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ECS — The Electrochemical Society:

A Look at the Present with Our Vision for the Future.
P. Vanysek®”
% Department of Biochemistry, Northern Illinois University, DeKalb, Illinois 60115, USA

# CEITEC - Central European Institute of Technology BUT, Technick4 3058/10, CZ-616 00 Brno,
Czech Republic

b visiting from" Department of Chemistry and Biochemistry, Northern Illinois University, DeKalb,
Illinois 60115, USA

Electrochemical Society was founded in 1902 and its present mission is to
promote materials science and electrochemistry. The Society often co-
sponsors satellite meeting and meetings of other societies and organizations,
including 2014 ABAF. This brief presentation will give a short introduction
to the organization and activities of the Society. Additionally, the Society
will publish a Transactions volume, o collection of presentations given at
ABAF 2014. Brief information on logistics of the manuscript preparation and
submission will be given.

ECS The Past and the Present

The mission of the Society is to advance theory and practice at the forefront of
electrochemical and solid-state science and technology, and allied subjects. To encourage research,
discussion, critical assessment, and dissemination of knowledge in these fields, the Society holds
meetings, publishes scientific papers, fosters training and education of scientists and engineers, and
cooperates with other organizations to promote science and technology in the public interest.

ECS is an international nonprofit, scientific society of more than 8,700 active members in
over 75 countries engaged in solid-state and electrochemical science and technology. Some of the
activities are as follows:

o International technical meetings in spring and fall

o International Satellite Conferences

o Top-ranked journals (presently four)

o Networking opportunities

o Student services: Chapter activities, fellowships, travel grants

o Award programs recognizing accomplishments and supporting research

Local activities of the membership are possible in several sections, which include Arizona,
Brazil, Canada, Chicago, Chile, China, Cleveland, Detroit, Europe, Georgia, India, Israel,

10
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Japan, Korea, Mexico, National Capital, New England, Pittsburgh, San Francisco, Taiwan, Texas
and Twin Cities.

According to the more specific interests, the members can associate in one of thirteen topical
divisions:
Batteries and Energy Storage
Chemical and Biological Sensors
. Corrosion Science and Technology
. Electrochemical/Electroless Deposition
. Electrochemical Engineering
. Fuel Cells, Electrolyzers, and Energy Conversion
o Organic and Bioelectrochemistry
o Physical and Analytical Electrochemistry
o Carbon Nanostructures and Devices
. Dielectric Science and Materials
. Electronic Materials and Processing
. Electronic and Photonic Devices, and Systems

. Luminescence and Display Materials, Devices, and Processing

With recognition of the importance of students for the future of the Society, ECS encourages
formation of students groups, which are typically associated with a university. The list over the few
years when this initiative started, grew significantly. Following are the groups on record as of July
2014.

Atlanta Student Chapter at Georgia Tech

Auburn University

Boston

Calgary

The California State University - Fullerton Division
Central Illinois

Colorado School of Mines

Drexel University

ECS Cleveland Section and Ernest B. Yeager Center for Electrochemical Sciences
Florida International University

Grand Valley State University

Indiana University

Kerala, India Student Chapter at CUSAT

Lahore, Pakistan

11
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Montana State University

Montreal

New York Capital Region

Ohio University

Research Triangle

Rensselaer Polytechnic Institute
South Brazilian

SRM University

Technical University Brno

Tel Aviv University

The Ohio State UniversityTyndall National Institute
University of British Columbia
University of California — Berkeley
University of California — Riverside
University of Central Florida
University of Cincinnati

University of Florida

University of Maryland

University of South Carolina
University of Tartu

University of Texas at Austin
University of Texas at Dallas
University of Virginia

Valley of the Sun — Central Arizona

Publications

Four peer-reviewed journals:
Journal of The Electrochemical Society
ECS Electrochemistry Letters
ECS Journal of Solid State Science and Technology
ECS Solid State Letters
Member magazine Interface
Monographs
Meeting Abstracts

12
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ECS Transactions

How to publish in ECS Transactions

The submission is by "invitation only." The authors of presentations at the meeting will
receive an automated e-mail, inviting them to submit the material. This invitation has a built-in
password, hence only the author (the main author, or the presenting author) has access to this.
Please, make an arrangement, if you want your co-author handle this.

The invitation comes usually about a week after the meeting and there is a window of about 2-
3 weeks for the submission to be done. Please, download the template which is mentioned in the
invitation and follow the formatting exactly. It will save time during editing.

After the submission window closes, the reviewers will have opportunity to check the papers
and suggest corrections. If you are invited as a reviewer, please, be prompt. If you, as an author,
receive a note to correct your manuscript, do it also promptly. The publication of the whole
collection may be delayed by a single late author!

Once all is submitted, the volume editor (usually the meeting organizer) may write an
introduction, help with arranging the order of the presentations, etc. Then, the ECS Staff will
publish this material, on line. The text will be available to the members on-line via their
membership benefits. Others will have to gain access via their institutional or individual
subscriptions or ad-hoc payments.

Please, note that Transactions presently do not have impact factor. However, it is perfectly
fine to publish an expanded material form Transactions in the Society Journal, which does have an
impact factor.

Acknowledgments

This text was prepared based on material provided by the Electrochemical Society.
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New Electrochemistry for New Materials at CEITEC
V. Novak®, P. Vanysek®®, and J. Cihlaf®,

# CEITEC - Central European Institute of Technology BUT, Technick4 3058/10, CZ-616 00 Brno,
Czech Republic

® visiting from: Department of Chemistry and Biochemistry, Northern Illinois University, DeKalb,
[llinois 60115, USA

This presentation will give an overview of instrumental capabilities,
manpower resources and general vision of electrochemical and materials
projects to be carried out at CITED in the upcoming year.

CEITEC Research Overview

Central European Institute of Technology (CEITEC) was founded in June 2011 with funding
from European Structural Funds and the Czech Ministry of Education, Youth and Sports. The
institute is located in the city of Brno, Czech Republic. The objective of CEITEC is to create
environment where high-level scientific discovery can be fostered as to be competitive on the world
stage.

CEITEC is multidisciplinary institute with very broad interests, presently covering seven
more specific areas:

Advanced Nanotechnologies and Microtechnologies
Advanced Materials

Structural Biology

Genomics and Proteomics of Plant Systems
Molecular Medicine

Brain and Mind Research

Molecular Veterinary Medicine

CEITEC has a number of Core Facilities that offer access to cutting-edge and often expensive
equipment to the research community. The goal is to provide a central hub of shared resources of
instrumentation and well as technology development and services for both academic and industrial
investigators.

The ability of external researchers to perform their experiments using the Core Facilities is via
open access, funded by the Ministry of Education, Youth and Sports of the Czech Republic.
Prospective users have to submit competitive proposals for the work. Once approved, the access is
free to the users.

Following is a list of the facilities:

Nanofabrication and Nanocharacterization
Structural Analysis Laboratory

Biomolecular Interactions and Crystallization
X-ray Diffraction and Bio-SAXS Core Facility
Nanobiotechnology Core Facility

14
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Josef Dadok National NMR Centre
Cryo-electron Microscopy and Tomography
Proteomics Core Facility

Core Facility - Genomics

Multimodal and Functional Imaging Laboratory

CEITEC and Electrochemistry

CEITEC facilities cater to the needs of electrochemists mostly in the areas of Advanced
Materials and Nanofabrication and Nanocharacterization. The research in Advanced Materials
covers their synthesis and analysis of their structure and properties. The research aim is to develop
new materials with complex properties and to propose novel applications for these materials. The
Advanced Materials research is further separated in focus on advanced ceramic materials, advanced
polymeric materials and composites; and advanced metallic materials.

With the new facilities being build, new laboratory equipment was also purchased. Some of
the new instrumentation for the Advanced Ceramic Materials is as follows: Measuring set of
electrometers and femtoammeters, high voltage construction Kit, precision capacitance automatic
bridge, partial discharge measuring system, Set of climatic chambers, glove box, high temperature
furnaces, thermoanalytical system with a mass spetrometer, catalytic reactor, photochemical reactor
for study of photocatalytic activity of ceramic catalytic materials, Equipment for study of high
temperature properties of ceramic membranes, Solid oxide fuel cells testing system, high pressure
solvothermal reactor, ultrasonic spray pyrolysis reactor, chemical analysis of ceramic materials
(ICP, sample decomposition), chemical vapor deposition system, screen printer, spray dryer and a
glove box.

Acknowledgments

Some of the information compiled in this abstract was also loosely collected from the Internet.
References
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Li-lon Batteries:

Recent Studies of Li and Mn-Rich Li,[MnNiCo]O, Materials as Positive
Electrodes

B. Markovsky et al.

Department of Chemistry, Bar-llan University, Ramat-Gan 52900, Israel
Abstract

This presentation at ABAF-2014 is dedicated to the study of Li and Mn rich
Lix\[MnNiCo]O, cathode materials with an emphasis on the effect of AlF;
coating on their electrochemical performance. The initial stoichiometry of
these materials was xLi,MnOsz (1-x)LiMnyNi,Co,O, where X is in the range
0.4-0.5 and the y:z:w ratio was as we reported in [1]. Their structure was
considered on the basis of two-components model, namely monoclinic
Li,MnO3 (C2/m) and rhombohedral LiMO, (R-3m) (M=Mn, Ni, Co) that are
structurally compatible and closely integrated phases. Based on TEM studies
we concluded that the coating had a crystalline tetragonal structure t-AlF;
(P4nmm symmetry) and AlF; nano-crystals were regularly distributed over
the particles surface. Amorphous clusters of AlF; and/or other Al-containing
species, like AIFOy, AI[FOH], etc. may also present, as it follows from
solid-state NMR measurements. It was shown that electrodes comprising the
AlF3;-coated material exhibited higher reversible capacities of ~250 mAh/g at
a C/5 rate, more stable cycling behavior, higher lithium storage capability at
60 °C, and lower impedance measured during Li-deinteraclation comparing
to electrodes prepared from the uncoated material. An important finding is
that Lix[MnNiCo]O, /AlF; materials revealed much higher thermal stability
both in the pristine (lithiated) and cycled (delithiated) states than their
uncoated counterparts.
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The Features of Charge-Discharge Curves of Electrodes Based on LisTisOy;
A. M. Skundin
Frumkin Institute of Physical Chemistry and Electrochemistry

Lithium titanate, LisTisO12, has attracted great interest as material of negative electrode of
lithium-ion batteries. The salient feature of LisTisO12—based electrodes consists in flatness of their
charge/discharge curves. This phenomenon is explained by the fact that these electrodes present
two-phase system LisTisO1,/Li;TisO12 in the course of charge/discharge. Indeed, mutual solubility
of both phases is negligible; therefore, the charge (or discharge) results only in change of their ratio
without appearing phases with variable composition. However, such flat curves reveal themselves
only at low C-rates, and with the increase of rate, they gradually bends up (Fig.1).
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Figure 1. Discharge curves of Li;TisO,, electrode with rates C/8 (1), 1.25C (2), 2.5C (3), 5C (4), 10C (5),
20C (6) and 40C (7)

The bending of charge/discharge curves with increasing C-rate is accompanied by decrease of
the electrode capacity. Fig. 2 demonstrates rate dependence of discharge capacity Q for the same
electrode depicted in logarithmic coordinates. One can see that this dependence is very weak at low
rates, and obeys to well-known Peukert equation Q = Qo/I* Here | is discharge current, Qo and o
are empirical constants. Unlike to other kinds of electrodes, the exponent o in this very case is
rather low being close to 0.1.
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Figure 2. Discharge capacity vs. discharge current for Li;TisO,, electrode

The exact mechanism of C-rate influence upon charge/discharge curves of titanate electrodes
remains unknown up to now. In any case, there are several factors responsible for this effect. Every
grain of titanate could be considered as some core-shell structure (Fig. 3). Completely charged grain
consists of Li;TisO1, having rather high electronic conductivity. During discharge the shell of
LisTisO1, with extremely low conductivity is formed.

Figure 3. The model of core-shell structure of lithium titanate grain at discharge (upper arrow) and charge
(lower arrow)

With due account for significant difference in conductivity of both phases one could suppose
that in the course of discharge, total ohmic resistance would increase which would result in bending
of discharge curves, especially at high C-rates. In this case during charge, when a shell of good
conductor Li;TisO12is formed upon core of LisTisO1, the behavior of the system must be opposite.
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However, this is far from being the case. Indeed, the curvature of charge curves increases in the
course of charge, and this effect manifests itself the faster the higher C-rate.

It is worth mentioning that there are other components of total impedance besides ohmic
resistance. The electrochemical reaction

LisTisO, + 3¢ + 3Li" Li;TisOq2

has place at the interface between core and shell. The true area of this interface decreases with
diminishing core diameter; therefore, the true current density sharply increases at the end of
discharge or charge. It stands to logic that this very increase of true current density is the main
reason of polarization increase.

Fig. 4 shows change of polarization resistance (in arbitrary units) in the course of discharge
with different C-rates. Discharge degree q was calculated as relative volume of shell, polarization
resistance was calculated as reciprocal area of the interface

200 +

150 4

100 4

z, rel. units

50

00 02 04 06 08 10

Figure 4. Polarization resistance vs. discharge degree for different C-rates (red>green>blue>black)

One can see certain similarity of curves in Figs. 1 and 4.
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Abstract

Lithium rechargeable secondary cells are currently being used as energy
source in electronic devices, small portable devices and other electronics.
Among the high-energy density storage systems, lithium-sulfur batteries,
with energy density of 2600 Whkg™ (nearly 3~5 times than that of the
traditional LIBs), holds the potential to serve as next generation of high
energy battery. It possesses the advantages of low cost, environmentally
benign and high safety characteristics. Sulfur-carbon (S-C) composites and
sulfur-LiFePO, (S-LFP) composites were prepared with MWCNTSs additive
by evaporation and solid state reaction. It is found that the S-LFP cathode
with MWCNTSs shows improvement of not only discharge capacity but also
cycling stability. It exhibits an initial discharge capacity of 1167 mAh/g
sulfur, or 70% of theoretical capacity. The capacity of S-LFP-MWCNTSs
composite after 20 cycles was 80% of the initial value and remained stable.

INTRODUCTION

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 [1-3] (Fig. 1). By contrast, lithium-ion batteries operate in accordance with the
“insertion” principle. This means that lithium ions occupy spaces in the crystal structure of the
cathode, without substantially changing the structure of the cathode material. The advantage of
lithium-sulfur batteries is primarily their superior storage capacity (energy density - theoretical
specific capacity is 1672 mAhg™), 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. This is important because material costs make up a very
large proportion of the total cost of a battery. From an environmental perspective, lithium-sulfur
batteries also make it possible to avoid the use of heavy metals. 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. In the present work, we report a simple method
to synthesize S-C and S-LFP cathode material with MWCNTSs as additional electronic conductor.
SEM studies of morphological changes of the cathodes, thermogravimetry and charge—discharge
performance of the S-C and S-LFP composites with MWCNTs were used to investigate and
characterize the sulfur electrodes.
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Figure 1. Conversion reaction in Li/S battery [4].

RESULTS AND DISCUSSION

Fig. 2 shows charge and discharge curves for the first two cycles. First charging for S-C
sample (Fig. 2a) is very short because the phase of electrode material after cell assembly
corresponds to the charged state of the cell. It can be noted that electrode formation in first two
cycles occurs. In the discharge profile, two discharge plateaus (Plateau | and I1) are observed. In the
charge profile there are also two plateaus (Plateau Il and 1V) of the sulfur—carbon composite
cathode. The discharge capacity of the second cycle is 1140 mAh/g-sulfur which is unmatched in
comparison with conventional cathode active materials. For S-LFP composite cathode (Fig. 2b) we
can observe two plateaus in charge and discharge profile. However, the initial charge/discharge
capacities of the S-C composite are much higher than those of the S-LFP composite. This result
indicates that the S-LFP composite has a relatively low potential polarization and good reversibility.
The second discharge potential plateau of the S-C and S-LFP composite was much wider,
contributing to the majority of the discharge capacity, and a high initial specific capacity of up to
1140 mAh/g-sulfur and 1167 mAh/g-sulfur respectively was obtained. These values correspond to
67% and 70% of the theoretical capacity of sulfur. This means at least 1.4 electrons per sulfur atom
were involved in the electrochemical reactions of the S-LFP composite.

The morphologies of the S-based composite electrodes were investigated by SEM. Two
different structures were observed for S-C composite. The surface of the Sulfur-Carbon sample is
compact without cracks or holes but the structure is porous enough to enable Li* ion transport and
electrolyte penetration. The porous and homogeneous basis of sample with MWCNTSs is retained
but addition of MWCNTSs caused the formation of larger pores and holes. The MWCNTSs are also
clearly visible and provide the connections between S and C. In the case of S-LFP a coarser
granularity is observed as compared with S-C. Yet, the corresponding S-LFP-MWCNTSs composite
presents a more homogeneous structure with oriented fibres of MWCNTS on the surface. Thus, the
presence of MWCNTSs in both samples was found to cause a significant change in porosity and
homogeneity.
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Figure 2. First two charge and discharge cycles of sulfur-carbon composite cathode (a) and sulfur-LFP
cathode (b) at C-rate C/10.

CONCLUSIONS

Sulfur-carbon composite was synthesized by thermal heating of sulfur onto conductive carbon
black (Super P). Sulfur-LFP composite was prepared by simple solid-state reaction in a ball mill.
These simple methods have been shown here to produce very porous sulfur cathode composites. A
high initial specific capacity of up to 1140 mAh/g-sulfur and 1167 mAh/g-sulfur respectively was
obtained. These values correspond to 67% and 70% of the theoretical capacity of sulfur. This
means at least 1.4 electrons per sulfur atom were involved in the electrochemical reactions of the S-
LFP composite. The excellent electrochemical performance can be attributed to the homogeneous
dispersion of MWCNTSs in the composites, which not only accommodate the volume change during
charge/discharge processes, and absorb the polysulfides byproducts but also provide stable
electrical and ionic transfer channels.
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Abstract

There were prepared lead electrode with electrochemical deposition. This
electrode was used as cathode with LiCoO: as anode in electrochemical cell.
This measure simulated lithium-ion cell for studying intercalation of lithium.
Electrochemical intercalation of lead is important for the search of novel
lithium batteries. It is known, that there elements of 1\VVth group of periodic
system of elements are among the candidates for that purpose. [1-4] In the
case of elemental tin or silicium a great difficulty arises from extremely great
volume change in the process of intercalation. A hypothesis has arisen that
this can be bypassed by the use of nanostructured or microstructured metal as
the host substance for the intercalation, the voids in them would absorb the
volume changes without disintegration of the electrode material. The
electrodeposition of elements from solutions of metal halides or
metaloorganic compounds dissolved in aprotic polar solvents was expected to
be the way how to obtain such materials. This contribution describes some
experimental results from a section of our research in mentioned subject.

Experimental

The layers of microporous lead were deposited from a solution of PbCI2 and LiCl in DMF.
Electrochemical transient techniques available on the potentiostat Bio-Logic were used for
measurement and evaluation of results.

An experimental all-metallic cell (EI-Cell) was used to verify the function of the electrode in
simulated condition of a lithium battery; the electrode LiCoO2 and solution of LiClO4 in PC served
for the assembly of the cell.

Results

Deposition and morphology of the Pb layers

The layers of Pb were deposited on a copper foil in a simple cell which contained two lead
counter electrodes, and which was fed from a laboratory voltage source. We used voltage 1,5 V to
reach current of 35 mA onto a copper electrode of apparent area cca 2 cm’. Short opposite
polarisation with a reverse current cleaned the surface sufficiently. The morphology is shown in Fig.
1.
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Figure 1. Morphology of electrodeposited Pb layer from SEM

Results in the model cell

Cyclic voltammetry. First 5 voltammetric cycles are plotted in Fig. 2. They were recorded on
an electrode with apparent area 2.5 cm’ at scan rate 0.5 mV/s. A double peak is clearly visible on
both of them. The double peak at anodic branch was analysed and data are listed in Tab. 1. First, the
charge of the peaks increased on subsequent cycles. Second, the ratio between number of atoms of
lithium and lead is comparatively similar

and approaches the ratio 1 Li : 1 atoms of lithium.

PB vs LiCO (-2 az -0,5)_C04.mpr
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Figure 2. Voltammetry of a model lithium —ion cell
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TABLE I. Quantity of lithium estimated from the charge of anodic peaks

Cycle no. Ipa Qpa n Li/Pb (atoms)
1 0.482 964  9.99E-06 0.40
2 0.605 1210 1.26E-05 0.51
3 0.658 1320 1.37E-05 0.55
4 0.700 1400 1.45E-05 0.59
5 0.722 1440 1.50E-05 0.60

lpa= peak current of anodic peak (mA), Qpa =it is charge (mC), n = number of atoms (in
mole) and Li/Pb is the ratio of named atoms absorbed by the layer

Impedance spectroscopy. The impedance spectrums at -1.05 and -1.6 V are shown in
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Figure 3. Impedance spectroscopy of the experimental cell at -0,5 (blue) and -1,6 V (red)

We can see that the spectrum at -1.6 V (red curve) is close to a spectrum of an intercalation
process on thin electrode layer, and the impedance at that potential is considerably lower.

A simple model containing elements R parallel to Qi at high - frequency end and in series
connected another chain Rz and parallel the constant phase element Q2 (with proper exponent a
indicating the phase shift of the element CPE) for low frequencies was used for the description of
the model. The high- frequency part corresponds to parasitic element of the cells apparently, while
the other can be described as a CPE with phase shift almost 45 “as it follows from the theory of
porous electrodes. The parameters of the equivalent circuit as estimated by the software of the
potentiostat are listed in Tab. 2. The latter component reflects the start of intercalation process quite
clearly by its higher admittance.
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TABLE I1. Components of equivalent circuit of the cell at voltage -1.1 (blue) and -1.6 V (red)

Components U=-1.05V U=-1.06 V
R1 314.900 88.740
Q1 0.001 0.006
al 0.887 0.764
R2 6.738 7.250
Q2 0.001 0.001
a2 0.501 0.441

Units: Resistance in Q, CPE in mS

Conclusions

From presented data we can deduce that the electrode material is able to incorporate lithium
electrochemically in fairly high quantity, and that this process is reversible. Most likely, this process
will not meet practical applications. However, it is interesting as this confirms the ability of similar
structures to compensate volume changes caused by intercalation. Further, we can find an evidence
for disadvantage of all microstructured or nanostructured materials. This problem arises from
extremely thin layers of active materials. Therefore, the absolute capacity of 1 cm'’ of real working
electrode is fairly low even if the parameters related to unit mass of the active materials seem to be
interesting.

Investigation of electrodeposition of Si, Ge and Sn continues at the present.
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Nowadays, conducting polymers (CP) find various technological applications due to their
unique properties. For example polythiophene (PT), polypyrole (PPy), polyaniline (PANI) and their
derivatives are used in electrochromic displays, solar cells, sensors or as corrosion protection layers.
There are several studies suggesting the use of CP as active electrode materials in Li-lon batteries [1,
2]. Other studies report that coating the particles of active material by CP improves the overall
battery performance [3-5]. An significant enhancement of the capacity of LiFePO, cathodes at high
rates has been recently ascribed to the substitution of the inactive binder by PANI or PPy [6].

In the present contribution the application of two different CP in LiFePO, composite cathodes
is demonstrated. Tosylate-doped poly(3,4-ethylenedioxy-thiophene) (PEDOT:p-TOS) and poly-o-
methoxyaniline (POMA) were chemically synthesized and subsequently casted on plasma treated
aluminum foil. The redox behavior of the obtained polymer films was studied in a common
electrolyte for Li ion batteries using cyclic voltammetry. The PEDOT:p-TOS films showed stable
capacitive behaviour, whearas in the case of POMA a redox reaction was observed in the potential
range between 2.6 V and 4 V (vs. Li/Li").

In addition, slurries containing 84% LiFePO4, 10% carbon black, 6% binder material of
corresponding CP were prepared and casted onto plasma treated aluminum current collector using
the doctor blade technique. After drying and compressing process, LiFePO4/POMA+PVDF and
LiFePO,/PEDOT:TOS+CMC composite layers with thicknesses of ca. 50 um were obtained. The
battery performance and the electrochemical behavior of the composite electrodes were studied in
three electrode arrangement using Li-metal as reference and counter electrodes and compared to
conventional CP-free LiFePO,/PVDF cathodes. An increase in the voltage efficiency and the rate
capability occurd in the case of the CP-containing cathodes. Furthermore LiFePO,/POMA+PVDF
cathodes showed 15% higher discharge capacity due to the redox reaction of POMA.
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The lithium-ion batteries are energy storage systems of high performance and
low cost for use in multiple portable devices. These require the use of
increasingly smaller and lighter batteries with high energy and power density,
fast charging and long service life. Moreover, these systems are promising
for use in electric or hybrid vehicles. However, the successful use of the
lithium in the field, requires improvements in relation to the properties of
electrode materials, such as cost, energy density, cycle life, safety, and
environmental compatibility. Currently, investigations are looking to improve
the cell configuration by careful selection of the materials and components
electrolytic’. These batteries use carbon as anode material, usually synthetic
graphite, because of its high coulombic efficiency and acceptable specific
capacity for the formation of intercalation compounds (LiC6) 2. Their low
voltage increases the potential difference between the electrodes and
therefore the energy density of the battery *“. In this paper, we present the
methodology used to prepare and characterize the reversible and irreversible
capacity and cyclic stability of graphite materials as anodes in lithium-ion
batteries of commercial carbon (CR 1296) and Sungite carbon. We discuss
the results obtained using electrochemical techniques for charging and
discharging at different current densities, cyclic voltammetry and
electrochemical impedance spectroscopy (EIS). Some of these results are
presented in Figures 1 and 2.
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Figure 1. Charge - discharge curves Figure 2. Nysquist's diagrams at 50% SOC.
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Introduction

Silicon is known to be very attractive material for negative electrodes of lithium-ion batteries
due to its highest capability to insert lithium. At the same time it shows a huge volume change
during lithiation. The volume expansion of crystal silicon electrode reaches by up to 400%. This
phenomenon causes contraction of the lithiated silicon resulting in its destruction, namely cracking
and pulverization. It is known also that certain successes were attained by using porous crystal
silicon. In this case, depending on pore configuration the electrode stability at multiple
insertion/extraction cycles could be enhanced. However, the development of thin-film electrodes
based on amorphous silicon or silicon-composites remains the most promising way in creation of
silicon electrodes. Up to now, reliable results on the cycling of the electrodes with 200-500 nm
amorphous silicon films during 100-500 cycles were reported. Increase in film thickness (necessary
for obtaining reasonable capacity per area unit) results in considerable degradation rate. The
electrodes with silicon-oxygen-aluminum (Si-O-Al) composites demonstrate stable cycling at film
thickness up to 2.5 um, however increase of its thickness to 5 um accompanies by fast degradation.
The present work is aimed at studying of morphological and structural changing of such composite
electrodes.

Experimental

The composite electrodes were synthesized with layer-by-layer magnetron sputtering of
silicon and aluminum in oxygen environment onto titanium-foil supports. The thickness of the
titanium-foil was about 10 um. Thickness and morphology of initial composites and composites
after 35 and 100 cycles were studied with high resolution scanning electron microscope (SEM)
SUPRA 40. The electrochemical measurements were carried out in three-electrode cells with
lithium auxiliary and reference electrodes. 1 M LiPFg in the mixture of ethylene carbonate, diethyl
carbonate, and dimethyl carbonate (1:1:1) was used as an electrolyte. Before SEM investigation the
cycled electrodes were washed with dry dimethoxyethane.

Results and Discussion

Figure 1 demonstrates cross section (split) of initial layered film with thickness ca. 2 um (Fig.
1a). Dark strips correspond to amorphous silicon, whereas light strips correspond to areas enriched
with aluminum. The higher magnification gives a possibility seeing columnar morphology of the
composite film. Average atomic composition of the film was 80.9% Si, 11.8% O, and 7.3% All.
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Figure 1. Cross-section of fresh-made composite electrode at lower (a) and higher (b) magnifications.
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Fig. 2 shows results of galvanostatic cycling of the electrode with current density 0.1 mA/cm?
(ca. 265 mA/g). One can see initial raise of discharge capacity during the first 10 cycles with rather
stable cycling from tenth to thirty-fifth cycles and with following decline.

0 T T T T 0 0

Cycle number

Figure 2. Cycling performance of the composite electrode.

Even after 38 cycles the appearance of the electrode has changed, and first of all, it became
inhomogeneous. One can reveal at least two different areas at the electrode surface after such
cycling, specifically, more light area, denoted as S1 and more dark area denoted as S2. Cross
sections (splits) of these areas can be seen in Fig. 3.
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mag 8 |det| tilt WD HV HFW 50 pm
1004 x| --—-10°115.3 mm!5.00 kV | 149 ym HiRes Gold on Carbon

a b

Figure 3. Cross section of area S1 (a) and area S2 (b) of the electrode after 38 cycles

mag B8 |det| tilt WD HV HFW | pressure 40 pm
1000x|--13°|14.7 mm|5.00 kV| 149 ym HiRes Gold on Carbon

The salient feature of Fig. 3 consists in considerable increase in film thickness in the result of
cycling. The film thickness in the area S1 raised about ten-fold, and the film thickness in the area S2
raised about eighteen-fold (!). Similar effect, namely huge volume increase in the course of cycling
was documented, e.g. in [1].

One can see also partial peeling-off the film (Fig. 3b), which is one of reasons of electrode
degradation.

