromethanesulfone)imide (LiIm), 0.25М LiNO3, DME: DOL (2:1). 

The following measurements was used: Impedance spectroscopy and galvanostatic cycling 
Li-S batteries. Impedance spectra were obtained using VoltaLab PGZ 301 analytical radiometer. 
The frequency range 100 MHz was 100 kHz. Galvanostatic cycling was performed in the range of 
potentials from 1.8 – to 2.7 В. Charge current were 0.1 mА, discharge current – 0.1-0.3 mА. The 
measurements have been conducted at the temperature of 25 °C. 

Results 

At the first stage of research, a party of Li-S coin cell was produced and some of them were 
stored for a long time at a temperature of 25±2 оС. 

The hodographs of fresh Li batteries with natural S-based electrodes have one semicircle 
(Fig. 1a).  The data for one party of elements have satisfactory reproducibility. The resistance 
values after a day of storage increase slightly (Fig.1b). 

 
Figure 1. Impedance spectra of Li-S cells: a – fresh cell; b – 1 day storage. The cathode contains 75% 
natural sulfur. Electrode area 2 cm2. Electrolyte: 0,7М LiIm, 0,25М LiNO3, ДМE:ДОL (2:1). Cell contain of 
carbon membrane on electrode.  

 
Our results show that a significant OCV change occurs within the first five days of storage. 

OCV decrease approximately on 0.8-0.9V as compared with the initial value for all cells and after 
located at a value of 2.4 V up to 80 days. 

Fig. 2 shows changes of impedance spectra of D 26 cell during 76 days of storage.  
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Figure 2. Impedance spectra of Li-S cells # D26 during storage. The cathode contains 75% natural sulfur. 
Electrode area 2 cm2. Electrolyte: 0,7М LiIm, 0,25М LiNO3, ДМE:ДОL (2:1). Cell contain of carbon 
membrane on electrode. 

 
A slight increase in resistance is observed for forty days, after which the impedance 

hodograph decreases. This character of changes is observed for all elements. It is known that the 
properties of films that form both on the cathode and anode change during storage. This is due to 
the staged mechanism of their formation. 

Below the figure 3 shows results of galvanostatic cycling of D 21-D26 elements. The storage 
time after which the elements were put for testing is indicated in the caption below. 

 
Figure 3. Change of 1st specific discharge capacity (a) and during cycling (b) for Li-S cell. Electrolyte: 0.7М 
LiIm, 0.25М LiNO3, DME: DOL (2:1). Natural sulfur content in cathode is 75%. Discharge current – 0.3 
mA; charge current – 0.1 mA. 

 
Cells with natural sulfur are characterized by low values of the specific capacity. There is no 

critical drop in capacity in the first cycles, but during cycling it decreases. 

Higher and more stable parameters where obtained for batteries with polymer sulfur (Fig. 4a). 
For the first five cycles, the capacity decreases from 1800 to about 1000 mAh/g and stabilizes at 
this value.  
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Figure 4. Change of specific discharge capacity (a) after 37 days storage and impedance spectra (b) during 
storage for Li-S cell. Electrolyte: 0.7М LiIm, 0.25М LiNO3, DME: DOL (2:1). Polymer sulfur content in 
cathode is 75%. Discharge current – 0.1 mA; charge current – 0.1 mA. 

 
After 31 charges, the cell was disconnected and stored at 25±2 оС. During storage, the 

impedance spectra were recorded (Fig. 4b). Even after 37 days of storage in a charged state, the 
battery has high specific capacity values at the level 900-1000 mAh/g. 

The complex of studies allows us to conclude that the structural features and physical 
parameters of sulfur with a polymer structure and the use of a special electrode design make it 
possible: – to significantly stabilize the discharge capacity of lithium-sulfur batteries during cycling; 
– keep a high charge of a battery in a charged state after a long cycling. 
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The work set itself the task of analyzing and evaluating the extension of the 
overall service life of photovoltaic systems in relation to the need for quality 
recycling or the possibility of secondary reuse. Although today all 
components of photovoltaic systems are not balanced in terms of expected 
life, the future goal of designers of these systems will be to create a 
comprehensive long-life system, including hybrid inverters and batteries. 
Today's measurement results showed that the expected service life of the 
modules has been extended from the original 20 years to the current 30-35 
years. The main increase in time and volume of recycling is postponed at 
least until the period from 2045 to 2050. This is matched by a number of 
gradually declining patents and new technologies for the processing of 
obsolete photovoltaic modules, including newly launched pilot projects 
focused on recycling. 

Introduction 

Sales of photovoltaic modules worldwide are constantly growing every year. Defined product 
lifetimes are moving from the historical 20 years to the 30-year boundaries (McDonald, 2010) 
according to Figure 1. The actual service life of photovoltaic systems is significantly longer than 
that of most consumer goods sold, and the utility properties serve many generations. Based on 
personal evaluation from the data provided on selected German roof installations 20-25 years after 
the installation date, it was found that at this time photovoltaic modules achieve a decrease in 
efficiency of about 8%, in accordance with the findings of Hylský, who after 20 years came to a 
conclusion in the article on the decrease of production (efficiency) by 6-8% (Hylský, 2015) in Fig. 2 

At the end of 2019, the total worldwide installed capacity of photovoltaic power plants was 
635 GW. The number of countries with more than 1 GW per year increased in 2019 to 18 countries. 
The use of local battery storage systems on solar farms as well as decentralized photovoltaic power 
generation systems has increased again due to declining initial costs for electricity storage systems. 
Therefore, the working lives (Hylský, 2015) will, with a few exceptions (defective production 
batches, initial and subsequent assembly errors, use of thin glass for mountain areas, etc.), usually 
reach 40 years or more, it is necessary these days to deal with new pilot projects and experiments in 
the field of future recycling, as shown in Figure 3. 
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Figure 1. Time course of the expected recycling time from the year 2010 [1] 
 

 
Figure 2. Simulation of performance and reliability of tested modules [2] 

 
The topicality of continuation of recycling and secondary use is confirmed by the fact that 

since the production of the first silicon cells at Bell Labs in 1954, it took almost 58 years for the 
cumulative installed capacity of photovoltaics to reach 100 GW. It took only five years from 2012 
to reach another 100 GW in 2017 and to reach almost 120 GW in 2019 (JÄGER-WALDAU, 2020). 

The types of new technologies, their number and places of origin are very well recognizable 
from the total number of registered and newly patented technological solutions. From the time 
evolution of the number of newly registered patents for silicon recycling technologies in Figure 3, 
2011 was the historic year, which recorded a record of 24 new patents announced by China. The 
total highest cumulative number of patents was achieved by China with a cumulative value of 48% 
of the total number. It is followed by Korea with 16% and closely followed by Japan with 15%. 

The development of the number of recycling patents today is mostly related to the location of 
the production of photovoltaic modules, less rarely related to the location of the installed modules, 
as might be expected. However, this is not a good signal for the recycling economy, as it is the 
countries with the largest increase in annual installed or cumulative installed capacity that should 
have many reasons why recycling should take place in their country, with minimal storage, 
relocation, transport and possible rough, mechanical sorting. 
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Figure 3. Development of the number of patents in years (left) and the cumulative number of patents by 
country (1995-2016) for silicon modules [4] 
 

We distinguish two basic approaches - destructive and non-destructive. In the case of 
destructive methods, the recycling object is exposed to temperature, pressure, radiation, gases or 
liquids, which aim to determine the current state of the semiconductor structure and irreversible 
damage to the structure occurs. It is therefore always necessary to economically sacrifice a few 
selected samples to determine the exact state of the modules. In the case of recycling a large number 
of modules (large-scale recycling), the loss of selected samples is negligible, and therefore it is not 
suitable for recycling a smaller number of modules. In the case of recycling a small number of 
modules, non-destructive methods of determining the condition of the structure are usually used. 
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The work deals with the comparison of measured parameters of photovoltaic 
modules of various current manufacturers with the data given in the catalog 
sheets. These data are compared with data obtained in the past from a similar 
measurement with a focus on comparing these data with respect to the 
continent where these modules were manufactured. 

Introduction 

When deciding on the selection of suitable photovoltaic modules for the solar system, the 
price and then the power that we can get is probably in the first place. At the same time, the quality 
of the modules, the availability on the market, the chosen material and the related efficiency are 
looked at, and information about the manufacturer is also in a significant place. As it is known, 
what guarantee it provides and what is the experience with its modules. For someone, the 
information about the area of production of photovoltaic modules is also important. Whether they 
were made in factories in Europe, Asia or America. The myth has long been that modules made in 
Asia are usually of poor quality and do not have the required parameters. This myth was tried in 
2009 to be refuted or confirmed by the German institute TUV Rheinland, which carried out an 
extensive comparison of modules from Asian and European manufacturers. 

 
Figure 1. Power output measurement of PV modules at TUV Rheinland 2008-2009 - modules manufactured 
by Asian manufacturers. (1) 
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As can be seen from Figures 1 and 2, in both areas there are manufacturers who cheat 
customers and sell modules with worse parameters than stated, but also manufacturers who sell 
modules with better parameters than indicated in the catalog sheets. 

 
Figure 2. Power output measurement of PV modules at TUV Rheinland 2008-2009 - modules manufactured 
by European manufacturers. (1) 
 

However, from the point of view of statistics, it was more probable that unfortunately in the 
years 2008-2009 you were cheated by European producers than by Asian ones. Of the European 
manufacturers of the 57 modules tested, there were only 4 modules with better parameters, while 
for Asian manufacturers it was 14 of 50. Under a tolerance of 5% lower actual performance than 
stated, 16 modules were found in Europe and 13 in Asia. 4 modules as 10% and one module worse 
than 20% was found. 

Experiment 

A similar evaluation of the modules, which were delivered to the Czech Republic in the years 
2018-2019, this is exactly ten years after the experiment in German institute, took place in the Brno 
Photovoltaic Laboratory. A total of seventeen modules were obtained from various manufacturers, 
representing both Asian and European, as well as one whose factories is in Latin America. The 
PASAN SunSim 3c device with a class A+ solar flash simulator was used for the measurement (The 
solar simulator has all parameters, which are defined by the standard IEC 60904-9: 2007-10 Ed2.0 
"Solar simulator performance requirements", and which sorts the simulators according to their 
properties into classes A, B and C, twice as good as the definition of class A.), in STC mode with an 
accredited power tolerance of +/- 3.6%. Prior to the measurement itself, an additional calibration of 
the device was performed to maximally specify the measurement uncertainty. Each module was 
acclimatized for a long enough time in the laboratory to stabilize at the required temperature and 
was subsequently measured under STC conditions after insertion into the system (radiation intensity 
1000W / m2 with vertical impact, panel temperature 25 ° C, light spectrum AM = 1, 5). 

This was followed by an analysis of the results, which focused on comparing the measured 
values with the values given by the manufacturers in the catalog sheets. To refuted or confirm the 
myth that modules made in Asia are of poor quality and do not have the required properties, 
information was found on the location of the modules. The obtained results can be seen in Table 1. 
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Table 1: Measured values of tested modules at STC 
PV Module no.   1 2 3 4 5 6 7 8 9 

Area of manufacturing   APAC EU APAC APAC APAC APAC EU EU APAC 

Catalog value [W] 280 240 280 325 300 330 290 280 310 

Toleration   +5/0 [W] +3/0 [%] +5/0 [W] +5/0 [W] +5/0 [W] +5/0 [W] +5/0 [W] +5/0 [W] +5/0 [W] 

Measured value [W] 274,569 231,796 265,804 327,287 298,869 309,769 269,197 278,083 304,630 

PV Module no.   10 11 12 13 14 15 16 17   

Area of manufacturing   APAC APAC APAC EU LAM APAC APAC APAC   

Katalogový hodnota [W] 340 320 340 280 400 270 275 310   

Toleration   +5/0 [W] +3/0 [%] +5/0 [W] +5/0 [W] +5/0 [W] +5/0 [W] +5/0 [W] +5/0 [W]   

Measured value [W] 329,001 314,454 337,967 269,499 358,376 270,093 274,623 302,958   

Conclusion 

Our experiment also confirmed that the best modules come again from Asian manufacturers. 
We may even find that the modules are better than the manufacturer states. On the other hand, 
according to the manufacturers' catalog sheets, a positive power tolerance of 0 - 3% or 0 - 5 Wp was 
guaranteed for at least three-quarters of the modules we measured, which was only confirmed for 
two modules. Modules from European Union manufacturers came in second, where we have 
already measured a larger deviation than for modules from Asia. The module made in Latin 
America ended up in the worst place, with a deviation of over 10% - and it was the most expensive 
module of all with a current market price of over CZK 12,000. However, compared to 
measurements ten years ago by the German institute TUV Rheinland, we can state that there were 
none of the given sample of 17 modules, the performance of which at STC would be different by 
more than 20%. 
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Temperature profile analysis in supersonic flow in the experimental chamber 

P. Šabackáa, J. Maxaa, P. Vyroubala, 

a Department of Electrical and Electronic Technology, Brno University of Technology, Technická 
10, 616 00 Brno, Czech Republic 

This article deals with the preparation of the experimental chamber on which, 
among other things, stagnation and static temperature will be measured. The 
results obtained from the measurements will be compared with the results of 
mathematical - physics analyzes of the Ansys Fluent system. Analyzes of the 
expected stagnation temperatures at the tip of the probes were performed with 
respect to the course of the Mach number from the aperture. 

Introduction 

An experimental chamber simulating the state of differential pumping is being in 
production at the Department of Electrical and Electronic Technology of FEEC BUT in Brno, in 
cooperation with the Institute of Scientific Instruments of The Czech Academy of Sciences (1, 2). 
This chamber consists of two chambers of different pressures, a specimen chamber with a pressure 
of 2000 Pa (3, 4), and a differentially pumped chamber with a pressure of 40 Pa, separated by a 
small aperture with a diameter of 2 mm (5 ,6). These pressure ratios are typical for the 
Environmental scanning electron microscopy (ESEM) (7, 8) see figure 1. 
 

 
Figure 1. 2D axisymmetric profile with boundary condition 

 
In this experimental chamber, several measurements will be made in between them also a 

static pressure measurement according to the Prandtl theory which says that the static pressure 
layout is the same in the flow cross-section. Six holes will be spirally placed on the nozzle surface 
for this purpose, whose perpendicular projection points to these 6 points in the flow axis from 
which the static pressure and temperature will be captured see figure 2. 
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Figure 2. Distribution of measured points based on Prandtl’s theory 

Temperature measuring in supersonic flow 

As it was mentioned, we will capture the temperature in given six points using thermocouples. Due to 
the supersonic flow in the experimental chamber, the shock wave is created in front of the probe front behind 
which flow braking occurs up to stagnation point. On the probe in front of the thermocouple, the stagnation 
temperature is being captured. But we need a static temperature for our application, so the value of static 
temperature is necessary to calculate from the relationship 1: 
 
  𝑇𝑠

𝑇0
= (1 + γ−1

2
)𝑀2 [1] 

 
where: Ts – stagnation temperature, T0 – static temperature, γ – Poisson constant, M – Mach 

number. 

 
Figure 3. Mach number running on the flow path 
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There is a Mach number running on the flow axis in figure 3, from which the values in given 
measured points were taken. 

Results and discussions 

Based on mathematical – physics analyzes made in the variant with the free flow (Tfree) also in the 
variant with the inserted probe (Tstagnation) we made a comparison of results of the temperature measuring 
obtained from the theoretical relationship [1] with the results obtained from Ansys Fluent system for all 
measured spots see figure 4 and table 1. In measured point one, the bigger difference is obvious because of 
the probe insertion into the aperture mouth, so the result in this point is slightly distorted, but in other points 
is obvious from the results that the flow does not influence the results. 

 The results obtained from the experimental measuring will be used for the electron microscopy 
purpose because the significantly affect the passage of the electron beam through the differentially pumped 
chamber. 

 
Figure 4. Temperature layout from Ansys Fluent system 
 
Table 1. Static temperature result comparison obtained from relationship 1 and Ansys Fluent system 
 

 
Ansys Fluent Relationship 1 

Tstagnation Tfree Calculation 

Probe 1 277 200,2 186,7 

Probe 2 279,3 164 160,2 

Probe 3 280,7 154,3 150,9 

Probe 4 282,6 142,1 140,3 

Probe 5 283,8 131,2 128,6 

Probe 6 283,5 122,3 121,9 
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Temperature running simulations during the pumping of chambers separated 
by a small aperture. 
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This article deals with the preparation of the experimental chamber on which, 
among other things, stagnation and static temperature will be measured. The 
results obtained from the measurements will be compared with the results of 
mathematical - physics analyzes of the Ansys Fluent system. Due to the 
expected temperature drop during pumping, the analyzes of the given 
pumping process were made for the selection of suitable probes for the 
cryogenic mode were also performed. 

Introduction 

An experimental chamber simulating the state of differential pumping is being in 
production at the Department of Electrical and Electronic Technology of FEEC BUT in Brno, in 
cooperation with the Institute of Scientific Instruments of The Czech Academy of Sciences (1, 2). 
This chamber consists of a specimen chamber with a pressure of 2000 Pa and a differentially 
pumped chamber with a pressure of 40 Pa separated by a small aperture of a diameter of 2mm (3). 
These pressure ratios are typical for the environmental scanning electron microscope (ESEM) (4) 
see figure 1. These pressures are achieved by pumping from atmospheric pressure (5). 

 
Figure 1. 2D axisymmetric profile with boundary condition 

 
Due to a sharp pressure drop during the pumping of the experimental chamber, the sharp 

temperature drop occurs, so it's necessary to pay attention to proper experimental probes choice. 

V1 – 
volume 
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V2 – volume above aperture with 
pumping tube 

Radii 
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g 
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These probes were chosen based on their differential pressure so their membranes would be able to 
resist big pressure differences.  

We have two types of pumps available, Lavat with the volume flow rate of 25 m3h-1 and 
Pfeiffer with the volume flow rate 62 m3h-1. 

Results and discussions 

Mathematical-physics analyzes in Ansys Fluent system, where the Pressure Based Solver 
setting (6) with second-order discretization (7) was used, showed the following pressure and 
temperature runnings as a function of time. These calculations were performed as 2D axisymmetric 
time variable calculations (8).  

 
Figure 2. Pressure running depending on time for Lavat pump 

 

 
Figure 3. Temperature running depending on time for Lavat pump 
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Figure 4. Pressure running depending on time for Pfeiffer pump 

 

 
Figure 5. Temperature running depending on time for Pfeiffer pump 

 
Mathematical-physical analyzes have shown that the temperature drop during pumping in 

chamber 1 is -40 ° C for both the Lavat pump and the Pfeiffer pump in the range of the second to 
fourth seconds of pumping, in chamber 2 the temperature drop is -60 ° C for the Lavat pump and -
90 ° C at the Pfeiffer pump. In both cases, this is the first second of pumping. According to the 
results we have to count on probes for cryogenic mode. 
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a Department of Mechanical Engineering, University of Defence in Brno, Czech Republic 
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The presented paper is focused on the developing a predictive mathematical 
model for describing unsteady thermodynamic processes connected with the 
depressurization of vacuum chambers under various conditions. The 
prediction of time for a system depressurization and the ensuring of the 
precisely defined vacuum pressure control are important tasks for the design 
and operation of low-vacuum systems. These specific requirements are 
especially important for the environmental scanning electron microscopes, 
where it is possible to observe samples, which contain water in their natural 
condition. The crucial condition is that the system pressure must not drop 
below the saturated water vapor pressure. If the vacuum-system pressure 
drops below the saturated vapor pressure, observed samples will be damaged. 

Discharging Mathematical Model 

The exchange of mass and energy between air, chamber and environment takes place in a 
simple open thermodynamic system, as shown in Fig. 1.  

       
        

        Vacuum pump 
dm12
dτ

        dm21
dτ

 

 
      

Figure 1. Schematic of the vacuum chamber thermodynamic system. 
 

The mass airflows dm/dτ leaving and entering across the boundary of the system control 
volume causes the change in pressure p1, temperature T1 and mass m1 of air inside the chamber. 
During the unsteady-state processes of depressurization, the heat transfer dQ/dτ process occurs. The 
system of differential equations has been solved by numerical integration with MATLAB using the 
explicit fourth-order Runge-Kutta method. The mathematical model requires a set of input 
parameters and boundary conditions (i.e. the chamber volume, initial temperature, the discharging 
flow velocity, the heat transfer area of chamber, the convective heat transfer coefficient, the area of 
the orifice, the flow coefficient and air thermodynamics properties).  

Results of the solution are validated by experiment for three cases of the orifice diameters, 
namely: d = 1.044, 1.524 and 2.157 mm. Other input parameters are: the vacuum chamber volume 
V1 = 0.045 m3, the chamber surface area 0.7188 m2, the pumping speed 0.001389 m3s-1, the 
barometric pressure 98858 Pa and temperature 294.5 K. Results of the solution provide us with the 
pressure evolution, the temperature, the velocity of airflow in the orifice and the airflow mass rates. 
These results for the case of the inlet orifice diameter d = 1.044 mm are shown in Fig. 2.  
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                              a)                                                                      b)  
 
 
 
 
 
 
 
 
 
 
 
 
 
                                     c)                                                                       d) 
 
Figure 2.  Results of depressurization for the case of inlet orifice diameter d = 1.044 mm: a) pressure in the 
vacuum chamber, b) temperature in the vacuum chamber, c) mass flow rates into and out the vacuum 
chamber, d) velocity of airflow in the orifice. 
 

 
                                      a)                                                                      b)     
Figure 3.  Depressurization time history in the vacuum chamber for inlet orifice diameters: a) d = 1.524 mm, 
b) d = 2.157 mm. 
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The presented model was validated by the experiment for three cases of airflow to the vacuum 
chamber through an inlet opening of various diameters. The comparison is shown in Fig. 2 a) and 
Fig. 3. As can be seen from the figures, the model agrees with the experiment quite well. 

Pressure at Equilibrium and Time to Reach the Pressure Equilibrium  

One very useful application is the determination of the relation between the diameter of the 
inlet opening and the pumping speed of the vacuum pump at the pressure equilibrium. This is the 
way for ensuring the precisely defined vacuum pressure control as an important task for the design 
and operation of low-vacuum systems, especially for environmental scanning electron microscopes. 
The resulting relation between the equilibrium pressure and the opening orifice diameter is shown 
in Fig. 4. There are also given calculated values of the equilibrium pressure for all the three 
examined cases of orifice diameters. 

 
Figure 4.  Equilibrium pressure versus orifice diameter for barometric temperature 22 °C 
 

The experimental results, shown in Fig. 2 a) and in Fig. 3, provide us with the values of the 
equilibrium pressure: 12 466 Pa, 26 998 Pa and 52 862 Pa. Here, we can also see a very good 
agreement between calculated and measured values. 

The time τe required to reach the pressure equilibrium is an important quantity for operation 
of vacuum systems. After this time the pressure in a pressure chamber remains constant (see Figs. 
3a and 4). The prediction of this time is essential to determine the beginning of the normal operation 
condition of a vacuum system. The corresponding times to reach equilibrium for the observed cases 
are shown in Fig. 2 a) and Fig. 3. 
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There is an increasing number of small satellites to be launched to space. CubeSat solutions 

are getting popular due to their increasing capabilities, flexibility, and significantly lower price than 

‘classical’ satellites. GOMX-3 was a 3U CubeSat built by GomSpace and launched in collaboration 

with ESA in order to demonstrate capabilities of nano-satellites in terms of attitude control, RF 

sensing and high-speed downlink. Its mission lasted for about one year and the satellite was 

afterwards successfully de-orbited.  

Batteries are an essential part of every satellite as their reliable operation is crucial for a 

success of nearly every mission. Thus, the battery performance and lifetime have to be sufficient, 

while avoiding unnecessary oversizing of the battery system, which would negatively affect 

economy and technical design of such spacecrafts. In this case, GOMX-3 is a great opportunity to 

learn from an actual satellite. Battery telemetry data, such as current, voltage and temperature, was 

collected during the mission. Their detailed analysis provide insights about the conditions to which 

the battery was exposed to and how the battery parameters were evolving throughout the time. 

In order to support the satellite battery data analysis, ground testing on the same type of the 

cells were performed. Characterization tests were conducted for various temperature levels to obtain 

specific battery parameters such as open-circuit voltage and internal resistance, and to form a 

battery model, which is used to explain the behavior observed from the battery telemetry. Moreover, 

cycling and calendar degradation tests were conducted to determine the expected degradation of the 

cells throughout the mission. 

The presented work aims to strengthen the practical experience about batteries used in 

CubeSats and it contributes to the telemetry processing methods. Future work in this area is to 

develop an advance state-of-charge and state-of-health algorithms, which will provide even deeper 

insight and it will allow for on-ground or on-board battery performance tracking to enhance the 

satellite operation. 
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Preparation of metal components by a modified powder technology was 
checked. Iron powder is used for manufacturing of an object of arbitrary form. 
Its final treatment occurs in nitrogen at 1120 °C.  

Introduction 

Biodegradable material is a promising candidate for the improvement of bone injury 
treatments. Its main advantage is the compatibility with a human body as well as its spontaneous 
degradation (reoperation is not needed for its removal). Generally, biodegradable materials exhibit 
many suitable properties, but on the other hand, they must meet a lot of strong requirements. In the 
research and development of biodegradable materials, the emphasis has been put on sufficient 
strength, but sufficient flexibility, fast degradation and good compatibility with human tissue.  

Currently, there are several research groups which examine these materials. For example, 
Wegener et al (1) described the manufacturing of implants by powder metallurgy enabling the 
production of specially tailored objects for medical applications. Our group also have introduced the 
modification of powder metallurgy for this purpose (2), (3), (4). 

The aim of this work was to create samples of biodegradable materials and monitor their 
properties. For this work, we decided to use polyurethane sponge. A foam from polyurethane is 
used as a carrier matrix. Prepared samples were annealed in an inert atmosphere. The polymer is 
supposed to evaporate or vanish from the material, leaving a porous structure of the metal 
untouched. As the temperature increases, the metal is sintered to a solid form. 

Preparation of Samples 

The starting material iron was prepared by the hydrogen reduction of commercially available 
iron oxides and commercially available polyurethane foam was used as a carrier matrix. The 
samples were prepared by immersing the pieces of the polyurethane foam into the suspension of 
iron in distilled water. After sufficiently long soaking, the samples were taken out from the 
suspension and placed in an oven at 37 °C for 24 hours. 

All the samples went through the following annealing process that provided the necessary 
strength and removal of the polymer. Our previously verified temperature profile was used, firstly – 
2 hours at temperature 450 °C followed by 1 hour at temperature 1120 °C in a nitrogen atmosphere. 
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Figure 1. Structure of bone tissue. 
 

 
Figure 2. Spongy structure of PUR matrix sample containing iron. 
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Characterization of PUR samples containing iron 

The structure of the annealed samples was investigated by an electron miscoscope. Moreover, 
EDX analysis was also performed because it was important to determine the distribution of 
elements in the samples. The analysis was perfomed on the samples before immersing them into the 
simulated body liquid (SBL) or NaCl and also after 147 days of soaking the samples in these 
solutions. From the table 1, it is obvious that after the soaking the concentration of invidual 
elements changed. Potassium and chlorine were observed in the structure of the sample after the 
treatment. Potassium was present in small concentrations and the presence of chlorine was caused 
by the content of chlorine ions in the solutions.  
Table 1. Amount of indivitual elements in the sample (PUR+iron)  

Element wt. % wt. % wt. % 
Oxygen 30.04 30.65 30.1 

Magnesium 6.41 - - 
Iron 57.85 62.14 60.27 

Sulfur 1.22 - - 
Sodium 4.49 2.19 3.81 
Chlorine - 3.9 5.82 

Potassium - 1.12 - 
Conditions no treatment after 147 days in NaCl after 147 days in SBL 

 
Samples placed in the solutions were kept at 37 °C and their corrosion potentials, weight loss 

and solution conductivity were measured monthly. Standard solution such as NaCl contains only 
several ions which are present in body fluids, but SBL contains most of these ions and can 
sufficiantly simulate the environment inside a human body. Chloride and phosphate ionts have a 
great infuence on the corrosion because the chloride ionts can disrupt passive layes but the 
phosphate ions can cause the opposite effect. The changes of The corrosion potential changes of the 
samples in Table 2 were measured using the working PIGE electrode with the sample attached, 
support Pt electrode and Ag/AgCl reference electrode. The effect of the chloride ions on the sample 
in simulated body fluid was almost negligible and the final corrosion potential was more positive 
than initial. On the other hand, the final corrosion potential in the sample in NaCl was more 
negative than the initial value. 

 
Table 2. Changes of corrosion potential of the samples 

Sample Solution Ecorr [V] 
Fe NaCl -0.5496 -0.3574 -0.3467 -0.3958 -0.5774 
Fe SBL -0.5496 -0.5037 -0.3360 -0.4108 -0.4492 

Number of days 0 35 63 84 147 

Summary 

For the PUR samples containing iron and immersed in NaCl, we observed significant changes 
after 35 days of soaking. The weight of the sample increased that was probably caused by the 
formation of a passive layer because the corrosion potential was shifted to more positive values. 
Later, the values gradually stabilized closer to the initial values and the final corrosion potential was 
more negative than the initial ones due to disrupting the passive layer. After 147 days, the weight 

133



21st Advanced Batteries, Accumulators and Fuel Cells  Corrosion, Applications and Simulations 

decreased due to accelerated corrosion, the corrosion current increased and the pH and conductivity 
continued to increase. 

For the samples immersed in SBL, the measured values did not change so significantly as for 
the samples in NaCl. The weight gradually decreased, the corrosion potential was shifted to more 
positive values, which indicated the precipitation effect of phosphate ions. There is a gradual 
attenuation of corrosion, probably due to the accumulation of corrosion products on the surface of 
the material. The pH value was shifted to higher values probably due to the release of alkaline ions. 
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The preparation of metal components by a modified powder technology was 
tested. Iron and magnesium powders are used for the manufacturing of 
objects of arbitrary form. Its final treatment was in nitrogen atmosphere at 
1120 °C. 

Introduction 

Biodegradable materials can help to improve the treatment of bone injuries. Their main 
advantage is a controlled compatibility with a human tissues and spontaneous degradation, thus, 
reoperations to remove the implant are not required. Biodegradable materials exhibit advanced 
properties to satisfy many requirements. In the research and development of biodegradable 
materials, the emphasis is placed on sufficient strength, but also flexibility, fast degradation process 
and good compatibility with body tissues.  

There are currently several research groups that study such materials. For example, Wegener 
et al (1) described the manufacturing of implants by powder metallurgy enabling production of 
specially shaped objects for medical purpose. Our group also have introduced the modification of 
powder metallurgy for medical applications (2), (3), (4).  

The goal of this work was to create samples of biodegradable materials and monitor their 
properties. For our work, we decided to use polyurethane sponge and the mixture of powdered iron 
and magnesium to modify the properties of samples. Prepared samples were annealed in an inert 
atmosphere. The polymer was supposed to evaporate or vanish from the material, leaving a porous 
structure of the metal untouched. As the temperature increases, the metal is sintered to a solid form. 

Preparing of Samples 

As the starting materials, commercially available powdered iron and magnesium were used. 
As a carrier matrix was used a commercially available polyurethane foam. The samples were 
prepared by immersing pieces from the polyurethane foam in a suspension of iron and magnesium 
with distilled water. After sufficient soaking, the samples were removed from the suspension and 
placed in an oven for 24 hours at 37 °C. 