More prolonged cycling resulted in much more increase of film thickness. Fig. 4 shows cross
section of two areas of the electrode after 100 cycles.

mag B8 |det|tiit| WD HV HFW S0 ym
750 x | - 10°|15.1 mm|10.00 kV| 199 pm HiRes Gold on Carbon

Figure 4. Cross section of two different areas of the electrode after 100 cycles

Fig. 4 demonstrates even high unevenness of the composite film. The film thickness in one
area was as small as 15 um, whereas thickness of other part of film was more than 65 um. In this
case some part of film was connected with solid electrolyte interphase. Average atomic composition
of the film after 100 cycles was 18.19% Si, 34.45% O, 3.36% Al, 22.04% C, 13.11 F, 8.85% P.
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Abstract

Lithium ion battery (LIB) electrodes operate in severe regimes that cause partial
decomposition of the electrolyte solutions, resulting in the formation of electrode surface films. On
graphitic anodes, this film, the solid-electrolyte interphase (SEI), is extremely important because it
protects the graphite from exfoliation during cycling. At cathodes, stable surface films can protect
the electrolyte from further breakdown that increases cationic resistance through thicker film
formation and lithium inventory loss In recent years much attention has focused on the use of
additives such as lithium bis(oxalato)borate (LiBOB) and vinylene carbonate (VC) to electrolyte
solutions that can stabilize these SEI films at both electrodes.

The goal of our research is to characterize the films formed from these additives both with
composite electrodes and through a fundamental potential dependent study on bare metal electrodes
(Al and Cu), exploring the organic electrochemistry of LiBOB and VC additives. We will rely on
AC impedance spectroscopy of positive and negative electrodes as well as surface characterization
techniques such as XPS.

In this presentation we will demonstrate the impedance spectra of graphite anodes as well as
Li[NiCoMn]O, cathodes in additive-free 3:7 EC:EMC/LiPFs solution and in those containing 0.25
wt % LiBOB and 2 wt % VC, through progressive cycling. It was established that the anode and
cathode surface film impedance demonstrates a complex behavior upon cycling and second, that it
is electrolyte dependent.

Impedance spectra fits will be utilized for modelling of film development throughout cycling.
Conclusions from chronoamperometric measurement dependence on cycle number, additive and
temperature will be used to explore the possible mechanisms of LiBOB and VC chemical and
interfacial reactions.
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Lithium iron phosphate is a prospective material for a lithium-ion battery positive electrode.
The main disadvantage of LiFePQO, is low electronic conductivity. Synthesis of LiFePO,/carbon
composites allows to increase electronic conductivity significantly. However, carbon in this
composite material is not an active material. As a result, specific discharge capacity per weight of
the total composite material will strongly depend on the percentage of carbon. Another way to
increase the conductivity of lithium iron phosphate is doping of the material by the ions of transition
metals. In this case, the doping ions can change their oxidation degree in the process of
intercalation-extraction, i.e. participate in the electrochemical process and simultaneously enhance
the electronic conductivity of lithium iron phosphate.

In this paper samples of pure and doped lithium iron phosphate of the following compositions
were synthesized: LIFGPO4/C, Lio_ggFEo_gg(CrNi)o_01PO4/C, Lio_g75F€0_95(CrNi)0_025PO4/C u
Lio.osFego(CrNi)oosPO4/C. All the samples were synthesized by the sol-gel method.
Physicochemical properties of the samples were characterized by X-ray phase and
thermogravimetric analysis and scanning electron microscopy. According to the received data all
lithium iron phosphate samples crystallize in the orthorhombic modification of lithium iron
phosphate with olivine structure. Average particle size of the obtained material varies between 50-
100 nm. The carbon content was 4 wt%.

Electrodes for electrochemical studies were made by pasting the material (85% active
material, 10% carbon black and 5% polyvinylidene fluoride dissolved in anhydrous N-
methylpyrrolidone) on a substrate. Stainless steel mesh was used as a current collector. The
electrochemical cell assembled in a sealed box with a dry argon atmosphere, contained a working
electrode, a lithium counter electrode and the lithium reference electrode. The mass of LiFePO4 on
substrate was about 6-10 mg/cm?. Electrochemical studies were performed in galvanostatic and
potentiodynamic modes. The current density ranged from 20 to 1600 mA/g. Potential sweep rate
was 0.1 mV / s. The solution of 1M LiPFg in a mixture of ethylene carbonate, diethyl carbonate,
dimethyl carbonate (1:1:1) was used as electrolyte.

Figure 1 shows the change in discharge capacity of the investigated samples during cycling,
as well as the charge-discharge curves for the second cycle. The discharge capacity of the undoped
lithium iron phosphate on the first cycle at a current density of 20 mA/g was about 137 mA/g
(theoretical capacity of LiFePO,4 is 170 mAh/g). It has been found that doping results in decreasing
of the discharge capacity. Thus the discharge capacity of LigggFeo.9s(CrNi)g.01PO4/C,
Lio.975F€0.95(CrNi)0,025PO4/C and Lig g5Feg o(CrNi)o 0sPO4/C samples reached 90, 109 and 123 mAh/g
respectively.

Comparison of lithium iron phosphate charge-discharge curves with varying degrees of
doping showed that doping increases the charge and discharge voltages. In addition doping reduces
the difference between charge and discharge voltages (from 66 mV for LiFePO, / C to 53-54 mV
for doped samples at a current density of 20 mA/g). Moreover, the shape of
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Lio.g75F€0.95(CrNi)o.025PO4/C charge-discharge curve has changed (the second charge-discharge area
has appeared).
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Figure 1. Changing of the discharge capacity during cycling (a) and charge-discharge curves (b) of
lithium iron phosphate samples. Current density 20 mA/g. 1 — LiFePO,/C, 2 —
Lio.99F€0.98(CrNi)o.01PO4/C, 3 — Lig.975F€0.95(CrNi)o.025PO4/C, 4 — Lig g5F€0.9(CrNi)o 0sPOs/C
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Figure 2. Charge-discharge curves of lithium iron phosphate samples 1 — LiFePQO,/C, 2 —
Lio.geF€0.08(CrNi)o.01PO/C, 3 — Ligg75F€0.95(CrNi)o.025P04/C,
4 — Lio,gsFeolg(CrNi)0.05PO4/C.

Figure 3 shows the change in discharge capacity of lithium iron phosphate samples at
different current densities, and the discharge capacity of the samples (Q) vs logarithm of the current
density (i). This charts can be linearized with some approximation as Q, = Q, — klgi, in the same
time coefficient k for Lio_ggFeo_gg(CI’Ni)o_01PO4/C, Lio_g75F€o_95(CrNi)o_025PO4/C and
Lig.gsFe0.9(CrNi)oosPO4/C samples was 33, 39.5 and 41, respectively. For undoped samples
coefficient k was 46.6, indicating stronger dependence of discharge capacity from current density
for LiFePO,/C compared with doped samples.
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The dependence of discharge capacity from the current density i can be represented in
logarithmic coordinates corresponding to the well-known Peukert's equation Q = Qfi*. For
LiFePO,/C and Lig.g75F€0.95(CrNi)o.025PO4/this dependencies can be linearized in the entire range of
investigated current densities. Besides, exponent a for LiFePO,/C and Ligg75F€g.95(CrNi)g.025PO04/C
is 0.19 and 0.24 respectively. For LigggFe.9s(CrNi)p01PO4/C and LiggsFeo.g(CrNi)oesPO4/C
dependence 1gQ from Igi splits in two sections with exponent o equal to 0.18 at small current
densities and 0.51 at high current densities. The physical meaning of exponent o for two-phase
electrode is a subject of a separate review.
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Figure 3. Changes in the discharge capacity during cycling (a) and the dependence of discharge capacity
from current density in semi logarithmic coordinates (b) for samples of lithium iron phosphate. Current
densities [mA / g] are shown on the figure.1 — LiFePO,/C,

2 — Liog9F€0.98(CrNi)o.01PO4/C, 3 — Lig g75F€0.95(CrNi).025PO4/C, 4 — Lio.e5F€0.9(CrNi)o,0sPO/C

Conclusion

Lithium iron phosphate samples doped simultaneously with chromium and nickel were
synthesized by sol-gel method. Electrochemical studies showed that doping results in a decrease in
discharge capacity of lithium iron phosphate compared with undoped sample. At the same time the
dependence of discharge capacity versus current density for all of the doped samples is less
pronounced. Despite the fact that insertion of a nickel-chromium dopant reduces the discharge
capacity of LiFePO,/C, quantitatively this effect decreases with increasing dopant content. This
result contradicts the results obtained previously [1], and may show that the amount of a dopant and
the size of particles of the doped samples have a comprehensive effect on the discharge capacity.
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In our society Li-ion batteries are widely used, especially for small-scale devices. During the
first charging process the solid-electrolyte-interface (SEI) between the electrode and electrolyte is
formed by the decomposition of electrolyte components at the strongly reducing lithiated graphite.
This layer is critical for the performance and safety of the Li-ion batteries.! Characterization of the
SEl is a difficult challenge, because of the variety of chemically similar components and enclosed
electrolyte species. Furthermore, ex situ analysis of the SEI requires separation and isolation of the
SEI, which may change the content and the structure of the SEI.1%)

In our approach we use the feedback mode of scanning electrochemical microscopy (SECM)
to investigate in situ the passivating properties of the SEI (Figure 1). Our results by SECM show
spatiotemporal changes and demonstrate the dynamic behavior of SEI formation, damage and
reformation. The results emphasize that spatiotemporal changes of the passivating SEI properties
are highly localized. Further research using this methodology addresses specific consequences of
solution additives on SEI formation/stability as well as the response of the SEI towards well defined
mechanical stress within graphite electrodes. In addition, the volume changes of graphite composite
anodes in standard battery electrolytes are characterized.

W

Figure 1. In situ observation of passivating SEI properties on a 240 um x 240 um region of a graphite
composite electrode over a time span of 4 hours.
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Abstract

LiFePO,/C and LiFeq sPtr.04PO4/C nano composite cathode materials were synthesized using
the sol-gel method in a nitrogen atmosphere. The XRD results indicate that substituting iron with
platinum does not destroy the structure of LiFePOy, but expands the lattice parameters and enlarges
the cell volume. The electrochemical results show that platinum doping improves the
electrochemical performance of LiFePO,/C particles owing to the expansion of the lattice structure,
which provides more space for Li ion diffusion. The, larger lattice structure parameters of the
LiFe 96Pto,04PO4/C material result in a high discharge capacity of 139 mAh g'1 at rates of 10 C, as
compared to 105 mAh g for undoped  LiFePO./C

LiFePO, and LiFeg gsPto.04PO4 composites were also synthesized using hydrothermal method.

The XPS results indicated that platinum doping does not change the chemical state of Fe (I1).
The SEM and BET results showed that platinum doping reduces the size of the particles. The
electrochemical characterization of the electrodes using discharge capacity, cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) showed that the Li-ion cell based on
LiFeo osPto04PO4/C elecrode exhibited better charge /discharge performance than those of
LiFePO4/C sample.

LiFePO,4/C, LiFegggPdo02PO4/C, and LiFeggPdo04PO4/C composite cathode materials were
then synthesized using the sol-gel method. The results indicate that palladium doping facilitates the
formation of impurities, like LisPO,. Also, the lattice parameters of the LiFePO, structure decrease
in size as the palladium content increases. The electrochemical results show that palladium doping
decreases the electrochemical performance of LiFePO./C, owing to shrinking lattice parameters and
the difficulty of achieving the diffusion of lithium ions into the structure during the
intercalation/de-intercalation process. These results suggest that palladium doping by sol-gel
method changes significantly the LiFePO, structure which may impact it performances as cathode
for the lithium ion battery applications.

LiFePO, material was also synthesized using a hydrothermal method and different amounts of
carbon from citric acid as the carbon source. LiFePO, coated with a small amount of carbon results
in poor electrochemical performance, and too much carbon can prevent Li ion diffusion through the
structure of the material and decrease its specific capacity. The thickness of the carbon coating must
therefore be optimized. The LF/30C electrode shows the lowest value for R«, and the highest Li ion
diffusion coefficient (1.62x10™ cm?s™) rather than the other electrodes, due to the high electrical
conductivity of the electrode and/or mobility of the Li ion. The LF/30C electrode exhibited the best
specific discharge capacity of 167 mAh g*, which is close to the theoretical capacity of
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LiFePO4(170 mAh g 1). The interpretations of these results need new approaches. The fundamental
aspect related to the effect of the method of material preparation on these physical chemical and
electrochemical performances will be discussed.
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The electrochemical insertion of the Li+-ions during discharge in thin films of vanadium
oxides V0, is determined by their stoichiometry, thickness, structural and transport properties, the
discharge rate and other factors. Among transport properties, the kinetic parameter — the effective
diffusion coefficient of the lithium ions (DLi) plays an important role. We have established that the
stoichiometry of the electrolytic deposits of vanadium oxides e-V,0, obtained from the

oxovanadate solutions [1] depends upon the synthetic conditions and it varies from V,0y (y=4.3) to
the orthorhombic V,0s composition after the thermal treatment.
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GITT and PITT measurements of Dy

We used a mathematical model of diffusion that does not include phase transitions in the
electrode material in order to describe the Li discharge processes in V,0y thin films and
demonstrated that increasing the V,0y film thickness up to 1.4 p results in the discharge capacity of
3.2 C/cm? at the current density of 20 pA/cm?. It was found that the steady-state potential (both the
theoretical value and that calculated from the experimental results) depends linearly upon the  Li-
intercalation level in the range of 0.3 — 0.7 X (LixV20s).

For the vanadium oxides annealed at 350 — 450° C, the dependence of Dy; vs. electrode
potential (E) is non-linear and demonstrates extreme values, which tend to increase with the
increasing the annealing temperature. The minimal values of the diffusion coefficient correspond to
the peak currents registered from the slow rate cyclic voltammograms of the V,0s electrode that
may relate to the phase transitions in the oxide.

Fig.1 demonstrates log D vs. E functional relationships obtained for vanadium oxide
electrodes with a different thermal treatment. The value of Dy; remains almost constant (10™'cm?/s)
in a 3.7-2.4 V potential range in the case of a thermally nontreated electrode (fig.1 a).

There is a pronounced decrease of the DLi values up to 10-12 cm2/s only at a discharge
potential of 2.6 V. DLi-evolution for crystalline V,0s becomes complex and has extremes (Fig. 1 c,
d). DLi values obtained by GITT and PITT measurements correspond well with each other (Fig.1 b,
C).

DLi of the e-V,0, obtained upon Interruption current A mathematic diffusion model of
Partlly-Discharged LixV,0s thin film electrodes upon Interruption current is put forward. The films
were obtained by anodic deposition on stainless steel plates from 0.1 M vanady! sulfate solutions at
pH 1.65 [1] and were dried for 2.5 h at 120° C. Fig. 2 shows schematically the sequence in which
the experimental curves were measured.
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Figure 2. Scheme of the OCP measurements for Partlly-Discharged Li,V,0s electrodes.

The electrode was discharged by applying a current (I) of 20 pA/cm? from the potential Ein,
which corresponds to an equilibrium state, to a final potential Eint. Then the current was switched
off and the potential transient was measured for 6 h.

The potential growth rate upon interruption discharge current is proportional to the discharge
current and inversely proportional to the film thickness (1):

42



15" Advanced Batteries, Accumulators and Fuel Cells Materials for lithium-ion batteries

2
In[dEt_g j T IV (-dEeq /d5) 7“D

dt FL 2 &0 @

VM — molar volume, — film thickness, F — Faraday constant, L — diffusion length, D —
diffusion coefficient. According to (1), in the dE/dt vs. (t — 0) coordinates, we have a straight line,
the slope of that allows the chemical diffusion coefficient of lithium ions to be calculated, and the
intercept on the y-axis allows dEeq/dd to be assessed.

The mathematic model for the behavior of partly discharged electrodes upon interruption of
the current was tested on 1.5 um-thick V,0s films. Fig. 3 shows the dependence of OCP for such a
film on the Li intercalation degree x. In the range of x values from 0.3 to 0.74 the potential
decreases linearly. Fig. 4 exemplifies the experimental transients of OCP for different current-
interruption potentials.
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Figure 3. The dependence of OCP for V,Os film on the Li intercalation degree x.
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Figure 4. Variations in OCP for an Li,V,0s electrode at current-interruption potentials (1) 2.63 and (2) 2.50
V.

It is worth to note that the dependences of Ig DLi — E obtained for the Li-insertion in thin
V,0s films by PITT, GITT, and potential relaxation methods coincide well with one another and are
in agreement with those measured for the sputtered V,0s5 [2]. We have established that DLi varies
from 10-10 to 10-12 cm2/s in the potential range of 3.7 — 2.0 V for vanadium oxide film annealed at
350450° C.
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The method of the network thermodynamics [3] was also used in this work to analyze
diffusion coefficient of the Li+ in the intercalation processes corresponding to the following phase
transition € <> & in V,0s (2):

LigsV205+ 0.5 Li"+0.58 < LiV,05 (2)

The method of the network thermodynamics is based on the mathematical model of diffusion
of the Li+ in electrode material using the diffusion equation for one-dimensional system:

oc_ . 0%
ot ox? (3)

Equation (3), according to principles based on the network thermodynamics, may be
transformed to the equation (4) [3]:

1

Z(r)=Al~{AO~r—2~ exp[/(3~AO-r]}+A2

=L (4)
Where
A0=”—'{)1-'* e RT -6 ‘
O~ (171* )' - C - DL:‘ o (5)’ (6)
7[2
A2=R; +AL— (7)

k — quantity of the exponents in the equation (4); t — relaxation time, s; & — thickness of the
electrochemical active layer, cm; DLi — diffusion coefficient of the Li+ in the electrode structure,
(cm?/s); R — gas constant, 8.31 J/mol*K; T — temperature, K; n - number of electrons in the
electrochemical process (2); Rf — resistance of the electrode, Qecm?. Equation (4) was used for
approximation of the relaxation curves.

The description of research methods:

1. Method of current relaxation and transformation of this curve to relaxation of impedance
during time.

2. Approximation of the relaxation curves according to the equation obtained on the basis of
principles of the network thermodynamics. The goal of this approximation is determination
of the variable factors (A0, Al and A2) in the equation (4). Satisfactory approximation
result can be obtained for k=3.

3. Calculation of the Li+ diffusion coefficient into V,0s electrode according to the equation
(5).

In the fig. 5 is shown relaxation of the current in time (curve a) and relaxation of the
impedance of the electrode process (curve b). Last curve was obtained as a result of the next
function:
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AE
Z(t)=—
O=15 8)
Where AE — step of the potential, V; i — current of relaxation, A/lcm?.
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Figure 5. Change of a current (a) and impedance (b) in time. Amplitude of displacement of potential is 5 mV.
Initial potential of V,Os-electrode is 3.20 V.
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Figure 6. Change of impedance in time (curve b) transformed to the semi logarithmic coordinate. k = 3.

The example of the approximation result is shown on the fig. 6. Using these results for each
potential of the V,0s electrode (shown in fig.7), the diffusion coefficients of the Li" in the electrode
material structure was calculated and shown in the fig. 8.

=
[

=

dQ/dE, mAh/gV

o
=

32 34 gy

Figure 7. Dependence of the differential capacity of V,Os-electrode on the electrode potential.
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Figure 8. The Li+ diffusion coefficient at various potentials of V,0s-electrode.
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Compositions of Co-doped LiMn,0O, spinel with MCNT for Lithium Batteries
R.D. Apostolova, R.P. Peskov, E.M. Shembel

Ukrainian State University of Chemical Technology, 5 Gagarin Ave.
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Much attention is payed to doping of LiMn,O4 spinel by different chemical elements for the
improvement of discharge spinel characteristics in redox reactions with lithium [1]. Cobalt as one
from these elements improves specific discharge characteristics and cycling ability of LiMn,O4
spinel in lithium recharged power sources at volume and superficial doping [2, 3]. According to
Guohua et al. LiCo1sMn;1604 showed good cycle performance with energy density of 370 Wh/kg
at the 300" cycle [4].

Previously we reported the superiority of electrochemical characteristics of the mechanical
mixtures of LiMn,O, spinel with multiwall carbon nanotubes (MCNT) over those of spinel
compositions with natural graphite in the prototypes of the Li-ion battery [5, 6]. Carbon conductive
fillers, their nature and particle size plays the key role in the efficiency of the electrochemical
transformation of spinel in Li-ion batteries. Electrodes based on the composition of the spinel and
MCNT show a good cycling stability and efficiency at the discharge rate of 2C. The resistance of
charge transport (R¢;) through the film/spinel composite surface is depends on the conductive filler.
Value of R decreases in spinel electrode in the presence of carbon filler (by the factor of thousand).
Exchange current of spinel electrode increases under the influence of MCNT (from the order of 10”
to 10* A-cm™). The value of R, depends on the resistance in contacts between spinel particles and
also between particles and current collectors. Contact resistance decreases under influence of
MCNT with more efficiency than under influence of graphite because of small size of the particles
with high surface area of the MCNT.

In the presented work we extended the investigation of spinel doping its by cobalt and using
in the compositions with MCNT in the redox reactions with the Li ions with the goal of subsequent
improvement of its discharge characteristics.

Experimental

The efficiency of repeated electrochemical transformation of Co-doped LiMn,O, spinel in the
compositions with MCNT in thin-film electrodes and thick spread (Co-doped LiMn,O, spinel,
MCNT, F-4/18N12X9T)-electrodes of lithium prototype accumulator have been analyzed. Co-
doped LiMn,0O, spinel was obtained by annealing of stochiometrical mixtures of LiMn,O4 spinel
(Merck) with Co (NO3), 6 H,0 (Co:Mn=2:98 %) during 2 hours at 650° C.

Thin film electrodes were made mechanically by embedding of Co-doped LiMn,O,4 spinel
powder with MCNT in ratio of 90:10% mas. into aluminum matrix with the size of (1.0x1.0x0.1)
cm [5,6]. Mass of active spinel composition in the electrode is 0.23-0.28 mg-cm™. It does not
contain the ballast component of traditional composite electrode — binder. MCNT synthesized by
catalytic pyrolysis of ethylene was used as a conductive additive [5]. The outer diameter of
nanotubes is about 10-30 nm, specific surface is 230 m*g™. Composite thick spread electrodes (Co-
doped LiMn,04, MCNT, F-4/18N12X9T) of (1.0x1.0) cm have been produced by putting an active
composition mass on a net, made of stainless still (18N12X9T). The active mass (15-25 mg-cm™)
consists of Co-doped LiMn,O,4, carbon filler (MCNT) and F4 binder (polytetrafluorethylene)
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mixture in the ratio of (80:10:10% mass.) in N-methyl-pyrollidone with following heat treatment
(250 °C, 57 h) in air atmosphere.

Electrochemical investigations were determined in coin batteries of 2325 size with Li
auxiliary electrode and in the sealed 3-electrode cell with Li counter and Li/Li" reference electrodes.
Prototype battery and experimental cell were filled with electrolytes of the composition
ethylencarbonate (EC, Merck), dimethylcarbonate (DMC, Merck), 1 M LiCIO,4. Water content in
electrolytes does not exceed 0.006% according to K. Fisher method. The assembly of prototypes
and cells was carried out in a glove box in dried argon atmosphere.

The charge-discharge characteristics were plotted on a test bench with computer control and
registration. The conductivity of spinel specimens has been determinated by impedance
spectroscopy method. Impedance spectra were obtained using analytical VoltaLab PGZ301
radiometer. Impedance spectra were acquired in frequency series of 100 kHz—0.01 Hz using ZView,
ZPlot softwars (Scribner Associates).

Results and discussion

It was found that cobalt-doping increase the conductivity of LiMn,O4 spinel (table 1).

TABLE |. — Comparative conductivity of spinel specimens in extruded pellets

Conductivity, S«cm™
Compound 291 K 323 K
LiMn,0y 3.3:10° 0.9-10
Co-doped LiMn,0, 2107 5107

In the work possibility of cycling of Co-doped LiMn,0, in the compositions with MCNT has
been established depending on discharge current density, number of cycles and temperature for
using in thin layer lithium recharged power sources (fig. 1).

Discharge-charge curves of thin film Co-doped LiMn,O, compositions with MCNT was
evaluated at current density of 1C for 30, 50, 100,150, 200" cycles is shown in fig.1 a. Charging of
Co-doped compositions was provided at 1C. The changes of discharge capacity (Qq) depending on
current density is shown in fig. 1, b. Discharge capacity at 40 C equals to 75% (90 mAh/g) of one
obtained in the first cycle. The capacity of LiMn,O, compositions with MCNT without cobalt
reaches 80 mAh/g at 20 C.

Satisfactory cycling performance of Co-doped LiMn,O4 compositions with MCNT was
obtained at low temperatures (fig.1, ¢). Q¢ =104 mAh/g at 273 K,  Q4=93 mAh/g at 258 K when
Idicn=1C.

In impedance investigations of Co-doped LiMn,O4 compositions with MCNT the resistance
of charge transport (Rc) through film/spinel composite surface have been established at temperature
(297, 258 K) depending on discharge capacity, that changes at long run cycling. The values of
exchange current i, were obtained using Butler-Volmer regularity (1) for maxima of
electrochemical activity of Co-doped LiMn,QO, in the compositions with MCNT in redox reactions
with lithium (2, 3):

RT

Rt =—- (D)
ct ]
nFlo
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On cyclic voltammograms two redox-couples with current peaks close 4.00 V are observed:
3.96 /4.03 and 4.12/4.15 V. They are specific for LiMn,O, spinel and correspond to the reactions (2,
3) representing two-stage processes of deintercalation/intercalation of Li ions from/in tetrahedral
sites of spinel structure:

(396 /403) LiMn,O4 — LigsMn,04 + 0.5 Li*+05¢& (2)
(4.12/4.15) LipsMny04 — Mn,0O4 + 0.5 Li"+0.5¢&. 3

Maximal electrochemical activity was determined at potentials of Egcp2=4.12, Egcn1=3.96 V
in intercalation processes and E¢,1=4.03 V, Ec2=4.15 V in deintercalation processes. The values of
io at high discharge capacity (Qun=117-120 mAh/g in 7-50™ cycles) and at its degradation (Quc,=85
mAh/g in 250-270" cycles) are presented in the table 2.

Q,mAh-g"

Figurel. Discharge-charge curves of thin film Co-doped LiMn,0, in the compositions with MCNT in lithium
accumulator prototype depending on: a) cycle number; b) discharge rate (C); ¢) temperature. Temperature,
K: a, b) room; ¢) curve 1 - 273; curve 2 - 258. iy =1C for a, ¢).

TABLE II. The values of exchange current i, of Co-doped LiMn,0, in the compositions with MCNT in redox
reactions with lithium depending on the temperature and discharge capacity

ip at 297 K ipat 258 K
E,V Q,=117-120, | Q,=85-87, Q,=93, Q,=71,
mAh/g mAh/g mAh/g mAh/g
Ecn=4.03 6.92:10™ 3.63-10™ 8.50-10™ 1.48:107
Ecpo=4.15 4.40-10™ 2.21-10" 3.96:107 0.92:107
Egeno=4.11 5.13-10™ 2.91-10" 2.71-10° -
Egch1=3.99 7.54-10™ 421-10™ 5.97:107 1.26:107
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Exchange current i, in average two times decreases at cycling when Qg decreases from
Q1=120 mAh/g to Q,=85 mAh/g at the room temperature. The value of iy changes at 258 K more
considerably (in average 4-5 times) when Qq decreases from Q;=93 mAh/g in the 5-10 cycles to
Q2=71 mAh/qg after long cycling.

Discharge capacity of thick volume electrodes on the base Co-doped LiMn,O, spinel in the
compositions with MCNT in redox reactions with lithium equals to 130-125 mAh/g at i4n=0.15 C,
and 125-120 mAh/g at 1C (fig. 2).

EV Q mAhg’
44 - [ 1C
gy, ;
e
b
80 -
40}
1 1 1 0 L i L 1 ]
0 40 80 120 0 10 20 30
Q, mAh-g" Ne cycle

Figure 2. Discharge-charge characteristics of volume (Co-doped LiMn,0,, MCNT)- electrodes in lithium
accumulator; a) discharge-charge curves on dependence C; b) discharge capacity on dependence cycle
number and C. Room temperature.

We continue the analysis of degradational processes in redox reactions of (Co-doped
LiMn,04 spinel, MCNT)-composition with representation of results in the future.
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Comparison of the properties of high voltage spinel cathode material depending
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The most widely used cathode materials for lithium-ion accumulators
nowadays are based on LiCoO,, LiFePO, or LiMnO4. These materials are
supposed to be replaced by battery systems with new generation of cathode
materials such as sulphur-based or high-voltage cathode materials in the
future. This article is focused on the study of electrochemical properties of
high voltage cathode material LiCrq1Nig4Mn;50,4 depending on the process
of synthesis.

Samples were prepared via solid state reaction with the temperature as
independent variable where electrochemical charge/discharge capacity
retention was observed during cycling. The synthesized materials were also
studied by SEM.

Introduction

The development of cathode materials with high energy density is important for applications
requiring high performance such as electromobility [1]. One of the most promising materials is
LiNiosMn; 504 due to its high operation voltage close to 4.7 V and high stability. This cathode
material reports the high voltage properties with respect to several oxidation steps of manganese
cation where Mn** oxidizes to Mn** at 4 V vs Li and subsequently Ni** is oxidized to Ni** at the
voltage range of 4.7 — 4.8 V vs Li until reaches the Ni** [2]. Despite the indisputable benefits of
raised operating voltage, the material is not yet commercially used due to its negative aspects
related to low capacity retention. The main drawback of investigated material is the rapid fading of
capacity during cycling especially at high temperatures. It was showed that this issue can be
overcome by several approaches such as particle size reduction, partial cation substitution and
surface modification. Nanoscaling in general increases the active surface area and thus rises the
diffusion rate but does not affect the intrinsic conductivity of the crystal. On the other hand, doping
may affect the crystaline structure and stability of LiNigsMn;s04, electronic conductivity and
capacity retention are hereby increased which also leads to improved cyclability and better
performance at high C-rates [3]. Cr is one of the elements which can be the cathode material
successfully doped with. The binding energy of Cr-O is higher than the binding energy of Mn-O
and Ni-O and also the formation of impurities such as LixNi;.xO is reduced during synthesis which
also leads to an increase of capacity. There is also another important effect of doping by cromium
that a new electrochemical redox change is observed during cycling where Cr** changes its state to
Cr** and the voltage of discharge plateau is shifted as high as ~ 4.9 V [4]. The last method of
improving the properties of the material is surface modification of LiNigsMn; s04. Materials such as
Al,O3, ZnO and SiO, are used for coating. This process leads to the protection of the particles and
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reduces the formation of the SEI layer. Cyclability and stability at high loads are therefore improved

[5].