All samples were then annealed. Annealing provided the necessary strength and removal of 
the polymer (PUR). An already known temperature profile was used – 2 hours at temperature 450 
°C and then 1 hour at temperature 1120 °C in a nitrogen atmosphere. 
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Figure 1. Annealed samples with PUR matrix 

Observation of the samples with iron and magnesium 

The structure of the annealed samples was investigated by an electron miscoscope. As the 
samples must not be dangerous to a body, it is important to know their composition and therefore an 
EDAX analysis was performed. EDAX analysis was perfomed on the samples before placing them 
into simulated body liquid (SBL) or NaCl and also after 147 days of treatment of the samples with 
these solutions. 

EDAX analysis actually showed presence of magnesium in all samples containing magnesium. 
All samples containing magnesium in the elemental analysis actually showed its presence. 
Unfortunately, some elements of the impurities turned out to be more prevalent. It could be due to 
samples handling or the purity of the powdered metals. It is also important from which part of the 
sample the analysis was made, because powdered magnesium did not have to be homogeneously 
distributed.  

The amount of oxygen and magnesium increased more significantly in the sample immersed 
in the NaCl solution, and the amount of iron decreased. These changes may be due to the surface 
effect of corrosion, which in the case of this sample was the fastest after the first month of soaking 
in NaCl.  

In the iron sample with the addition of magnesium immersed in the SBL, magnesium was 
probably released from the structure due to the interaction with the ions contained in the SBL. 
Table 1.  Amount of indivitual elements in the sample (PUR+Fe+ 5 % Mg)  

Element wt. % wt. % wt. % 
Oxygen 22.64 41.54 25.40 

Magnesium 2.64 21.93 - 
Iron 67.88 33.75 74.15 

Nickel 6.85 - - 
Sodium 4.49 1.95 - 
Chlorine - 0.83 0.45 

Conditions no treatment after 147 days in NaCl after 147 days in SBL 
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Samples placed in these solutions were maintained at 37 °C and their monthly corrosion 
potentials, weight loss and solution conductivity were measured. Standard solution such as NaCl 
contain only some ions contained in body fluids, but SBL contains most of these ions and perfectly 
simulates the body's environment. Chloride and phosphate ionts have a great infuence on the 
corrosion because chloride ionts should disrupted passive layes meanwhile phosphate has the 
opposite effect. Using PIGE working electrode with attached samples, Pt support electrode and 
Ag/AgCl reference electrode, the changes of corrosion potentials of the samples were measured 
(Table 2.). 
Table 2. Changes of corrosion potential of the samples 

Sample Solution Ecorr [V] 
Fe + 0.5 % Mg NaCl -0.5090 -0.5304 -0.5518 -0.4738 -0.5090 
Fe + 0.5 % Mg SBL -0.5090 -0.5678 -0.3552 -0.4172 -0.4150 

Number of days 0 35 63 84 147 
 

 
Figure 2. Corrosion potentials of the sample Fe + 0.5 % Mg in NaCl 

 
Figure 3. Corrosion potentials of the sample Fe + 0.5 % Mg in SBL 

137



21st Advanced Batteries, Accumulators and Fuel Cells  Corrosion, Applications and Simulations 

Summary 

For the sample (Fe + 0.5% Mg) in NaCl (figure 2), the corrosion potential values are 
constantly fluctuating around the initial value. This is because chloride ions disrupt the passive 
layer, which prevents corrosion and thus, retains the ability to corrode. 

In the case of the sample (Fe + 0.5% Mg) immersed in SBL (figure 3), it is evident that during 
the reaction of the solution, there is a more significant shift of values. After 35 days, the effect of 
chloride ions was probably predominant and the values were shifted to be more negative; corrosion 
was accelerated. Subsequently, more positive values were measured, so it can be assumed that 
phosphate ions were taking over, which caused the slowing down of the corrosion. In the last two 
measurements, the corrosion potential has already benn stabilized around -0.41 V. 
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Innovative Non-Destructive Electromagnetic Testing of Interface Resistance - 
the Basis of New Technologies for Production Electrodes of High-Energy 

Batteries 
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The efficiency of an electrochemical power source, to a great degree, depends 
on the internal resistance of the system. This internal resistance includes 
interface resistance between current collector and active electrode mass. The 
developed method and device enable non- destructive non-contact evaluation 
of the interface resistance. Results enable the prediction and optimization of 
electrochemical power sources properties, especially their power. 

More detailed information will be presented in the followed version of this abstract 
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This paper deals with a mathematical description of an alkaline battery 
impedance dependence on frequency. This mathematical description is done 
in two different ways. In the first case, a general fractional transfer function is 
used an in the second case an artificial neural network is used. Both 
approaches are discussed and compared with real measurements. 

Introduction 

Mathematical modeling of the electrical behavior of batteries is usually done with an 
equivalent circuit consists of some linear elements, e.g. resistance and capacitance, and nonlinear 
elements, e.g. Warburg impedance, see (1) and (2) for detail battery modeling. 

Generally, any battery is a highly nonlinear system and a description of its electrical 
properties with the only equivalent circuit, although nonlinear, can be very inaccurate and even 
sometimes misleading. Another problem can be an identification of this linear and nonlinear 
elements. It can be very difficult and, in many cases, even ambiguous, i.e. for battery description 
can be used the same structure of mathematical model but with different values of individual 
components and with different nonlinear dependencies. 

Based on these reasons, it is used for description of battery dependency on frequency, i.e. 
dependence of battery admittance on frequency, a general fractional transfer function and an 
artificial neural network.  

Battery admittance Y can be very simply calculated from voltage V applied to battery with 
given angular frequency ω, measured battery current I, and measured phase shift between voltage 
and current ϕ as follows 

 ( ) ,ϕω je
V
IY −=  [1] 

where j is imaginary unit.  

In the previous paper, see (3), the authors presented the general shape of admittance transfer 
function [2] usable for approximation arbitrary dependency of admittance on frequency for alkaline 
batteries and Li-ion batteries in form 
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where s is dummy variable of Laplace transform, q is an arbitrary real number (q ∈ R), ωi is 
cutoff frequency, and G is gain. This transfer function is advantageous to use in case that we do not 
know value of the battery internal resistance. Because for very low frequencies the value of TF gets 
in a limit case to zero and battery resistance approaches infinity. For many cases this type of battery 
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modelling is inadequate and the DC battery internal resistance must be considered so the TF [2] can 
be easily transformed to  
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where G0 is the reciprocal value of the DC battery internal resistance. 

The main drawback of representation of battery transfer functions by [2] or [3] is the 
coefficients qi which can be generally any real numbers. This causes many problems because 
working with such a system, i.e. with the fractional system, is very complicated and there is not 
much available software for numerical simulation of such a system at the present time. The usual 
way to working with the system described by [2] or [3] is to approximate these TF by rational 
transfer functions with only integer coefficients qi., see (4) and (5). 

Base on previous reasons, we use for modeling such a nonlinear transfer function an artificial 
neural network (NN) in this paper. We deal with choosing the right network structure for 
minimizing the difference between measured values and values estimated by used NN. 

Neural Network for Battery Transfer Function Approximation 

The neural networks can precisely model highly nonlinear processes and found application in 
many scientific fields, see (6). We use their capability to precisely approximate any function to 
approximate the battery transfer function. An example of a measured Bode plot for an alkaline 
battery is shown in Figure 1. This TF can be relatively precisely approximated using [3] but we on 
the other hand use artificial NN. Because the obtained results by this method may be relatively 
easily generalized and it can be constructed general NN for an approximation of TF which can take 
into account the actual state of the battery, i.e. temperature, state of charge, and so on. This 
generalization is in a case using only TF is almost impossible. 

For a simple approximation of TF can be used NN schematically shown in Figure 2. The main 
aim of this article is to show the influence of the number of neurons in the hidden layer and 
influence of the shape of activation function on the ability to NN approximated the battery transfer 
function with sufficient accuracy. 
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Figure 1. Measured Bode plot for alkaline battery. 
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Figure 2. Neural network for approximation of battery transfer function. 

Conclusions 

The paper deals with a description of the dependence of alkaline battery admittance on 
frequency. This dependence can be classically described by the general fractional transfer function. 
In the paper, it is used for mathematical modeling such a dependency on the artificial neural 
network. There is a discussed choice of an optimal number of neurons in the hidden layer and the 
optimal choice of activation function for an individual layer of the neural network. Obtained results 
from fractional transfer function and neural network are compared with measured frequency 
characteristics. 
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Introduction 

Emitted nanostructures are very attractive because of their widely used in optoelectronic 
devices, and in biomedicine as biological markers. Consider nanostructured forms of carbon such as 
fullerene, single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes 
(MWCNTs), graphene, which have many properties that differ from their bulk counterpart. 
Recently it has been reported that carbon nanotubes [1] and graphene nanoparticles in special 
condition [2] effectively emit in the visible range. Using some kind of oxidizing effect applied to 
nanotubes, it is possible to longitudinally unzipped MWCNTs and obtains graphene sheets with the 
corresponding number of layers [3]. By controlling the process of unzipping nanotubes, it is also 
possible to obtain MWCNTs with a defective structure or, as they are also called, partially unzipped 
multi-walled carbon nanotubes (PUMWCNTs). Unusual electronic properties of PUMWCNTs with 
a structure called a chair were discovered, depending on the degree of unzipping of such nanotubes. 
The literature describes various methods for unzipping nanotubes, which differ only in the method 
of exposure to multi-walled carbon nanotubes leading to the unzipping of nanotubes or the possible 
creation of quantum dots. In [1] the authors reported about a method for producing carbon 
nanocrystals emitting a strong blue glow after electrochemical treatment of MWCNTs. In our 
previous works, the possibility of the controlled opening of MWCNTs was shown [3]. Therefore, 
we investigated the most promising, in our opinion, electrochemical method for the synthesis of 
PUMWCNTs [4]. We have proposed a method of ultrasonic crushing of PUMWCNTs. 

The aim of our work was to apply the electrochemical synthesis for the PUMWCNTs 
production and after it application of ultrasonic crushing technology for luminescent graphene 
quantum dots obtaining. 

Experimental part 

TEM micrograph of PUMWCNTs sample 1 is presented on Figure 1 as well those for fully 
unzipped MWCNTs (sample 2) - on Figure 2. Figure 3 shows the results of photoluminescent (PL) 
studies of the PUMWCNTs samples after ultrasonic treatment. Namely, blue emission appeared at 
the 400–430 nm region (Figure 3 a, b) from the colloidal carbon nanotube solution excited with UV 
light at wavelengths 220, 255 and 320 nm. During luminescence studies, it was determined that the 
degree of unzipping of carbon nanotubes after ultrasonic treatment influences the increase in the 
luminescence intensity (Figure 3 b, sample 2) compared to (Figure 3 a, sample 1), but the shape and 
position of the PL spectra does not practically change. The authors of [5] suppose that carbon 
materials luminesce is due to edge and internal structural defects in carbon nanoparticles. We 
observed the maximum of the PL spectrum in Figure 3 (a, b) at 400 nm and photoluminescent 
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excitation (PLE) at 220-240 nm with a shoulder of 257 nm and a peak at 320 nm, respectively. A 
wide peak in the 220–240 nm with a shoulder of 257 is attributed to the interband π – π* transition 
being a signature sp2 hybridized electronic orbitals [6]. For bilayer and single-walled carbon 
nanotubes with a decrease in diameter from 3 to 1 nm, the peak at 240 nm shifts to the UV region to 
206 nm [7]. Based on these data, the size the carbon nanoparticles in our experiment are equaled to 
1.5–3 nm. The peak of PL excitation at 320 nm is caused by the terminal groups C=O / COOH, OH, 
and C-O-C of carbon nanoparticles [8]. Typically, this peak for carbon nanoparticles is observed at 
350–360 nm [9], but in the case of one or two-layer carbon nanoparticles with a lateral layer of 0.5–
1.3 nm, it shifts to the UV region at 320 nm. Accordingly, it can be concluded that during ultrasonic 
treatment in a colloidal solution, one or two-layer carbon nanoparticles of small size 1.5–3 nm 
dominate. 

 

  
Figure 1.  TEM micrograph of 
PUMWCNTs the sample 1. 

Figure 2.  TEM micrograph of fully 
unzipped MWCNTs the sample 2. 

 

 
 
Figure 3. Photoluminescence excitation spectrum and photoluminescence spectra at different excitation for: 
sample 1 (a); sample 2 (b). 
 

After nanotubes unzipping, the studied samples contain both small graphene particles with a 
unit size of up to ten nm, the so-called nanodots, and large fragments - microns or more, as well as 
oxidized forms of graphene particles - graphene oxide particles. It is known that nanotubes possess 
luminescent properties in the NIR-IR region (more than 1 μm). Under normal conditions, graphene 
does not emit in visible region, but small grains (nm and tens of nm - usually no more than 20 nm) 
can produce blue photoluminescence, which usually does not depend on the wavelength [10] and 
decreases in intensity with increasing excitation wavelength. Our experiment showed the same for 
all samples under study. Regardless of the excitation wavelength (220 nm and 300 nm), we 
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observed PL at a wavelength of about 400 nm, and the PL intensity decreased with an increase in 
the excitation wavelength (or a decrease in the energy of the exciting quantum). The value of the PL 
maximum is higher in energy than in the case of [11], but we suppose that the latter is due to the 
fact that our graphene nanoparticles are curved and have twisted edges, since they are the result of 
exfoliation from the walls of nanotubes 2–40 nm in diameter and possibly strained. Study the 
electrocatalytic characteristics of quantum dots as material for oxygen electrodes showed that they 
can be used as a catalyst support. 

Conclusions 

Here we proposed a method for producing graphene quantum dots by ultrasonic grinding of 
PUMWCNTs. Exfoliation from the walls of nanotubes as result of ultrasonic grinding produced 
quantum dots of graphene and possibly curved strained single or double layer graphene 
nanoparticles of cup-shaped shape with a size of 1.5–3 nm. Received photoluminescent quantum 
dots of graphene have the blue glow. 
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Change of Geometric Accuracy of Structural Steels after Carburizing in Gas 

D. Dobrockya, Z. Pokornya, Z. Joskaa, Z. Studenya, J. Prochazkaa, E. Svobodaa and P. Dostalb 

a Department of Mechanical Engineering, University of Defence in Brno, Kounicova 65 602 00 
Brno, Czech Republic 

b Department of Technology and Automobile Transport, Mendel University in Brno, Zemědělská 1, 
613 00 Brno, Czech Republic 

Chemical-thermal treatment of steels differs from other methods of heat 
treatment in that, in addition to structural changes, it also changes the 
chemical composition of the surface layer due to the diffusion of certain 
suitable elements into the steel. Carburizing can be defined as the saturation 
of the steel surface with carbon at a temperature above A3. The resulting 
surface layer is characterized by high hardness and abrasion resistance after 
quenching. Carburizing also increases fatigue strength. Nowadays, 
carburizing at low pressure or vacuum carburizing is often used, which is a 
modification of carburizing in gas, while carburization is performed at 
pressures well below the level of atmospheric pressure (101 kPa). The 
advantage of this process is that no internal oxidation occurs; carburizing has 
a higher rate and uniformity of carburization, good reproducibility of the 
process and lower deformation. Carburizing is mainly used for parts 
subjected to abrasion (eg gears). However, even with this process, the 
geometric accuracy and surface texture of the parts change. The changes of 
geometric accuracy of ground samples from carbon steel C45, low-alloy Mn-
Cr carburizing steel 16MnCr5 and medium-alloyed Ni-Cr carburizing steel 
14NiCr14, which were vacuum-carburized in a CO/CH4 atmosphere, were 
evaluated in this work. Geometric accuracy was evaluated by measurement 
using a 3D coordinate measuring machine, surface texture using a coherent 
correlation interferometer. After the carburizing process, changes in the 
dimensions of the samples were found in all steels. For C45 steel, the sample 
dimensions were reduced by 0.028 mm ± 0.004 mm, the surface roughness 
expressed by the parameter Ra decreased by 0.28 µm, which is 20%. In case 
of carburizing steels there was an increase in the dimensions of the samples, 
especially in the case of 14NiCr14 steel and a smaller difference in surface 
roughness. The same parameters of the carburizing process lead to different 
behaviour of carburized parts in different steels, in terms of changes in 
dimensions and surface texture. 
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Battery Powered Multipurpose DC-DC Converter 

M. Folprecht a, P. Prochazka a and D. Cervinka a 

a Department of Power Electrical and Electronic Engineering, Brno University of Technology, Brno, 
616 00, Czech Republic 

This contribution refers about a design and development of a multipurpose 
DC-DC converter with pulse transformer, which is powered from a battery or 
an on-board car network. The converter with adjustable output voltage and 
current can supply many appliances. The design of pulse transformer, 
secondary rectifier, output filter, switching transistors and control circuits is 
included.  

Introduction 

Power supplies with one adjusted output voltage value are a common application of DC-DC 
converters. Typical example is a notebook charger. This contribution deals with a less common 
sample of DC-DC converter, which is powered from the on-board car network or the battery. The 
output voltage and current values can be continuously set by user. Maximal output voltage value is 
24 V and maximal output current is 5 A. Nominal input voltage is 12 V, maximal value is 15 V. 
This converter can work as a battery charger for many devices (mobile phones, notebooks) or a 
power supply for audio sets, cooling boxes, fans and similar appliances used in cars. It can be also 
used as a common service supply at places, where the electricity is not available. A built-in battery 
allows to work out of the car. The power part of the converter contains pulse transformer, although 
the galvanic isolation is not needed at this application. The converter is built in compact portable 
case, the output values are measured by V-meter and A-meter. 

Power Part and Pulse Transformer Design 

For converters with low input voltage, a push-pull topology is suitable. The main advantage 
of this topology are source electrodes of both switching MOSFET transistors connected to ground. 
For that reason, gate drivers can switch these transistors directly without galvanic isolation. Circuit 
diagram of the power part is in Figure 1. Primary winding of the transformer consists of two 
identical sections N1 and N2 with the same number of turns. A common terminal of these sections is 
connected to a positive pole of the battery, the second terminals of windings are connected to 
ground (a negative pole of the battery) by switching transistors T1 and T2. When the one transistor 
is switched on, a primary voltage appears at the appropriate section and it is transformed to the 
secondary winding N3. At the same time, the second transistor is switched off and it is stressed by 
double of the battery voltage, because both sections of the primary winding work as an 
autotransformer. The voltage on the switched-off transistor is also raised up by voltage peaks 
caused by leakage inductance between both sections of the primary winding. These voltage peaks 
rise with load current. Double primary winding is the main disadvantage of this topology, which 
does not allow to use it for higher input voltage, for example rectified AC mains (1).    
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Figure 1. Circuit diagram of the power part 
 

Flux linkage Ψ in a transformer core and a magnetizing current iμ are an integral of primary 
voltage, which has rectangular shape, so the magnetizing current and flux linkage has triangular 
shape. Primary current i1 is a sum of the magnetizing current and the load current transformed to 
primary side. Secondary voltage is also rectangular, and a height of the pulses is different with 
transfer ratio N3/N1. Secondary rectifier and output filter consist of two diodes D1 and D2, inductors 
L1 and L2 and capacitor C1. Two inductors are needed to eliminate the DC magnetization of pulse 
transformer. This problem is caused by synchronous interference, when PWM modulator is affected 
by noise from the power part. The interference leads to a deviation of duty cycles of power 
transistors. Load current is divided into two halves, which flow through inductors L1 and L2. The 
use of two inductors allows a slight difference between maximal values of these two currents. For 
this reason, positive pulses can be wider and negative pulses can be narrower, when the deviation of 
duty cycles occurs. And as a result, transferred charges are the same, so the secondary current does 
not contain a DC component (2). A count of primary turns is given by equation [1]: 

 
  N1 = U1

4 f B SFe
 [1] 

 
Where U1 = 12 V is a battery voltage, f = 80 kHz is a switching frequency, B = 0.35 T is 

a chosen flux density and SFe = 75 mm2 is a cross section area of the ETD-29 core. For mentioned 
values, N1 = 2 is obtained. A low number of primary turns leads to a low primary inductance. In 
that case, magnetizing current should have unacceptably high value and leakage inductance should 
be also significant. These are other disadvantages of the topology supplied from the low voltage. 
For this reason, the count of primary turns N1 = 3 was chosen and larger core ETD-39 with cross 
section area SFe = 128 mm2 was used. To eliminate leakage inductance, each section of primary 
winding consists of two parallel legs. For the secondary winding, the count of turns N3 = 9 is 
obtained. But the secondary rectifier works as a current doubler. RMS value of the secondary 
current is only a half in comparison with a bridge rectifier, so it must be compensated by double 
value of secondary voltage because of energetic balance. Consequently, the count of secondary 
turns obtained from transfer ratio N3/N1 must be doubled. Maximal value of magnetizing current is 
given by equation [2], where lFe is an effective magnetic length of the core and μr its relative 
permeability (2). 

 

  𝐼µmax = 4 𝑓 𝐵2 𝑙Fe 𝑆Fe
𝑈1 𝜇0 𝜇r

 [2] 
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Flux density B = 0.098 T is obtained from [1], values lFe = 92.2 mm, SFe = 126 mm2 and  

μr = 1660 are taken from data sheet (3). Maximal value of magnetizing current is 1.42 A. Cross 
section area of primary and secondary conductor is dimensioned to RMS value of current. In the 
case of primary current RMS calculation, magnetizing current cannot be neglected, because its 
value is comparable to working current with peak value 15 A. Because of skin effect, primary and 
secondary conductor must be divided into many thin insulated conductors. Primary winding is 
created from high frequency litz wire 70x0.15 mm with total cross section area SCu1 = 1.9 mm2 and 
for secondary winding, wire 480x0.071 mm with total cross section area SCu2 = 1,23 mm2 is used. 
Inductors L1 and L2 in output filter are constructed on ETD 34 core. Each inductor with inductance 
L = 940 μH is dimensioned to the half (2.5 A) of nominal load current value (5 A). A length of an 
air gap is 0.7 mm. For both inductors, conductor with cross section area S = 0.86 mm2 is used and 
winding has N = 79 turns (1), (2). As the switching transistors T1 and T2, MOSFET IRLI2910 are 
used. The main features of these transistors: drain-to-source voltage UDS = 100 V, nominal drain 
current ID = 31 A and drain-to-source resistance RDSon = 0.026 Ω (4). Low drain-to-source 
resistance is very important at this application. Transistors are driven directly from PWM modulator 
circuit SG3525. A regulation scheme is based on operational amplifiers and consists of two loops: 
master voltage loop and slave current loop. Output current is sensed by shunt resistor R3 and output 
voltage by divider R1 and R2 (Figure 1).  

Conclusion 

This abstract deals with problematics of DC-DC converter powered from the battery. For this 
converter, the push-pull topology with pulse transformer was chosen. The body of the abstract is 
focused on the design of the transformer. Design problems and their solutions are explained. At 
following extended version of the contribution, design of other parts will be described, and results 
of the measurement will be summarized.     
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Adhesion of PVD coatings on surface of small arm 
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Abstract: 

This work deals with the possibility of increasing the utility properties of the 
functional part of the weapon by deposition of PVD coating. These coatings 
are widely known for their high hardness and abrasion resistance without 
affecting the anti-corrosion properties. The experimental part evaluates the 
created duplex coating on the piston of the assault rifle Sa vz. 58. The 
evaluated coating was verified and durability tests were performed  by the 
instruments from the Department of Mechanical Engineering. Evaluation of 
the duplex coating has been done on the Rockwell HRC 8150 L hardness 
tester, PVD coating adhesion was evaluated by indentation and scratch test 
which was performed on Bruker UMT 3 tribometer. Duplex coating adhesion, 
surface morphology and coating thickness was evaluated on optodigit 
microscope Olympus DSX 500. In addition, the impact resistance of the 
coating was evaluated bydynamic impact test. The durability tests of the 
coating were carried out during the training of students in the military 
training area in Vyškov. During the test, approximately 2000 rounds were 
fired. The results showed the application of PVD coating significantly 
reduced piston head wear and increased user comfort in the form of 
shortening time of the cleaning and maintenance process after firing. 
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Ex-situ cell with positioner for XRD measurements in an inert atmosphere 

O. Klvača, O. Čecha 

a Department of Electrical and Electronic Technology, Faculty of Electrical Engineering and 
Communication, BUT, Technická 10, 616 00 Brno, Czech Republic 

This paper describes the construction of a hermetically insulated cell for post-
mortem research of electrode materials of electrochemical cells. The first part 
specifies the problems of XRD characterization, followed by a description of 
the cell solving problems with hermetic insulation and distortion of 
diffraction patterns. Then, a positioning system for sample displacement error 
correction is described. Finally, attenuation of the used materials and the 
suitability of inert gases are discussed. 

Introduction 

X-ray diffraction spectroscopy (XRD) is a widely used method of material analysis and can 
be well applied in the production and study of electrochemical cells. During the research, changes 
in the crystallographic parameters of electrode materials after intercalation are often investigated. 
However, these samples are highly sensitive to the atmosphere and must be encased in a suitable 
cell. It must provide good hermetic insulation, but at the same time, it must not significantly 
attenuate X-rays and distort the diffractogram. The requirement is also a simple assembly due to the 
limited manipulation in the glove box and the possibility of the sample displacement error 
correction [1]. 

Experimental 

A Rigaku MiniFlex 600 diffractometer in a theta-2theta arrangement is used for analysis, 
where Cu-Kα emission line is detected. The first measurements of intercalated electrodes took place 
in a standard glass holder, which was covered with Kapton foil in a glove box filled with argon. 
However, due to the diffusion of air humidity through the film, the samples were discarded before 
the measurements were completed. From this point of view, coffee bag foil (CBF), where a thin 
layer of aluminum is applied to the polymer, has better properties. On the other hand, it has a high 
attenuation for X-rays and significantly distorts the diffractogram around the angle of 27 ° (see Fig. 
2). An effective solution is to place it in a circle, as the same and thinnest layer of material is 
penetrated at all angles. Several types of plastic cells were created, where the foil was glued after 
inserting the sample and were practically tested and used [2]. For easier assembly and the 
possibility of displacement error correction, the cell in Figure 1 was finally manufactured. 

The cell (1) is made of a duralumin rod. There are threads on the round edges that allow 
attaching the CBF (7) and the seal (8) by pressing U-profiles (6). In the glove box, the sample from 
the bottom part is inserted only by screwing on the sealing "plug" (9) serving as a holder. This 
hermetically closes the sample, it is possible to take it out of the glove box and place it on the 
positioning system. 
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Figure 1. XRD cell in positioner system Figure 2. Comparison of the CBF contribution 

 
The stepper motor (12) rotates a threaded rod (4) that passes through a brass nut (3) in the cell. 

Thanks to the smooth chromed rods (5) and linear ball bearings (2), the steps are converted to a 
change in height with a theoretical accuracy of 0,16 μm. The smooth rods and the motor are 
screwed to the base (11), which is attached to the goniometer of the diffractometer via spacer blocks 
(10). A driver Polohu md09b and an ATmega8 processor are connected to the motor, which 
communicates with the PC via a serial terminal. 

After inserting the cell into the diffractometer, the sample height is set manually. A quick scan 
is then performed to compare the peak position of a material that does not change its properties 
during intercalation, such as a copper substrate at a graphite electrode. To illustrate, Figure 3 
compares the first scan of a clean electrode in a cell with an accurate measurement in a standard 
holder. Peak Cu (111) is shifted by 0.32 °. Taking into account the dimensions of the instrument, it 
can be calculated that the sample is 450.6 μm above the center of the goniometer. After moving the 
cell down by this value, the position is correct (see Figure 4). 

 

  
Figure 3. Graphite electrode before correction Figure 4. Graphite electrode after correction 
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Discussion 

The electrode materials are applied in a thin layer, and especially in the case of graphite, there 
is also a preferred orientation. Therefore, some peaks may not be visible. Low attenuation of the 
materials used is therefore a necessity. 

Paradoxically, while the measured attenuation for Cu-Kα by the two layers of CBF is only 
7.2 %, in the case of argon inside the cell the attenuation is about 40 %. Using Beer-Lambert's law, 
general gas equation and values of mass attenuation coefficients from NIST, this value can also be 
calculated theoretically. 

Figure 5 shows the ratio of the intensity of radiation that passes through argon to the intensity 
in air (standard measurement) as a function of the cell radius. The dependence is shown for 
different argon pressures. Figure 6 shows the same dependencies for helium. 

 

  
Figure 5. Attenuation of argon Figure 6. Attenuation of helium 
At atmospheric pressure (1017 hPa), argon has about 17 times higher attenuation coefficient 

than air. The longer path through this environment, the more radiation will be attenuated and vice 
versa. While maintaining the cell radius (17.5 mm), it can only be decreased by decreasing the 
pressure. At half pressure, the attenuation is about 20 % and at about 61 hPa argon has the same 
attenuation coefficient as air. However, it is too low pressure and there is a risk of air being sucked 
in. Helium, on the other hand, has very small attenuation, it acts almost like a vacuum at 
atmospheric pressures and up to 19,3 MPa, it is lower than air. It, therefore, seems like more 
appropriate gas to improve the insulation properties and the readability of the diffraction patterns.  
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In this paper, austenitic stainless steel AISI 304 (X5CrNi 18 10) has been subjected to low-
temperature plasma nitriding (LTPN) at 400 °C (673 K) in 24H2:8N2 (l/h) and in the reverse 
working atmosphere of 8H2:24N2 (l/h) marked as LTPN-R, and additionally to high-temperature 
plasma nitriding (HTPN) at 550 °C (823 K) in 24H2:8N2 (l/h) working atmosphere, for 15h for all 
PN processes.  The microstructure, microhardness, and phase evaluation of the nitrided steel were 
studied. Nitrogen expanded austenite γN and Fe3N was identified after the LTPN process. After 
LTPN-R the γN, Fe2N, Fe3N, Fe4N, CrN, and Cr2N  phases were identified. The HTPN process led 
to the formation of an increased volume of αFe, Fe3N Fe4N, and CrN phases. The LTPN 
techniques led to an increase of surface hardness, from initial 186 ± 3 HV1 (untreated steel) to 281 
± 15 HV1 (for LTPN and LTPN-R). The highest surface hardness reached the HTPN process (734 
± 5 HV1), thanks to the formation of CrN, Fe3N, and Fe4N rich nitride layer on the surface. 
microhardness profile measurement, scanning electron microscopy (SEM), and light microscopy 
study showed the formation of thin nitrogen expanded γN layer after LTPN  and LTPN-R process, 
and a very thin nitride layer on the surface and thicker nitrogen expanded γN layer beneath it after 
HTPN process. The corrosion properties of the untreated, LTPN, LTPN-R, and HTPN treated steel 
were evaluated using the anodic potentiodynamic polarization tests (PPT) in neutral 2.5% NaCl 
deaerated solution. The corrosion rate CR (mm/y) increased only approx. 3-times for LTPN, 4-
times for LTPN-R to untreated steel. The most negative Ecorr (V) and highest CR values were 
found after HTPN (increased 44-times to untreated steel) due to reduced passivation ability by 
chromium depletion caused by the forming of CrN. Additionally, the pitting was evaluated, and the 
pitting coefficient was calculated as well. 