Experimental

The method of solid state reaction was utilised for the synthesis of LiCrg1Nip4Mn;s04
samples. Sample A was prepared by two-step annealing process and the three-step annealing
process was used for the preparation of sample B. Materials based on carbonates and oxides were
used as starting precursors for the synthesis. Li,CO3 (Lithium(Il) carbonate), MnCO3 (Manganese
carbonate), NiO (Nickel oxide) and Cr,O3 (Chromium(lll) oxide) were used as obtained from
Sigma-Aldrich. Materials were mixed in a stoichiometric ratio of 0.02 mol and milled together for
4h. The obtained mixture was split to two samples and processed separeatelly by different
procedure. Both samples A and B were first annealed at 600 °C for 10 hours followed by annealing
at 900 °C for 15 hours. Sample B was then processed also in third step which was the annealing at
700 °C for another 15 hours. Entire processing was carried out in high temperature batch furnace at
ambient atmosphere. Electrode slurry was prepared by mixing obtained samples with NMP (N-
Methyl-2-pyrrolidon) (solvent), PVDF (Polyvinylidenfluorid) (binder) and conductive carbon
support Super P in the ratio of 80% active material, 10% of Super P and 10% of PVDF. The
electrode slurry was subsequently casted by doctor-blade on Al foil, dried and pressed by the
pressure of 3200 kg/cm?. A disc electrode with the diameter of 18 mm was cut out of the coated
aluminium foil and investigated in EI-Cell® ECC-STD electrochemical test cell. The cell assembly
was carried out in an M-Braun argon filled glove box. Metallic lithium was used as the counter
electrode and the LiPFs EC:DMC 1:2 w/w electrolyte was soaked in a glass fibre separator.
Galvanostatic charge and discharge cycling was utilized as method for investigation of capacity
retention with potential window from 3.0 V to 5.1 V versus Li/Li". First two cycles were used for
calculation of the cell capacity and the charge and discharge rate was then set to 0.5C. The scanning
electron microscopy was also used for characterization of obtained LiNigsMn;s0,~A and
LiNigsMn; 504 —B samples with the TESCAN VEGA3 XMU equipment.

The materials LiCry1Nig4Mn;504 — A and LiCrg1Nig4Mn; 504 — B were analysed using SEM
microscopy. We can see structure of the synthesised materials on Fig. 1, the field of view for both
samples is 41.5 um. Both the samples exhibit good macro-crystalline structure. Particle size of the
LiCrg1Nig4Mn; 504 — A is slightly smaller than LiCry1Nig4Mn; 504 — B.

g

A
4 B X - |4 . /
SEM MAG: 5.00 kx | View fieid: 41.5 ym [ R VEGA3 TESCAN| SEM MAG: 5.00 kx  View field: 41.5um | | | VEGA3 TESCAN|
Hivac 10 pm

Det: SE HiVac 10 pm
SEM HV: 5.0 kv WD: 517 mm Brno University of Technology SEM HV: 5.0 kV WD: 5.09 mm Brno University of Technology

Figure 1. SEM analysis of the samples A) LiCrg;Nig4sMn; 50, — A, B) LiCrg1Nig4sMn; 50,4 — B; view field used
-41.5 um
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Figure 2. Comparison of capacity change during cycling of the materials LiCrg;Niy4sMn; 50,4 - A and

LiCrg1Nig4Mn; 50, — B

The cycling performances of both samples are depicted in Fig. 2. Discharge capacity during
cycling of sample LiCrg1Nig4Mn;1504 - B is always higher than LiCrq1Nip4Mn; 504 — A. Sample
LiCro1Nig4sMn; 504 — B also shows better capacity retention than LiCrg1Nig4Mn; 504 — ACapacity
fading of the sample LiCr1NigsMn;504 — B is smaller than LiCrg1Nip4Mn3504 — A. Discharge
curves of both samples have similar shapes as we can see in Fig. 3. LiCrg1Nig4Mn; 504 — A shows
in the first cycle slightly higher potential of the discharge plateau and longer discharge plateau at 4

V than LiCro_lNio_4Mn1_5O4 - B.
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Figure 3. Comparison of the first discharge cycles of the materials LiCrgNig4Mn; 50,4 - A and

LiCrg1Nig4Mn, 50, - B

Conclusion

The obtained results show that both methods of synthesis are useful for the synthesis of the
cathode material LiCry1Nip4Mn;504. Furthermore it is evident that using the three-step annealing
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leads to better results in terms of capacity and capacity retention of the LiCry1Nig4Mn; 504 cathode
material. Material prepared by this method lost 3.3% of its capacity after thirty cycles at 0.5 C
compared with 4.1% loss for the sample prepared by the two-step annealing method. The sample
prepared by the three-step annealing method also exhibit higher capacity during the whole cycling.
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Silicon has the highest theoretical specific capacity (4200 mAh g*) and is a promising anode
material for next-generation Lithium ion batteries (LIBs). However, due to low intrinsic
conductivity, poor cycling stability and huge volume change (400%) of the silicon during charging
and discharging process, it cannot use as a commercial LIB anode material. Because, huge volume
change causes structural failure of the silicon active mass particles during lithium
insertion/extraction process, hence permanent capacity fading. Several strategies have been used to
overcome this problem, such as decreasing particle-size, using carbon active matrixes (CNT, CNF
or Graphene etc.) due to high electric conductivity, flexibility and good mechanical properties

In the study, Silicon/Carbon Nanofiber/Multi-Wall Carbon Nanotube (Si/CNF/MWCNT)
nanocomposite anode materials were produced by mechanical milling and subsequently then heat
treatment methods. For this aim, selected amount of Si nano powders, MWCNTs, and PAN
(Polyacrylonitrile) dissolved in N-Methylpyrrolidone solution and then added in the 80 ml stainless
steel bowl in Ar-filled glove box and mechanically milled for 1 h using planetary ball mill. After
mechanical milling process, the mixture was dried at 150 °C in open air and subsequently then
annealed at 800 °C with a heating rate 5 °C min™ for 4 h to decompose of PAN to form PAN-based
CNF in flowing argon medium by using a quartz tube furnace. After annealing process
SiI/CNF/CNT nanocomposite powders was produced. For preparation of the electrode, a slurry was
prepared with nanocomposite powders and PVDF binder and then the slurry coated on the copper
foil by doctor blade and dried in vacuum oven. In order to investigate effect of CNT on the
electrochemical performance of the electrode, amount of CNT was altered in the nanocomposite.
The physical characterization of the nanocomposite structures were carried out using scanning
electron microscopy, X-ray diffraction patterns and Raman Spectroscopy. For electrochemical
characterization of the nanocomposite electrodes, CR2016 test cells were assembled in Ar-filled
glove box and prepared nanocomposite electrodes were used as working electrode, lithium foil is
used as counter electrode, 1 M LiPFg dissolved in EC:DMC (1:1 in volume) used as electrolyte. The
working and counter electrodes were separated with polypropylene separator. The cycling test of
the electrodes were performed between 0.05 V and 1.5 V at a constant current. In order to
investigate electrochemical reactions between electrodes and electrolyte, cyclic voltammetry test
was carried out at a scan rate of 0.1 mV s™.

Keywords: Silicon, CNF, MWCNT, Nanocomposite Electrode, Electrochemical Performance

55



15" Advanced Batteries, Accumulators and Fuel Cells Materials for lithium-ion batteries

Characteristics of FeS, in Electrolytes Based on DMC-LiAn Mixtures during
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Ukraine
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The specific capacity of natural pyrite (FeS,;) was investigated by galvanostatic cycling
method. Investigation was carried out in electrolytes consisting of dimethyl carbonate (DMC) and a
lithium salt (LiBF4, LiCIO4, LIN(CF3S0,),). It was shown that the specific capacity of FeS, and its
stability during cycling depend on the concentration and nature anion lithium salt. The best
characteristics of the FeS2 during cycling are attained in DMC — LiCIO4 and DMC — LiN(CF3S0;)2
electrolytes at salt concentration in the range of 0.1 — 0.2 mole fraction (m.f.).
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Influence of doping LiCoO, by potassium to electrochemical properties
depending on time
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LiCoO2 is one of the most commonly used cathode materials in lithium-ion
accumulators. There are also some disadvantages given by its structure beside
a number of advantages. One of them is its instability. This article focuses on
improving its stability from the perspective of cyclability depending on the
time elapsed from the synthesis. Solid state reaction method was chosen as
the method of synthesis of this material and as the method of stabilizing the
structure by doping by other element - in this case by potassium.

Introduction

Lithium metal oxide cathode materials for lithium ion accumulators have been extensively
studied for several decades. The reason is their high voltage and high energy density. The company
Sony has combined LiCoO, cathode with a carbon anode thus creating the first successful Li-ion
accumulator which currently dominates the market [1]. The carbon anode which forms together
with lithium the compound LiCg during the reaction makes the accumulator much safer than if we
used separate lithium as there is much lower probability of the formation of dendrites [1, 2].
Practically usable capacity of LiCoO; cell is ~ 130 mAh/g, which is only a half of the total amount
of lithium that can be deintercalated without the loss of capacity due to the structural changes in
LiCoO; [1]. This is related with the high reactivity and very low stability of the electrode with low
content of lithium. Potential of this material against lithium is ~ 3.9 V. LiCoO, is a commonly used
material because its preparation is easy compared with the preparation of other oxides. Although
LiCoO;, dominates on the market with lithium ion accumulators the cobalt reserves are limited
which makes its price high [1-3]. The price subsequently limits the field of application of LiCoO, to
small cells for use in computers, mobile phones or cameras [4]. The disadvantage of this material is
its low load capability. It should not be discharged and charged with currents higher than 1 C as it
could lead to warming-up. The optimal charging current should be set to the maximum value
of 0.8 C [5]. These disadvantages can be compensated by doping the material with other elements

[6].

Experimental

Solid state synthesis method was chosen for the synthesis of materials LiCoO, and
Lio.975K0.025C00,. Li,CO3 (lithium carbonate), CoCO3 (cobalt carbonate) and KCOj3 (potassium
carbonate) were used as basic materials for the production. These three materials were mixed in the
amount equivalent of 0.02 mol. The materials were milled for thirty minutes using a ball mill and
subsequently embedded in a ceramic dish, in which they were annealed for 30 h at 400 °C. The
calcined material was pulverized again and then pressed by the pressure of 800 kg/cm?, and the
resulting pellet was again calcined at the temperature of 650 °C for 8 h. Grinding, pelleting and
annealing were repeated in the next step of the process, this time at 950 °C for 8 h. The grinding
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mill was each time thoroughly rinsed with distilled water followed by alcohol and dried. The
resulting material was milled for thirty minutes in a ball mill and was subsequently turned into a
mixture consisting of NMP (N-methyl-2-pyrrolidone), binder PVDF (Polyvinylidene fluoride) and
Super P carbon. The weight ratio of the materials was LiCoO, 80%, Super P 10%, PVDF 10%. The
resulting mixture was applied onto Al foil using a special rod to create 150 micron layers. This was
later dried and pressed using the pressure of 3200 kg/cm?. A disc was punched out of the coated
aluminum foil with the diameter of 18 mm and it was inserted into the El-Cell © ECC-STD
electrochemical cell assembled in argon atmosphere inside a glove box. Pure lithium was used as
the anode material and the electrolyte was DC:DMC 1:1 with 1M LiPFg impregnated in a glass fiber
separator. Galvanic-static charge and discharge cycling was used for the measurements and the
potential window was set from 2.5 to 4.2 V versus lithium. There were always two discharge and
charge cycles carried out, during which charge and discharge current was calculated to be 0.5 C
using the weight of the sample, provided the capacity of the material is 120 mAh/g. The actual
capacity of the sample was deducted from these two cycles and the sample was then cycled twenty
times with the current of 0.5 C. The resulting materials were also investigated after their creation
using SEM microscopy. The SEM microscope TESCAN VEGA3 XMU was used for these analyses.
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SEM MAG: 5.54 kx | View field: 37.5 ym VEGA3 TESCAN| SEM MAG: 4.98kx @ View field: 41.7 pm VEGA3 TESCAN|

Det: SE HiVac 10 pm Det: SE HiVac 10 ym
SEM HV: 30.0 kV WD: 4.42 mm Brno University of Technology SEM HV: 30.0 kV WD: 3.98 mm Brno University of Technology

Figure 1. SEM analysis of the samples A) LiCoO, and B) Lig ¢75K0,0,5C00,

The materials LiCoO, and Lig.975K0.025C00, were analysed using SEM microscopy. We can
see the structures of synthesised materials in Fig. 1. It is possible to observe the layer structure of
synthesized LiCoO, sample and for Lipg7sK0025C00, too. The size of the particles of
Lio.975K0.025C00; is around 10 um. The particles of LiCoO, are bigger.
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Figure 2. Comparison of capacity change during cycling of the materials LiCoO, and Lig.g75K0.02sC00, with
different time from synthesis

The cycling performances of LiCoO; and Lig g75K0.025C00, samples are depicted in Fig. 2.
Discharge capacity during cycling of the sample LiCoO; new is the highest of all the samples and
its capacity is very stable. The sample Lig975K0025C00, new showed lower capacity than LiCoO;
new and it was stable since the sixteenth cycle. The Ligg75K0.025C00, 30. days sample showed
practically the same curve as Lig g75K0,025C00;, new. There is no change in material properties after
thirty days. The sample LiCoO, 30. days showed the worst stability and capacity during cycling.

Conclusion

It was found that this synthesis process is suitable for preparing of the materials LiCoO, and
Lio.975K0.025C00,. The new material LiCoO, showed higher capacity and stability during cycling
than Lio.975K0.025C00,. The material of LiCoO, showed after thirty days deterioration of stability
and capacity. The material Liog75K0025C00, exhibited the same characteristics after thirty days
which implies that doping of the material LiCoO, by potassium leads to stabilization of the
structure of the material and maintaining the electrochemical properties.

Acknowledgments

This work was financially supported by the FEI Company, the Centre for Research and
Utilization of Renewable Energy under the project No. LO1210 — ,,Energy for Sustainable
Development (EN-PUR)*, and FEKT-S-14-2293 project.

References

1. D. Linden and T. B. Reddy, Handbook of Batteries, McGraw-Hill (2002).
2.  W. A. Van Schalkwijk and B. Scrosati, Advances in Lithium-lon Batteries, Kluwer
Academic/Plenum Publishers (2002).

59



15" Advanced Batteries, Accumulators and Fuel Cells Materials for lithium-ion batteries

w

o

T. Ohzuku and R. J. Brodd, Journal of Power Sources, 174, 449 (2007).

E. I. Santiago, A. V. C. Andrade, C. O. Paiva-Santos and L. O. S. Bulhoes, Solid State lon.,
158, 91 (2003).

M. S. Whittingham, Chemical reviews, 104, 4271 (2004).

J. Bludska, J. Vondrak, P. Stopka and 1. Jakubec, Journal of Power Sources, 39, 313
(1992).

60



15" Advanced Batteries, Accumulators and Fuel Cells Materials for lithium-ion batteries

Compatibility of room temperature ionic liquid electrolytes with hard carbon
anode in lithium ion secondary batteries

Jiyoung Kim*, Junyoung Mun*

'Department of Energy and Chemical Engineering, Incheon National University, 119 Academy-ro,
Songdo-dong, Yeonsu-gu, Incheon 406-772 (Republic of Korea)
E-mail: jykim@incheon.ac.kr, jymun@incheon.ac.kr
Tel. +82-32-835-8876

The safety problem is one of the critical issues to be solved for a widespread use of lithium
ion battery (LIB). In this point, the room-temperature ionic liquids (RTILs) are considered as
alternative electrolytes to the conventional organic electrolyte owing to their special physical
characteristics of non-flammability and non-volatility. However, several limitations such as low
conductivity, high freezing point and poor cathodic stability have been pointed out. Among these, it
is the one of most critical issues for the application to lithium ion batteries that co-intercalation of
RTIL-cation into graphene layers during lithiation sequence. In this presentation, hard carbon
material is adopted as anode material because it has low reaction potential like graphite and
contains a little graphene layers. Hard carbon composite electrode and lithium foil was assembled
with synthesized RTIL electrolyte (EMIm-TFSI, PMPyr-TFSI, PMPip-TFSI) in which 1 M LiTFSI
salt dissolved. The electrochemical behaviors of hard carbon material in RTIL electrolyte are
analyzed to explicate the behavior of lithium ion redox cycle and the prevention of RTIL co-
intercalation by electrochemical methods and Raman spectroscopy. The assembled hard carbon/1 M
LiTFSI in RTIL/Li half cell exhibits good cycleability and high coulombic efficiency without any
additional film forming agent. From the results of cyclic voltammetry and Raman spectroscopy, it
was proved that RTILs did not co-intercalated to hard carbon materials. It is concluded that the
RTIL co-intercalation is successfully avoided by using hard carbon anode and furthermore, it can be
a prospective candidate of active material for novel LIB based on RTIL electrolyte.
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Lithium-ion batteries are widely spread at consumer electronic devices, they
appear as sufficient energy source for propulsion drive of electric vehicles.
Their using in this high power application brings lot of advantages but marks
the question of fire safety of Lithium-ion batteries. This short research
presents testing of electrode materials using in Lithium-ion batteries by
Simultaneous Thermal Analysis (STA). Within research were performed
several tests of lithium-ion batteries in which batteries were overcharged,
short circuited, charged with ten times of rated current. In the other part of
testing the STA of our negative electrode material specimens was performed
on STA 1500 device. The specimens of negative electrode material were
represented by natural graphite in two forms, initial and lithiated. Lithiated
graphite material can be considered as negative electrode material in charged
state. Were used two analysis methods TG (Thermogravimetry) and DCS
(Differential Scanning Calorimetry).

Introduction

The STA technique provides information about material composition and quantitative
representation of its components (elements). The information are acquired through combustion or
evaporation process which occurs during material heating. The Differential Scanning Calorimetry
(DSC) is a technique for measuring energy necessary to establish a nearly zero temperature
difference between a sample and an reference material. There are two types of DSC systems in
common use, which fall under differential calorimetric methods:

. power-compensation DSC
o heat-flux DSC

DSC with power-compensation

DSC wit power-compensation is also called as ,,reverse” DTA (differential thermal analysis).
In comparison, DTA measures differences in temperature between a sample and a reference (when
they are both put under the same heat), whereas essence of power-compensation DSC is keep both
the reference and the sample at the same temperature. This type of DSC is characterized by two
separate measuring boxes (furnaces) and by two heat sources. DSC measures electric power, that is
needed to maintain constant temperature of both samples. The result of a DSC experiment is a curve
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dQ / dt =f (t), where Q is heat energy and this curve has peaks as well as the curve generated from
DTA. Distinction from DTA lies in their opposite (,,reverse) orientation relative to the x-axes. For
endothermic process in DTA is value of the temperature difference negative, while to endothermic
process in DSC corresponds positive value of heat energy. [1,2,3,4]

DCS with heat-flux

The second type is method of DSC with heat-flux. Measuring the difference in power is
replaced by measuring the temperature difference between the sample and the reference, which are
enclosed in the same furnace and are connected by the thermal bridge. With the knowledge of the
thermal resistance between the furnace, the sample and the reference, can be the heat flow from the
sample (or to the sample) considered proportional to the temperature difference. The temperature of
the sample is measured by a thermocouple, which is in contact with this sample.

Termogravimetrie (TG)

It is one of the basic methods of thermal analysis and belongs to dynamic analytical methods.
The basic principle is to measure the weight change of analyzed sample during its continuous
heating or cooling. The weight changes are expressed in relation to temperature. [5,6]

m = f(T) [1]
or in relation to time

m=f () [2]

Weight changes of substances during their heating can be expressed by equation

mAB (s) = mA (s) + mB (g) [3.1]

Upon heating gaseous component is released, causing a decrease in weight of the test

substance. We meet with these changes for example during thermal decomposition of calcium
oxalate monohydrate.

It may occur reversal phenomenon, where the substance reacts during heating with gas, and
therefore increases its own weight. The equation of weight change can be written as:

mA (s) + mB (g) = mAB (s) [3.2]
An example could be oxidation of non-noble metals, where arises oxide or hydroxide of the
respective (/corresponding) metal. [7,8,9]

Results and Discussion

We have tested charged and non-charged graphite material by STA method under inert
atmosphere, the non-charged graphite characteristics are shown in Figure 2 below. The charged
graphite material characteristics are depicted in Figure 1 below. In Figure 1 can be seen high peak
that is located at temperature approx. 270° C. This peak represents the combustion of lithium, that
was intercalated into graphite, with nitrogen. The reaction is expressed by equation (4) below.
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Within experiments with negative electrode materials and lithium-ion batteries which were
carried out in our research has been evaluated influence of heat onto material behavior. During high
current drawn from battery is produced heat especially o negative electrode, this amount of heat can
very easy reach temperature above 200° C. It can cause electrolyte decomposition at the first stage
followed by oxidation of lithium to lithium nitride LisN. Generally, has to be considered electrolyte
stability, as the most heat sensitive component of lithium-ion battery.
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This short research presents an introduction to the fire safety of Lithium-ion
batteries. Nowadays, as the most weak part of aprotic battery is its aprotic
electrolyte. The aprotic electrolyte (commonly the mixture of aprotic
solvents) that is used in Lithium-ion batteries have got low flash point with
poor thermal stability. This paper describes using sulfolane as an aprotic
solvent in Lithium-ion battery. Measurements were focused on performance,
cyclability and stability of aprotic electrolyte with relation of graphite
material as a negative electrode. Like a possible substitution of graphite, the
LTO material was used and tested. Lithium Titanate Oxide (LTO) seems to
be promising negative electrode material for Lithium-ion batteries.

Introduction

Litihum-ion batteries are without doubts one of the most promising kind of electrochemical
energy sources. Nowadays, the quick development of lithium-ion batteries (hereinafter LiBs) going
to get new sorts of LiBs with better capacity characteristics, higher specific voltage, high
cyclability, material stability and other parameters. Using of LiBs in electronic applications like
small portable devices is well-known, with evolution of electric cars, getting interesting to using the
LiBs for electric propulsion. With using of LiBs in electric vehicles, as in high power applications,
is coming to the forefront the question of safety of LiBs. In LiB system is most problematic part, by
the viewpoint of fire safety, aprotic electrolyte. Aprotic electrolytes use in LiBs, have poor thermal
resistance, during thermal stressing occurs to electrolyte decomposition. Product of electrolyte
decomposition can take gas or solid state and getting worse battery characteristics and may lead to
evolution of hydrogen gas. The evolution of hydrogen and other gasses may cause dangerous
mixture in case of contact with oxygen, especially in enclosure space. For high power applications
is necessary to find out aprotic electrolyte that can be stable in wide range of temperatures at
maintaining of good electric conductivity. Another request on aprotic electrolyte can be set as
electrochemical compatibility with electrode material in the range of working electric potential
window. The most widespread material for negative electrode into LiBs is graphite. Graphite is
stable and good working active material, its operation is based on intercalation reaction of lithium
atoms among grapheme sheets. Negative electrodes made from graphite have discharge potential
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plateau around 0.25 V vs. Li/Li* and theoretical capacity 372 mAh/g. In LiB’s cell arises on
negative electrode and electrolyte interface the Solid Electrolyte Interface (SEI) layer. The layer is
being formed during first few charge-discharge cycles and is made by the decompositions products
of electrolyte. Properties of SEI layer significantly influences LiB characteristics like self-discharge
rate, current loading, lifespan and cyclability of LiB etc. This layer is necessary for proper
operation of LiB. The composition, constitution and structure of SEI layer depends on the
electrolytes which were used, thus on aprotic solvents used in.

Among the new materials for negative electrode, which have been discovered in recent times,
belongs Litihum Titanate Oxide, LisTisO;1, (LTO). LTO has in comparison with graphite different
spinel structure, good reversibility and stability. The LTO material has the higher discharge
potential plateau approx. 1.55 V vs. Li/Li", theoretical capacity of LTO is 175 mAh/g. The high
redox potential of LTO reduces electric power that can be supplied to load, this drawback can be
solved by using high voltage positive materials for example LiNipgsMn;s04. This high voltage
materials give nominal voltage around 4.9 V vs. Li/Li* in comparison with standard cathode
materials which provide voltage around 3.7 V vs. Li/Li*. On the other hand, as an advantage of
high working potential allows to using different kinds of electrolyte solvents without their
decomposition at low electrode potential. The high working electrode potential also inhibits the
growth of lithium dendrites, which may cause a short circuit of cell.

Results and Discussion

In experiments were used two kinds of negative electrode materials for LiB. Natural graphite,
type COND CR5995 (manufacturer Graphite Tyn. s.r.0.) and alternative material to conventional
graphite the LTO. As an electrolyte was used sulfolane (C4HgO,S) with LiPFg salt in 1 mol
concentration. First measurement was performed as a set of graphite electrode (as negative
electrode) and sulfolane electrolyte. The cell was connected in half-cell arrangement, where the
counter electrode was made from metal lithium. Obtained characteristics are depicted in Figure 1
and Figure 2 below.
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Figure 1. Charge-discharge characteristics of graphite.
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As is shown in Figures, the graphite material is decomposed by sulfolane solvent, thus it is
losing almost all its potential capacity. The maximum capacity in first cycle is 5 mAh/g. Based on
these poor results, has been approached to testing of LTO material that has got spinel intercalation
structure.
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Figure 2. Capacity performance development through 10 cycles.
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Figure 3. Charge-discharge characteristics of LTO.

As can be seen from Figure 3 above, there is no LTO material decomposition by sulfolane.
The capacity performance reach its maximum in first charging cycle where it hit 1219mAh/g. This
results allow to keep on LTO testing and opening another space for further research of LTO
material as one of the most promising material for negative electrode for LiB.
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The fire safety and temperature stability is very important property of
solvents used in electrolytes. This question is discussed in these days because
of more and more use of lithium ion batteries in industry. The lithium ion
batteries with aprotic electrolytes are used not only in small electronic
devices but also in larger industrial use as well as in car industry. Due this
reasons are the electrolytes with flame retardant tested. This article is focused
on change of specific conductivity of electrolytes by adding different flame
retardants into electrolytes. According to the results the most suitable flame
retardant is selected and suggested to use in aprotic electrolytes.

1. Introduction

Lithium - ion batteries are composed from four main compounds positive electrode created
from some kind of oxides with lithium, electrolytes compound from organic non aqua electrolytes
with dissolved lithium salt, negative electrode consisting of special type of carbon and from
packaging. The electrolytes should be compatible to all the another parts. It is impossible to use
water based electrolytes due the use of lithium in batteries or for example used the
dimethylsulfoxide as a solvents for electrolytes because of the etching of plastics materials used for
packaging the batteries.

Another point of view is the temperature window and the fire safety of batteries. It is possible
to use a protective circuit, which guard the voltage, current and temperature on cell or use a special
material which is less flammable from the physical nature of its existence. To this are also fall the
flame retardants additives. The positive properties, which go along with the flame retardant, are
well known from other parts of electro technical industry such as the printed board circuits[1]. To
main demands taken on flame retardants is large efficiency by small volume amount, zero or
minimal influence on other parameters of based materials, less toxicity, easy recycling and low
price.

1.1 Flame Retandants

Generally are the flame retarders called substances with slow down or disabled the
phenomena which arising during the burning process (creating and spread of flame). The flame
retardants are used for all state of matter solid, liquid and gas. The flame retardants act into burning
in specific phase of this process e.g. by increasing the temperature, decomposition of substances or
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by the actual combustion. In practice is combined several different types of flame retardants to
multiplicity the desired influence[2,3].

The flame retardants used in production process can be divided be two possibilities of
interacting with the base material. The flame retardants, from this view, can be divided into additive
and reactive. Other possibility to divided the flame retardants is according to their chemical
composition ant that on phosphor, bor of silicon base[3].

For selecting the right flame retardant it is necessary to keep in mind its influence on
electrolytes. In this work it is investigated the influence of flame retardant on specific conductivity.
It was selected the retardants by this parameters: relative permittivity &, melting point 9, and
flashpoint J+. The parameters of selected flame retardants are listed in Table I. It was decided to
choose the phosphor base retardants because they are one of the cheapest and most used flame
retardant (TEP - triethyl phosphate, TPP - triphenyl phosphate, DMMP - dimethyl
methylphosphonate).

TABLE |. Properties of selected flame retardant

Flame retardant el-] I °C] Ji[ °C ]
TEP 13 -56 107
TPP 3.5 48 - 50 220
DMMP 22.3 -50 69

2. Experimental

The two electrode conductivity sinking cell and electrochemical impedance spectroscopy (on
potenciostate Biologic) was used for the specific conductivity determination. The measurement was
performed in frequency range from 1 MHz to 100 Hz and sinus potential with amplitude 10mV.
The measurements were carried out in ambient conditions in a sealed vessel to prevent the humidity
contamination of the sample.
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Figure 1. The influence of different flame retardants on solvents mixtures specific conductivity
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3. Discussion

From the results and graphic interpretation on figure 1 is visible that all used flame retardant
increased the specific conductivity of the base electrolyte. The most promised flame retardant seem
to be DMMP which increased the specific conductivity mostly. The specific conductivity of
standard used electrolytes EC — DMC (ethylene carbonate — dimethyl carbonate) was increased by
14.4% by using DMMP and even the electrolyte compound from SL — DMC (sulfolane — dimethyl
carbonate) by 16.5% in case of use DMMP. Less polar additives increase the fluidity faster than
lowering the permittivity. The increase of specific conductivity by adding a flame retardant is
caused because of lowering the dynamic viscosity. In farther work will be necessary to determine
the optimum among of flame retardant additive and its influence on electrode material.
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Lithium ion batteries are commonly used around the world. In dependence on
the batteries application it is possible to use them as stationary power sources,
power mobile devices or as electro mobile propulsion. The batteries have to
be safe in all conditions of use. That is the reason for do a research and
innovation on materials which will increase the fire safety and lower the risk
of burn or explosion. The main goal of this paper is to determine the
influence of low flammable solvent dimethyl sulfone on permittivity with
ethylene carbonate mixtures. The ethylene carbonate is the most used solvent
for electrolytes in lithium ion batteries. In this work is the relative
permittivity dependence in temperature window 30°C do 90°C determined.