 
PPT curves of untreated and plasma nitrided AISI 304 (X5CrNi 18 10) stainless steel in deaerated 2.5% 
NaCl solution 
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Numerical Model of a Scanning Electrochemical Microscope 

M. Mačáka, P. Vyroubala 
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Czech Republic 

The presented article describes a numerical model of a scanning 
electrochemical microscope used for investigating topography and 
conductivity of various surfaces. The numerical model is based on Poisson-
Nernst-Planck equations coupled with electrochemical reactions. Presented 
simulations investigate the influence of the distance between the electrode 
and the substrate, as well as the difference between the insulating and 
conducting substrate. 

Introduction 

Scanning electrochemical microscopy (SECM) is a very precise analytical technique used for 
detailed studying of topography, conductivity, and reactivity of samples (for example live cells, 
electrodes, membranes, or thin films) (1). The core of this method is based on the recording of 
Faradaic currents along with the position of the micro-electrode. The obtained data is then used to 
create detailed maps of samples. SECM uses added or already present redox species in the system 
(1, 2). A typical microscope consists of an electrochemical potentiostat, a high-resolution 
positioning system and a small diameter micro-probe. The resolution and the response depend on 
various variables such as: size of the electrode, concentration of species, distance between the 
substrate and the electrode and the conductivity of the substrate. As a result, identifying the 
influence of these parameters by numerical simulations could lead to enhanced electrochemical 
microscopes with better characteristics (1). 

Numerical model 

The numerical model is based on Poisson-Nernst-Planck equations coupled with the 
description of electrochemical reactions. Poisson’s equation describes the electric field as well as 
the effects of ions charge density. Nernst-Planck equations describe the transport of ionic species 
due to convection, diffusion, and migration. In many cases, not every source of motion of species 
must be considered. In this case, the migration source term can be neglected due to the high amount 
of the electrolyte, which suppresses the voltage gradient in the electrolyte. The convection term can 
be ignored as well, as no flow is expected. This means, that species can be transported only by the 
diffusion, which greatly simplifies the model (2, 3, 4).  The rate of electrochemical reactions is 
described through the Butler-Volmer reaction (4). 

In this work, a response of a general one-electron redox reaction, with the reduction potential 
of 0 V, has been investigated. Figure 1 shows the illustration of the computational domain. The 
diameter of the electrode is 20 μm. The influence of the distance between the electrode and the 
substrate (1 μm, 5 μm, 10 μm, 200 μm) has been studied. A sweeping triangle signal from -0.5 V to 
0.5 V has been applied to the electrode. In the second case, a part of the insulating substrate has 
been transformed (shown in Figure 1) to conducting and a potential of -0.25 V has been applied. 
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Figure 1. Illustration of the computational domain 

Results 

In the first case, whole substrate was considered insulating and the voltammetric response was 
recorded. Figure 2 shows resulting voltammograms for different distances between the electrode 
and the substrate. The distance of 200 μm mimicked the response of the unhindered micro-electrode. 
As the distance decreased it was possible to notice a change of shape and a decrease of the current 
density as the diffusion became limited. Even though a micro-electrode has been used, the effects of 
the diffusion were still visible.  

 
Figure 2. Voltammograms for insulating substrate 
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In the second case, the conductive part of the substrate created a positive loop, which 
increased the recorded current density. As the oxidation occurred at the electrode, the product was 
quickly reduced back. The amplification of the current density was inversely proportional to the 
distance between the electrodes. The response for 200 μm is the same as in the previous case as no 
species had time to travel to the substrate electrode. 

 
Figure 3. Voltammograms for conducting surface with the potential of -0.25 V. 

Conclusions 

     The results suggest that the presented model can study complex phenomena in the 
scanning electrochemical microscope. The results show that it is possible to differentiate between 
the insulating and the conducting surface. The resolution of the microscope greatly increases with 
decreasing distance between the surfaces. Ideally, their distance should not be larger than the length 
of the radius of the electrode. The results also indicate that the size and properties of the glass 
sheath might influence the electrodes response. 
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Numerical Model of a Magnetohydrodynamic Pump 
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The presented article describes a numerical model of a 
magnetohydrodynamic pump used for transporting conductive fluids, in 
which the electromagnetic field accelerates the fluid. The model has been 
derived from Navier-Stokes equations and coupled with Maxwell equations. 
Presented simulations investigate the influence of the electromagnetic field 
on the acceleration of the electrolyte flow. 

Introduction 

Magneto-hydrodynamics (MHD) describes the influence of electromagnetic fields on the flow 
of electrically conducting fluids such as plasma, liquid metals, or electrolytes. This effect can be 
used for driving and controlling flows without utilizing any moving mechanical parts, which makes 
the design of devices simple and effective. Apart from applications in propulsion systems or in 
power generation, the use of MHD can be found in microfluids. Microfluidic devices can be used as 
reactors, micropumps, pressure flow sensors, mixers or even microfluidic fuel cells and batteries. 
Due to their flexibility, they are attracting interest from researchers as well as technology 
companies. This article presents a custom numerical model implemented into Ansys Fluent 
describing an MHD micropump. The model and obtained results might be used for design and 
optimization of new MHD micropumps as well as other devices (1, 2).  

Numerical model 

The description of the steady state MHD model consists of Navier-Stokes equations (3) 
describing the flow of an electrolyte and Maxwell equations describing the electromagnetic domain 
(4). The effect of the electromagnetic field is described by the Lorentz force, which acts as a source 
term in the momentum equation of Navier-Stokes equations. As a result, the flow can be created 
even without any pressure difference. Additionally, the magnetic induction equation shows that the 
motion of the electrolyte in an external magnetic field induces a magnetic field in the medium. The 
induced magnetic field can be often neglected due to the low fluid velocity (5). The current density 
is defined through Ohms law in a conducting fluid as (4): 

 
 𝑱 = 𝜎(𝑬 + 𝒗 × 𝑩) [1] 
 

     To compare the results, the simulations were based on the work of Ito et al. (6), which 
studied the fluid behaviour in an MHD micropump. The illustration of the geometry is shown in the 
Figure 1. 

159



21st Advanced Batteries, Accumulators and Fuel Cells  Corrosion, Applications and Simulations 

 
Figure 1. Simplified illustration of an MHD micropump 

Results 

The results obtained by the presented numerical model are in great agreement with the 
findings of Ito et al. (6) and Hasan et al. (1). For the driving current of 8.4 mA, the maximum 
velocity in the centre of the channel was 2.52 mm∙s-1. For the driving current of 14.6 mA, the 
maximum velocity in the centre of the channel was 4.52 mm∙s-1. Figure 2 shows the comparison of 
obtained velocity profiles with characteristics of a Poiseuille flow, with the profile of a Hartmann’s 
flow, which is characterised by strong coupling between electromagnetism and hydrodynamics. 
Figure 3 shows the velocity distribution in the cross section of the channel.  

 

 
 

 
 

Figure 2. Velocity profiles of the electrolyte flow. 
Comparison to a general Hartmann’s flow 
 

Figure .3 Velocity distribution in the 
cross-section of the channel for I = 14.6 
mA 

Conclusions 

The presented numerical model can be used for the modelling of MHD effects in microfluidic 
devices. The study also investigated the effect of induced field by the flowing electrolyte. The 
results suggest that the effect of the induced current density is insignificant due to the low velocity 
of the fluid and the term can be neglected. As a result, the solution can be greatly simplified without 
decreasing its accuracy. For higher velocities or macroscopic applications such simplification might 
not be valid, and the effects should be considered. To observe the effects of the induced field (a 
Hartmann’s flow), it would be necessary to replace the used electrolyte for a liquid metal with high 
electrical conductivity or change the dimensions of the micropump. 
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The problem of air pollution and increasing emission of carbon dioxide in the 
world in recent years has been in the news and concerns of citizens of 
megacities. From the society perspective air pollution which produces NOx 
and Carbon Dioxide is a problem that has existed in various cities of the 
world. Anywhere that has managed to reduce air pollution and its control. In 
other words, they have worked on process and targeted programs which 
contribute to renewable energy development. Limited fossil fuels resources 
and the problems caused by greenhouse gas emissions is obvious to everyone 
and it is necessary to pay more attention to renewable energy. With the 
development of clean energies, emissions of carbon dioxide will be 
controlled. Special capacity for economic development, Particularly in the 
areas of business and employment Supply and energy security , Protect the 
environment and reduce air pollution are three important advantages of 
Renewable energy sources. The unique status of renewable energy in 
reducing air pollution and tackle climate change causes to develop renewable 
energies to reduce the risks of climate change. 

Introduction 

The more we use combustion engines the more we have vehicle emissions which contribute to 
air pollution. for reduction of dangerous gasses in cars , using green vehicles, such as electric 
vehicles is inevitable .To reduce NOx and Carbon Dioxide which are greenhouse gasses and global 
warming factor, renewable transportation is needed and in consequence the need for electrification 
of the transportation sector. Easy Charging, Low maintenance costs, are some of the advantages of 
these vehicles and also they decrease dependence on oil and so their advantages greatly outweigh 
their disadvantages. 

Development of electronic devices such as mobile phones and laptops has increased the 
demand for rechargeable batteries, especially lithium-ion batteries. In the meantime, among other 
types of batteries, lithium-ion batteries have shown better performance and efficiency and has the 
highest production rate among other types of batteries. These batteries like other types of batteries 
consist of electrochemical cells and two electrodes and an electrolyte material. In the process of 
lithium batteries charging, in the positive electrode lithium is converted to positive lithium - ion , 
and in negative electrode lithium ion is turned into LiC6[1]. In Lithium-ion batteries, usually the 
positive electrode or cathode is made up of a lithium compound, such as lithium cobalt oxide and 
the negative electrode, or anode made up of carbon and there is a separating layer between them. 
The electrolyte in lithium-ion batteries is composed of the lithium salt in an organic solvent. A view 
of a lithium ion battery is shown in Figure1. 
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State-of-the-art description 

For the first time in 1786 Galvani discovered a new way to generate electricity by chemical 
materials. Later these cells became known as galvanic cells. From 1800 onwards great progress in 
the field of batteries was seen. But first, lead-acid rechargeable batteries that are used in vehicles 
today, were built in 1859 and the next evolution in rechargeable batteries occurred with the 
construction of nickelcadmium batteries in 1960 (Ni-Cd). But in 1990, these batteries have been 
replaced 
with Nickel-Metal Hydride batteries. The development cycle of rechargeable batteries was 
completed with the invention of lithium-ion batteries in 1991 and the first lithium-ion-polymer 
batteries were made in 1999. In recent years, with the use of nanoparticles in these batteries, their 
efficiency increased dramatically [2]. In 1991,Sony and Asahi Kasei released the first commercial 
lithium-ion battery[3]. Lithium-ion batteries are appropriate for hybrid electric vehicles attributable 
to their high energy density correspondent to other rechargeable cell chemistries. Nevertheless, 
these batteries have not been redeployed to a wide extent and in a commercial manner in these 
vehicles yet attributable to safety, cost, and poor low temperature performance, which are all 
confrontation correlated to battery thermal management. Although lithium-ion batteries present 
many advantages, but there is a room for improvements of battery packs thermal management. 
Thermal issues associated with electric vehicle (EV) and hybrid electric vehicle (HEV) battery 
packs can significantly affect performance and life cycle. It is so important to improve thermal 
design of the battery packs in EVs because in future batteries will need to have even higher energy 
densities in order to achieve driving ranges of the conventional combustion vehicles 400-800 km. 
This means that there will be a higher energy density cells (higher heat dissipation due to losses) 
encapsulated in even smaller footprints, what will result in self-heating up of battery cells in the 
battery pack. Thus, efficient and cheap cooling strategies are required in order to: - maximize 
lifetime; - improve battery pack performance; 

Better distribute heat in the battery pack (equal temperature of cells will result in more 
uniform battery aging); - avoid abusive temperature conditions (safety). Another important aspect is 
to cool battery cells during the fast charging (high heat dissipation). In this research, by considering 
the other researchers’ works which have been done related to lithium-ion batteries for electric 
vehicles. A new method will be presented by considering different flow distribution in coolant 
channel with different coolant fluids and Optimization with CFD and Thermal management of 
lithium-ion batteries for electric vehicles and compare them with the experimental result to find the 
best and efficient way for Thermal management of lithium-ion batteries. This model and method 
can be applied to many other batteries. Although lithium-ion batteries present many advantages, but 
there is a room for improvements of battery packs thermal management .In recent years, several 
studies have been done in order to achieve a proper heat management systems for these batteries. 
But the impact of the cooling fluid flow distribution has not been sufficiently studied. Rao and 
Newman have estimated the amount of heat generated inside the cells with the energy balance laws 
and enthalpy changes to the system [5] .Sato offered a thermodynamic model and compared the 
results with laboratory studies to scrutiny the amount of heat generated in a battery [6]. Kizilel and 
his colleagues have compared two different thermal management system using CFD modeling 
[7].Booth and his colleagues have examined the effects of design on the thermal performance of 
batteries [8]. Karimi and li used a mathematical model to evaluate the performance of different 
systems in the thermal management of these batteries [9].so far the focus was put mostly on thermal 
management of battery cells, but I want to focus on battery packs and their optimal thermal 
management and multi-objective optimization. 
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Methodology to be used in this study 

Thermal problems related to lithium-ion batteries have restricted their usage for high energy 
applications. Since a single cell from the battery pack, does not provide a lot of power and energy, 
thus, for high-power applications, such as electric vehicles, a large number of the cells should have 
come together in series and parallel to provide sufficient power to move the car. 

Battery temperature rise is caused by electrochemical reactions. If the battery temperature is 
not properly controlled, then it will cause shortening of its lifespan, faster capacity reduction or 
even in severe cases, might cause battery explosion. For commercial high-energy applications, a 
proper battery thermal management allows to overcome problems related to heat production and 
improves significantly the performance of the battery. The uneven temperature distribution in a 
battery pack causes cells to experience different temperatures. And thus, the output voltage of each 
cell will differ depending on battery cell temperature. This causes uneven battery cell degradation 
and in consequence even higher temperature discrepancies between each battery cell. According to 
the above-mentioned problems, the use of a heat management system to control the operating 
temperature in a set of batteries will be required. This system should also reduce the temperature of 
the entire set, and causes a homogeneous temperature distribution within the different cells. In 
recent years many efforts have been done to avoid battery thermal runaway situations that can 
appear when a cell would attain a high enough temperature to commence exothermic reactions that 
often are at first sluggish to progress. Such conditions could be the consequence of a prompt cell 
discharge, of cell flaw, or of a variation in ambient situations. Well-designed thermal management 
systems should be able to control the pack temperature and protect the battery pack from these 
exothermic reactions. Then again, a badly devised system would allow the temperature climb to a 
spot where a thermal runaway becomes unavoidable. Good battery pack management system should 
be able to manage not only fresh but also aged cells. In this research, in order to demonstrate the 
effect of different flow distribution in coolant channel and with a different coolant fluid, a CFD 
modeling will be used and the results will be compared to experimental results by considering 
different battery shapes and models for flow distribution in coolant channel and also different 
conventional coolant fluids. Moreover, for each item, the fluid pressure drop in the collection and 
flow distribution will be calculated and required a fan or pump power to drive the fluid will be 
calculated and compared to experimental results. Although the fluids heat capacity is very important 
coefficient, the costs related to pressure drop and power or fan or pump power to drive the fluid and 
also less complexity in design and low cost and weight should be considered, and also simpler 
control mechanism should be considered. Then the multi objective optimization problem can be 
designed and solved. The results can be used to optimize system performance according to required 
power for the battery thermal management system in different situations. In this research, it will be 
considered a substructure for evaluating the effect of thermal management systems. To survey 
heating scenarios of the cell due to innate inner resistance, cells will be discharged at dissimilar 
rates and their inner impedance will be calculated. Moreover, it will be studied the self-heating 
process of cells due to the sluggish exothermic reactions that are usually the forerunner to a thermal 
runaway occurrence. Using the experimental results information, which will be incorporated in a 
Computational Fluid Dynamics (CFD) model of a lithium-ion battery pack. The CFD model will be 
used to quantify the experiment. Common thermal managements systems exert the compelled 
movement of a fluid such as air or water or other common liquid to take away heat from regions 
that produce heat. The rate of heat obviation in such systems is contingent to the rate of fluid flow 
and the heat relocation virtues of the fluid. To faultlessly estimate and optimize a thermal 
management system, the system can be modeled in Computational Fluid Dynamics (CFD), which is 
able to model the thermal management system, along with the heat generation effect of battery cells 
during charging/discharging. A CFD model has the gross benefit of preparing stringent temperature 
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and heat flux repartition within the battery module. The outcome authorizes for the reconnaissance 
of the attendance of hot spots, comprehension the time-dependent dissemination of thermal waves 
within the pack as well as studying the effect of non-inductive heating in territorialized contribution 
of the module. A finite volume model of the battery module will be developed. The numerical 
model will be generated till arithmetic for the multi-layer construction of the pouch cells concluding 
in a non-isotropic medium. Resolving of the temperature dispensation inside the cell will be 
obtained by solving a three-dimensional conductive heat transfer equation in the cell domain: 
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Environmental problems such as air pollution, lack of energy sources, carbon 
dioxide emissions are increasing and destructive effects of fossil fuels on 
climate change is noticeable. Electric Vehicles (EVs) and Hybrid Electric 
Vehicles (HEVs) could be a beneficial solution to these problems. EVs, 
which employ batteries as their principal power source, produce no pollutions 
and are independent on oil and gas. Because of these advantages, EVs are 
considered as powerful candidates for the future of transportation systems. 

Introduction 

Lithium-ion batteries are the main source of energy for the EVs. During discharge and charge 
processes, heat is generated inside Li-ion batteries that leads to rise their temperatures. 

Temperature is one of the most important parameters of a lithium ion battery that needs to be 
attentively controlled, owing to the optimal working condition is generally limited between 20 and 
65 °C [1]. Additionally, the battery’s functioning temperature remarkably influences the battery’s 
lifetime, cell degradation and efficiency. To achieve this goal many researchers are investigating to 
find new procedures for maintaining the temperature of Li-ion batteries in an appropriate 
functioning temperature range. 

These batteries have so many advantages compared to other battery chemistries such as 
competitive cost and high-energy storage density. Notwithstanding, these batteries produce 
considerable heat during high power discharge and charge. Therefore, cooling of the Li-ion 
batteries has been the center of attention of automotive manufacturers and researchers in the past 
few years as a main issue for the expansion of EVs.  

An extreme local temperature increase in Li-ion batteries is a principal issue in the thermal 
management correlated to Lithium-ion batteries, which causes a decrease of cycle life and may 
result in thermal runaway of an individual cell or entire battery pack. 

Between different approaches for thermal management of the Li-ion batteries such as air-
cooling, liquid cooling, pipes cooling and using phase change materials air-cooling has attracted 
more considerations among researchers owing to its simplicity, design flexibility, low cost and 
compactness. 

Mohsen Mousavi and his colleagues [2] analyzed and optimized the influencing parameters 
on Lithium-Ion (Li-Ion) battery air-cooling which were used in Electric Vehicles (EVs) by 
considering their practical constraints. In addition, a genetic algorithm procedure was used to 
optimize the decision variables. Interpreting the outcomes showed that by enlarging the tubes 
diameter on the battery and keeping the air velocity in a specified range, Number of Transfer Unit 
(NTU) could be maximized. 
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Heesung Park [3] introduced a design of airflow arrangement for cooling the battery system 
by employing numerical calculations. The cooling efficiency was analyzed by implementing the 
thermal resistance model.The needed cooling performance was accomplished by using the 
suggested tapered pressure relief ventilation and manifold. In addition, the power consumption for 
functioning fan was improved owing to air pressure relief.  

G. Y. CHO research team [4] developed a transient numerical model of a lithium ion battery 
(LiB) pack thermal management system by employing air-cooling for electric vehicle applications. 
The effects of module configuration in a battery pack were investigated with various ambient 
temperature situations. They concluded that the arrangement that more LiB cells were located near 
the airflow inlet is more efficient to decrease the temperature deviation between modules. 

A Mariani [5] did an experimental investigation to evaluate the cooling of the batteries for 
electric car application. The position with maximum temperature were found by employing infrared 
camera together with two thermocouples. The location was found 27 mm under the negative pole. 
Air and water were selected as cooling fluids. They concluded that the water provides a lower 
temperature, but the employment of air is suggested because of its greater simplicity and safety. 

S. K. Mohammadian proposed a specific type of pin fin heat sink for thermal management of 
Li-ion battery pack. Three-dimensional transient thermal analysis of an air-cooled module were 
investigated. The effects of various pin fin configurations, inlet airflow temperatures, inlet airflow 
velocities and discharge rates on the efficiency of the battery were studied. It was concluded that by 
employing this kind of pin fin heat sink compare to the heat sink deprived of pin fins not only 
reduces the bulk temperature inside the battery, but also reduces the alteration of the temperature 
field.  
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Possibilities of the Utilization of Nitriding on Case-Hardening Steels 
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This paper studies the possibility of using plasma nitriding for treating case-
hardening steels. For the experiment, the case-hardening steels equivalent 
1.7131 (i. e. CSN 41 4220) and equivalent 1.5752 (i. e. CSN 41 6426), used 
in manufacturing of exposed parts of military and special vehicles as well as 
in parts of weapons, were selected. The verification of chemical composition 
was performed by the optical emission spectrometer Tasman Q4 Bruker. For 
observations of the microstructure and assessment of compound layers, the 
instrument Olympus DSX500i was used. In accordance with 
ISO 18203:2016(E), the depth of diffusion layers was evaluated from profiles 
of microhardness measured by the automated microhardness tester LM247 
AT LECO. The results of the experiments show some benefits of applying 
plasma nitriding upon the selected case-hardening steels. 
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The development of electric vehicles (EVs) brings a lot of new problems 
from the point of view of the electrical grid. Electric vehicles (EV) charging 
causes an impact load on the distribution grid, which is often non-
symmetrical, and can reach high levels in relevant parts of the grid. This 
leads to the deterioration of electrical energy parameters, mainly voltage level 
and its symmetry. The inverters operation in electric vehicle charging stations 
(EVCSs) generates harmonics, which also leads to the deterioration of 
voltage quality. In the case of simultaneous charging of a large number of 
EVs from a poorly designed distribution grid, significant losses inside 
conductors occur and the service life of the distribution grid is shortened. In 
order to find out feedback influences of the EVCSs on the electrical grid 
when EV charging, it is desirable to simulate these states on a suitable 
software before installing EVCSs to the grid. This may eliminate problems 
with the voltage quality during the actual charging.  

In the paper, the authors deal with the modelling of EVCSs by using an 
alternative simulation tool when charging them as a power load, which 
consumes predefined active power with desired level and duration at supply 
voltage changes in the grid. Such defined load differs from a general load in 
its behaviour. The authors’ created load model is based on the real measured 
data. The behaviour of the created power load model is verified in the paper 
on a small distribution grid, where individual power consumers correspond to 
the standardized daily load diagrams of households and services. The goal of 
the paper is to verify proposed power load model. The load model is used for 
solving of active power losses in conductors of the electrical distribution lines, 
and mainly the level of supplied voltage and its symmetry. 
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Tribological Properties of DLC Coating for Parts of Weapons 

Z. Studenya, Z. Pokornya, D. Dobrockya, Z. Joskaa and J. Prochazkaa 

a Department of Mechanical Engineering , University of Defence in Brno, Brno, Czech Republic  

The article deals with surface of material, which is suitable to produce parts 
of weapons. These parts of weapons are exposed to external influences 
during their service life, which reduce their service life. There are both 
external and internal surfaces of the functional parts of weapons. These 
surfaces particularly exposed to increased pressure and temperature. The 
environments, in which they work, are very often aggressive and extreme. 
There is an increased risk of wear and corrosion on the external and internal 
surfaces of such components. Suitable surface treatment can increase the 
surface hardness, abrasion resistance, corrosion resistance, etc. of surface 
weapons parts. 

This article comprehensively evaluates the tribological properties of the DLC 
coating on a steel substrate and on an aluminum alloy substrate. It is 
important to know the properties of the coating on these substrates when 
designing weapon components. The use of lighter materials reduces the 
overall complexity of each soldier's combat mission. 

Introduction 

Weapon components are currently made not only of steel, but also of aluminum alloys or non-
metallic materials. In the case of steels and aluminum alloys, it is possible to modify these surfaces 
by depositing e.g. the PVD technology (1, 2, 3). For the purpose of this study, the DLC coating was 
deposited on steel CSN EN 10083-1 (42CrMo3) and on aluminum alloy EN AW 6082 (DIN 
3.2315). Subsequently, the tribological characteristics of the coating on the base material were 
measured. A scratch test (4) was performed on the Tribolab UMT-3 devices. The results were used 
to determine the forces, which lead to damage or breaking of the coating (5). At constant loading, 
the coefficient of friction can be determined. The scratch hardness number of the DLC coating 
deposited on the aluminum alloy was also evaluated. The results thus obtained show the 
dependences of the surface characteristics after the application of the DLC coating by the PVD 
technology. The use of the analyzed coatings on these substrates is in the application and use of 
parts of the weapon (6). 

The need to test coatings on weapon components is necessary to acquire knowledge of their 
resistance in extreme conditions. During testing and military exercises, these components are 
exposed to extreme conditions that are close to the conditions on the battlefield in a real combat 
situation. In such a situation, it is then necessary to rely on every part of the armament. If the 
shooting is stopped due to the low resistance of the surface of important parts of the weapon, the 
soldiers’ lives are endangered. The proper functioning of weapons is very important to fulfill their 
combat mission. The study of surface properties and dependencies between materials brings 
valuable knowledge to the process of acquisition and introduction of military equipment into the 
army (7, 8). 
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Materials and Methods 

Materials under Investigation 

To support the experiment, two substrate materials were selected, on which a DLC coating 
was deposited. The first base material was 42CrMo4 steel (9), marked A for the purpose of the 
experiment. The DLC-coated backing material was marked A-DLC. The chemical composition of 
the steel was analyzed on a TASMAN Q4 optical spectrometer, the excitation source of which is the 
excitation of a spark discharge. The result of the analysis of the chemical composition of the sample 
is shown in Tab. 1. The resulting values are compared with the standardized values and it can be 
stated that the chemical composition corresponds to the guaranteed composition of 42CrMo3 (4) 
steels according to ČSN EN 10083-1. 
TABLE I.  Analysis of the chemical composition of a sample marked A made of 42CrMo3 steel. 

The second base material analyzed was a sample made of aluminum alloy EN AW 6082. The 
sample of the base material made of EN AW 6082 alloy was marked B. The DLC-coated sample 
was analogously marked B-DLC. The chemical composition was analyzed again on the TASMAN 
Q4 optical spectrometer. The analysis result of the the sample chemical composition is shown in 
Tab. 2. Upon comparing the resulting values with the normalized values, it can be stated that the 
chemical composition of the samples corresponds to the guaranteed composition of the aluminum 
alloy EN AW 6082. 
TABLE II.  Analysis of the chemical composition of a sample marked A made of 42CrMo3 steel. 

A carbon-based sliding coating – DLC – was applied to both substrates. The parameters of the 
DLC coating deposition will not be discussed in the article. The coating was formed on a Platit 
device to a thickness of up to 3 µm for the A-DLC sample and up to 5 µm for the B-DLC sample. 

Samples Characterization 

Microstructural Analysis 

Experimental samples of materials A and B were divided by a grinding wheel from the 
Struers Company on a metallographic circular saw LECO VIPER-300M2. The parts formed by 
separation from the individual supplied samples were pressed, sample A at high temperature into 

Content of elements (wt%) 
C Mn Si Cr Mo Ni P S Cu Al 

0.54 0.65 0.249 1.045 0.149 0.128 0.005 0.15 0.176 0.016 
Recommended values of CSN EN 10083-1 steel 42CrMo3 (42CrMo4) 

0.38 
0.45 

0.60 
0.90 

< 
0.40 

0.90 
1.20 

0.15 
0.30 

----- 
 

< 
0.035 

< 
0.035 

----- ----- 

Content of elements (wt%) 
Mn Fe Mg Si Cu Zn Ti Cr Ni V 

0.632 0.327 0.726 1.22 0.056 0.109 0.051 0.01 0.0065 0.003 
Recommended values of EN AW 6082 

0.40 
0.10 

< 
0.50 

0.60 
1.20 

0.70 
1.30 

< 
0.10 

< 
0.20 

< 
0.10 

< 
0.25 

---- ---- 

171



21st Advanced Batteries, Accumulators and Fuel Cells  Corrosion, Applications and Simulations 

the Struers Isofast molding compound on a LECO RR-4X metallographic press at a press pressure 
of 2600 kPa. Pressing was performed for 4 minutes at 180°C. Samples B were pressed at low 
temperatures. After pressing, the individual samples were described and their surface was 
mechanically ground on a semi-automatic universal grinder/polisher KOMPAKT 1031 MTH. Prior 
to the surface treatment, the flat faces of the samples were ground with silicon carbide grinding 
paper from Hermes Company in a sequence with increasing mesh (#80, #120, #240, #400, #600, 
#1000 and #1000) according to the European FEPA marking. Then the samples were polished on 
LECO Brown Technotron sanding cloth with diamond paste LECO PREMIUM GRADE with an 
abrasive size of (1 and 3) μm, in order to obtain low roughness, almost no plastic deformation and 
consequently low initial residual stresses on the surface (10). 

Surface Hardness 

The micro-hardness of the base material and the coating was evaluated on the cross-section of 
the samples. An automated LM 247 AT LECO micro-hardness tester, equipped with AMH 55 
LECO software, was used for the experiment. 

Tribological tests 

The scratch test was performed on samples A-DLC and B-DLC. This test was performed on a 
UMT-3 device. The scratch test is one of the basic methods for monitoring the adhesion of the 
coating - substrate system, or coating - layer - substrate (5, 11). The principle of the method is the 
loading of the indenter, which moves horizontally. The indenter is loaded with a constant or 
continuously increasing force. Penetration of the indenter into the sample creates a scratch. This 
generates stress at the interface that, when a critical value is reached, causes the coating to tear off 
the substrate. 

The tribometer records the course of the normal force Fz and the tangential force Ft acting on 
the indenter, the values of the coefficient of friction and the acoustic emission signal. If the scratch 
test is performed at a constant loading force, the scratch hardness number HSp can be calculated. 

The scratch hardness number, expressed in units of force per unit area, that characterizes the 
resistance of a solid surface to penetration by a moving stylus of a given tip radius under a constant 
normal force and speed (4): 

HSp =
k ∙ P
w2  (1.1) 

where: 

HSP = scratch hardness number, 

k = a geometrical constant, 

P = applied normal force,  

w = scratch width. 

The scratch hardness number can also be calculated if the load force increases continuously. 
However, it is necessary to measure the width of the track and the adequate load in several places. 
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Results and Discussion 

Microstructure of basic material 

After polishing, the samples were ultrasonically cleaned in a POLSONIC-2 instrument. The 
microstructure of the prepared samples was evaluated and the chemical composition was measured 
by the OES method. Upon preparing the samples, the microstructure in the cross-section was 
assessed. After the etching operation (12) with 5% NITAL solution (sample A-DLC) and 0.5% 
hydrofluoric acid (sample B-DLC), the microstructure of the samples is documented in a 3D 
inverted optodigital microscope image of OLYMPUS DSX 500 from the middle part of the samples. 
It is clear from the documented microstructure of the base material of Sample A in Fig. 1 that it is a 
martensitic structure with residual austenite with very fine manganese carbides and sulfides. This 
microstructure corresponds to a hardened and tempered state. The microstructure of the core of the 
aluminum alloy sample B is shown in Fig. 2. 