Introduction

The benefits of lithium ion batteries are known for many years and thank to them the lithium
ion batteries become absolutely common part of our day lives. Between their advantages belongs
low self-discharge, high voltage for cell, high capacity and high capacity related to weight. On other
hand a big disadvantage is high price caused by difficult production technology. By the
manufacturing in is necessary to use protective argon atmosphere to prevent the air and air humidity
reach the batteries. Manufacturing of the raw lithium into state suitable to use in batteries is also not
the simplest. Lithium is also relative rare element in earth crust. Lithium usage also brings a limit to
electrolytes and solvents which are compatible with it. Water as a most common solvent is not
possible to work with lithium due the strong reaction with it and due the high cell voltage which is
above the voltage of water decomposition[1]. These reasons bring the attention to polar aprotic
organic solvents such as propylene carbonate, ethylene carbonate dimethyl carbonate etc[2,3].
These solvents can work in such conditions.

One of the main properties which the solvent have to possess is higher permittivity and that &
> 30[4]. The reason is to be able to dissociate salts to ions. That why the permittivity of ethylene
carbonate and dimethyl sulfone mixtures was research. The second solvent dimethyl sulfone was
chosen as component which should increase the fire safety of electrolyte. The selected properties of
used solvents are listed in Table | where ¢ is relative permittivity at 1 MHz frequency, on is the
melting point of the solvent and s is the flash point temperature. The flash point is in this paper
taken as main safety parameter due flammability.
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TABLE I. Properties of used aprotic solvents[4,5]

ethylene carbonate dimethyl sulfone
e[-] 89 48
om[°C] 36 110
vt [°C] 152 143

Experimental

The relative permittivity was determination by comparing the capacitor capacity. In first step
the capacity of air capacitor was measured and then the capacity of the same capacitor but the
solvent mixture was used as dielectric. The difference between capacities was used for calculation
of relative permittivity and that for frequency 1 MHz. The measurement was carried out in
temperature window above the melting point of each solvent. In our case for solvents ethylene
carbonate (EC) and dimethyl sulfone (DMSQO?2) in temperature range from 40 °C to 90°C.

The used salt was lithium perchlorate LiClO, (Sigma Aldrich company) in 1 mol/l
concentration. The salt was dissolved in EC — DMSO2 mixture and in different samples was
changed the volume of DMSQO?2. The volume of DMSO2 was varied from zero vol% to level close
to the saturation limit[6].
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Figure 1. The temperature dependence of relative permittivity of EC — DMSO2
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Discussion

The decrease of relative permittivity of each sample with temperature which is shown in
Fig. 1 is caused by thermal moving of molecules. In higher temperatures the molecules do not
change their directions to the electric field as easily as in low temperature due the higher thermal
moving. This causes the decrease of the permittivity. The results clearly show that the DMSQO?2 in
EC — DMSO2 system greatly reduced the permittivity. The decrease of permittivity is caused by
increased volume share the lower permittivity solvent. On other hand the permittivity in whole
temperature window does not get below the necessary limit £ > 30.
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A coating of carbon nanotubes is formed on an oxide cathode material, for
the first time by a simple and easily scalable physical method by applying
shear stress onto the oxide material comprising multiwall carbon nanotubes.
X-ray diffraction patterns and cross-sectional scanning electron micrographs
reveal that a high level of carbon nanotube coating can be achieved without
any chemical or physical breakdown of the oxide cathode structure. The
microstructures of the prepared samples are investigated by Raman and X-ray
photoelectron spectroscopies. Even when the electrode has small carbon
content, it exhibits higher conductivity, rate capability, and specific discharge
capacity compared to the pristine samples. This observation is attributed to
the suppression of contact resistance, surface film resistance and occurrence
of fast charge-transfer reactions, as confirmed by electrochemical impedance
spectroscopy. Finally, a full cell comprising carbon nanotube-coated cathode
is fabricated and shown to exhibit improved discharge capacity and stable
cyclability.
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Fabrication of Sn—Ni /MWCNT nanocomposite celectrodes for Li-ion batteries
by pulse electrodeposition: Effects of Peak Current Density
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To reduce irreversible capacity and improve cycle performance of tin
electrodes, Sn—-Ni/MWCNT nanocomposite electrodes were prepared at
constant electrodeposition conditions (pulse on-time T, at 5ms and pulse
off-time Torat 5 ms) but with different the peak current densities were
investigated. Dby pulse electrodeposition method using copper substrate as
current collector. MWCNTSs were aimed to co-deposit from the suspended
MWCNT in the electrolyte to increase buffering effect and conductivity. The
effects of peak current density on the surface morphology, microstructure,
and electrochemical properties were investigated. Surface morphology of
produced Sn-Ni/MWCNT composites were characterized by scanning
electron microscopy (SEM). Energy dispersive spectroscopy (EDS) was
conducted to understand the elemental surface composition of composites. X-
ray diffraction (XRD) analysis was carried out to investigate structure of Sn-
Ni/MWCNT composites. Raman spectroscopy was used to determine the
existence of MWCNT in the Sn-Ni matrix. The electrochemical
performances of Sn-Ni/MWCNT composite electrodes have been
investigated by charge/discharge tests, cyclic voltammetric experiments. The
discharge capacity cyclically tested cells by a battery tester at a constant
current in the voltage range between 0.02 V — 1.5 V. The peak current
density were shown to be a crucial factor to improve Sn-Ni/MWCNT
composite anodes for cycleability and reversible capacity.

Keywords: Sn-Ni/MWCNT nanocomposite, pulsed electro co-deposition, energy storage,
Li batteries.
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Abstract

The lithium-ion battery is an ideal candidate for a wide variety of applications due to its high
energy/power density and operating voltage. Lithium-ion batteries are used as a primary and a
secondary power source. We focus on the use of secondary power sources. This article deals with
the possibilities of numerical simulations of lithium ion batteries. The real battery datasheet will be
compared with simulation results and with real measurements. For numerical study of the lithium-
ion battery Comsol Multiphysics and MatLab Simulink will be used.

Comsol Multiphysics is tool for modeling and simulating engineering tasks. The problems we
want to solve in real life are always based on multiphysics phenomena. Thus it’s required to take
into account interaction between two or more physics domains at one time. Comsol Multiphysics is
defined for solving these complex problems [1].

In chemical modules you can find predefined physical interface for analysis of chemical
reactions, transport of diluted species or species transport in porous media. Electrochemistry
modules provide interface for design and simulation of battery or fuel cell life cycle. Comsol
Multiphysics includes also option to model process of galvanization or corrosion [2].

MatLab Simulink is a block diagram environment for multi-domain simulation and Model-
Based Design. It supports system-level design, simulation, automatic code generation, and
continuous test and verification of embedded systems [3].

Lithium-ion batteries are used as a primary and a secondary power source. This article focuses
on the use of secondary sources of power. This type of batteries gains more and more importance
due to their higher specific capacity, longer life and lower self-discharge compared with
conventional batteries such as NiCd or NiMH. These properties are based on the use of lithium and
intercalation materials from which the electrodes are formed. These substances are characterized by
the ability to release and then incorporate lithium ions in their structure, thereby these batteries
differ from the conventional ones, in which chemical conversion of anode and cathode material
takes place. Another advantage is that these accumulators use only a small amount of electrolyte,
which serves only as ion conductor, thus again goes to reducing the size of these batteries. The
following equations describe the function of lithium-ion batteries. In these equations LiMO, metal
oxide is used as a cathode material such LiCoO, or LiNiO,. C is typically used as the anode
material [4].

Reaction at the positive electrode of Li-lon cells:
LiM0O, & Li,_,MO, + xLi* + xe~
Reaction at the negative electrode of Li-lon cells:
C + xLi* + xe~  Li,C
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Summary reaction:
LiMO, + C & Li,C + Li,_,MO,
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Figure 1. The principle of function of Li-ion accumulators [2].

Currently the most used material for positive electrode in lithium-ion cells is LiCoO, and its
modification. This type of material was used in the first commercial lithium-ion batteries made by
Sony in 1991. It is a material with a layered structure, which voltage against lithium in pure form is
3.88V and capacity ~155mAh/g. Its disadvantage is worse temperature and cycling stability. A
modification by using Ni is very common. Material LiNi;,Co,O, shows better stability and higher
capacity than the default material, but it is slightly less thermally stable. The final properties depend
on the content of Co. Specific capacity of the material is from 190mAh/g to 220mAh/g. Similarly
voltage against lithium varies from 3.72 V to 3.78 V depending on the content of Co. LiFePO,was
created as its possible replacement. The first notes about the material LiFePO,are dated from 1997.
LiFePO, material is the latest of a group of materials for lithium-ion cells and is characterized by
olivine structure, high stability and shelf life. It is composed of ecological and cheap materials and
shows the voltage 3.3 V versus lithium and capacity of 170mAh/g. This material gradually begins
to replace older types of cathode materials [5], [6].

The cylindrical cell continues to be one of the most widely used packaging styles for primary
and secondary batteries. The advantages are ease of manufacture and good mechanical stability.
The tubular cylinder has the ability to withstand internal pressures without deforming. Figure 2
shows a cross section of a cell [7].
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Figure 2. Cross section of a lithium-ion cylindrical cell [8].

A Samsung battery with capacity 3000mAh and a nominal voltage 3.7V was selected as the
sample for real measurement.

The VMP3 potentiostat (Biologic) with attached VMP3B-20 booster was used for the
measuring of discharge curves. The measurement procedure was set accordingly to the datasheet.
Two discharging currents were selected - namely 0.2C and 0.5C. Charging was done using the CC-
CV method. For the first measurement charging current was set to 0.2C (600mA) and the maximum
charging potential was set to 4.2V. This was followed by CV charging until current dropped to
0.05C (150mA). Discharging was done by discharging current 0.2C (600mA), cut-off potential was
set to 2.75V. Charging current for the second measurement was set to 0.5C (1500 mA) and the
maximum charging potential was set to 4.2V. This was followed by CV charging until current
dropped to 0.05C (150mA). After that discharging by discharging current 0.5C (1500 mA) was used.
Cut-off potential was set to 2.75V.

Conclusion

For the modelling of chemical processes it is necessary to know their mathematical
interpretation and how the simulation software proceeds during the solution. It is important to
respect the geometry of the model and generated computational mesh. The quality of the
computational mesh has the greatest influence on the actual computational time. The simulation will
be more accurate if the computational mesh is finer and better quality.
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If a secondary cell (accumulator) is charged to 100 %, a question arises on
the nature of other electrode processes occurring as a result of continued
attempts of charging. It is fairly simple in the case of aqueous batteries which
produce just hydrogen and oxygen in such a situation. It is not so simple to
understand in lithium secondary cells, in which the water to be decomposed
is absent. Overcharging of anhydrous batteries must be investigated and
prevented satisfactorily. The aim of this contribution is to gain at least
fundamental knowledge of such a process in electrolytes suitable for lithium
batteries.

1. Experimental

1.1 Experimental arrangement

Two cells were used for the decomposition of the electrolytes by high current.

Variant A was a simple glass vessel containing two hard carbon electrodes and filled by the
tested electrolyte. The electrolyte was exposed to current of 10 — 200 mA for 30 minutes. Samples
taken from the vessel were used for estimation of conductivity and flash point.

Variant B was a cell designed so that even small amounts of gases formed at the positive
electrode were withdrawn by a micro syringe and analysed by gas chromatography. The vessel was
designed so that the resistance of the electrolyte permitted rather high current (10 to 30 mA). It is
depicted in Fig. 1.
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Figure 1. Cell for accumulating of gases generated at the electrode

1.2 Electrolytes

Solutions of LiClO4 NaClO,4 or LiPFg either in propylene carbonate (PC) or sulfolane (SL)
were tested. Triethylphosphate (TEP) was added in several tests as its application can be used as a
flame retardant.

2 Results

2.1 Conductivity change

Measured charges of conductivity are listed in Tab. 1. We see expected lower conductivities
of solutions containing sulfolane. Another interesting point is higher conductivity of equivalent
sodium salts. Finally, the treating by high current caused a marked lowering of conductivity in all
cases.

Table 1. Change of conductivity caused by exposition to high anodic current in variant A.

Sample v v
Fresh Exposed to current
[mS/cm] [mS/cm]
LiClO4// PC 7.58 7.39
LiClO4 // SL 3.35 3.24
LiClO4 // PC + TEP 8.78 8.29
LiClO4 // SL +TEP 3.68 3.58
LiPFg // PC 9.00 4.98
LiPFg // SL 3.56 2.09
LiPFg // PC + TEP 9.58 9.14
LiPFg // SL + TEP 3.91 3.14
NaClO, // PC 9.28 8.66
LiClO, // PC + TEP 8.95 8.74
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2.2 Flash point

The flash points are listed in Tab. 2. The changes of flash point are not so dramatic, and in
several cases we can see the decrease of flash point by exposition to anodic current and a positive
effect on TEP on increasing of the flash point value.

Table 11. Changes of flash point (flash point in °C)

v v
Sample Fresh Exposed to current
[°C] [°C]
LiClO4// PC 138.0 138.0
LiClO4 // SL 162.0 162.0
LiClO4 /I PC + TEP 145.5 135.0
LiClO4// SL + TEP 167.0 167.0
LiPFg // PC 135.5 132.5
LiPFg // SUL 164.5 157.0
LiPFg // PC + TEP 150.0 145.0
LiPFs // SL + TEP 173.0 167.0
NaClO, // PC 138.0 124.0
NaClO,4 // PC + TEP 144.5 144.5

2.3 Examples of gas chromatography

The GC was recorded on the device CHROM-5. Examples of results are shown in Fig. 2 for a
PC containing electrolyte and for the samples obtained from electrolyte containing SL.
Undoubtedly, the solutions prepared from PC + TEP exhibited just one simple peak, which is
supposed to be just CO,. Contrary to that, the chromatogram of a sample obtained from SL + TEP
electrolyte is more complex ad indicates the formation of components with fairly higher elution
time.

It is almost impossible to indicate the nature of volatile components at present. We expect to
repeat these experiments using some instrumentation enabled with mass spectrometric detection of
gas composition. However, looking on the structures of both cyclic compounds one can suggest,
that the strong oxidation causes some splitting the heteroatom with its oxygen atoms off the
structure.

4pesmn. 083V »
M ] —

A m B
Figure 2. A) Analysis of gases formed from a solution based on PC + TEP, B) Analysis of gases formed from
a solution based on SL + TEP
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3 Discussion

In the case of all tested samples, the decrease of conductivity and flash point is observed. If
we consider the molecules of both solvents, then cleaving of CO, seems quite probable from PC. In
this case, the remnants are no more of cyclic nature, therefore much lower permittivity and higher
volatility should be expected. Something analogical has to be expected to be formed from
electrolytes containing SL. Of course, no more than speculations are possible under circumstances.
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ABSTRACT. Electrochemical reduction and evolution of oxygen are of
considerable interest in many electrochemical devices such as metal-air
batteries, fuel cells and water electrolysers [1]. Perovskite oxides of the
general formula ABOj3 are an important class of materials that have been
extensively studied as electrocatalysts not only for the oxygen evolution but
for its reduction as well, and can thus be used simultaneously as bifunctional
electrode.

A subclass of perovskite known as “double perovskite” on which we are working is
represented by the general formula A;BB'Og(where A is an alkaline-earth atom such as Sr, and B
and B’ are transition-metal atoms like Fe [2] or Co [3], and Mo. It has been reported that the
electron doping in Sr.FeMoQs, achieved via the substitution of a divalent alkaline earth Sr** by a
trivalent La®* ion, increases disorder in Fe/Mo sublattice of Sr,.LaFeMoOg , leading to a low
electrical resistivity and to a semi-conducting character [2]. The crystal structure of Sr,FeMoOg can
be cubic or tetragonal with regular arrangement of corner-sharing FeOg and MoO6 octahedra. This
specific arrangement of alternating different cations can be of great interest in the electrochemical
activity, since the properties of perovskites as electrocatalysts are generally determined by the
nature, oxidation states and relative arrangement of B-site cations

It is well known that the electrochemical activity in perovskite oxides are frequently related to
electrical resistivity and electronic delocalisation. From this point of view, the semi-conducting
double perovskite seems to be a good candidates to show interesting electrocatalytic properties for
oxygen reduction and evolution reactions. With this purpose in mind, we present the results
concerning La doping effects on the structural (Fig.1), grain morphology, and electrical properties
of SroxLaxsFeMoOg oxides. We investigate also the electrochemical behavior of such compounds
prepared as oxygen electrode films in energy conversion device.
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Gel polymer electrolytes containing immobilized different types of salts
(LiPFs, LiBF4, TEABF,) in aprotic solvents (PC, EC:DEC, EC DMC) were
prepared by UV polymerization. Electrolytes were optimized to achieve
suitable ionic conductivity (up to 7,5 mS/cm) and good mechanical stability.
The electrochemical stability up to 4 V was determined on stainless steel
electrode by voltammetrical measurements.

Introduction

Polymer electrolytes are an essential part of modern power sources. Their electrochemical and
mechanical properties have been investigated since 1980. Liquid electrolytes as the medium for ion
transport between electrodes of a device are being replaced by solid or gel (semi-solid) electrolytes.
This is because electrochemical power sources based on liquid electrolytes are usually associated
with problems of leakage, self-discharge, corrosion, bulky design etc. Application of the gel
electrolytes includes lithium batteries, supercapacitors and electrochromic devices. [1-3]

In our recent paper we present results of investigation of MMA and EOEMA based
electrolytes with three types of salts and solvents.

Experimental

Materials

All chemicals were purchased from Sigma-Aldrich. Monomers methyl methacrylate (MMA)
and 2-ethoxyethyl were distilled under reduced pressure. Cross-linking agents ethylene glycol
dimethacrylate (EDMA) and 1,6-hexandiol dimethacrylate (HexadiMA), polymerization initiator
benzoine ethylether (BEE), ethylene carbonate (EC), propylene carbonate (PC) and dimethyl
carbonate (DMC) were used as received. Lithium salts TEABF,, LiBF, and LiPFg were dehydrated
in Ar, atmosphere at 50°C for 24 hours. All chemicals were stored at 4°C in the glove box
refrigerator.

Gel polymer electrolyte preparation

The initial mixture was prepared in the glove box under argon atmosphere and consisted
liquid electrolyte (salt and solvent), monomer MMA or EOEMA (20 mol% of liquid electrolyte),
cross-linking agent EDMA or HexadiMA (3,5 mol% of monomer), polymerization initiator BEE (1
mol% of monomer). In the case of gels with TEABF,, was amount of cross-linking agent 9 mol% of
monomer.
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Gel electrolytes were prepared using direct radical polymerization initiated by UV 500 W
light and took 40 minutes at room temperature. The procedure was carried out in mold formed from
PTFE plate, packing distance PTFE frame and glass plate. Mold was closed using screw clamps.

Obtained samples of GPEs with area 4 cm x 4 cm and thickness corresponding with type of
used PTFE seal (0,8 mm ) were more or less elastic and transparent.

Equipment and measurements

Potentiostat VMP3 (Biologic) was used for electrochemical measurements. Samples of gel
polymer electrolytes were investigated in stainless steel cells (EI-Cell, type ECC-Std).

Conductivity measurements were performed by using impedance spectroscopy in the
frequency range from 100 kHz to 0,1 Hz.

Electrochemical window (EW) of GPE was measured by linear sweep voltammetry (LSV)
with scanate 0,5 mV/s in the potential range 0 to 3,5 V.

Results and discussion

All prepared electrolytes were elastic, transparent and homogenous membranes of a thickness
0,8 mm. All used chemicals are colorless; therefore the prepared membranes are highly transparent.

In the Table 1 are ionic conductivities of all prepared gel polymer electrolytes at the
temperature 25 °C.

Table 1. lonic conductivity of gel electrolytes

v [mS/cm]
¢ [mol/l] 0,25 0,5 0,75 1
LiBF, in EC:DMC (1:1 wt.) 1,08 1,61 2,22 0,91
EOEMA+EDMA LiPFgin PC 0,93 1,32 1,01 1,23
TEABF, in EC:DEC (1:1 wt.) 1,19 1,55 3,00 -
v [mS/cm]
¢ [mol/l] 0,25 0,5 0,75 1
LiBF, in EC:DMC (1:1 wt.) 2,04 2,68 2,07 1,63
EOEMA+HexadiMA LiPFgin PC 0,90 1,39 1,22 1,38
TEABF, in EC:DEC (1:1 wt.) 1,17 1,71 2,93 -
v [mS/cm]
¢ [mol/l] 0,25 0,5 0,75 1
LiBF, in EC:DMC (1:1 wt.) 1,85 2,01 2,16 1,68
MMA+EDMA LiPFg in PC 2,86 1,85 1,97 1,75
TEABF, in EC:DEC (1:1 wt.) 3,43 4,84 4,27 -
v [mS/cm]
¢ [mol/l] 0,25 0,5 0,75 1
LiBF, in EC:DMC (1:1 wt.) 1,75 1,83 2,55 2,06
MMA+HexadiMA  LiPFgin PC 3,15 2,25 1,85 1,57
TEABF, in EC:DEC (1:1 wt.) 2,19 5,29 7,46 -
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Electrolytes 1 mol/l TEABF, in EC:DEC (wt.) weren’t measured due to precipitation of the
salt during prepariation of gel.
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Figure 1. Dependence of ionic conductivity of gel polymer electrolytes on LiBF, concentration

For actual lithium ion battery and supercapacitor, the cell potential can reach up to 4 V. In the
Table 2 are shown values of the voltage at the current I =5 pA and 10 pA, which corresponds to
current density J = 2 uA/cm? and 4 pAlcm?.

Table I1. Electrochemical stability of gel polymer electrolytes

MMA EOEMA
I=5puA 1=10pA 1=5pA 1=10pA
U [V]
0,5 mol/l LiPFg v PC 1,97 2,32 1,64 1,92
0,5 mol/l LiBF, v EC:DMC (1:1 hm.) 1,55 2,01 0,28 0,88
0,5 mol/l TEABF, v EC:DEC (1:1 hm.) 1,78 2,18 0,92 1,13
Ucen [V]
0,5 mol/l LiPFg v PC 3,94 4,64 3,28 3,8
0,5 mol/l LiBF, v EC:DMC (1:1 hm.) 3,1 4 0,56 1,76
0,5 mol/l TEABF, v EC:DEC (1:1 hm.) 3,56 4,36 1,84 2,2
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Figure 2. LSV of MMA based gel polymer electrolytes.

Conclusion

MMA or EOEMA based gel polymer electrolytes were successfully prepared by direct
polymerization process and their electrochemical properties were investigated. The maximum ionic
conductivity was found to reach 7,5 mS/cm (TEABF;) and 2,7 mS/cm (LiPF6) at 25 °C. The
electrochemical window was stable up to 4 V with LiPFg and TEABF, salts.
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Transference number measurements on gel polymer electrolytes for Lithium-
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Gel polymer electrolytes for Lithium-lon batteries based on MMA and LiPFg
in EC:DMC (1:1 wt.) with different salt concentration were prepared by
radical photo polymerization. These samples were measured on transference
number using Bruce-Vincent method based on combination of DC
polarization and AC Electrochemical Impedance Spectroscopy (EIS)
techniques. This method gave values ranging from 0.24 at 0.05 mol I™* LiPFg
t0 0.69 at 1 mol I'* LiPFg salt concentration.

Introduction

Transference number is dimensionless parameter which gives information about the
contribution of the particular charged species present in the bulk of electrolyte to the overall charge
transport across the measured system. In case of a simple binary electrolyte with dissociated salt
C" A, it can be described with following expression:

Ic

t. = [1]

C 7 Ie+lp

where t; is cation transference number, Ic is current carried by cations and I, is current carried
by anions. Value of t; lay exclusively in range from 0 to 1. In most real electrolyte systems based on
organic solvents, the salt is not usually fully dissociated. Even if we try to use appropriate
combination of solvents, it is due to a combination of insufficient permittivity of the solvent and
high concentration of salt, which is required in Lithium-lon batteries.

If the salt is not completely dissociated, some equilibria will exist in which associated species
are formed. These species types are e. g. ion-pairs, triplets and larger clusters of ions. They all may
be mobile within the electrolyte and can contribute to the charge transport. We suppose, that cations
is the active electrode specie.

Both cations and anions are mobile in considered gel polymer electrolytes. When conductivity
applying small AC potential over the electrolyte is measured, it takes into consideration the charge
transport contribution from all the charged mobile ionic species mentioned above. When a DC
current passes through the bulk of electrolyte, the charge is initially transported by both the mobile
positive charged species and the mobile negative charged species. A concentration gradient will
develop within the electrolyte gradually because electrodes are blocking towards the anions and the
charge is transported through the electrolyte only by the mobile positive charged species.
Uncharged mobile species may be also present in electrolyte. Uncharged ones will be transported
by the concentration gradient and thus contribute to the charge transport.
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Bruce-Vincent method

Several methods have been introduced to measure transference number. The DC polarization
method (Bruce-Vincent) is very easy to use on gel polymer electrolytes. This method is based on
measuring the current initially and after the steady state condition due to small potential applied
over the cell. This method therefore provides a transference number based on both mobile charged
species and mobile uncharged species, which may be higher, than transference numbers found using
Hittorf method based on concentration change close to the non-blocking electrodes. Moreover,
when the transference number is measured by both methods, the difference between the measured
transference numbers will by an indication of the amount and mobility of uncharged ionic species.

[2]

U is applied DC potential difference, I, and I are values of current obtained from DC
polarization curves, represent the initial and steady state current flowing through the cell. Ry and R
obtained from AC impedance spectra, represent the initial and steady state resistance. The applied
DC potential difference was 10 mV. The frequency range of AC impedance was set from 100 kHz
to 10 mHz.

_ Iss V-IgRg

T, =
+ Io V-IssRss

Conclusion

PMMA-based gel polymer electrolytes were successfully prepared by direct polymerization
processes and measured on transference number. This Bruce-Vincent method gave values ranging
from 0.24 at 0.05 mol I'* LiPFs to 0.69 at 1 mol I"* LiPFs salt concentration in accordance to
previous works.
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Comparative Study of Different Alkali (Na, Li) Titanate Substrates as Active
Materials for Anodes of Lithium lon Batteries
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® INFIQC - Department of Physical Chemistry, Universidad Nacional de Cérdoba, Ciudad
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® INFIQC - Department of Mathematics and Physics, Universidad Nacional de Cérdoba, Ciudad
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The relationship between structure and lithium storage capacity of different
titanate samples as anode materials for lithium ion batteries is discussed.
LisTisO12, NayTizO7 and Na,TigO13 where synthesized by solid-state reaction.
The structure, surface and morphology of the samples were characterized by
SEM, XRD and RAMAN spectroscopy, and the electrochemical performance
was studied by galvanostatic charge-discharge cycling, cyclic voltammetry,
electrochemical impedance spectroscopy and rate capability. The lithium
titanate presented the highest capacity of the three electrodes, together with
the most reversible potential plateau (at 1.6 V vs Li* /Li° and the best
response in rate capability at increasing discharge currents. Diffusion
coefficients of Li* ions into the titanate matrices were obtained, showing the
highest value for the lithium titanate compound. Between both sodium
titanates, Na,TigO13 presented the highest specific capacity and the best
discharge retention.
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Beyond Conventional Electrocatalysts: “Hollow” Nanoparticles for Improved
and Sustainable Oxygen Reduction Reaction Activity
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This paper describes the synthesis and the characterization of ‘“hollow” Pt-rich/C
nanocrystallites (Figure 1A) for the oxygen reduction reaction (ORR). Their specific activity reach
a 3-fold (Figure 1B) and 5-fold enhancement over conventional “solid” Pt/C nanocrystallites of the
same size in liquid electrolyte and during real proton-exchange membrane fuel cell (PEMFC)
testing, respectively. More importantly, the “hollow” nanoparticles can sustain this level of
performance during accelerated stress tests in both liquid and solid electrolyte. The average
contraction of the Pt lattice by 1 % (Figure 1C) and the Pt coordination number (Np; = 7.5) point
towards the presence of vacancies in the Pt-rich shell, which may account for their improved
catalytic properties.

150 Pt "hollow"

Intensity / a.u.

Pt "solid"
) .
o

Figure 1. (A) Aberration-corrected high resolution high angle annular dark field scanning transmission

electron microscopy of the “hollow” Pt-rich/C nanoparticles (B) ORR specific activity measured at 0.90 V
vs. the reversible hydrogen electrode (RHE) in 0.1 M H,SO,4 and (C) X-ray diffraction pattern of the “hollow”
Pt-rich/C and of the reference “solid” Pt/C nanoparticles.
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Preparation of Graphene and Multiwalled Carbon Nanotube Composite
Modified Electrode and their application in glucose/O2 biofuel cell

Shen-Ming Chen*, Rajkumar Devasenathipathy

Department of Chemical Engineering and Biotechnology, National Taipei University of
Technology, No.1, Section 3, Chung-Hsiao East Road , Taipei 106, Taiwan (R.O.C).