  
Figure 1. Microstructure of sample core A, 
etched NITAL 5% 

Figure 2. Microstructure of sample core 
B, etched hydrofluoric acid 0,5% 

Evaluation of micro-hardness of samples with DLC coating 

The Vickers method was chosen for the measurement. The load size of the A-DLC sample 
was 0.1 kgf, a load delay of 10 s. The micro-hardness of the base material was evaluated for sample 
B. The magnitude of the load was 0.5 kgf, the delay under load was also 10 s. The final value of the 
micro-hardness was given by the arithmetic mean of all the three measured values of the micro-
hardness at a given distance from the edge of the measured sample. 

From the measurement of the micro-hardness of the transverse cut of the sample, it was found 
that the mean value of the micro-hardness of the base material in sample A reached the value of 340 
± 5.2 HV 0.1. The micro-hardness value of the A-DLC coated sample reached 750 ± 10.1 HV 0.1. 
The mean value of the micro-hardness of the core of the material in sample B reached 115 ± 7.5 HV 
0.05. 
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Evaluation of tribological testing 

The parameters of the scratch test are given in Table 3. For samples with the DLC coating (A-
DLC and B-DLC), the scratch test was performed with a linearly increasing force. The load was 
chosen with respect to the substrate. 
TABLE III. Scratch test parameters 

Samples Normal force 
Fz [N] 

Feed speed  
v [mm·s-1] 

Scratch length 
s [mm] 

A-DLC 0 - 190 1 10 
B-DLC 0 - 10 1 10 

B 5; 10; 30 1 10 
B-DLC 5; 10; 30 1 10 

 

 
Figure 3. Record of the scratch test for the A-DLC sample 

 
Fig. 3 shows a scratch test record for an A-DLC sample with a linearly increasing loading 

force Fz [N]. The record shows the evolution of the friction coefficient (COF) and the evolution of 
the acoustic emission signal (AE). The record in Fig. 3 is supplemented by images of the indenter 
trace after the scratch test in Fig. 4. The values of coating cracking correspond to the critical force 
of 54 N and the values of coating breakage correspond to the critical force of 94 N. 

Fig. 5 shows a scratch test record for the B-DLC sample with a linearly increasing loading 
force Fz [N]. Due to the substrate, a lower range of loading forces (0 - 10) N was chosen. The 
transient behavior of COF is obvious in the record. The record in Fig. 5 is supplemented by images 
of the indenter trace after the scratch test in Fig. 6. The values of coating cracking correspond to the 
critical force of 5.07 N and the values of coating breakage to the critical force of 6.17 N.  

As an additional measurement for the DLC coating deposited on the aluminum alloy (sample 
B-DLC), a comparison of the scratch resistance with the base material (sample B) was performed. 
The comparison was made at the levels of the three normal forces (see Table 3). The feed rate of the 
indenter and the path on which the test was performed remained the same. 
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Figure 4a. The record of the scratch test sample A-DLC 
 

  
Figure 4b. A-DLC sample, critical point No.1 Figure 4c. A-DLC sample, critical point No.2 

 

 
Figure 5. Record of the scratch test for the B-DLC sample 
 

The scratch hardness number expresses the wear value of the part surface. Wear can be 
expressed as an undesirable permanent change in the surface quality, or dimensions of rigid bodies. 
This change can occur either directly – by contact of two bodies – or indirectly – by means of an 
inserted medium, gas or liquid. In addition, other physical and/or chemical processes can affect the 
change in surface quality.   
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Execution of the scratch removes or displaces the particles of the solid body mass from its 
functional surface. This changes the geometry, structure and properties of the functional surfaces, 
which leads to deviations from the optimal behavior in operation. The speed of these changes also 
depends on the relative hardness of functional areas, their preparation and processing, and other 
conditions that are set in the tests on tribometer. The UMT-3 tribometer allows evaluating the 
position of the indenter along the vertical axis, i.e. along the z-axis. After the scratch, it is possible 
to evaluate the change in the position of the indenter, which indicates the degree of wear of the test 
specimen and indenter. 

 
Figure 6a. The record of the scratch test sample B-DLC 

  
Figure 6b. B-DLC sample, critical point No.1 Figure 6c. B-DLC sample, critical point No.2 

                                               
If, during the test, wear occurs predominantly on the test surface of the material, the value of 

the change in the position along the „z“ axis corresponds to the degree of wear of the test specimen. 
However, if the indenter is also worn, this value is unreliable and another method, e.g., 
profilometric, must be used to evaluate the trace in terms of wear. The profilometric analysis 
evaluates track data, such as the width, profile depth and cross-sectional area of the track. For 
statistical analysis and comparison, measurements are always performed at the same locations. The 
track width was measured 2 mm from the track end, then 5 mm from the track end and 8 mm from 
the track end. The end of the track is always clearly identifiable. The track width is important for 
evaluating the scratch hardness number.  

The scratch hardness number was calculated in accordance with the standard ASTM G171-03 
(4) by dividing the applied normal force on the stylus by the projected area of scratching contact, 
assuming that the hemispherically-tipped stylus produces a groove, whose leading surface has a 
radius of curvature r, the tip radius of the stylus. The projected area of the contact surface was 
therefore a semi-circle, whose diameter was the final scratch width. Therefore, it is possible to 
complete equation (1.1) to the computational relation: 
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HSp =
8 ∙ Fz
π ∙ w2 (1.2) 

where: 

HSP = scratch hardness number [Pa], 

Fz = normal force [N]  and 

w = scratch width [m]. 

 The scratch hardness number (HSp) validation is suitable for a wide range of base or coated 
materials. The test is not suitable for assessing the adhesion of a layer to a substrate. The scratch 
hardness number expresses the ratio of the loading force to the area of the created scratch. The HSp 
value can be affected by the strain rate. A low indenter feed rate was used in the test (see Table 3). 
The advantage of a low indenter feed rate is the minimal effect of heat generated by the friction of 
the tip across the sample. The resulting HSp values are given in Table 4. 
TABLE IV. Resulting values of HSp (scratch hardness number) 

Fz [N] HSp [GPa] - samples 
B B-DLC 

5 2.025 0.802 
10 2.079 0.466 
30 1.842 0.368 

 
By interpolating the obtained HSp values at the selected load levels, the curves of the scratch 

hardness number of the base material (sample B) and the coated material (sample B-DLC) were 
obtained (see Fig. 7). 

 
Figure 7. Record of HSp values 

 

To evaluate the friction coefficient, it is necessary to state that it is a dimensionless quantity 
defined as the ratio of normal and friction forces. This value is influenced by the condition of the 
sample surface, the path traversed by the indenter, or measurement time, environmental influences 
and other influences. The friction coefficient also depends on the surface roughness, due to the 
influence of surface irregularities, the contact area of the indenter-test specimen pair changes as the 
load changes. 

When evaluating the friction coefficient, its value is usually considered to be the average 
value measured in the "stable" part of the friction coefficient record depending on the measurement 
time of the samples. The average values from the measurement of the friction coefficient with the 
standard deviations of all samples are summarized in Table 5. Fig. 8 shows the curves of the friction 
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coefficient of the evaluated samples (samples B and B-DLC) under normal load (5, 10 and 30) N. 
The stable part of the record can be discussed only from the time of the test 10 s. 

 

 
Figure 8. Record of COF values 
 
TABLE V. Resulting values of COF (coefficient of friction) 

Fz [N] COF [-] - samples 
B B-DLC 

5 0.09691 ± 0.00633 0.1701 ± 0.01337 
10 0.1362 ± 0.00976 0.272 ± 0.02824 
30 0.2842 ± 0.03308 0.4614 ± 0.06733 

Conclusions 

The subject of this study was the analysis of selected tribological properties of the DLC 
coating deposited on steel substrate 42CrMo4 (sample A-DLC) and on aluminum alloy substrate 
EN AW 6082 (sample B-DLC). For the mentioned aluminum alloy, a comparison of the basic 
tribological characteristics with the base material without coating (sample B) was performed. 

After metallographic preparation of the samples, tribological tests were performed as a scratch 
test with linearly increasing force. The maximum value of the loading force was chosen with 
respect to the base material (substrate). For the DLC-coated samples, the values of the coating 
cracking and the values of the coating breakage were determined. These places have been 
documented (see Figures 4 and 6). 

Furthermore, attention was focused on the samples of the aluminum alloy (samples B and B-
DLC). The scratch hardness number (HSp) and the friction coefficient (COF) were evaluated for 
these samples. From the obtained values (Tables 4 and 5) and the compiled HSp and COF 
waveforms (Fig. 7 and 8), the effect of the increasing loading force can be observed. With the 
increasing loading force, the COF increases, but the HSp value decreases. The values of this indirect 
dependence of the analyzed tribological characteristics correlate. 

The obtained tribological characteristics of the DLC coating on the base materials are 
important to assess the use of specific materials in the construction of weapon components and they 
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testing (13, 14). Using the obtained values, it is possible to take into account their properties in 
terms of the surface resistance with the applied DLC coating when designing parts of weapons. 
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Thermal Model of Li-ion Battery Pack in PCM Case 

M. Tomana, R. Cipina, and P. Vorela 

a Department of Power Electrical and Electronic Engineering, Brno University of Technology, 
Technicka 12, Brno 616 00, Czech Republic 

The paper deals with the thermal model of a battery pack made of a phase-
change material. The model is based on the finite element method and is 
created in the ANSYS software. The performed simulations indicate that the 
maximum temperatures are lower compared to a battery pack made of an 
ordinary material without the possibility of phase change. 

Introduction 

At present, we can observe a very rapid development of battery-powered devices. These 
devices can be realized from relatively low power to very powerful devices such as electric cars or 
even electric-powered airplanes, see (1). Battery packs for such performance applications need to be 
designed so that their safety as well as durability is as high as possible. Both of these parameters 
can be strongly influenced by temperature and therefore thermal analysis plays an important role in 
the design of battery packs. For this reason, the design of the battery packs and also their thermal 
models are needed to be constantly improved. 

To achieve sufficiently low temperatures, there are usually used fans that blow cooling air 
through battery packs or liquid cooling systems in heavy-duty. However, another possible way to 
keep temperatures low is to use special materials that use latent heat to keep the temperature low. 
These are the so-called phase change materials (PCMs) or sometimes called latent heat systems 
(LHS), see (2). These materials serve as thermal protection especially in nonstandard conditions, for 
example, during short circuits or accidents, when they absorb increased heat into themselves. 
Temperature simulation of a battery pack which uses PCM is the subject of this article. The authors 
have already dealt with this issue, see (3). But in this article, the issue will be studied more 
thoroughly and it will be performed a comparison with a battery of the same parameters, which 
however does not use the PCM. 

Finite Element Model of Battery Pack 

The subject of the analysis is a simple battery pack, which can be seen in Figure 2. The 
thermal model is based on the finite element method and is created in a well-known ANSYS 
software. The battery pack consists of nine 18650 battery cells. The individual battery cells are 
modeled as cylindrical bodies with different thermal conductivities in radial and axial directions. 
This method of battery cell modeling has already been used by the authors, see (4), and gives 
expected results with sufficient accuracy. The individual battery cells are placed in a case made of 
PCM. The method of PCM modeling is described below. 
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Modeling of Phase Change 

For modeling of the phase change, an effective heat capacity method can be used. The 
principle of this method should be clear from Figure 1. It is obvious from this figure that the 
specific heat c of the PCM is temperature-dependent thus c = c(T). The material properties 
describing the phase-change material are the nominal specific heat cn, the specific latent heat I, and 
the temperature range of the phase transition ΔT. The goal is to obtain a value of Δc, see Figure 1. A 
general dependence between the mentioned parameters can be written as follows:  

 [ ]∫ −=
2

1

d)( n

T

T

TcTcI , [1] 

where T1 is the temperature at the beginning of the phase change and T2 is the temperature at 
the end of the phase change. Due to the rectangular shape in Figure 1, equation 1 can be simplified 
into following form: 

 
T
Ic
∆

=∆ . [2] 

 
Figure 1. Dependence of the specific heat of the PCM on the temperature. 

Simulations 

The battery pack model was created in the ANSYS software. There was performed a transient 
analysis with a simulation time of 1 hour. Battery cells LG INR18650 MH1 with nominal capacity 
3200 mAh were considered in the simulations. Additional manufacturer data of battery cells can be 
found in (5). Some special thermal properties of the battery cells such as thermal conductivity in the 
axial and radial direction were used from (6). Properties of the PCM were used from (2). Power 
losses of 0.3 W were considered in each cell, which is the value obtained with respect to the rated 
current and the rated internal resistance of one cell. The battery is cooled by natural convection with 
the heat transfer coefficient of 5 W⋅m-2⋅K-1 on side surfaces and 2 W⋅m-2⋅K-1 on top of the pack (side 
of cell outlets), ambient temperature is considered 35 °C. Simulation results can be seen in 
Figure  2 (a). For comparison, the simulation was also performed without considering the phase-
change material. The results of this simulation are shown in Figure 2 (b). 
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(a) with phase-change material (b) without phase-change material 

Figure 2. Simulation results. 

Conclusion 

The paper deals with thermal modeling of the battery pack made of the phase-change material. 
A model based on the finite element method was created in ANSYS software. Using this model, the 
transient simulation was performed at rated battery load. In the end time, the maximum temperature 
reaches about 43.3 °C. For the comparison, there was also created the model without considering 
the phase-change material. In this model, the maximum temperature was almost 50 °C and the 
temperature throughout the battery pack was less evenly distributed. In the full version of the article, 
the simulations will be more expanded, and the results will be discussed in detail. 
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Design of Power Coupled Resonant Circuit for Wireless Power Transfer 

R. Tomaneka, J. Martisa, and P. Vorela 

 a Department of Power Electrical and Electronic Engineering, Brno University of Technology, 
Technicka 12, Brno 616 00, Czech Republic 

This paper describes the design of a power coupled resonant circuit for 
wireless power transfer with coils distance of 600 mm and a nominal power 
of 20 kW. The transfer is provided by the inductive coupling of the resonant 
circuit with 800 mm diameter coils. The resonant circuit is powered by an 
inverter with IGBT modules working on frequency 130 kHz. The 
functionality of the realized device is verified by measurements, the 
evaluation of which is at the end of the article. 

Introduction 

Due to the rapid development of electromobility, the demands on the recharging of vehicle 
batteries are also increasing. In addition to reducing the charging time, and thus increasing the 
charging power, the aim is also to enable easy charging even during short stops (eg in front of an 
intersection or for electric buses at a stop). Last but not least, the comfort of the operator is also 
addressed. 

  
Figure 1.  Designed device during the measurement. 
 

These factors lead to the development of chargers with wireless power transmission, which 
will enable high-power charging with high efficiency. In this work we deal with the design and 
implementation of wireless transmission of 20 kW at a distance of 600 mm, which with its 
parameters could be the basis for a wireless charging station. 

Wireless Power Transfer Concept 

Wireless power transfer is designed as a power coupled series resonant circuit with inductive 
coupling. The design of coupled resonant circuits involves both the design of optimal dimensions 
and the number of turns of the coils, as well as the determination of the parameters of capacitors. 
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The resonant circuit is powered by a power inverter with zero-switching at a resonant 
frequency. The control of the primary coil current is ensured by the pulse-density modulation 
(PDM). (1) 

Series Resonant Inductive Coupling Circuit 

Inductors 

Inductors were designed as cylindrical single-layer air coils with a diameter of D = 800 mm. 
The total inductance factor of the coils is AL = 1.284 µH and the coefficient of coupling is k = 0.063. 