Abstract

We have constructed a glucose/O, biofuel cell (BFC) with electrochemically
reduced graphene oxide—multiwalled carbon nanotube (ERGO-MWCNT)
modified glassy carbon electrode (GCE) as anode and graphene-Pt composite
modified GCE as cathode. . The composition and structure of the resulting
ERGO-MWCNT and graphene—Pt were confirmed by cyclic voltammetry
(CV), scanning electron microscopy (SEM), ultraviolet- visible (UV-Vis)
spectroscopy, energy dispersive X-ray spectroscopy (EDX) and X-ray
diffraction (XRD) studies The electrochemical characterization results show
that enzyme GOx was well immobilized onto the composite modified
electrode. Moreover the composite modified film exhibits excellent
catalytic ability towards the oxidation of glucose in the presence of
redox mediator hydroquinone (HQ). Graphene—Pt composite has been
prepared by simple sodium borohydride reduction method and characterized.
The graphene-Pt composite modified GCE shows good electrocatalytic
activity towards O2 reduction. A membraneless glucose/O2biofuel cell
(BFC) has been developed by employing ERGO-MWCNT modified GCE as
anode and graphene—Pt as cathode. The maximum power density of 46 uW
cm™was achieved for the constructed biofuel. The results showed that
graphene based composites are potential candidates for the development
of efficient biofuel cells.
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Introduction

Hydrogen, as the friendliest fuel to the environment is expected to play a major role in the
development of sustainable energy. It came up to the stage because of the largest energy density,
ease to produce, and its broad applications (1-4). The most desirable source of hydrogen is water.
Electrocatalytic hydrogen evolution reaction (HER) is one of the most efficient methods for large-
scale hydrogen production, where the pure hydrogen can be supplied by environmentally friendly
energy sources, without evolution of the green-house gas (1, 5, 6). The main operating cost of the
hydrogen evolution is the cost of electricity. Hence, the efficient and low-cost electrocatalysts are
indispensable in this electrochemical process. The research and development efforts have been
recently focused on the minimizing ohmic resistance, lowering overpotential through improving cell
and electrode design and using electrode material with higher electrocatalytic activity (5).

HER has the potential to provide a sustainable energy supply for the future, but its
commercial application is hampered by the use of precious platinum catalysts. Electrochemical
production of hydrogen from water has been directed to the search for non-noble metal based and
earth-abundant catalysts (7).

The current generated at an electrode is proportional to the active surface of catalyst on the
electrode surface, so more active electrocatalysts can be formed from nanomaterials, because
nanomaterials have a higher surface area to volume ratio. The applications of highly active
nanomaterials in the field of catalysis for fuel cells reactions such as methanol oxidation and
hydrogen and oxygen evolution reactions have attracted the attention of many scientific researchers
and became one of the most important topics. The electrocatalytic activity and the stability of the
nanomaterials during the course of a reaction are a concern for nearly all electrodes. Recently,
shape-control of the nanoparticles has become an imperative task due to the fact that most of the
reactions in fuel cells are sensitive to the surface structure of the catalysts.

Effective electrocatalysts are now routinely prepared by the modification of conducting
polymers by electrodeposition and dispersion of catalyst particles on a preformed polymer (4, 8) or
by incorporation of metal crystals or crystal aggregates in conducting polymer films during
monomer polymerization (9, 10).
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The scope of our work includes the use of the electrochemically deposited silver nanoparticles,
as a novel cost-effective nanostructured catalysts with high activity towards the HER in acid media.
The electrocatalytic activity of such catalysts can be enhanced by the use of conducting polymers as
substrates.

Experimental

The electrochemical experiments were carried out in a conventional three-electrode cell using
an Autolab PGSTAT 302N potentiostat, interfaced to a computer. The counter electrode was a
large-area platinum electrode. The reference electrode was an Ag/AgCI/3 mol/l KCI electrode. The
working electrode was a paraffin impregnated graphite electrode (PIGE) of surface area 1.13 cm?.
To obtain reproducible results, the surface of PIGE was before electrodeposition of an
electrocatalytic layer carefully renewed, mechanically polished using send paper and glossy paper,
rinsed with distilled water and finally electrochemically cleaned in 0.1 mol/l H,SO, by
potentiodynamic cycling in potential range from —200 to —1200 mV (vs. Ag/AgCl/3 mol/l KCI) at
1mV/s. The platinum electrode was cleaned in nitric acid (1:1) and rinsed with distilled water
before use.

Electrochemical formation of PPy layer on PIGE was carried out in 0.6 mol/l agueous pyrrole
solution with pH = 2.2 using cyclic voltammetry in 5 cycles within the potential limits from —1100
to +1100mV (vs. Ag/AgCl/3 mol/l KCI) at the potential scan rate 25 mV/s. 0.1M NacCl solution was
chosen as the supporting electrolyte.

Electrodeposition of Ag nanoparticles onto PIGE or PPy surface was performed
potentiodynamically between —350 and —1000mV (vs.Ag/AgCI/3 mol/l KCI) from the electrolyte
solution containing 1 mmol/l AgNO3 and 0.1 mol/l NaNOs at scan rate 12.5 mV/s in 10, 20 or 40
cycles. In order to reduce any nickel oxides spontaneously formed on the electrocatalytic layer, the
prepared electrodes were polarized in 0.1 mol/l H,SO4 at =500 mV (vs. Ag/AgCl/3 mol/l KCI) for
5min.

The electrocatalytic activity of PPy/Ag layers in the hydrogen evolution reaction was studied
between —1200 and +200 mV (vs.Ag/AgCl/3 mol/l KCI) in 0.1 mol/l H,SQO, solution at a scan rate
1mV/s at room temperature.

Chemicals used in research were purchased from Sigma—Aldrich or Merck Company, and
were used without further purification. All measurements were made in an oxygen-free solution,
which was achieved by continuous purging of the cell electrolyte with argon gas.

The surface morphology of prepared PPy/Ag electrodes were characterised by scanning
electron microscopy in combination with energy dispersive X-ray microanalysis (SEM/EDX) (Tesla
BS 340 with EDX LINK ISIS microanalyser operated at 20 kV with a collection time of 120 s). The
operating voltage for the SEM was maintained at 20 kV throughout the analysis.

Results and Discussion

The monomer is oxidized at the surface of the positively polarized working electrode during
an electrochemical polymerization of pyrrole. As a result, the black homogeneous and coherent
polypyrrole layer with cauliflower-like structure constituted by micro-spherical grains is formed.

Silver nanoparticles were deposited on the pre-formed PPy layer. The size of Ag
nanoparticles and surface coverage was lowest for PPy/Ag layers deposited in 10 cycles of Ag (Fig.
1). The increase in diameter of Ag nanopraticles with increasing number of deposition cycles was
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observed. The diameter of Ag nanoparticles deposited in 10, 20 and 40 deposition cycles was about
100 nm, 130 nm and 200 nm, respectively.

.';I_.# X . 5

Figure 1. SEM micrographs of PPy (a) and PPy/Ag films produced by electrodeposition of PPy followed by
potentiodynamic deposition of Ag in 10 cycles (b), 20 cycles (c) and 40 cycles (d).
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Figure 2. Tafel polarization curves for HER on Pige, PPy, and different PPy/Ag electrodes
in 0.1 mol/l H,SO, solution.
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The HER activity of resulting PPy/Ag electrode was evaluated depending on Ag loading. Fig.
2 shows the representative Tafel polarization curves for hydrogen evolution on PIGE, PPy, and
PPy/Ag electrodes in 0.1 mol/l H,SO, solution applying a slow potentiodynamic sweep of 1mV/s.
The equilibrium potential values on modified PPy/Ag electrodes for HER are shifted to less
negative potentials compared to the values on bare PIGE and PPy blank. The best catalytic activity
was obtained for the catalytic layer produced by electrodeposition of Ag in 40 cycles. It is obvious
that the electrodeposition of Ag in 10 cycles as well in 20 cycles resulted in PPy/Ag electrode with
smaller surface area available for HER.

Conclusions

Electrocatalysts play key roles in the chemical processes but often limit the performance of
the entire systems due to insufficient activity, lifetime, or high cost. It has been a long-standing
challenge to develop efficient and durable electrocatalysts at low cost.

A clear relationship exists between electrocatalytic activity towards the HER and the
corresponding increase in the extent of surface coverage on the PPy electrode.
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In this work, multi-walled carbon nanotubes (MWCNTS), reduced graphene
oxide (RGO) and MWCNT-RGO hybrid were used as the support materials
for platinum as a catalyst for the proton exchange membrane fuel cell
(PEMFC). Pt was synthesized by microwave assisted polyol process on the
different supports and each support was individually characterized for the
oxygen reduction reaction (ORR) activity of PEMFC. Finally, the two carbon
materials were mixed to make a hybrid support and its electrochemical
behavior was compared to that of the CNT and RGO. CNT-Pt sample
showed a remarkably high activity toward ORR compared to RGO-Pt. RGO-
Pt on the other hand showed a well-developed diffusion controlled region as
a distinct advantage compared to CNT-Pt. Interestingly, hybrid CNT-RGO
support showed the positive characteristics of both components borrowing
the high current harvest from the CNT and the well-developed plateau from
RGO system. This hybrid catalyst-support system also showed the highest
mass-specific activity.

Introduction

Carbon nanostructures have been widely investigated as support materials for PEMFCs due to
their particular characteristics such as high specific surface area, high electrochemical stability
under fuel cell operating conditions and high conductivity (1). Carbon nanotubes have been
investigated intensively for this purpose and though showing significant performance, there are a
couple of issues that are still to be addressed (2). Due to the inert nature of the CNT walls, the
effective attachment of metal catalysts remains a challenge (3). CNT functionalization, as the first
solution to this problem, has been reported to have a negative impact on the structure and properties
of CNTs.

After the discovery of graphene (4), intensive attention has been paid to this material as a
catalyst support for fuel cell applications (5).Methods such as reduction of the graphene oxide
prepared by robust oxidation of graphite, has been widely explored due to their competence for
scale up production of graphene. Microwave assisted process has shown promising results in
simultaneous reduction of graphene oxide and synthesis of catalyst nanoparticles (6,7).

In this work, CNTs prepared by a CVD method and RGO were used as support materials for
Pt catalyst. Pt was successfully synthesized on both supports by a microwave assisted polyol
process. Moreover, a hybrid support made by the combination of the two materials and decorated
with Pt via the same method, was prepared and underwent similar characterizations. The behavior
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of the hybrid support was interpreted based on the observations of the individual components of the
support.

Experimental

MWCNTSs were prepared through a CVD method in a fluidized bed using Fe/Al203 catalyst
at 650 oC (8). Graphene oxide was prepared by the modified Hummer’s oxidation method (9). Pt
nanoparticle synthesis on carbon supports and also reduction of graphene oxide was carried out by
microwave assisted polyol process (6). Microstructure and composition of the materials were
characterized by TEM, TGA and XPS and the electrocatalytic activity towards ORR was measured
using a three electrode set-up with the support-catalyst slurry being cast on a rotating glassy carbon
(GC) as the working electrode. A 0.1 M HCIO4 solution was used as the electrolyte.

Results and Discussion

Fig. 1a, b and c show the TEM images of the Pt nanoparticles on CNT, RGO and CNT-RGO,
respectively. Particles sizes were observed to be 3.6, 3 and 4.3 nm for the CNT, RGO and CNT-
RGO supports, respectively. Particle size is supposed to have a remarkable effect on the
electrochemical surface area of the each sample. TGA results (not shown here) showed Pt contents
of 23.38, 46.80 and 30.73 wt% on CNT, RGO and CNT-RGO, respectively. This is due to the
availability of various anchoring sites on the different supports’ surface. Obviously, the hybrid
support exhibits an intermediate behavior with respect to the defective RGO and the inert CNT.

Fig.2 shows the ECSA and ORR results for the three supports. The results are also
quantitatively shown in Table 1. It is seen that CNTSs, in spite of their larger particle size, show
higher ECSA than RGO, a fact that is probably due to higher electrical conductivity of CNT
compared to RGO. The hybrid support combines the higher surface area of RGO and good
conductivity of CNTs. The CNT sample also shows the highest current harvest in ORR experiment,
though the plateau is not very even and well-developed. In contrast, a flat plateau is observed in the
case of RGO demonstrating a well-developed diffusion controlled region that might be stemming
from the good quality of its thin film and a reasonable hydrophilicity. The hybrid support benefits
from both, high ORR current of the CNT and well-developed plateau of RGO, with an area-specific
activity (Is) larger than all samples and a mass-specific activity (Im) close to that of CNT.
Considering also the highest ECSA found for this hybrid support, further research toward optimized
performance conditions of such support is advisable.

Figure 1. TEM mlcrographs of Pt catalyst partlcles synthesized on'(a) CNT, (b-) RGO and (c) CNT-RGO
supports by microwave assisted polyol process.
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Figure 2. (a) ECSA results of the three supports measured in N2 purged 0.1 M HCIO4 solution at 30 oC and
(b) ORR results of the three supports measured in oxygen purged 0.1 M HCIO4 solution at 30 oC and 1600
rpm.

TABLE I. Comparison of the electrocatalytic activities of different supports for ORR.

Parameters / Samples | Lpt ECSA Im (0.90 V), 20 mV/s (A | Iy (0.90 V), 20 mV/s
(uget cm?) (M gor) mget ) (uA cm? o)
CNT-Pt 13.64 25.62 -0.119 -446.54
RGO-Pt 27.3 14.70 -0.052 -321.10
CNT-RGO-Pt 175 41.03 -0.135 -329.05
Conclusion

The structure of the carbon support has a strong effect on the amount of Pt loaded. CNTs with
expectedly the lowest defect density, caught showed the lowest loading and RGO with large
number of defects showed the highest amount of Pt. Hybrid support was in the middle in this
respect. Higher ECSA of CNT based system was attributed to the high conductivity of the CNTSs. In
case of the hybrid support, due to presence of conductive CNTs between RGO sheets, possibly
working as nano interconnects, ECSA improved considerably. RGO based samples show a well-
developed diffusion controlled region which is their advantage over CNTs. Good quality of RGO
thin film on GC caused by their hydrophilicity could be a reason for this. Hybridizing the 1-d and 2-
d support families (CNT-RGO), shares the features of individual components of the hybrid, so as to
combine the high current harvest of CNT and well developed plateau of RGO. Accordingly, this
sample shows the highest mass-specific activity among the others.
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Abstract

Global energy demands are continuously growing, with the last estimations speaking of an
average growth of 1.8% per year from 2000 to 2030 [1], resulting in an increased interest for
electrical vehicles, as the corresponding internal combustion engines are characterized by low
efficiencies and high specific pollution levels. This transition requires the development of a new
type of energy storage and conversion system, such as fuel cells. However, H,’s high cost of
transporting and storing renders H, vehicles prohibitive for commercial use. On the other hand,
gasoline and diesel have higher energy density and are easier to handle. Also, in contrast to
hydrogen, the necessary production, storage and distribution infrastructure for these liquid fuels
already exists. To this end, direct, high efficiency diesel or gasoline fed fuels cells seem to be ideal
for use in electric vehicles [1].
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Figure 1. Schematic diagram of the fuel cell reactor

The steam reforming of hydrocarbons for H, production has been studied, mainly on Ni-based
catalysts [2]. These catalysts showed high catalytic activity and selectivity at elevated temperatures,
but they suffer from sintering of the Ni particles and carbon deposition which results in their rapid
deactivation. Thus, in this work Co-based supported on rare earth oxides catalysts are used as
anodic composites in an iso-octane (surrogate of gasoline) internal reforming SOFC. These
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materials have been reported to exhibit high catalytic activity for hydrogen production, good ionic
and electronic conductivity and excellent resistance to carbon deposition [3]. The performance of
these materials is evaluated with both catalytic and electro-catalytic techniques.
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The use of electric vehicles is limited by the lack of suitable mobile power systems. Although
hydrogen fuel cell was intensively developed as promising energy storage system, massive
production of this technology is limited by the high costs of the system and safety issues linked with
the use of pressurized gaseous hydrogen. Therefore, the development of new power systems
remains the key for the successful commercialization of the electric car.

Metal-air fuel cells are candidates to compete with the hydrogen technology. The use of
metals as the fuel promise several benefits as follows: high energy densities (Wh/l), low
environmental impact and simplified storage and transportation. Most studies in this field were done
on the zinc-air chemistry as it is very simple and promises low manufacturing costs. Zinc is also
abundant, produced in large quantities and cheap. The products of the Zn-air fuel cell are entirely
recyclable. When the renewable power source for the fuel regeneration is used, the zinc-air
technology may be consider as a clean storage system.

This work presents the development of laboratory zinc-air fuel cells that utilize zinc powder
as the fuel and oxygen taken from the surrounding air as the oxidant. Presented design of the fuel
cell solves many technical problems linked with use of solid fuel. The clogging of the cell with
excess of zinc powder was overcome using the fuel overflow output line. A structured zinc anode
bed with low pressure drop was developed to maintain sufficient flow rate of the electrolyte.
The assembled fuel cells were characterized by measuring current-voltage curves and subjected to
discharge under constant current load. The obtained results are presented and discussed with respect
to the further optimization of the zinc-air fuel cell.
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Fabrication of Transition Metal Alloy Catalysts for Water Electrolysis using
Electrodeposition
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Seongbuk-gu, Seoul 136-791, Republic of Korea

For the production of hydrogen, steam reforming of fossil fuels and coal gasification have
been widely used due to the high efficiency and cost effectiveness. However, water electrolysis
using electric energy from new/renewable sources must be adopted in near future to prevent the
environmental issues such as CO, emission. Some key technology issues in the water electrolysis
are high activity catalysts for hydrogen and oxygen evolution reactions (HER & OER), bubble
managements during the electrolysis, and high conductivity membrane/separator. Particularly for
the catalysts, various transition metal catalysts and oxide catalysts have been developed for alkaline
and acidic water electrolysis. In this work, we have developed some alloy catalysts and oxide
catalysts for both HER and OER. In detail, various Ni-based binary alloys (NixMy where M = Cu,
Co, W) having different composition were fabricated using electrodeposition for HER in alkaline
water electrolysis. Various electrochemical and spectroscopic analyses have been adopted to
evaluate the activities of those catalysts. The alloy catalysts having specific composition exhibited
superior activities to HER than single metal catalysts and the mechanism of the enhanced activities
were studied. Besides the alkaline HER catalysts, some recent results on the oxide OER catalysts
under acidic medium will be introduced as well.
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Electrodeposition-fabricated Alloy Catalysts for High Temperature Proton
Exchange Membrane Fuel Cells

Ji-Eun Lim?, Uk Jae Lee?, Sung Hoon Hong?, Jin Yeong Kim?, Sang Hyun Ahn®, EunAe Cho®,
Hyoung-Juhn Kim®, Jong Hyun Jang®, Hyungbin Son?, and Soo-Kil Kim®

School of Integrative Engineering, Chung-Ang University, Heukseokno 84, Dongjak-gu, Seoul
156-756, Republic of Korea.

°Fuel Cell Research Center, Korea Institute of Science and Technology, Hwarangno 14-gil 5,
Seongbuk-gu, Seoul 136-791, Republic of Korea.

Unlike the low temperature proton exchange membrane fuel cells (PEMFCs),
high temperature PEMFCs normally use phosphoric acid (PA)-doped
polymer membrane as an electrolyte to maintain the proton conductivity at
higher temperature than 100°C. Though the faster electrode kinetics and
enhanced CO-tolerance are expected in HT-PEMFC, PA causes a new
technical issue of catalyst poisoning and deterioration of its performance.
This is due to the nature of phosphate species to strongly adsorb on Pt
catalyst surface. Therefore, new catalysts having high activity as well as
strong tolerance to PA poisoning is necessary. In this work, we first studied
the adsorption behaviour of phosphate on a certain noble metal using in-situ
electrochemical surface enhanced Raman spectroscopy and found that the
adsorption of phosphate was strongly dependent on the electrode potentials
and electrolyte acidity. Based on the observation, we further tried to fabricate
PtM alloy catalyst, where M was the studied noble metal, using
electrodeposition and tested the catalyst for oxygen reduction reaction (ORR)
in the presence of PA. For the tested range of M contents, all the catalysts
have exhibited the better activity toward ORR than pure Pt, of which the
reason were explained in terms of allying effect and alteration of phosphate
adsorption on M surface. Details will be introduced in the conference.
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Pressure mechanism of conductivity in the ternary ZrO,-systems
V. Barbashov, E. Nesova
Donetsk IPE of the NAS of Ukraine, R. Luxemburg St. 72, 83114 Donetsk, Ukraine

Zirconia (ZrOy) is one of the better known and sought-after conducting materials.
Conductivity in this material is provided by oxygen anions. In earlier studies [1], it was found that
dopants can put the "positive” and "negative™ pressure on the crystal. It causes by the difference in
the ionic size of dopant and matrix ions. This mechanism of action has been considered in [2] for
zirconia doped with yttria. Y** has larger ionic radius compared to Zr** (rz = 0.98 A; ry = 1.16 A;
Iy / rz>1). In this case, increasing the dopant concentration leads in the monoclinic-to-tetragonal-
to-cubic phase transition. The end result of this transition is forming the high-conductive and stable
modification of cubic-ZrO,. Similar effects are seen in the rising external pressure or temperature.

In the present paper, the experimental simulation of zirconia co-doped with 6-12 mol.% Y,03
and 2 mol.% Fe,O3; was performed. In this case we suggest that Fe doping can lead to reducing the
hydrostatic pressure and affect the stabilizing action of yttrium. Fe®** has smaller ionic radius
compared to Y** and Zr** (rge = 0.92 A; re / 1z <1). Concentration of Fe dopant was chosen by the
condition of Fe,O3 full solubility and its separated phase exclusion [3]. Y,O3 concentration was
chosen by the condition of conductivity maximum at the tetragonal-to-cubic phase transition.

Using the experimental arrhenius plots of ionic conductivity lg(e7) — 1/T for all studied
ceramic specimens, we calculated the thermal activation energies of oxygen ion motion at low- and
high-temperature ranges (fig. 1).

16|
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12+
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Figure 1. Activation energy in the ((ZrO,)1.x (Y203)y )o.os + (Fe203)0.02 System via Y,Os concentration at low-
and high-temperature ranges.

In terms of our recent study [2] we perform the analysis of plots at fig.1. We can assume that
transition in the cubic phase of zirconia appears in the concentration range of 7-10 mol.% Y,0s.
This transition leads in a reduction of the lattice volume and the internal pressure of Y,03 dopant,
Fig. 1. The decrease in the activation energy of oxygen ion mobility is observed despite the
densification of material. It is due to reducing the hydrostatic pressure. At a completion of cubic
phase transition, addition of the dopant will result in the growth of the internal pressure in a single
phase material, increasing the activation energy and diffusion slowdown.
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Authors of other studies [4, 5] also show reducing the activation energy for the ZrO; - Y,03
system at the tetragonal-to-cubic phase transition. It occurs at about 8 mol.% Y,0s.

It the present study for indicated system we perform the numerous calculation of the
activation energy and conductivity in the range 3-12 mol.% Y;,03 at 1000 °C (fig.2 and 3). These

dependences were found to agree qualitatively with experimental data. The extreme points occur at
8 mol.% Y,03.
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Figure 3. Conductivity for the simulated ZrO, - Y,05 system

Conclusions

It was experimentally found the decrease in the activation energy of oxygen ion motion in
the ternary ZrO, — Y,03; — Fe,O3 system at the tetragonal-to-cubic phase transition. Using the
dependency of the activation energy, the numerous simulation of the ZrO, - Y,03; system was
performed. The obtained composition dependency of the electric conductivity was found to agree
qualitatively with experimental data.
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Abstract

This work reports on hydrogen evolution reaction (HER), studied at Ni foam
and Pd-activated nickel foam materials in 0.1 M NaOH solution over the
temperature range 20-60 °C. Catalytic modification of Ni foam is performed
via spontaneous and PVD depositions of palladium on MTI-delivered nickel
foam material. Pd-modified foam is characterized by significantly facilitated,
temperature-dependent HER Kkinetics, as manifested through radically
reduced values of charge-transfer resistance parameter, as well as
substantially modified Tafel polarization curves. The presence of a catalytic
(Pd) additive is evidenced through Scanning Electron Microscopy (SEM) and
X-ray Diffraction (XRD) analyses.

Keywords: Nickel foam; Catalytic Pd modification; HER; Electrochemical impedance
spectroscopy
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Hydrogen Technologies In The Project SUSEN At Research Center Rez
M. Tkac, K. Stehlik, M. Zychova

Research Center Rez, 25068 Rez, Czech Republic

The Research Center Rez CVR, close to Prague, is well known in the field of
material research for nuclear applications. Within the European infrastructure
programme SUSEN a laboratory for testing and manufacturing of high-
temperature electrolysis cells will be built up until 2015. The first objective is
hydrogen production using coupling to a high-temperature process, e.g.
generation IV gas-cooled nuclear reactor.

Introduction

Research and development in the Research Centre Rez (CVR) is focused on the area of
nuclear energy, nuclear reactor physics, chemistry and materials. CVR participates in joint
European research projects and provides irradiation services to organizations from different
countries. Two research reactors and a set of experimental equipment (probes and loops) form the
backbone of the research infrastructure. Besides commercial services CVR offers open access to the
research reactors for scientific and technical organizations. Thanks to the Sustainable Energy
(SUSEN) project, financed form the structural funds of the European Union, the existing
infrastructure will be significantly enhanced. State-of-the-art research facilities will be required for
existing and new scientific areas.

The project Sustainable Energey (SUSEN)

Overall

The SUSEN project includes the construction of research infrastructure to extend the
possibilities of energy research with an emphasis on nuclear technologies. The implementation of
this infrastructure will create prerequisites for enabling not only CVR but also (within the
compulsory free access to constructed installations) other research institutions. New construction or
reconstruction of the existing buildings on the UJV ReZ, a. s. premises in ReZ will set the
foundations for a diagnostic centre, technological experimental loops, laboratories for radioactive
waste processing and management, hot cells, neutron source, and laboratories for radioactive waste
disposal. A new experimental hall is presently under construction in Plzen. The SUSEN project is
divided into four research programs.

Structural and System Diagnostics
Structural and system diagnostics of nuclear power plants, this mainly involves the life
extension of current generation Il generation nuclear power plants
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Nuclear Fuel Cycle
Research infrastructure to support the back end of the nuclear fuel cycle, i.e. specifically aimed
at separating and depositing of radioactive waste

Material Research
Investigation in material degradation at demanding conditions, e.g. high temperature, static and
cyclic stress, corrosion-aggressive environment

Technological Experimental Loops

Installation of large-scale experimental facilities for research in fusion and generation IV
nuclear reactors

Hydrogen Technologies within SUSEN, TEO

Within the research program “Technological Experimental Loops™ one task is to build up an
experimental facility for hydrogen generation by high-temperature water electrolysis using high-
temperature helium and heat recovery. l.e. to study hydrogen production using heat from nuclear
reactor.

Realization of hydrogen production in co-generation

Scientific Approach

The testing of high-temperature electrolysis using heat from another technological process
should show if this coupling is technically possible, economically reasonable, and should clarify the
long-term degradation behavior of the incorporated components and materials. Therefore a loop
was planned, where the central component is a heat exchanger for gas and water steam. Figure 1 is a
schematic sketch of the planned system. The gas side of the heat exchanger simulates a high-
temperature process, in the beginning a high-temperature gas reactor. The water side of the heat
exchanger will supply the electrolysis system. The water supply allows for at least 1kW electrolysis
stack. The first studies will be conducted with a ceramic dummy, later on it will be replaced by a
commercial available stack.

Heat recuperation is implemented as well form the cathode as from the anode side gas stream.
The aim is to create a system as energetic efficient as possible. Variations of the system in certain
limits regarding temperature, pressure, and different types of gases are possible to simulate other
high-temperature processes, e.g. bio mass gasification, new gas turbine processes, etc.
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Figure 1. Scheme of hydrogen generation loop.

In a second step of building up test facilities for high-temperature electrolysis, cell
manufacturing and characterization will be implemented. This is necessary to get a deep insight in
the cell behavior and to realize and test suggestions for improvement at cell and system level.
Manufacturing will be concentrated on state-of-the-art oxygen ion-conducting, planar, ceramic cells
with an edge-length of maximum 20cm. For the future, proton-conducted cells are not excluded
from investigation as they enable a hydrogen production free from residue water.

As an outlook to future research of high-temperature electrolysis there are two more
technologies kept in mind. This is co-electrolysis of water and carbon dioxide and the reversible
testing of ceramic cells in electrolysis and fuel cell mode.

For an economic application of the high-temperature ceramic cell all the named fields need to
be investigated also in co-generation mode to verify the potential of this interesting and highly
efficient technology

Planned experiments

Hydrogen production. The testing of the hydrogen production via co-generation, see fig. 1,
will initially concentrate on thermodynamics of the system, i.e. stationary and dynamical behavior.
The most important parameters are therefore temperature and mass flow of the gas from the co-
generation process and water steam for the electrolysis system.

Dynamic Testing. The aim is to know, understand, and then be able to predict the
characteristics of the system during heating- up and cooling down. This is necessary to predict the
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needed time for starting the system and to avoid technical problems, mainly condensation of water,
in the real application of such a system. The duration of tests will be in the range of some hours or
days until the system has reached a stable state.

Long-term Testing. For the prediction of operation characteristics, efficiency, and degradation
behavior tests with duration of minimum 240h are planned.

Cell characterization.

As mentioned in chapter 1 for the further development of testing facilities it is planned to
produce and test ceramic cells. The produced cells will undergo two different types of testing:
characterization and long-term testing.

Characterization Tests. The electrochemical characterization of the cells will include all state-
of-the-art methods, i.e. determination of gas-tightness of the electrolyte, measuring of U-i-curves,
conduction of impedance analysis and gas analysis as well as post mortem studies of the tested cells
to identify deposition or reaction of the cell materials.

Long-term Tests. Long-term tests will be in the range of approx. 1000h. It is not enough to
conduct long-term tests within the co-generation set-up. After the conduction of long-term tests
with single cells it should be possible to separate the influence of the co-generation set-up and of
the cell itself on the degradation behavior from each other. This approach enables a better
interpretation of the degradation results.

Conclusions

As described in the previous chapters it is the aim of the Research Center Rez ‘CVR’ to
establish high-level research in the field of high-temperature electrolysis. The research started with
the project SUSEN and the building-up of testing facilities. A first focus lays on hydrogen
production applying co-generation with a high-temperature gas-cooled nuclear reactor. Research
activities should continuously grow and will include in future testing of ceramic cells in fuel cell as
well as in reversible mode, and the manufacturing of planar cell.
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The tacit assumption in an electrochemical experiment is that a properly set
up electrochemical cell, working electrode, counter electrode, reference
electrode and a potentiostat, will perform an experiment by "applying
potential on the working electrode” without any need to consider the
properties of the reference electrodes, the effect of electrochemistry on the
counter electrode and the real properties of the potentiostat. While this is in
first approximation valid assumption, in the extremes it is also necessary to
consider the other parts of the system. In this work we will visit two
interesting cases that may lead to experimental artifacts. The first is the effect
of solution changes during impedance measurement. The second is effect of
the time constant of a reference electrode on an impedance measurement in
an electrochemical cell.

A Potentiostat as a Probe for Aqueous Conductometry

A potentiostat is a main tool in electrochemistry and it plays significant role in a wide range
electrochemical experiments (1xxx). The basic function of the three-electrode potentiostatic design
can be illustrated by a circuit with a single operational amplifier, which performs the following
function: Via a feedback resistor it applies on its output (connected to a counter electrode) such
potential, so that the potential on its inverting input (as supplied via the reference electrode via a
feedback through solution of the cell), is identical to the potential on the noninverting input. The
noninvertink input is usually biased by an external source, which dials in the desired experimental
potential. The potential sensed in the solution by the reference electrode is generated by the electric
field created by the potential between the counter electrode and the grounded working electrode. '
The reference electrode potential is then chosen by an adjustable voltage applied to the inverting
input.

The main purpose of the three-electrode potentiostat, a device with a feedback through the
reference electrode, is two-fold (a) to allow passage of current thought the system, without need to

T Potential on an electrode is always correctly expressed as a potential between two points. The fact that the working
electrode is at ground potential means, it has zero volts vs. ground. For an electrochemical experiment what matters is
the potential of the working electrode vs. the surrounding solution potential monitored by the reference electrode. Thus,
for example experimental potential of + 1 V "on the working electrode™ means in the potentiostatic circuit negative 1 V
on the reference electrode vs. the working electrode (and hence, vs. ground).
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pass this current through the reference electrode and (b) to compensate for the voltage drop
occurring in the solution. The three electrode system is in most modern potentiostats augmented by
a potential feedback to both the working and the counter electrode, thus actually a four-electrode
potentiostat, rather than three) is in place, although many times the second sensing probe is simply
hard-connected to the working electrode, without being effective used. However, this four-
electrode setup is very useful in impedance measurement, when two probes are used as the current
supplying electrodes (the counter and the working electrodes of the voltammetric world), whereas
the reference and the sense (as they are often called) inputs are used as the potential sensing
electrodes. The properly mathematically treated ratio of the voltage and current and their phase shift
is then used to find impedance of the material between the two voltage sensing electrodes.

Experimental Observations During Conductometry

In what was expected to be a routine measurement of solution resistance we discovered an
interesting phenomena. While performing calibration of an immersion conductometric cell with
four electrodes with solutions of potassium chloride, gas evolution at the counter electrodes was
observes, this in spite of the fact that the perturbing voltage applied, ca. 25 mV, was nowhere near
the water oxidation/reduction potentials. Second observation was related to the appearance of the
probe electrodes. All four electrodes of a brand new cell were uniformly black of the platinized
platinum appearance. However, upon prolonged use the electrodes, predominantly the outer
electrodes used to supply current, became rather shiny, something we preliminarily assigned to
electrochemical polishing (1). To understand the observed phenomena and to understand any
implications this behavior may have on impedance measurement, we designed the following study.

A Solartron potentiostat and analyzer were used to measure impedance spectrum
measurement. A Topac 4-electrode immersion conductivity cell (CS SK41T) was immersed in a
250-ml beaker containing the studied electrolyte, an agqueous solution of potassium chloride.
Enough of electrolyte was used to cover all four electrodes in the cell.

PowerLab 2/26 (AD Instruments) was connected to the circuit. The signal from the
impedance analyzer was recorded as the difference between the two (high impedance, vs. ground)
inputs of the PowerLab instrumental voltmeter.

Results

Fig. 1 is a typical result obtained during the experiments. It shows the voltage difference
between the current-supplying electrodes (counter and working electrodes) of the potentiostatic
setup. The switching between the two extremes (ca. 2.7 V) was accompanied by appearance of gas
evolution on both current-supplying electrodes and temporary disappearance of the gas evolution
while the voltage was switching to the opposite extreme.
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Figure 1. Potential between two counter electrodes during impedance measurement. The ac peak-to-peak
voltage used during the impedance work was set to 25 mV.

Cause of the oscillations and effect on impedance data

It is evident that presence of a redox couple is needed for stability. However, it is not outright
clear why absence of the redox couple should result in periodic swings, rather than some kind of a
drift in the direction of single extreme potential. We propose the following mechanism. Over time
the reduction causes more alkalinity in the local environment of the electrode, which either means
higher concentration of dihydrogen or lower concentration of dioxygen. In both cases the potential
of the electrode, in which vicinity the oxidation occurs, becomes more negative. Similarly, for
reduction, the potential becomes more positive (considering reactions 2) as time goes by. Fig. 2
depicts in a cartoon form events on each of the four electrodes over time. In addition to this process,
the effect of convection as a result of gas formation cannot be ignored.
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Figure 2. Potentials and events on each of the four electrodes over time. Blue points (longer stream of dots)
show the dihydrogen bubble evolution, the red points (shorter stack) show the dioxygen bubbles.
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Figure 3. The simultaneous measurement of potential difference between counter electrodes of conductivity
cell and impedance measurement at 100 Hz. The potentiostat was in the galvanostatic mode with the
perturbing current of 0.1 mA on a 1 mol/l potassium nitrate solution.

Conclusions

It can be seen from the results, in particular as presented in Fig. 10 and Fig. 11, that the
potential excursions do not disturb the obtained impedance data substantially, so they might be
considered unimportant. However the high potentials can affect the chemistry of the electrodes
environment like the local pH changes (or change in other chemical compositions). In addition, the
high potentials can also change unfavorably the electrode surfaces and cause some subsequent
undesirable issues. Also, in terms of instrumentation effects, although we have not observed this,
the electrical demands on the potentiostat could likely distort some data and in some cases could
prevent a potentiostat with lesser current/potential capability from proper operation.
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Abstract

High temperature corrosion of steel is dramatically accelerated by ashes and scales,
containing compounds of iron, vanadium, oxygen and sulphur. High temperature electrochemical
impedance spectroscopy (HT-EIS) on ash samples from a heavy crude oil furnace, showed high
conductivity of at least one of the several existing phases. High temperature cyclic voltammetry
(HT-CV) on such ashes revealed also some redox activity, which could be related to redox
processes of vanadium containing compounds. It was shown, that these redox processes increase
largely the corrosion rate of steel. On the one hand, it is unfavourable for the corrosion stability of
construction materials, on the other hand it might be an effective material for several applications,
like high temperature fuel cells electrodes, intercalation materials in ion-batteries or as catalyst.

Since the composition of the ashes is quite complicated, it is not clear which part of these
phases is responsible for the conducting and electrochemical properties. FeVO,4 was identified as
one of the few potentially highly conductive phases in the scale of steel parts from the furnace.
Therefore pure FeVO,4 was synthesized and investigated by HT-EIS and HT-CV on micro-samples.
For comparison CeVO, was included in this investigation. Results were compared with those from
the investigation of the ash.
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The increasing production of electricity from renewable power sources is strongly supported
by all developed countries. Non-stable and hardly predictable power from wind and solar renewable
sources demands for an effective management on the power transmission level. Thus, an
engineering development of new local energy storages as a part of the modern transmission network
tailored to the efficient and smart electricity distribution is vitally needed. Vanadium redox flow
battery (VRFB), using vanadium ions in four different oxidation states (I, I1l, IV and V) in both
half-cells, excels as the stationary energy storage in its sufficient capacity (kWh) proportional to the
electrolyte volume, long lifetime and high efficiency.

In this work, the lab-scale VRFB single-cell was developed with the stable round-trip energy
efficiency of 83 % at the current density of 56 mA/cm?. The achieved battery characteristics (i.e.,
the efficiency and current density) are acceptable for the industrial utilization of the system.

The development of the device for the electrolyte production is an integral part of the
successful scale-up of the VRFB technology. The common method for the electrolyte production is
based on the reductive dissolution of the vanadium(V) oxide in diluted sulfuric acid.

In this work, we present the design, construction and evaluation of two membrane flow
electrolyzers of different arrangements (i.e., plan-parallel and coaxial) for the electrolyte
preparation. The constructed devices enabled the production capacity scale-up to more than 5 I/day.
Optimal operating conditions of the both systems were determined by the load characteristics of the
electrolysis in galvanostatic mode. As the initial cathode electrolyte, we used the mixture of
vanadium(V) oxide and diluted sulfuric acid. The electrolyte quality was monitored by
conductometry and visible and adjacent ultraviolet and infrared spectroscopy.
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Introduction

Present situation on the market with lithium battery can be shown on the example of U.S.A.
The volume of sold batteries in 2012 corresponded 12 billions of $ and an expansion to 33 billions
of $ is expected for year2019. Most of the batteries nowadays are of medium or large size up to the
poweras large as tens of kWh and their main field would be for battery driven cars
(electromobiles).Essentially, modern lithium batteries utilise the principle of electrochemical
intercalation twice; it is the essential phenomenon used both for positive electrodes as well for
negative ones.This situation will need an essential increase of lithium production. Large quantities
of lithium will beavailable in Southern America and in Eastern Asia. From economic and political
reasons it would be convenient to discover any possible replacement for metallic lithium anodes.
Due to chemicalsimilarity, the first candidate to replace lithium in intercalation batteries is
sodium.The intercalation of alkali metals into graphite and other forms of carbon is the oldest point
of interest which attracted the inorganic chemist to the intercalation process. However, the
intercalation of alkali metals was done by strong agents such as butyl lithium, potassiumftalimide,
alkali metal amalgams and so forth. The electrochemical intercalation of sodium, which isessential
or the battery design has not been thoroughly investigated until present time.

State of art

Intercalation consist in penetration of ions (alkali metal ions mostly) into regularly spaced
voids in thestructure of a solid body. The position of the voids is governed by the rules of
crystallography; the penetrated or inserted particles are called guest and the term host or host lattice
should be used for the solid matrix. These host substances can be either lamellar or they form a
three-dimensional lattice in which the voids create series of parallel tunnels. Despite of these two
possibilities, both systems are called intercalation ones. In fact, there is only marginal difference
between named two groups. However, it is rather interesting that it has arisen win last two — three
years just because of the situation on the marked in lithium batteries, which has reached a stable
situation now. Moreover, most of the papers have been written by people for East Asia.

Actually, the term “intercalation” was introduced for materials of the second group. Due to
deep similarities in the way of electrochemical preparation and other aspects, substances of both
groups are considered and “intercalation materials”. It is of course sometimes fairly difficult to
distinguish with certainty to which of these named groups any material should be associated.

First of all, the oldest intercalation compounds of graphite with sodium have been studied by
methods of quantum chemistry, According to Nobuhara et al there is a substantial difference
between intercalation of sodium in comparison to other alkali metals. Also Wang obtained similar
results and both studies indicated lower stability of Na — Cg configuration. Third theoretical paper
by Okamoto tried to explain the differences by oxidation potential of sodium in the carbonaceous
lattice.
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Explicitly pronounced layered structure in was announced by Chagas et al in material of
composition Nag 45Nig22C0011Mnges02. From an electrochemical point of view, the usage of ionic
liquids as electrolyte for this purpose is interesting. The material based of delitihiated olivine
LiFePO4was according to Vujkovic et al found to be useful in sodium batteries with specific
capacity 118 mA.h/g.Based on ammonium vanadate (NH,), V¢O16, a cathode material for sodium
batteries was announced by Fei et al and similar vanadium phosphate was described by Lim et al.
An interesting materiel based on derivates of indigo was declared by Yao et al .Also single walled
carbon nanotubes were studied from the viewpoint of battery design by Kamal et al and Zhao et al.
The potentialities of sodium batteries has been reported several times

Our investigations were oriented towards insertion of sodium into simple binary oxides. In
this way, we have confirmed the Crandall — Faughan isotherm for metal insertion together with the
explanation of the linear term in the isotherm and the concentration dependence of diffusion
coefficient by the changes of lattice energy due to lattice expansion and volumetric expansivity of
the lattice. The isotherm of sodium intercalation into y - MnO, was detected cy us simply chemical
analysis of the electrode saturated at chosen potential value by electrode potential in a solution of
sodium salt in propylene carbonate. Moreover, we have tried to design a Na - y - MnO, model cell.
Its discharge characteristics are given in Fig. 1.

Discharge curve of Na-ion cell
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Figure 1. Discharge curve of an experimental cell Na-MnO,

Both the capacity and the position of discharge plateau were in a good agreement with other
available facts.

As another research method, the electrochemical quartz microbalance EQCM was applied by
us. We have used thin films of vanadium or tungsten oxide deposited by vacuum evaporation on the
sensor for QCM device.
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Both named oxides exhibited the possibility to intercalate sodium from sodium perchlorate
solution in propylene carbonate. As an example, comparison between mass increment and
integrated charge accepted by a WOj3 thin layer prepared by vacuum deposition is shown in Fig. 2.

The voltammogram is depicted there by red colour and the mass increment obtained by its
integration and by application of faraday law is plotted in green colour. Finally, the output of the
QCB is drawn in blue. As we see, both mass increments from charge and from QCM output are in a
reasonably good agreement.

Diffusivity of sodium ions

The mobility of ions in the host substance is controlled by two factors with opposite action.
First, smaller ions should move easier. Second, electric field and coordination forces of smaller ions
slow their movement down. For example, in the case of B—alumina lattice of alumina is just that of
sodium ion. This question is to be solved also for intercalation compounds.
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Fig. 2.
Figure 2. Behaviour of a thin layer WO; electrode .

Voltammetric curve: red, left axis; mass from integrated current and Faraday law : green, light
axis; mass estimated by QCM: blue, right axis

Prospects of sodium batteries

There are no fundamental objections against the usage of sodium in aprotic batteries.
Generally speaking, cell voltage lower than the value known in the case of their lithium analogues
must be expected.
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We have not to forget differences between both alkali metals. From the application point of
view one must important is lower melting point of sodium (ca. 93 °C) which would cause
difficulties at elevated temperature. The use of sodium metal as anode material does not seem so
easy and intercalation anodes must be used in real cells.
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One of the benefits of modeling is the ability to predict quantities that can be difficult, in
some cases impossible to obtain through in-situ experimental measurements. This information,
however, can be of vital importance to ensuring both good performance and longevity of the battery
— knowledge of the likelihood of localized reactant depletion, localized heating and of a steep rise in
potential.

A non—isothermal two—dimensional dynamic model of a soluble lead-acid redox flow
battery based on mass, charge, energy and momentum transport and conservation, together with a
kinetic model for redox reactions has been developed.

Numerical simulations demonstrate the effect of changes in the operating temperature on
performance of the soluble lead-acid redox flow battery [1-3]. It is shown that variations in the
electrolyte flow rate and the magnitude of the applied current substantially alter the
charge/discharge characteristics, the temperature rise and the distribution of temperature. The
effects of heat losses on the charge/discharge behavior and temperature distribution are investigated.
Conditions for localized heating and membrane degradation are discussed.

The numerical simulations suggest that the most favorable operating conditions are at high
flow rate, low current density, low temperature and sufficient heat loss to prevent the fast
temperature rise.

References

1.  H. Al-Fetlawi, A.A. Shah, F.C. Walsh, Electrochimica Acta 55 (2009) 78-89.
2. A.A. Shah, H. Al-Fetlawi, F.C. Walsh, Electrochimica Acta 55 (2010) 1125-1139.
3. H. Al-Fetlawi, A.A. Shah, F.C. Walsh, Electrochimica Acta 55 (2010) 3192-3205.

128



15" Advanced Batteries, Accumulators and Fuel Cells The other modern systems for batteries

Zinc-Air Flow Batteries for Electrical Power Distribution Networks

A. Gavrilovi¢-WohImuther™”, A. Laskos®, Ch. Zelger'?, B. Gollas™?, A. H. Whitehead®

'Centre of Electrochemical Surface Technology (CEST GmbH)
Viktor-Kaplan Strape 2, 2700 Wr. Neustadt, Austria

?Institute of Chemistry and Technology of Materials, Graz University of Technology
Stremayrgasse 9, 8010 Graz, Austria

3Gildemeister Energy Solutions (Cellstrom GmbH)
Industriezentrum NO-Siid, StraBe 3, Objekt M36, 2355 Wr. Neudorf, Austria

*aleksandra.gavrilovic@cest.at

Major challenges presented by renewable energies, such as fluctuations in output,
unavailability (e.g. sunlight in the night) and unpredictability (e.g. wind power), limit their
popularity. As a solution to these problems, energy storage technologies are attracting attention [1].
The alkaline Zn-air flow battery possesses favourable properties such as high specific energy, fast
response, low cost materials and environmental compatibility [2-4]. However the battery
underperforms because of known difficulties such as OH™ ion depletion occurring during
discharging and dendrite formation during recharging [5]. In our efforts to achieve dendrite-free Zn
electrodeposition, which can be utilised in the Zn-air flow battery, the surface morphology of the
electrolytic Zn deposits on a polished polymer carbon composite electrode in alkaline, additive-free
solutions was studied. Experiments were carried out with 0.1 M, 0.2 M and 0.5 M zincate
concentrations in 8 M KOH. The effects of different operating conditions such as: elevated
temperatures, different current densities and different flow velocities, on current efficiency and
dendrite formation were investigated. For this purpose, a specially designed test flow-cell with a
central transparent window was employed. The highest Coulombic efficiencies of 80-93 % were
found for 0.5 M ZnO in 8 M KOH, at increased temperatures (50-70°C), current densities of up to
100 mA cm™ and linear electrolyte flow velocities higher than 6.7 cm s™. Deposits were examined
ex-situ by SEM.
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Introduction

A rejuvenation process of a very old nickel-iron accumulator (about 75 years old) is described
in this article. The supposed nominal parameters of the accumulator are 12V/(8Ah -10Ah). All
cells of the accumulator were rejuvenated by a quite long and laborious process including 11 cycles
of charging and discharging, several changing of the electrolyte and even using a deep discharging
to improve the capacity of the negative iron electrode. The charging and discharging characteristics
of all cells were measured during the rejuvenation. Finally the internal resistance of the accumulator
was measured too. The wooden case, output terminals and all the accumulator accessories were
renovated. The work showed a surprising durability of old NiFe accumulators (see below).

Description and history of the rejuvenated accumulator

The described accumulator consists of 10 serial connected cells type MK86 (trademark
FERAK) placed in a wooden case with dimensions 110x355x245mm. The dimensions of one cell
container (made from nickelled iron plates) are approx. 25x80x180mm. The weight of one cell is
approx. 0.9kg. Most probably it was manufactured shortly before the World War 11 (end of 1930°s)
by Prazska akumulatorka a.s. It was used in a telephone exchange or railway station. In 1950’s it
was used for lighting during electricity blackouts. Approx. 1960-1980 it was not used and it was
stored in a dry place at approx. 25°C without any care. In 1980 the electrolyte was changed and it
was used for starting a garden tractor. From 1981 to 2014 it was stored in a dry place at 25°C
without any care. In 2014 the electrode system of the cells was full of potassic carbonate but no cell
was rusted or even rusted through.

The cell type MK86 is unknown today, even not in older archives of the companies Saft
Ratiskovice, Akuma Praha or Akuma Mlada Boleslav. The specific energy of NiFe cells is about
30Wh/l — see (4), (6). At the average voltage of ca 1.1V this represents ca 27Ah/l. The volume of
our cell is approx. 0.36l. Therefore we can deduce that the nominal capacity of the accumulator
cells could be 27 x 0.36 = 9.7Ah (10Ah). Maybe it was only about 8 Ah.

Choice of the electrolyte

Both potassic hydroxide (KOH) and sodium hydroxide (NaOH) were used in NiFe cells.
Usually KOH was used because of its higher conductivity. Moreover using NaOH at lower
temperatures (below +15°C) the capacity is decreased. However NaOH ensures a longer life of the
positive electrode which is more stable than if pure KOH is used (without addition of lithium
hydroxide LiOH). If it is necessary to ensure the capacity at lower temperatures, the highest
electrolyte conductivity (low internal resistance) and good life time at normal temperatures (+15°C
to +35°C) then KOH with an addition of 10-15¢/1 of LiOH is used.
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Our accumulator will be not used at lower temperatures and there is no demand on the lowest
internal resistance. This is why we used NaOH to protect the positive electrode without the
necessity of using the problematic LiOH. The density of NaOH aqueous solution should be 1.17
to 1.19 to ensure its maximum conductivity (1 weight part of NaOH and 5 weight parts of distilled
water).

Rejuvenation process

There was a lot of carbonate inside the cells. The electrodes of some cells were almost dry
(only rests of liquid electrolyte). This is why the cells were firstly refilled with a distilled water and
left to stand through the night. After proper shaking they were spilled. 2 cycles of filling distilled
water, shaking and spilling followed. Immediately a new electrolyte was filled. The normal
charging current of NiFe cell equals to 4 of the nominal capacity. Decreasing the charging current
under 1/8 the negative (iron) electrode is charged worse. With respect to the expected nominal
capacity approx. 10Ah we used a charging current 2.5A. The charging time was 6hours (15Ah) i.e.
150% of the nominal capacity (standard normal charging of NiFe cells). The final voltage on all
cells in the 1% charging cycle was equalized to 1.72V +£30mV (before switching-off the current). A
discharging with a normal discharging current 1.25A (around 1/8 of the nominal capacity) followed.
The cells were connected to series. Discharging current 1.25A was kept constant and each cell was
removed from the circuit separately — just when the bend on its characteristics appeared.
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Figure 1. Discharging 1.25A — 1¥ cycle

From Fig. 1 we can see the normal 1% plateau (ca 1.2V) was very short and the undesired 2™
plateau (ca 1V) was keeping for the absolute most time of discharging (firstly we though the
discharging voltage is so low because of higher internal resistance of the old cells). The discharging
reaction for 1% plateau is (5):
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Fe + 2NiOOH + 2H,0 — 2Ni(OH), + Fe(OH),
This proper reaction was replaced too soon with the reaction for the 2" plateau (5):

3Fe(OH), + 2NiOOH — 2Ni(OH), + Fes0, + 2H,0

Probably the reason was a degradation of the negative iron electrodes. Maybe there was
not much pure active iron (deep layers of the negative electrode not active). After the first
discharging cycle the cells were spilled and immediately filled with a fresh electrolyte. The same
cycles of charging 2.5A and discharging 1.25A were repeated twice (2" and 3" cycle). During the
2" and 3" cycle the internal resistance of the cells was decreased (higher voltage values of both
plateaus). In the cell no. 2 also the duration of the first plateau was prolonged (see Fig. 2). Also the
capacity of all cells (including the dominant 2" plateau) was prolonged in comparison with the first
cycle. Now it reached approx. 6.3Ah (worst cell) to 7.5Ah (best cells).
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Figure 2. Discharging 1.25A — 3" cycle

Fresh electrolyte was filled again and the 4™ charging 2.5A/ discharging 1.25A followed. In
the 5™ cycle the charging current was decreased to 2A and the discharging current was decreased to
1A. From Fig. 3 we can see the useful 1* plateau was prolonged in all cells (especially in no. 2 and
also in no. 1). However the remaining 2" plateau was shortened significantly — in the result the
capacity including both plateaus decreased in comparison with the earlier cycles - first bend after
the second plateau in Fig. 3 (time ca 135min). Fortunately next experiments showed that in fact the
capacity did not decrease so much and forever: At the characteristics bend (approx. at the time
135min) we interrupted the discharging and after ca 4hours we tried to continue - the 2™ plateau
surprisingly continued keeping for a long time (see Fig. 3). Maybe the deep layers of the negative
electrode were not “available” immediately for the discharging reaction and they needed some time
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(discharging interruption) for “getting contact” with the reactants. Measuring the potential of the
negative electrode (using a zinc measuring electrode) the problem with the capacity of the
negative electrode was confirmed: If the bend of the characteristic (behind the 2" plateau) started
to appear then the potential of the negative electrode grew up to 0.75V while the potential of the
positive electrode did not fall and kept ca 1.6V.

In the 6™ cycle the currents were returned to 2.5A (charging)/1.25A (discharging). The
situation was similar like in the 5™ cycle only the 1% plateau of all cells was prolonged a bit.
Knowing the problem is in the negative electrode we decided further to use the regeneration
method of “deep discharging”: All the cells except of no. 2 were discharged with 1.25A to zero
voltage a then they were “charged” for 5 hours and 40 minutes with 1.25A to the opposite polarity
(ca-0.75V per cell). After this procedure the electrolyte was changed.

A prolonged charging (7" charging cycle) followed: ca 4hours 2.5A and ca 8hours 1A. The
7™ discharging cycle (1.25A) showed a significant prolongation of the 1% plateau. The short
duration of the following 2™ plateau remained. The 8™ and 9" cycles (charging 2.5A, discharging
1.25A) brought again next small improvement (prolongation of the 1% plateau).
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Figure 3. Discharging 1A — 5" cycle
In the 10" cycle a charging with only 1A and discharging with only 0.5A was used — to get

hopefully higher capacity when the discharging chemical process goes slowly and there is more
time for the reaction of deeper layers of the negative electrode.
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Figure 4. Discharging 0.5A — 10" cycle

Although again a regeneration “time-out” during the discharging was necessary (see Fig. 4)
the total capacity of all cells reached a value about 8.6Ah (for final voltage 1V).

Figure 5. View of the renovated accumulator

In the last 11™ cycle again a charging with 2.5A and discharging with 1.25A was done to get
comparable conditions with earlier cycles. In this regime the capacity almost 8Ah was achieved
what was a pleasant result. Finally the internal resistance of all cells was measured in a half-
discharged state. Values between 45mQ and 64mQ per cell were obtained what is a satisfactory
result.

Conclusion

The described rejuvenation experiment confirmed an extraordinary durability of these old
NiFe accumulators - see also e.g. (1) or (2). The capacity of the 75 years old battery is now almost
8Ah instead of the original 8-10Ah (exact nominal values unknown). The charged battery showed a
standard (not increased) self-discharging. The internal resistance corresponds to the capacity size.
The main problem of the rejuvenation was the capacity of the negative iron electrode. A bit “violent”
method of deep discharging helped to solve it well. Several electrolyte changes during the
rejuvenation were done, especially in the beginning and after a deep-discharging cycle this is
desirable. Eleven rejuvenating charging/discharging cycles were performed. No hydrogen peroxide
was used.
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Hydrogen explosion risk in mining locomotive unit

B. Polnik, B. Miedzinski
Abstract.

Application of battery powered mining locomotives with lead-acid cells is
associated with secretion of hydrogen under charging. Modern systems of
powering and control of these machines allow electrical braking with
simultaneous energy recuperation. This however, increases the efficiency of
operation while, increasing the risk of dangerous hydrogen concentration.
Manufacturers do not take this fact into account basing on the relevant
standards which, do not changed for more than 20 years. In the Institute of
Mining Technology KOMAG was developed modern battery-type
locomotive Lda-12K-EMA therefore ,in order to obtain the ATEX certificate
a number of relevant studies have been conducted. A part of them concerned
the ventilation system of the battery explosive-proof housing therefore, the
measurement of the hydrogen concentration during both charging and
recharging processes. In addition ,measurements of the quality of electricity
provided via the control system to the battery under braking were performed.

The paper presents and discusses the results of both tests for real objects in
mine and the results of relevant simulation analysis. The results were
confronted with the formal applicable requirements. In this work also
attempt to determine the correlation between the quality of electrical energy
provided to the battery and the intensity of electrolytic gas emission.

Simulation analysis

An analysis of the literature shows that has not yet been carried out considerable research to
determine the amount of electrolytic gas emission inside the battery during braking process with
electrical energy recuperation. In addition, any assumptions made at the design stage of explosion-
proof housing that assume uniform distribution of hydrogen inside and at the air vents (in housing
enclosures) are made based on the experience of the manufacturer with participation of the user, of
course. Hence, the appropriate simulation tests of the problem were conducted by authors for the
object as shown in Fig.1.1.
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Figure 1.2 Selected simulation results

Experimental results

In order to confirm the results of the simulation the respective investigations of ventilation
efficiency of the battery module were carried out in three steps. The first determined the size of the
flow rate of hydrogen inside the battery module according standard PN-EN 60079-7:2010. The
second included preparation of the batteries for testing by: charging the cells, the electrolyte
supplementing (according to manufacturer indications)and closing plugs for filling cells. A control
measurement of the overload current value and ambient temperature of the module and cells was
carried out also. Under the third stage the hydrogen concentration at selected points (that in
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accordance with standard PN-EN 60079-7:2010 should be located midway between the upper
surface of the cell and the cover as well as close to plugs for filling and ventilation) was measured.
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Figure 2.2 An example of emission intensity of hydrogen measured under test
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Figure 2.3 Variation of selected electric quantities with time under test.