The number of turns of the coils to transfer the required power with optimization for 
maximum transmission efficiency can be determined as follows (2): 
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The windings are made of a copper high-frequency lacquered cable to reduce the skin effect. 
The assumed value of the current through the coupled resonant circuit is 47 ARMS, for which the 
cross-section of the conductor is also dimensioned. 

Capacitors 

To achieve a resonant frequency of 140 kHz, a capacitor with a nominal capacitance 
according to [3] is required. 
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The capacitors must be rated for a current of 47 ARMS and a maximum voltage of 15 kV. For 
technological reasons, the capacitor is realized by a series combination of eight capacitors with a 
partial capacitance of 60 nF. Each capacitor is dimensioned for a current of 60 ARMS, and a 
maximum voltage of 6 kV.  

Results of Measuring 

The device is not yet completely finished, but they have already performed the initial 
measurement with reduced power. During testing with power supply from a three-phase network 
with a nominal voltage of 3 × 400 V, a power almost 13 kW was transmitted over a distance of 
600 mm into a resistive load with a resistance of 10 Ω. Under these conditions, the wireless transfer 
reached a total efficiency of 80 %. The important values from a measurement are given in Tab. 1. 
TABLE I.  Measured Parameters. 

Input phase voltage 237 V 
Input power 15.93 kW 
Coil distance 600 mm 

Output voltage 355 VRMS 
Output power 12.78 kW 

Total efficiency 80.2 % 
In Fig. 2 they can be seen waveforms of one IGBT in the power inverter on the primary side. 

The blue curve is the output voltage from half-bridge VCE(t), the green curve is resonant circuit 
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current i1(t) and the red curve is the gate voltage VGE(t). The principle of pulse-density modulation 
is obvious from the gate voltage waveform. 

 
 

Figure 2.  Measured waveforms of IGBT in the power inverter: CH1: VCE(t), CH2: i1(t), CH3: VGE(t). 

Conclusion 

Concept of wireless power transfer including basic parameters is described in the article. 
Furthermore, the measurement on the realized device is documented here. Although the device is 
not yet completely finished and tuned, it has already been possible to perform the measurement at a 
reduce power transfer of 13 kW. For this power, the efficiency of 80% was reached. The realized 
device during the measurement is shown in Fig. 1. 

In the next steps, it is planned to finish the adjustment of all parameters to achieve optimal 
power transmission. It is also planned to perform loss analysis in individual parts and the sensitivity 
analysis of transmitted power and overall efficiency on some parameters like the mutual position of 
transmitting and receiving coils, the influence of nearby objects, etc. 
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Compact Battery Power Source for Oscilloscope 

J. Martisa, P. Vorela, T. Lažeka 

a Department of Power Electrical and Electronic Engineering, Brno University of Technology, Brno 
61600, Czech Republic 

Introduction 

Oscilloscope measurements in power electronics (transistor converters) very often require a 
galvanic separation of the oscilloscope ground from the mains supply. However the simple isolating 
supplying transformer (50 Hz or 60 Hz) is not sufficient because of its high parasitic capacitance 
between the primary and secondary side (often several nF). In many cases (when measuring 
waveforms with high dv/dt slope) this capacitance causes unacceptably high parasitic current pulses 
and ringing, influencing not only the measurement results but also the measured inverter with a risk 
of its damage. 

This is why a supply source with a low parasitic capacitance (less than 50 pF) is required. It 
can be constructed as a DC source powered from the mains (modern oscilloscopes don’t include an 
input supply transformer but a DC/DC converter powered from the mains through a rectifier). So 
not only AC but also DC supplying voltage can be used. However a battery supplied source is 
advantageous. The parasitic capacitance to the mains (or to the surround ground) is suppressed, 
although it can never be zero because of non-zero dimensions of batteries, wiring etc. Battery 
supplied oscilloscopes can be bought but they are very expensive. 

The constructed battery powered source provides the DC output voltage of ca. 300 V and 
power of 60 W. This is enough for many common smaller oscilloscopes. There are 14 pieces of 
18650 Li-ion cells used in the device. All the batteries are connected in parallel so the input voltage 
of the converter is very low – it can drop to ca. 3 V at the discharged cells. This is why a high input 
DC current is necessary. This solution with no series cells is advantageous because of no need of 
any balancing circuits. However the extremely low input voltage presents a small complication to 
the construction of the converter. 

Battery selection 

There are 14 cells type NCR18650A from Panasonic used in the device. As they are 
connected in parallel, the battery voltage varies in the range from ca. 3 V to ca. 4.2 V. The used 
type of cells include a protecting over-current (ca. 6 A) circuit and also over-voltage and under-
voltage protection. These cells were optimized by the manufacturer to high energy but not high 
power. Therefore the cell capacity is higher (3100 mAh) and the internal resistance is slightly 
higher (110 mΩ). The total pack energy capacity is ca. 150 Wh (11.2 Wh per cell). This is enough 
for our application. 

Main DC/DC converter 

The DC/DC converter in Figure 1 represents the core of the device. A push-pull resonant 
forward converter with a pulse transformer is used. As the input voltage is extremely low, there is 
no problem with a higher turn-off drain-source voltage (higher in comparison with a full-bridge 
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connection). Furthermore, there are half conduction losses in comparison with the full bridge, which 
is advantageous as the drain current is high.   

 
Figure 1. Schematics of the converter power and control part. 

 
There is no choke on the output (behind the output rectifier). This is why no control of the 

output voltage via PWM is possible. In both half-periods the short circuit created with the switched-
on transistors T1 and T5 (or T2 and T6) is transformed to the secondary side but a leakage 
inductance remains there (on the secondary side). This is tuned to the resonance with resonant 
capacitors C24 and C14 (effectively in parallel for AC signal). The switching frequency 
corresponds to the resonant frequency. This is why the secondary and primary current waveforms 
are sine and there are almost zero turn-on and turn-off losses of the power transistors on the primary 
side (zero current switching ZCS). Further this principle enables to compensate for the drop of the 
output voltage caused by the transformer leakage (1). 

The secondary rectifier is connected as a voltage doubler.  This brings a small disadvantage of 
higher RMS current of the secondary winding and of the diodes but at the same time it enables to 
decrease the secondary voltage in half in comparison with a bridge rectifier. This enables us to 
reduce the number of secondary turns in half (production simplification). 

As the output voltage is not controlled it varies in range of ca 200 V (battery discharged, full 
power) to 340 V (battery fully charged, no load). This is fully acceptable by the oscilloscope. There 
is an over-current protection in the converter based on the transistor T7. The secondary current is 
measured with the resistor R17. In the case of an over-current the transistor T17 switches-on and 
the SHTDN pin of the control IC SG3525 receives a log. 1 signal which blocks the PWM. This state 
is prolonged with the capacitor C17 which is discharged by the transistor but it is charged only 
slowly through a high resistance of R20 to avoid fast oscillations of the protection. 

Auxiliary power supply 

As the control circuits of the main converter need a DC supply voltage of around 10 V there 
must be an auxiliary low-power DC/DC converter generating the supply voltage (VCC) from the 
cell voltage. Its schematics is in Figure 2. This converter also provides the required under-voltage 
protection (constructed around IC3). 
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Figure 2. Schematics of the auxiliary power supply. 

Prototype 

The DC/DC converter is realized on a single PCB. Both sides of this PCB can be seen in 
Figure 3. Also the whole device including the battery built into a housing is presented here. There 
are also the connectors for battery charging and an output power socket for the oscilloscope. Also a 
battery fuse is included.  

  
Figure 3. Voltage converter board (left and middle) and a finished prototype (right). 

Conclusion 

The battery supply for an oscilloscope is a very useful device when working in the field of 
power electronics. There are battery supplied oscilloscopes in the market but their price is high. The 
presented source construction can significantly improve the user parameters of the oscilloscope. 
The construction is not difficult and it is not expensive. The device was fully tested with the load 
(oscilloscope) and also the thermal tests were successfully performed. 
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Simulation of Thermal Runaway Effect in Lithium-Ion Batteries 

P. Vyroubala, T. Kazdaa, M. Mačáka 

a Department of Electrical and Electronic Technology, Brno University of Technology, Technická 
10, 616 00 Brno, Czech Republic 

This article deals with the simulation of thermal abuse model in ANSYS 
Fluent software in lithium ion battery e-bike pack. The e-bike battery pack is 
made by 40 pieces of standard 18650 li-ion cells. The model of each battery 
cell was created as homogenous, using MSMD modelling approach. 

Introduction 

Safety is a major obstacle to the wider use of lithium-ion batteries in electric vehicles. With 
the constant improvement of lithium-ion batteries in energy density, increasing their safety for the 
development of electric vehicles is an increasingly relevant topic. Thermal runaway is a key 
scientific issue in battery safety research. This article provides an insight into the possibility of 
numerical simulation of the thermal runaway effect. 

The mechanisms that lead to the thermal runaway effect can be of the mechanical, electrical 
or thermal type. 

The consequence of these factors is an internal short circuit in the battery and the formation of 
subsequent chain exothermic reactions, which lead to decomposition reactions of the materials of 
which the battery is composed. 

Mechanical initiation 

Destructive deformation or displacement of a structure under the action of force are two 
common features of a mechanical type of damage [1]. Collisions and subsequent crushing or 
penetration of a foreign body into the battery are typical factors. If the battery is deformed, the 
separator may rupture and thus an internal short circuit may occur, or the electrolyte may leak, 
causing a subsequent fire. During penetration, a foreign body penetrates into the battery structure 
(e.g. in the event of an accident) and in the case of a conductive body, the internal structure of the 
battery is short-circuited. 

Electrical initiation 

In the case of electrical initiation, it is mainly a short conductive connection of the battery 
electrodes, so we speak of an external short circuit. Furthermore, overcharging the battery, for 
example by a failure of the BMS, which has the task of monitoring and stopping the charging 
process [2]. This is then accompanied by gassing and heat generation (Joule heat and heat generated 
by electrochemical reactions). Another factor can be excessive battery discharge (BMS failure).  

Thermal initiation 

Local overheating of the battery can be caused by either mechanical and electrical initiation or 
poor thermal management of the entire system, when the battery is excessively burned by its 
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surroundings [3]. Overheating is then associated with an internal short circuit in the battery and the 
breakdown of the separator and the ingress of spontaneous exothermic reactions.  

Results and discussions 

The numerical model was compiled on the basis of findings from previous measurements. It 
was necessary to measure the charging and discharging curves of one cell and implement them 
together with the geometry and boundary conditions into ANSYS Fluent [4]. The following Figure 
1 illustrates the geometric model of a 1/4 e-bike battery pack (left) and a comparison of the 
measured and simulated discharge curve (at current 1C) of one cell (right). Here was the MSMD 
simulation approach used [5]. 

 
Figure 1. Temperature map on the battery pack. 
 

The next Figure 2 shows a color temperature map of the whole battery pack, with constant 
heating. Simulation is steady-state, without considering startup thermal mechanisms. 

 
Figure 2. Temperature map on the battery pack. 
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The following graph shows the temperature profile on the individual cells (as they are named 
in Figure 1 on the left site). This simulation is already transient (time-dependent) and considers the 
thermal processes, that occur when the battery overheats. It is clear from the figure, how the 
temperature rises uncontrollably on cells near the heating system and the subsequent triggering of 
exothermic reactions in other cells. 

 
Figure 3. Temperature profiles on individual cells of the battery pack. 
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Testing of a Prototype Device using Electrochemical Impedance  
Spectroscopy (EIS) Method 

A. Zsigmonda and J. Libicha 

aDepartment of Electrical and Electronic Technology, Faculty of Electrical Engineering and 
Communication, Brno University of Technology, 616 00 Brno, Czech Republic 

This paper deals with the electrochemical processes in lithium-ion batteries. 
To characterize the different electrochemical processes a method called 
electrochemical impedance spectroscopy (EIS) is used. The devices which 
perform EIS analysis are spread in all electrochemical laboratories but are 
expensive and their operation need certain level of knowledge and experience. 
This work is aiming to provide low-cost, user friendly device for EIS analysis 
The prototype of experimental device which utilize EIS method to 
characterize electrochemical parameters of cell is described. The prototype 
EIS device is tested and obtained results are compared with reference unit.  

Introduction 

Work with the lithium battery (LIB) began in 1912 but it was not until the early 1970s when 
the first non-rechargeable lithium batteries became commercially available. The use of lithium 
metal was not possible due to the instability of the material, especially during charging. Research 
shifted to a non-metallic lithium battery using lithium ions. In comparison lithium-ion is more 
stable than pure lithium, however it is lower in energy density.  These can be divided into four 
groups. Small cylindrical, which has a solid body without terminals and can be used in laptop 
batteries. Large cylindrical with solid body and large threaded terminals. Batteries with soft, flat 
body called pouch. These are mainly used in cell phones. The fourth type is a semi-hard plastic case 
with large threaded terminals, called prismatic and they are used as vehicle traction packs. The 
primary components of a lithium-ion battery are the positive and negative electrodes, the separator 
and the electrolyte. The negative electrode is generally made from carbon, while the positive 
electrode is metal oxide. Lithium salt in an organic solvent is used as the electrolyte. Depending on 
the direction of current flow the electrochemical roles of the electrodes reverse between anode and 
cathode. The most popular material used as the negative electrode is graphite. The positive 
electrode is either, layered oxide (lithium cobalt oxide), a polyanion (lithium-iron phosphate) or 
spinel (lithium - manganese oxide) [1 – 12].  

Experiments and Results 

The experimental device was used for EIS measurements see Figure 1 below. For measuring, 
this unit is connected to a computer via USB and is controlled by software. Through this software 
the unit is run by typing in commands into command line.  

193



21st Advanced Batteries, Accumulators and Fuel Cells  Corrosion, Applications and Simulations 

 
Figure 1. Experimental device with power supply and other accessories. 
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Pragolab and Bio-Logic SAS: General Company Presentation 

Pavel Janderka 

Bio-Logic Science Instruments SAS is a French designer and manufacturer of high 
performance laboratory research instruments and software. The headquarters are based in 
Seysinnet-Pariset, France (close to Grenoble in the French Alps). 

Founded in 1983 by a CNRS researcher Yves Dupont and an industrial partner, Bio-Logic 
SAS is currently headed by François GOY. 

• Bio-Logic SAS has designed instruments for a variety of domains and applications: 
• Electrochemistry 
• Rapid-Kinetics, Spectroscopy & Photosynthesis, including Circular dichroism 
• Battery & energy devices testing 
• Materials testing 
• Electrochemical Scanning systems 
• Electrophysiology 

And wide range of tools and accessories, including Quartz crystal microbalances, rotating 
electrodes, spectroelectrochemistry, etc. Software EC-Lab® is a common platform for controlling 
all Bio-Logic potentiostats/galvanostats, be it single channel or 

• multichannel systems and across all our hardware technologies. It is Windows based, 
• compatible with either 64-bit or 32-bit operating systems. 

Bio-Logic is a rapidly growing global company with affiliate offices in USA (Bio-Logic 
USA) and India (Bio-Logic India), and has a large and growing network of worldwide distributors 
(with representatives in most large and developing countries). 

In 2012 Bio-Logic acquired Uniscan Ltd., a British specialist manufacturer of 
electrochemistry scanning instruments, expanding its product range in order to satisfy the 
expanding market of scanning electrochemical applications. 

Our GOALS: 

Developing high performance products with unmatched value and providing a high level 
support to our customers. Together with exclusive Czech and Slovak distributor Pragolab s.r.o., 
Biologic SAS guaranties the best quality of electrochemical instruments and their support on Czech 
and Slovak market.  

 
Figure 1. VMP-300, new research grade multi-channel potentiostat/galvanostat/FRA, engineered by Bio-
Logic, offering up to 16 fully independent channel, optionally with EIS up to 7 MHz and current resolution 
80 atto A. The VMP-300 belongs to the SP-300 family (SP-200, SP-240, SP-300, VSP-300) which provides 
high accuracy in current, potential and EIS measurements. 
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