Summary

In the paper will be presented detailed information on the research as well as on development
trends in this area. The applied research methodology will be discussed and problems that authors
faced during the study will be characterized. Conclusions will be formulated and indicated

directions for further work.
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ABSTRACT

Thermophotovoltaic (TPV) belongs to the third generation of photovoltaics.
This technique works on the principle of an effect of use as much of the
radiation spectrum for optimal system operation. Traditional photovoltaic
solar cells have an inherent limit on the efficiency at which they can convert
sunlight into energy. Conventional solar cells are able to operate in the
visible to near-infrared region of the spectrum. This limit, based on the band
gap of the material, used and known as the Shockley-Queisser limit is about
33.7 percent for standard solar cells [1].
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Figure 1. Band gap and efficiency [1].
Thermophotovoltaic systems have great potential application in commerce, military and

aerospace industry. At present, the research on TPV primarily focuses on the spectral control
technology and system construction.

To achieve the maximum efficiency, all photons should be converted. A process often termed
photon recycling can be used to approach this. Here reflectors are placed behind the converter and
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anywhere else in the system that photons might not be efficiently directed to the collector. These
photons are directed back to the concentrator where they can be converted, or back to the emitter,
where they can be reabsorbed to generate heat and additional photons. An idealized TPV system
would use photon recycling and selective emission to convert all photons into electricity.
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Figure 2. The efficient TPV system [2].

For the emitter, deviations from perfect absorbing and perfect blackbody behavior lead to
light losses. For the case of selective emitters, any light emitted at wavelengths not matched to the
band gap energy of the PV may not be efficiently converted (for reasons discussed above) and leads
to reduced efficiency. In particular, emissions associated with phonon resonances are difficult to
avoid for wavelengths in the deep IR, which cannot be practically converted. Ideally, an emitter will
not emit in this range, and energy will only be converted at wavelengths that are easily converted.
Examples of material with varying indices that results in selective emission for TPV applications
are rare-earth oxides, such as holmium (Ho) or erbium (Er) oxide, and transition metals, such as
hafnium (Hf) or tungsten (W) [2].

For blackbody emitters or imperfect selective emitters, filters are needed to reflect non-ideal
wavelengths back to the emitter. In practice, these filters are rarely perfect. Any light that is
absorbed or scattered and not redirected to the emitter or the converter is lost. Additionally,
practical filters often reflect a small percentage of light in desired wavelength ranges or transmit
light of non-ideal wavelengths. Both can lead to inefficiencies.

Even for systems where only light of optimal wavelengths is passed to the converter,
inefficiencies associated with non-radiative recombination and ohmic losses exist. Since these
losses can depend on the intensity of light incident on the cell, real systems must consider the
intensity produced by a given set of conditions (emitter material, filter, operating temperature) [3].

The mathematical model incudes the laws of conservation of momentum (represents by the
full Navier-Stokes equation), mass and energy. The energy equation is in the form:

k) 9 Erp =2 p L hf + 4+ s
ot ox, KPETP To “ox )i Ty S

jl

where S, is absorbed/emitted radiative energy defined as:
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41
dI(r,s) ,oT* o Lo
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Where [ is radiation intensity, which depends on position and direction, r position vector, s
direction vector, a absorption coefficient, o, scattering coefficient, n refractive index, T local
temperature, ¢ Stefan-Boltzmann constant ( 5.672-10"8 Wm™2K~* ), & phase function, s’
scattering direction vector, 2’ solid angle.

CONCLUSION

The potential efficiency of such a system is much larger than expected performance of
conventional photovoltaic system. Real experiments are much worse. In the TPV are mainly very
expensive materials [4]. Production of such a system is a lengthy, time-consuming and costly, and
the resulting efficiency is around 0% to 2% in laboratory conditions. Therefore, it is more efficient
to perform a first simulation that can at least partially approximate the properties of the system.
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Abstract

Heat transfer fluids are used for many years in many sectors. These include engineering and
the automotive industry, but also in the field of renewable resources, these fluids are very used.
Such fluids can be used in two ways. Either it can be fluids, which transmit heat away for later use,
or it can take heat from a source such as a cooling function.

In the area of solar thermal systems it is possible to meet with similar liquids as at present
relatively normal solar systems for their activities using photovoltaic cells. It is a device that many
people own the roofs of their houses. This system is mainly used for domestic hot water, pool
heating, while it produces electricity. These are mostly small systems, used for personal use.

The second option is a solar thermal system that does not use photovoltaic cells, but this
system uses for its activities so called mirror. These systems concentrate all the heat in the focus
point or line. They also work with much higher temperatures than commonly known solar heat
systems, which use photovoltaic cells. These two systems also have a different application. Solar
thermal systems with mirrors are not small systems. These systems do not serve as an additional
source of heat or energy. These are large systems that make efficient solar thermal power plants.

Despite the fact that these two systems are not very similar, they have one thing in common.
For its proper function used heat transfer media. It is very interesting that has not been produced
such a heat transfer medium, which was designed only for these systems. Of course, in areas where
year-round temperatures keeps positive, these systems are much more efficient and also the heat
transfer medium are placed different demands than in areas where year-round operation is limited
by significant temperature changes in winter and summer.

For heat transfer in solar systems, from the point source collector to the point of consumption
(usually storage tank) the use of different heat transfer media. Most often it is air or a fluid different.
For year-round use fluid solar systems then it is the most common use antifreeze, with regard to the
protection system in winter against frost damage. Fluids that are suitable for winter, on the contrary
do not work so well in the summer. This also results undesirable heat losses and thus to losses of
production of the system.

Any such heat carrier must meet certain requirements in order to be trouble-free operation of
the system, reliable, and longest. Significant factors are the low pour point, good thermal-physical
properties such as heat capacity or viscosity. Other important parameters are fireproof, corrosion
protection system, compatibility with other materials in system, the long-term stability properties -
especially heat resistance and no less important is the ecological and economic aspects. Very hard
to find a liquid that would meet all of these opinions while the system could be used as long as
possible without changing the properties.
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In our work, we focused on the problems of heat transfer fluids, these systems are used
commercially, and also to alternative heat transfer fluids, which could have the potential to succeed
in solar thermal systems for optimal year-round operation. We focused on both the thermal and
physical properties of these substances, and the environmental and economic aspects and all other
important properties, such that the liquid should ideally have. All measurements and evaluation was
conducted with a focus on Central Europe.
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Abstract

Thermophotovoltaic falls into the third generation of photovoltaic. Thermophotovoltaic
system consists of several parts, each of which has in this system its function. The base is
commercially available photovoltaic cell, which is able to work with the energy of particles mainly
in the visible spectrum. Some cells can work as energy radiation in the visible spectrum, so the
energy in the near infrared region. Everything depends on the materials from which the cell is made.
Conventional photovoltaic cells thus cover only a small part of the spectrum and the remaining
energy is converted to heat and it is a heat loss of system. This also reduces the overall performance
and efficiency of the photovoltaic cell and the entire panel.

Thermophotovoltaic is trying to take advantage of the heat losses in your favor. Conventional
PV cell is not able to convert excess heat into electricity, but this heat contributes termofotovoltaice
to make this system work optimally. Another part of the system is a radiator that with high
temperatures can operate and subsequently emits radiation at only a part to a photovoltaic cell that it
can already be processed. If the spectrum of the radiation emitted still too broad, between the
radiator and the solar cell can be equipment filter that an unwanted spectrum of light reflected back
to the radiator.

The basic principle of thermophotovoltaic systems parts is the ability to work with high
temperatures and different spectral radiation than conventional photovoltaic systems. Therefore, it
is also assumed that the materials used thermophotovoltaic individual parts of the system are
sufficiently resistant to heat. With the highest temperatures and the lowest work radiator should
work photovoltaic cell. Unfortunately photovoltaic cells are to change their temperature very
dependent. Generally the efficiency and thus the performance of the photovoltaic cell decreases
with the increasing temperature (Fig. 1). With every increase in temperature of cell about 1 °C it
reduces the efficiency of this article about 0.4% (5). Such a drop in efficiency in
thermophotovoltaic system may exhibit very much. Similarly materials from which the solar cell or
panel is made (the most common materials are glass, EVA film, solar cells, Tedlar, aluminum),
these can very quickly damage. This could lead to further reduction in efficiency, and also reduce
the overall operation of the photovoltaic cell.

145



15" Advanced Batteries, Accumulators and Fuel Cells Photovoltaic Systems

b
’

13 —
.

S
N— 12 \\
8‘
S 11
i
S B
~ 10
e
S T

9

8

0 10 20 a0 40 50 60

Temperature of PV cell (C)
Figure 1. Example of the effect of temperature on PV cell efficiency. (4)

In the following study, we therefore focused on how much the effect of temperature on
thermophotovoltaic system for photovoltaic cells. Because the materials used in the manufacture of
individual parts thermophotovoltaic system, they are usually very expensive, we performed a
preliminary analysis of the effect of heat on the photovoltaic cells in thermophotovoltaic system.
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Introduction

Photovoltaic cells are using for conversion energy from renewable energy source (sun) to
electrical energy.

The main advantages of this cells are [1]:
. Using of inexhaustible source of energy (sun).
. No emission during use
. No noise during use
. Simple installation of solar cells

. High operational reliability

The main disadvantages are [1]:
o The average annual intensity of solar radiation is relatively low.

o Large fluctuations in the solar radiation during the year
. High investment costs
. Need a backup power source

. Small energy conversion efficiency

Concentrators systems of photovoltaic cells use mirrors or lens for concentrating the sun's
rays and its subsequent routing onto solar cell.

Converging Lens

F High efficiency solar cell

heat dissipation

Figure 1. Example of concentrator photovoltaic system [4]
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Thereby higher efficiency is achieving. But temperature has an increased impact on the
position of the operating point. At high temperatures, electrical properties of the cell change. Due to
this change the terminal voltage decreases, thus causing a decrease in the load output [2], [3].

—25°C —50°C 75°C — 25°C — 50°C 75°C

00+ 00 0.1 02 03 04 05 08
00 01 02 03 04 05 08
) )

Figure 2. The influence of temperature on the VA characteristic, and the P characteristics

Analysed models

Design of the analysed model is based on sample, which was implemented and investigated at
the Department of Electrical and Electronic. Five variants with diferent geometry have been tested:

. Basic (Figure 3)
. Basic with extended inlet pipe (Figure 4)

. Optimized  basic model with extended inlet pipe — This model have rounded
corner and bevelled edges of photovoltaic cell.

. Bath’s model (Figure 5)
. Bath’s model with optimized attachment of photovoltaic cell (Figure 6)

T I J

Figure 3. Shape of extended inlet pipe in the tube

Figure 4. Basic model (1 —tub, 2 — Figure 5. Bath’s model
photovoltaic cell, 3 — glass, 4 — inlet pipe,
5 — spacer)
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Figure 6. Bath’s model with optimized attachment of photovoltaic cell

Boundary conditions

Cooling medium inflow: Volume flow: 3 I*min™* = 0.00005 m**s™,
Temperature 20.05.

Cooling medium: Outflow into atmosphere — statistic pressure 101325 Pa.

Onto the upper surface of glass plate: Heat brought to the surface: 15000 W/m?.

Conclusion

This article deals with optimize cooling system of concentrator photovoltaic cell. For above
mentioned simulation was used simulation program SolidWorks. For the basic simulation was used
basic model. In this model was testing the position of inlet pipe. Best results achieved the model
with the smallest distance between the centre of inlet pile and glass. The inlet pipe was
subsequently extended. This model was called “Basic with extended inlet pipe”. Further
improvement was achieved by rounded corner and bevelled edges of photovoltaic cell. The best
results have the “Bath’s model with optimized attachment of photovoltaic cell”.
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Photovoltaic Modules Destruction Analysis
J. Vanek, J. Zimakova, M. Sturm

Department of Electrotechnology, Brno University of Technology, Faculty of Electrical
Engineering and Communication, Technicka 10, 616 00 Brno, Czech Republic

In this paper we present the analysis of the causes that caused the destruction
of photovoltaic modules cover glass in the group of modules randomly
located in the photovoltaic field. Operator of photovoltaic system excluded
the possibility of damage of these modules by impact of foreign objects
because of their location in the photovoltaic field and because of no records
of hail or similar events in this area. Damage of the cover glass in analyzed
module appears to be adequate of safety glass cracking - uneven web of
cracks in the glass with six central location with a different structure cracking.
In the three of these areas is possible to find the area with the browning of the
surface on the photovoltaic cells main contacts. This article also includes
summarization of method which is possible to use for analyses of
photovoltaic modules state.

Analysis of the module condition

At the first examination of damage module there can be found only damage on the front side
of the module — the rear side of the module appears to be without of signs of damage and without
observable damage to the junction box and to module frame and wires. Cover glass module damage
seems to be appropriate to safety glass cracking — an uneven web of cracks in the glass with six
central location with a different structure cracking. Upon closer inspection of these areas there had
been suggested that these areas may be the cause of the total destruction of the module.

There are no noticeable signs of impacts of foreign objects in these areas or warping of the
glass of the module inwards. The plant operator also excludes the possibility of damage of these
module by impact of foreign objects on the surface because of their location in the photovoltaic
field, which does not allow the intervention of a firearm or a casting object by an extraneous person.

The browning occurs on the surface of the electrode system in the three positions related to
the six possible sources areas of cover glass cracking. After the next detailed comparison of the
visible areas of browning from the front side and from the back side there can be found on the back
side bulge corresponding to the location of the browning electrode systems. After exclusion of
foreign culpability of glass damage it can be concluded that as one of possibilities these areas could
be the source of destructive forces that caused the cracking of broken glass from inside the module.

After analyzing of electroluminescence radiation it was confirmed the correlation of
destruction of photovoltaic cells with the areas of heavy damage of the cover glass and there were
detected several other places with a strong destruction of the cells, which were further analyzed.
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Figure 1. Optical and electroluminescent display of the front side damaged module Antaris AS_ M_180

There was also made an analysis of electrical current-voltage characteristics of the analyzed module.
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Figure 2. VA characteristic of module ANTARIS SOLAR M-180 Al at standard measurement conditions

T, 250 °C
G(i) 1.0 kW/m2
lse 4503 A
V,, 44.145 V
Eff. 9.74 %

FF 62.53 %
Punop 124284 W
Voo 38.183 V
lrnpo 3.255 A
Rer 1.3 Ohm
Rsn 39.9 Ohm

In comparison of measured results with the manufacturer's information (see Attachment
Datasheet - Antaris AS M 180) can be stated the decrease of peak power of about 56 W, the loss is
caused by a significant decrease of current (from 5A to 3.25 A) versus of a slight increase of the
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open circuit voltage (from 36.0 V to 38.2 V). This shows again that the damaged cells are no longer
able to supply the required current. Ripple in VA characteristics near the short current (Isc) is due to
the cooperation of bypass diodes, just as would be in case of shaded cells.

Detailed analysis of damaged areas

To determine the causes of the electrode system surface browning and further analysis it was
perform a microscopic analysis and an elemental analysis of these damaged areas. The four areas
were chosen for this analysis and there were cut three samples. (Sample No. 1 was not cut for
technical reasons)

Figure 4. Sample No. 2 of damaged photovoltaic cell cut from module ANTARIS M 180 Al. The cut is made
during electrode system surface browning.

Module surface was modified by using embedding materials to allow cutting the samples. In
samples No. 2 and 3 with the detected browning of electrode system a cut was made through the
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browning area as shown in Fig. 6. Both of these samples was evidently delamination between the
glass and the laminating material EVA. Though the sample No. 4, which was chosen as a reference
sample without detected areas, was made the cut to make the comparison analysis. In this sample no
delamination was detected. The resulting cuts of samples can be seen in Fig. 4.

Scanning electron microscopy analysis was performed in places of electrodes browning and
for comparison also in the undamaged second electrode area and in the comparative reference
Sample No. 4

EVA

Silicon substrate

Solder (SnPb)

Aluminum

SEM HV: 30.0KV | View fleld: 2.31 mm VEGA3 TESCAN Co p p er electrodes

Det: BSE LowVac, 300 Pa, N: = 500 ym

Date(m/dly): 02/11/14 | wp:14.42mm Brno University of Technology

Figure 5. Detail of browned area on the sample 2A. There are observable copper electrodes and thin
contacts of solar cells. The silicon substrate between the electrodes is missing and the space between the
electrodes is collapsed.

Conclusions

As the cause of the cover glass cracking was excluded outside intervention (hail or small
objects falling on the surface of the solar module). One of the causes of the protective glass
cracking could be a tension induced by crooking of the supporting frame either by mount design or
poor technological procedure for module assembling. This tension and cracking of the glass would
subsequently cause cracks in photovoltaic cells. In the case that the current passing through the
substrate can flow only between metal electrodes, it had increased the current density, and before
the bypass diodes were fully opened, it could cause a short-term local heating to the temperatures of
silicon melting and evaporation. This process could be the cause of the local delamination and
bulges on the rear side. Because an increased temperature had worked for a short time, there would
be no extensive damage as in case of a normal long-term heating of local hot spots in solar modules.
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Preparation of Lead Electrodes For Measurement By Using AFM
D. Fryda®, J. Zimakova®, P. Baga®

% Brno University of Technology, Antoninska 548/1, 601 90 Brno, Czech Republic

Introduction

AFM (atomic force microscopy) is microscopic technique that is used for displaying the
three-dimensional surfaces, invented in 1986 by Binnig, Quate and Gerber. The image surfaces are
gradually compiled, point by point. The method achieves very high resolution. AFM can be used
not only to display but also to the formation of structures or processing surfaces in nanometer
region. It can display non-conductive samples. Sometimes it is called SFM (scanning force
microscopy). The basic part of AFM is a very sharp tip that is mounted on a flexible cantilever.

AFM can only display surface of samples, not their volume structure. But in comparison with
optical microscopy it achieves considerably greater resolution, which is comparable with resolution
of electron microscopy. The disadvantage of AFM is very limited image size and speed of rastering.
Maximum image size is in order of hundreds of micrometers and building one image takes several
minutes. Problems are also caused by distance between the tip and the sample (strong interaction,
the possibility of tip catching, pollution of the tip, damaging sample) and by non-zero width of the
tip which leads to deformation of the image. [1,2]

Furthermore, AFM is limited by vertical range (maximum height of the sample), which is
typically tens of micrometers. Part of our work is to monitor morphological changes at the electrode
surface during the cyclic voltammetry by using AFM. Because of grown of large crystals on the
surface, it is important to prepare samples with the smoothest surface as possible.

The aim of this work is to determine the most appropriate method for the preparation of
samples for measurement by using AFM.

Preparation of samples

At first, the lead plates (samples) were cutted at the desired sizes ( 20 x 20 mm) and then
aligned by molding machine Trystom H-62 with pressure 50 kN.

The surface of the samples was modified with 3 different methods:

e polished by separator
e polished by grinding wheels
e plasma technology

a) polished by separator

Figure 1 shows surface morphology of sample polished by separator. It was used separator
with glass fibers size 0,8 um. Polishing was conducted for 5 minutes. Maximum size of particles on
the surface reached 80 nm.
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Figure 1. surface morphology of electrode polished by separator

b) polished by grinding wheels

Figure 1 shows surface morphology of sample polished by grinding wheels. It was used
abrasive paper with a grain size 600 and then 1200. Maximum size of particles on the surface
reached 30 nm.

pm Topography - Trace - Main - Flatten:1s nm
e

Figure 2. surface morphology of electrode polished by grinding wheels
¢) using plasma technology

The best results were achieved by using plasma (surface is shown at figure 3). The surface
seemed to be the smoothest. Maximum size of particles on the surface reached 17 nm.
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Figure 3. surface morphology of electrode modified by plasma technology
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Climatic Chamber Designed For Curring Positive Electrodes
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Introduction

Lead-acid batteries are the oldest type of rechargeable battery, invented in 1858 by French
physicist Gaston Plante. Batteries have changed little since 19™ century although improvements in
materials and manufacturing methods continue to bring improvements in energy density, life and
reliability. Major change was in 80’s when the flooded design was replaced by VRLA with
immobilized electrolyte. All lead-acid batteries consist of flat lead plates immersed in a pool of
electrolyte (solution of sulfuric acid). The main advantages are well mastered technology, relatively
low cost of manufacture and high power. The lead-acid battery has become one of the main portable
sources of electric power with wide applications in man’s everyday life (telecommunications,
information technologies, ect.). Relative good specific power has enabled its widespread use for
starting, lighting and ignition of engine purpose for vehicular applications.

Resulting properties of lead-acid batteries are affected by the parameters set in manufacturing
of electrodes: [1,2,4]

. composition of the active mass
o temperature and humidity during the process of curing

) formation

Curing

During the process of curing, paste particles are interconnected to form an uninterrupted
strong porous mass (skeleton) which is tightly bound to the grid.

Depending on the values of ambient temperature and the humidity are on the surface of the
electrodes produced two kinds of sulfate particles: tribasic lead sulphate (3BS) and tetrabasic lead
sulphate (4BS).

Tribasic lead sulphate particles are obtained when the paste preparation is performed at
temperature from 30 °C to 60 °C and plate curing is conducted within same temperature. These
particles are 1 — 2 um long and tightly interconnected.

Tetrabasic lead sulphate particles are performed at the temperature from 80 °C to 95 °C.
Length of these particles is 15 — 20 um and 4 — 5 um in diameter. [3]

Climatic chamber

One of the most important factor that influence the formation of sulphate crystals is
humidity in the chamber. Sulphate crystal starts to form only when the humidity in the chamber is
100%. This value has to be set up during the entire process of curing.

Curing was conducted in laboratory incucell incubator (Fig. 1A) with possibility to set up the
temperature from 20 °C to 150 °C. The electrodes were placed into separated chamber with 100%
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humidity. This chamber was hermetically sealed. Humidity was ensured by mist maker. Conditions
during the process of curing were monitored by sensors of humidity and temperature placed in the
chamber. There were also one special recording sensor which periodically recorded the measured
values and allowed us to monitor conditions online. Placement of the devices and electrodes in the
chamber is shown in figure 1B.

Figure 1.: A) chamber located in incucell; B) placement of measurement device: 1 - recording sensor,
2 - sensor of humidity, 3 - sensor of temperature, 4 - mist maker, 5 - Pb electrodes

Figure 2 shows electrodes after process of curing. There are two types of electrodes: at figure
2A is electrode cured at separated climatic chamber with 100% humidity, figure 2B shows electrode
cured at incucell without separated chamber. Electrodes were cured at temperature 75 °C for 48
hours.

Figure 2. comparing of surfaces Pb electrodes after curing process; A) electrode cured at new climatic
chamber; B) electrodes cured at incucell

The aim of our work is upgrade the conditions during the process of curing, especially
humidity in the chamber at higher temperatures. The experiment is still ongoing and therefore the
results are not complete. To determine the exact modification needs to be done XRD analysis and
ESEM observation as well as electrochemical parameters of the electrodes after the formation. The
results will be published in following works.
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Hybrid membranes for vanadium redox flow battery
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With the expanding need for large electrical energy storage systems in connection with
renewable energy sources, flow batteries, have been enormously considered due to their high
flexibility in upgrade and low cost associated with scale-up. Of all the flow batteries, vanadium
redox flow battery (VRFB) use of same element in both half-cell solutions that overcomes the
inherent issue of cross contamination by diffusion of different ions across the membrane. Together
with the absence of any toxic emissions, the vanadium redox flow battery has demonstrated its
uniqueness in terms of safety and long life cycle. Typical charge—discharge reactions of a VRFB
involve two vanadium redox couples, V(ID/V(111) and V(IV)/V(V), in the negative and positive
half-cells, respectively. In a fashion similar to most batteries, electrons are transferred between the
two electrodes through the external circuit during the charge and discharge processes. In a VRFB,
the ion exchange membrane is a key component as an ionic conductor and separator: it not only
provides an ionic conduction pathway between the two electrolytes but also prevents mixing of the
negative and positive electrolytes. The crossover of ions through the membrane, with the diffusion
of vanadium ions from one half-cell to the other due to the concentration gradients between the two
electrolytes, will result in self-discharge and thus the loss of the chemical energy.

In this study, the hybrid membrane of inorganic materials with perfluorinated organic
membrane were fabricated and characterized in terms of ionic conductivity and permeability. The
ionic conductivity was measured with four point probe method and the permeability was measured
with UV spectroscopy. The hybrid membrane exhibited similar ionic conductivity with
perfluorinated organic membrane and 30% lower permeability than perfluorinated organic
membrane.
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Figure. 1. Schematic diagram of RFB cell measurement.
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Figure. 2. Charge-discharge characteristics of membranes at 20mA/cm: of current density.
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Voltammetry by Using AFM
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Introduction

Cyclic voltammetry is the most widely used technique for acquiring qualitative information about
electrochemical reactions. It belongs to potentio-dynamic experimental methods. They have
evolved of rapid development in the last decades and great expansion in laboratory practice. The
reason for this is rapid development of computer-controlled experimental facilities with automated
data collection and also the development of a mathematical description of the potentio-dynamic
curves. This makes it possible to use these techniques to obtain relatively quickly basic
characteristics of studied system, with regard to the mechanism of electrode action.

Cyclic voltammetry is characterized by continuous growth potential of the working electrode from
one limit to the other and back to the starting point. It follows that the fundamental adjustable
parameters of the experiment are limits and feed rate potential. It can be also affected the properties
of the electrolyte especially the concentration of electroactive material and temperature. System
response is called electrochemical system spectrum. [1]

Atomic force microscopy (AFM) is a form of scanning probe microscopy. It is powerful tool to
observe surface characteristics on electrodes at nanometer resolution. An AFM is a mechanical
imaging instrument that measures the three dimensional topography as well as physical properties
of a surface with a sharpened probe. The sharpened probe is positioned close enough to the surface
such that it can interact with the force fields associated with the surface. Then the probe is scanned
across the surface such that the forces between the probe remain constant. An image of the surface
is then reconstructed by monitoring the precise motion of the probe as it is scanned over the surface.
Typically the probe is scanned in a raster-like pattern. [2]

Up this time, some observation of chemical reaction and materials in lead-acid battery
system have been reported. The aim of our work is in situ observation of morphology changes on
electrodes in different stages of cyclic voltammetry by using AFM.

Electrochemical cell

Figure 1 shows used electrochemical cell and configuration of electrodes. A polished lead
electrode was used as a working electrode (size 20 x 20 mm). A pure lead wire was used as counter
electrode and as a referent electrode was used cadmium wire. Sulfuric acid solution (density 1,28
g/ml) was injected from side ports of electrochemical cell.
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Figure 1. Electrochemical cell: 1 — referent Cd electrode, 2 — counter electrode, 3 — working electrode

Conditions of electrochemical measurement was as follows:
. limit of potential: from -0,2 V to +0,2 V

. feed rate potential: 100 mV/s
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Figure 1. the course of cyclic voltammetry

Figure 2 shows process of cyclic voltammetry. Cyclic voltammetry was held four times and
during process was observed morphology of working electrode by using AFM. Results from first 2
cycles are shown at figure 3. These results shown changes in particle size on the electrode surface.
During two cycles was changed the maximum size of these particles from 80 nm to 1um.
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Figure 2. results of observation by using AFM: A —first cycle, B — second cycle

The experiment is still ongoing and therefore the results are not complete. To determine the exact
changes during cyclic voltammetry it needs to be done more AFM observation. The results will be
published in following works.
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Temperature changes in lead acid battery during pulse charging
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Abstract

This paper explores temperature changes of lead acid battery cell during
discharging and pulse charging. It is studied the effect of different settings of
pulse charging regime on the cycle life and on increase of cell temperature
during pulse charging.Appropriate adjustment of charging current and both
charging and standing intervals during pulse charging has a significant
impact not only on the cycle life but also on the size of the temperature
changes of lead-acid battery [1] [2]. At the same time sufficient standing time
of pulse charging is necessary not only to allow balancing the concentration
of ions in the electrolyte by relatively slow diffusion processes and thus
reduce the polarization resistance of the cell, but also allows greater
equalization of the temperature of the cell and the temperature of
surroundings with all cooling processes - radiation, convection and
conduction, that prevails in the cooling process.

Experiment

For the experiment investigating the temperature changes in the lead acid battery during the
pulse charging were manufactured the test cells with a capacity of about 0.8 Ah. Cells were
composed of one positive and one negative electrode separated by a separator made of glass fibers
of 1 mm thick, cast by the electrolyte containing water solution of sulphuric acid with a
concentration of 1.24 g/cm?, inserted into a container made of PVC. It was placed in the water bath
due to thermal stabilization. Temperature sensor PT100 was inserted from the inner side of the
positive electrode and the mercury sulphate reference electrode was placed to the electrolyte.
Another temperature sensor was placed in a water bath for detecting the ambient temperature. After
assembly, the cells were initially subjected to 10 formation cycles. One formation cycle included a
first charging with constant current of 0.15 A for 4 hours and then 2 hours of standing. After the
formation the cells were subjected to conditional cycles, ie charging with constant current of 0.3 A
with voltage limitation of 2.45 V, discharge with current of 0.3 A to voltage of 1.6 V. Then, cells
were subjected to pulse charging.

Discharge was carried out by constant current of 0.3 A to a final voltage of 1.6 V. Pulse
charging of the first cell was composed of two parts - the charging with current of 0.3 A for 8 s and
standing of 10 s. It was recorded both voltage and potentials of positive and negative electrodes at
the end of the charging period (Uch, Ech+, Ech-) and at the end of the standing interval (Ust, Est+,
Est-) and voltage during discharge (Ust) and differention of the cell temperature and ambient
temperature (t_dif). Charging was finished after delivery of 110 % of the capacity obtained from the
previous discharge.
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As it is apparent from the dependencies of discharge voltage and electrode potentials in Fig. 1,
the limiting electrode is the positive one. On the beginning of the discharge temperature in the cell
drops sharply. This relates to the fact that in the first stage of charging the Joule heat is very small
because of the low internal resistance and polarization. The cell is cooling from its maximum
temperature at the end of charge, where the Joule heat is greatest due to the large polarization
resistance. During discharge the internal resistance of the cell starts to increase, especially due to
the internal resistance of the limiting positive electrode, which is reflected in an increase in the
Joule heat and thus the temperature of the cell from about 50 % of discharge. In the first stage of
charging the temperature of the cell falls due to sharp fall of the internal resistance of the positive
electrode. The polarization resistance at the beginning of the pulse charging is small. From about
70 % of the delivered charge the temperature in the cell starts to grow to its maximum value at the
end of the charge, which is related to the increase of the polarization resistance of the cell. From the
potential dependencies it is evident that the increase in polarization resistance is mainly due to the
negative electrode, where there is a much sharper change in potential than at the positive one. The
resulting difference in cell temperature and ambient temperature is relatively low - around 0.8 °C,
which is related to the fact that the cell was surrounded by a water bath with high thermal
conductivity and high thermal capacity and therefore there was rather fast levelling of the
temperatures of the cell and its surroundings.

U, E+, E-[V] 9[°C]

——Ust [V] ——Est- [V] ——Est+ [V] —==-Ech+ [V]
-==-Uch [V] -==-Ech- [V] —t_dif [°C]

Figure 1. The dependence of temperature, voltage, and potentials for discharging and pulse charging of the
first cell.

The second cell was again discharged with a constant current of 0.3 A to a final voltage of
1.6 V. The pulse charging was composed of two parts - a charging with current of 0.2 A for 8 s and
standing for 10 s. Resulting temperature, voltage and the potentials dependencies are presented in
Fig. 2. It is clear that the limiting electrode is the positive one again. The dependencies of voltage,
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potentials and temperature are similar to the first cell. Only the temperature rise at the end of
charging is lower - 0.45 °C. This is probably due to the lower charging current and hence the Joule
heat during charging. Temperature rise at the end of the charging was by 0.1 °C higher than at the
end of discharge, even though the discharge current was higher than charging current and
discharging was not interrupted by intervals of standing, as during charging. It is clear that the
increase of polarization resistance at the end of charging is much higher than the increase of internal
resistance at the end of discharging.

U, E+, E- [V] 9 [°C]

—Ust [V] —Est- [V] —— Est+ [V] -=-=-Ech+ [V]
----Uch [V] -=---Ech- [V] =—t_dif [°C]

Figure 2. The dependence of temperature, voltage, and potentials for discharging and pulse charging of the
second cell.

After finishing of pulse cycling cells were subjected to several conditioning cycles, ie
discharging with current of 0.3 A to voltage of 1.6 V and constant current charging with current of
0.3A with voltage limitation of 2.45 V. One such cycle lasted 24 hours. During charging the cell
obtained about 110 % of capacity. During this mode were again recorded temperature, voltage,
electrode potentials and electric current. The resulting dependencies of the first cell are shown in
Fig. 3.

As it is apparent from the dependencies of the discharge voltage and potentials, the limiting
electrode is the positive one again. The temperature dependence of the cell differs from the
dependence in pulse mode. On the beginning of the discharge the temperature of the cell grows.
This is related to the increase in Joule heat during discharge when compared with previous charging,
where because of a very small charging current at the end of charging the Joule heat was negligible.
In further course of discharging it was a slight decrease in cell temperature from yet unknown
causes. From about 50 % of discharging the temperature of the cell starts to increase especially due
to the growth of internal resistance of the cell, especially of the limiting positive electrode, which is
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reflected in an increase in the Joule heat like at the pulse mode. In the first phase of charging it is
again a slight decrease in temperature of the cell due to a sharp decrease of the internal resistance of
the positive electrode. This decrease is followed again by increasing of the cell temperature due to
the increase of polarization resistance. After reaching the voltage limit, then cell temperature starts
to fall again slowly to the ambient temperature in order to reduction of the charging current to the
several mA at the end of charging. The resulting temperature difference of the cell and the ambient
temperature is relatively low - around 0.8 °C, similar to the first pulse charging of the 1st cell.

U, E+, E- [V], | [A] 9[°C]
3 1
2.5 0.9
2> | - 0.8
0.7
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/ - 0.4
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28 30 32 34 36 38 40 t[h] 42 0.3
-0.5 A L o2
L L 0.1
g M 0
—Ust[V] —Est-[V] —Est+[V] —I[A] ===t_dif[°C] ‘

Figure 3. Dependence of temperature, voltage and potentials of the first cell for discharge with current 0.3 A
to voltage 1.6 V and constant current charging 0.3A with voltage limitation 2.45 V.

Conclusions

Pulse charging method can, when properly set intervals charging current and a standing lead
both to reduce charging times, both to extend the life of lead-acid battery. Moreover, it is also
possible to restrict a dangerous rise in temperature inside the cell during charging.
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This article is focused on understanding of the current distribution on lead
acid battery grid. To develop this understanding two primary designs of the
grid were modeled and then tested. The first design uses the standard lead
grid casting part. The second modified design derives benefit from the
current collector position which is located in the middle. FEM calculation
gave us the comparison between the current densities of both solutions. After
the results were evaluated the real experiments started. It can be seen that the
FEM could influence an effect of the real tests.

The numerical model description

The numerical model was prepared by using finite element method and it joins electric, magnetic
and current fields. The results were solved by means ANSYS APDL system.
The mathematical model is derived from reduced form of Maxwell equations:

rotH =0
divB =0
rotk =0 [1]
div] =0

whereH is the vector of magnetic field intensity, B is the vector of magnetic field induction, E is the
vector of electric field intensity and finally J is the vector of current density [2], [4], [5].
Current density is expressed by the equation:

J=y(E+vXB) [2]
wherey is conductivity and v is the velocity of moving ion and B is outer magnetic field. Between
electrodes E; and E, is the different potential, then the current density J is created in the area Q (the

area according to the computational domain) and the electric current I, flows in the ion solution (the
equation below) [2], [4], [5].

I, = SE]-dS= SEy(E+v><B)dS [3]

whereSy is the area of the electrode. The electric field intensity E is much smaller than the product
of v X B, than we can neglect it. The force affects the moving charge g and the force F in the whole
area Q is expressed by:

F= _ JxBdV [4]
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Types of lead grid design

Figure 1. Lead grid design a) typical current collector b) current collector in the middle

The 3D model was created on the basis of real lead acid battery electrodes which were used in
12V / 12 Ah sample. The original dimensions are 60 x 42 x 1 mm according to the casting part. All
corners and edges have to be included in 3D because of meshing. The mesh process has a big
influence on the final results and it is time dependent on the other hand. The material used as an
alloy was define by the datasheets and compared with [1], [3].

The boundary conditions are the most critical point of the analysis. We have to define load,
potentials etc. based on the real situation. We can see that the highest current density is located at
the area which connects lead grid and current collector. The Joule heat will have the same location
as the highest current density. We need to have current density distribution on the entire surface the
same but it hold generally in the ideal state.

<y —— MA 607E+07 e R

*
W
|
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p——

Figure 2. Current density — vector format a) typical current collector b) current collector in the middle
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Real samples testing

For the real testing the design with a current collector in the middle was chosen. We have
tried to check the capacities of the cells in comparison with a standard grid. We have obtained
pretty nice results. The tests are still at the beginning, but now we can see that the modified design
works fine.We had to secure the link between the lead grid and current collector because the casting
parts were adjusted due to laboratory conditions.
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~N
o

o
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Figure 3. Real samples testing - capacities comparison after 10 DOD cycles

Conclusion

Due to a complex geometry of the lead grids, the finite element method is the best solution.
We saw that a higher current density can lead to a raised local temperature from resistance heating.
Several models suggests that the cycle life of the positive plates depends on the variations in current
density on the lead grid surface and then the destructive processes can influence the active mass
during operation. The preliminary real tests shown the stable experimental cells under several
testing methods.
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Abstract

Electrochemical deposition of Zn under DC and various frequency of pulse
deposition modes was studied in pure 6 M KOH electrolyte saturated by zinc
oxide. Current density was set up to the level of mossy deposit creation under
DC condition. Morphology of deposit was visualized by scanning electron
microscopy and the corrosion properties of the deposited layers examined by
discharging/dissolution of the deposit after different open circuit voltage
waiting times. The results show that the pulse deposition essentially
influences the morphology of deposit along wide range of pulse frequencies
0.5-500 Hz.

Introduction

Ni-Zn alkaline accumulators have the big advantages in comparison with Ni-Cd or Ni-MH
thanks to their high energy density, higher output voltage and thanks to beneficial ecological aspect.
One of the biggest and still actual problems, which limit the battery life, is the dendritic or mossy
porous layer growth (1-3), which proceeds during electro-deposition of dissolved zinc ions on the
negative electrode (4). For this reason this article examines the influence of charging/deposition
mode on the resulting morphology of zinc dendrites over the wide range of deposition frequencies.
Depositions were performed in the mostly used 6 M KOH saturated by zinc oxide. Deposited layers
were evaluated from their morphology point of view and also the corrosion parameters were
measured.

Experimental

The working electrode was made from tin sheet. The active area 5 x 20 mm was defined by
silicone sealant and shrink tube. Before start of measuring the whole electrode was submerged into
0.1 M HCI with 0.1 M H,0, which ensured the reproducible rough surface (Fig. 1). As a reference
electrode was used Hg/HgO electrode and a platinum black sheet (1 cm?) was used as the counter
electrode. As the deposition electrolyte was used 6 M KOH with 37.2 g/l ZnO, which corresponds
to the saturation state.

Deposition of Zn layers was carried out by galvanostatic pulses with various frequencies
500 Hz, 50 Hz, 5 Hz, 0.5 Hz and DC deposition mode was also performed. The time parameter of
deposition was 1 h for all electrodes. Galvanostatic deposition current density at DC mode and also
the mean value of current density at pulse deposition mode in 6 M KOH was set to 10 mA/cm?,
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which is still in the region when the mossy porous deposit layer without any spiked dendrites is
growing. The duty cycle of pulses was 0.5 for all electrodes.

Results and discussion

Morphology of all electrode surfaces deposited at selected deposition modes with different
pulse frequencies are shown in Figure 1. Highly porous mossy clumps with uneven distribution
grew at DC deposition regime. At transition to the pulse mode, the layer like structure was observed
already at 0.5 Hz deposition. This is caused by increased deposition potential which is need for the
two-dimensional nucleation and which has the origin in increased deposition current at pulse
deposition mode. Layer like structure is characterized by the epitaxial growth which tends to copy
the surface crystal orientation [5]. Further increase in deposition frequency leads to large-sized
anisotropically oriented crystals. This layer is called a Boulder type and its presence is typical for
moderate current density at DC deposition mode. The third type of layer is observed under
transition to 500 Hz deposition frequency. This compact deposit is similar to the layer like, but no
edges of the layer are observed. The orientation of the crystals is not influenced by the underlaying
materials as was observed in the case of layer like deposit. This sugests, that this layer consists of
small boulders with a tight arrangements.

The corrosion measurements were performed and the results can be seen in Table 1. The
measurements were performed by discharging of deposited layer after different times at (OCV) rest
(15 min and 300 min). Discharging consists of two steps, galvanostatic discharging was followed by
chronoamperometric measurement at — 1.2 V. Average corrosion rate during the first 4.75 hour, was
calculated from the standing time and charge change and is related to theoretical capacity 20 mAh.
The corrosion current was calculated from the same values. The values Qismin are proportional to
efficiency of deposition at these low corrosion rates. In each case the deposition efficiency is greater
than 98% and in case of 1 Hz deposition it is more than 99.1%. At higher deposition frequencies
above 50 Hz the efficiency is decreased with log f.

TABLE I. Corrosion parameters of electrodes deposited in 6 M KOH saturated by ZnO. Q1sn,in = discharge
capacity after 15 minutes OCV rest, Qsoomin = discharge capacity after 300 minutes OCV rest.

Deposition frequency 0 Hz 0.5 Hz 5 Hz 50Hz | 500 Hz
Q15min [MA*h] 19.62 | 19.82 | 19.81 19.75 19.66
Q300min [MA*h] 17.60 | 19.30 | 19.37 19.45 19.45

Average corrosion rate [%/h] 2.16 0.54 0.48 0.32 0.23
Average corrosion current io [uA] | 424 107 94.3 64.0 45.7
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Figure 1. Morphology of the zinc layer in relation to different frequencies of deposition pulses in the 6 M
KOH solution saturated by zinc oxide
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Conclusions

Influence of different pulse deposition frequencies on the morphology of Zn deposit was
investigated. In case of the pure 6 M KOH saturated by zinc oxide, transition from the mossy
deposit to layer like and boulder was observed at transition from DC to 0.5 Hz and 5 Hz. Further
deposition frequency increase resulted in the smaller particles with tight arrangements. Usage of the
pulse deposition mode brings the increase of current efficiency of deposition. In case of the pulse
mode deposition, current efficiency slowly decreases with increase of deposition frequency. Also
significant reduction of corrosion parameters was observed after transition to the pulse mode
deposition and also with deposition frequency increase. This decrease of corrosion has an origin in
the changing morphology of deposit, which tends to create more compact structures with reduced
surface area.
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Abstract

The influence of addition of cobalt into the nickel oxide electrodes (NOE) on
their stability and electrochemical performance was investigated. The article
deals with the evaluation of the two options of NOE stabilization by cobalt
addition. An electrode containing the cobalt in the whole volume of active
material as well as an electrode which has active material covered by
Co(OH)2 were prepared and measured. The different process of cobalt
addition leads to the different electrode behavior. Whereas the first cobalt
addition leads to the stable discharging capacities accompanied with
negligible mass changes during cycling, the second one leads to the gradual
increase of discharge electrode capacity. This capacity increase is
accompanied with significant increase of electrode weight.

Introduction

During the last two decades many research groups were focused on the influence of the
zincate on the electrochemical properties and cyclability of nickel oxide electrodes (NOE) (1,2). It
was also shown that zincate incorporates into the NOE during cycling and suppresses the volume
expansion of active material by reducing the overcharging and associated transformation of inner
structure form B — vy phase (3). On the other hand, it was also shown, that the discharging capacity
of NOE is not fully stable in the pure form of Ni(OH), and some additives as Co into the active
material or LiOH into the electrolyte is desirable (4). Some electrolytes with reduced zinc solubility
(5) can not to be used in combination with LiOH because this addition may lead to creation of
insoluble compounds such as LiF or LisPO,4. This implies that the complete stabilization of NOE by
cobalt addition must be achieved in these types of electrolytes. For this reason this article is
focused on the study of Ni(OH), stability in the presence of zincate and also on the stabilization
addition of the cobalt. The positive electrode material was prepared by electro-deposition
precipitation reaction from nickel and cobalt nitrate. We consider the two option of cobalt addition.
In the case of the first electrode, the cobalt was incorporate into to the whole volume of Ni(OH), by
its addition into the deposition electrolyte. In the case of the second electrode, the thin covered layer
of Co(OH), was deposited on the surface of Ni(OH),. The stability of all electrodes was
investigated by cyclic voltammetry measurements.
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Experimental

All the measurements were performed on the EQCM (electrochemical quartz crystal
microbalance) in the three-electrode set up. As electrolyte, 3 M KOH saturated by zinc oxide was
used. The three types of positive material were electrochemically deposited from the nickel and
cobalt nitrate solution. The first electrode was deposited from the pure 0.1 M Ni(NOs), solution
under galvanostatic condition. Thus prepared active material contain only the Ni(OH), active
material. The second electrode was prepared from mixture 0.095 M Ni(NO3), and 0.005 M
Co(NO3),. Resultant active material contains 10 % of Co and active material can be written as
Nig9C01(OH),. The third electrode was prepared by two-stage electrodeposition. The first
deposition was performed in 0.1 M Ni(NOs), and second one from 0.1 M Co(NOs3),. The first stage
of deposition was stopped after precipitation of 24 ug of material and second stage after 2.4 pg.
Thus prepared electrodes contain 10 % of Co(OH), coating and are marked as Ni(OH), + SK. All
the depositions were performed under galvanostatic condition lgep = 0.5 mA. Before the start of the
measurement or between each deposition step the electrode was rinsed by distilled water for at least
2 minutes. All measurements were performed under N, protective atmosphere to exclude the
possibility of electrolyte carbonation.

Results and discussion

Fig. 1 presents the discharging capacities, mass changes and exchange molecular weight of
the pure Ni(OH), and Nip9Cog1(OH),, which was doped by 10 % of cobalt at preparation and
Ni(OH), coated by 10 % of Co(OH),. The discharge capacities of the pure Ni(OH), contains the two
directions of decline. The first drop can be seen from 5 to 25 cycle and is accompanied by high
decrease of exchange molecular weight to a maximum value -52. Second one is observed with
simultaneous decrease of electrode mass. The maximum value of exchange molecular weight M,
suggest that exchange of some heavy ions with M,, higher than 52 has occurred between electrode
and electrolyte during oxidation and reduction reactions. In regard to the facts that this behavior is
not observed in electrolyte without zincate, and that the molecular weight of zinc (65.4) is close to
the measured value, we can ascribe this behavior to the intercalation/adsorption of zincate ions in
the active material. The negative value of the exchange molecular weight indicates that zincate is
detained in discharge state, whereas release/deintercalation is observed during oxidation reaction.
This behavior is in opposite direction to the intercalation of hydrated positive ions of the base
electrolyte (K*, Na" and Li") which occurs at cycling of a-phase Ni(OH),. After reaching the
minimum value of My, mass of the whole electrode 4m decreased to the -28 ug during following 30
cycles. This indicates complete loss of the active materials, which gradually fell down from the
working electrode.
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Figure 1. Discharge capacities — A, mass changes of measured electrodes - B and exchange molecular
weight — C for the pure Ni(OH),, Nig9Co1(OH), and Ni(OH), coated by 10 % of Co(OH),. Measured in
3 M KOH saturated by zinc oxide.

Behavior of Nig9Coo1(OH), which contain the 10 % of cobalt in the structure shows the
complete stabilization of the active material. Discharge capacities linearly decrease from initial 267
mAh/g to final 228 mAh/g. The exchange molecular weight slowly increased from -1 to 1, which
indicated partial transformation the phase from a—f system. The stable values of parameter My,
pointed to the good long-term material stability.

Nickel hydroxide coated with 10 % of cobalt hydroxide behaves differently from
Nio9C00.1(OH),. Whereas the discharge capacity of Nig9C0o1(OH), has the downward trend, the
active material with cobalt hydroxide coating shows a gradual increase of discharge capacity to 359
mAh/g. This value can be typically achieved thanks to partial transition of B-phase to a-phase but
no increase of weight during oxidation is observed in the massogram. Moreover the discharge
capacity increase is accompanied with significant increase of active material weight. This increase
of mass cannot be caused only by incorporation of zincate ions into the interlayer sites of active
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material, because the value of weight increase is too high. Any other mechanism as the precipitation
of ZnO or Zn(OH), on the electrode surface can be expected. The exchange molecular weight is not
stable as in the case of NiggC0p1(OH), and shows the similar behavior as the electrode without
cobalt addition but the decrease of M,y is less pronounced.

Conclusions

The electrochemical behavior of pure nickel hydroxide electrode and two nickel hydroxide
electrodes stabilized by cobalt was investigated. From the stability point of view, It can be
concluded that the replacement of nickel atom by cobalt in whole volume of electrode lead to stable
cycling with gradual decrease of exchange capacity while the coating of Ni(OH), by Co(OH), lead
to increase of discharge capacity during cycling but without any evidence of presence of a or y-
phase. The increase of discharging capacity proceeded with significant increase of electrode weight.
This can be partially in relation of incorporation of zincate into the active material but also the other
mechanism like the precipitation of ZnO or Zn(OH), on the electrode surface can be expected. An
XRD analysis must be performed for determining the nature of capacity increase.
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The electric double-layer capacitors, also referred to as supercapacitors, pose the attractive
combination of fast energy storage/release (specific power > 10° W/kg) and extended capacitance
(up to hundreds of F/g of electrode material). Due to this supercapacitors are widely applied in
various systems, e.g., for the recuperation of breaking energy and delivery of starting energy for
electric vehicles.

In our contribution porous manganese oxide electrodes for supercapacitors were prepared by
electrospraying of aqueous Mn-based precursor solution. For that purpose we developed the
electrospraying device. The choice of Mn was motivated by low costs, low environmental impact
and pseudo-capacitive behavior. The latter property enables the further extension of the specific
capacitance by the contribution of faradaic processes taking place on the electrode-electrolyte
interface or in the surface layer of the electrode™.

The electrospraying provided us with the direct and homogeneous deposition manganese
oxide particles of uniform size in the range of 10-100 nm. Within the study, the electrospraying
procedure was optimized with respect to the composition of precursor solution and its flow-rate,
operating voltage of electrospray, inter-electrode distance and amount of deposited matter. The
modification of the deposited layer by cyclic voltammetry resulted in the substantial capacitance
growth due to enlarged electrode-electrolyte interface. Subsequently, the optimized electrode was
characterized in lab-scale supercapacitor.
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CoCrMo alloys have been used for biomedical implants for a number of
years. One of the important parameters which influences durability of the
coating and thus whole implant are parameters of surface texture, namely Ra
and Rt, which are determined by standards ISO 7206-2:2011 and ISO 7207-
2:2011. Three duplex surface systems were applied to improve mechanical
properties. The combination of plasma nitriding and subsequent deposited
thin films of the nACo®®, DLC and ZrN were used as a duplex treatment.
Plasma nitriding was implemented under these conditions: duration time 10
hours, the ratio of gases H,:N,=3:1, process temperature 450 °C, 500 °C and
550 °C. The surface texture parameters were measured on the polished
surface of the CoCrMo alloy at first, then on the polished surface after
plasma nitridation process and finally on the polished surface of deposited
coating. It has been demonstrated that deposition of the selected coatings on
the nitride surface influences the surface texture parameters Ra and Rt.

Introduction

CoCrMo alloys are frequently used for the metal-on-metal hip resurfacing due to their high
corrosion and wear performance. Thermal treatments are used on these alloys in attempt to alter the
microstructure to improve the mechanical properties. However, the effect that this then has on the
mechanical properties is in many cases insufficient especially in terms of wear resistance and low
hardness. For this reason, the biocompatible coatings on CoCrMo alloys are used (1, 2). The duplex
surface system was applied to improve surface and subsurface properties. The combination of
plasma nitriding and subsequent depositing thin films of the nNACo®®, DLC and ZrN were used as
a duplex treatment. Plasma nitriding is universal chemical-heat treatment process which was used
for creation of hard layer on CoCrMo alloy which serves as an underlayer for coatings. These
duplex systems have very high hardness and good corrosion resistance. High hardness, chemical
inertness and excellent tribological properties of nanocomposite coating of titanium aluminium
nitride matrix of silicon nitride (nAC03®), amorphous carbon coatings often called like diamond-
like carbon (DLC) coating and zirconium nitride (ZrN) coating are of great interest for
technological applications (2, 3, 4). The surface texture has a decisive effect on the properties and
behaviour of spare biomedical implants during their using (e. g. wearing, fatigue properties,
connection strength and dynamic binding of surfaces, etc.). In case of coatings creation on implants,
they may improve their properties using a duplex system nitriding — coating. Selected surface
texture parameters Ra — arithmetical mean deviation of the assessed profile (um), Rt — total height
of the assessed profile (um), according to (5), quantify the state of the surface before nitriding, after
nitriding and after the deposition of coatings. Surface texture parameters Ra, Rt must be lower than
Ra = 0.05 um, Rt =1 um for the femoral component of the hip joint with using a wavelength 0.08
mm (6). Surface texture parameters Ra, Rt must be lower than Ra = 0.1 pm for the femoral
component of the knee joint (7). The finishing treatment of inarticulating areas of metal components
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of knee joints that may come into contact with soft tissues must be smooth and non-abrasive. The
value of surface roughness Ra = 1.5 um is considered sufficient (8).

Experimental material and methods

For the preparation of the specimens were chosen cast CoCrMo alloy rollers of labeled B1,
B1.2, B1.3 and M1, M1.2, M1.3. A series of specimens B and M differ by method of casting.
Analysis of the chemical composition of the surface of the substrate of alloy CoCrMo (ISO 5832-4)
was performed on a Noran EDS System S1X/300 and it is listed in Table I.

TABLE I. Chemical composition of CoCrMo alloy

Chemical composition wt (%0)

Element Cr Mo Fe Si P Ti Co
Specimen B1 31.46 5.81 - 2.5 - - 60.23
Specimen M1 30.22 4.81 - 1.47 - - 63.50

The preparation of specimens consists of several consecutive steps. Each specimen was
manually wet fine grained using by six grained papers from company HERMES with decreasing
grain size of abrasives 120, 240, 500, 1000, 2500 and 4000. After grinding, the specimens were
polished with diamond polishing paste (type POM L) with granularity 1 um. Subsequently, the
experimental specimens were plasma nitride according to the parameters listed in Table II.

TABLE Il. Parameters of plasma nitriding process

Specimen B1.3, M1.3 B1.2, M1.2 B1, M1
Parameter Plasma nitriding
Temperature (°C) 450 500 550
Time/Duration (h) 10 10 10
Flow H, (I/min) 24 24 24
Flow N, (I/min) 8 8 8

Then plasma nitriding specimens were polished, cleaned and degreased. PVD coatings
according to Table Ill, were deposited on surfaces thus prepared specimens. Selected surface
texture parameters Ra, Rt were measured on the surface of the polished substrate CoCrMo alloy,
polished nitride surface and subsequently on the deposited coatings. It was measured on five
selected places for qualitative evaluation of the surface. The measurement was carried out by
Talysurf CLI profilometer with diamond stylus and inductive gauge. Subsequently surfaces were
evaluated by software TalyMap.

TABLE I11. The overview of the used coatings

Specimen Deposited coating
B1 M1 NACO’®
B1.2 M1.2 DLC
B1.3 M1.3 ZiN
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Results and discussion

The results of the measured Ra parameter. The default values of the parameter Ra substrates
of experimental specimens B1 — B1.3 did not differ significantly from each other. After application
of plasma nitriding and subsequent polishing, the parameter Ra increased for all three cases of
plasma nitriding. This phenomenon represents the increase of surface caused by the absorption
(condensation) of nitrides during the process of plasma nitriding and simultaneously at its formation
has the proportion even increase in the volume of material due to diffusion of nitrogen during
nitriding process, as it is mentioned by other authors (9, 10). Subsequently, in two cases B1 and
B1.3 occurred after the deposition of the coating (B1 — nACo*®, B1.3 — ZrN) to increase the values
of the parameter Ra.

In case of the experimental specimen B1.2 was detected the lowest surface roughness. The
final value of Ra for sample B1.2, after deposition of DLC coating, was 0.039 = 0.004 um. The
highest value of Ra parameter reached a sample B1.3 namely 0.054 £ 0.006 um.

In case of experimental specimens M1, M1.2 and ML1.3, the lowest final value of the
parameter Ra reached specimen M1, after the deposition of the coating (coating nACo*®). In this
case, the parameter Ra reached 0.042 + 0.014 um. Conversely, the highest value was measured on a
specimen of M1.3 (ZrN coating) whose surface roughness reached 0.052 = 0.004 um.

The results of the measured Rt parameter. Another evaluation parameter, which is binding by
standard (5), is the parameter Rt. As well as at the parameter Ra, also in case of parameter Rt
occurred to increase of its values after plasma nitriding and subsequent polishing. The lowest value
of parameter Rt was measured for a specimen B1.2 (DLC coating). Parameter Rt reached value of
0.039 + 0.004 um. The highest values of the parameter Rt was achieved for specimen B1.3 (ZrN
coating).

In the case of sets of specimens M1 — M1.3 occurred in two cases to a decrease parameter Rt
after plasma nitriding and subsequent polishing. The final value of the parameter Rt was the lowest
for the specimen M1 (coating NAC0*®) and it reached a value of 0.841 + 0.105 pm. The parameter
Rt had the highest value for a specimen M1.3.

Conclusion

The measured results point out that duplex system nitriding layer - coating which effect final
values of the parameters surface textures. Analysis of changing parameters Ra, Rt of the surface
texture was carried out depending on the different temperatures of the nitriding process and
different type of the coating (DLC, ZrN, nACo®®). Maximum standardized values of the
parameters Ra and Rt for the production of the femoral component of the hip and knee joint are
shown in ISO 7206-2, ISO 7207-2. After the experiments it can be stated that the maximum values
given by standards are not exceeding. However, in some cases, some values move closer to the
maximum permissible value. From the analysis it can be stated that the duplex surface nitrided layer
(500 ° C) - DLC coating (sample B1.2) showed the lowest values of parameters Ra=0,039+0,004
um and Rt=0,719+0,101 um. The best results showed duplex system nitrided layer (550°C) - nACo®
coating in terms of the different way of the casting specimens M1 - M1.3. The lower values of the
parameters surface textures are associated with less wear and, together with the properties of the
surface layer are critical factors for their durability and service life.

184



15" Advanced Batteries, Accumulators and Fuel Cells Miscelaneous

Acknowledgments

The work presented in this paper has been supported by the specific research project 2014 at

the Department of Mechanical Engineering, University of Defence in Brno.

10.

References

G. Bellefontaine, The corrosion of CoCrMo alloys for biomedical applications, p. 3,
University of Birmingham (2010).

Z. Joska at al., Testing of DLC Coating on Plasma Nitrided Austenitic Stainless Steel, in
14th ABAF: Advanced Batteries, Accumulators and Fuel Cells. Brno, 2013, s. 99-100,
ISBN 978-80-214-4767-7.

M, Jelinek at al., Laser Physics. 13, 10 (2003).

M, Jelinek at al., Laser Physics. 15, 2 (2005).

CSN EN ISO 4287. Geometrické pozadavky na vyrobky (GPS) — Struktura povrchu:
Profilova metoda — Terminy, definice a parametry struktury povrchu (1999).

ISO 7206-2. Implants for surgery — Partial and total hip joint prostheses — Part 2:
Articulating surfaces made of metallic, ceramic and plastics materials (2011).

ISO 7207-2. Implants for surgery — Components for partial and total knee joint prostheses
— Part 2: Articulating surfaces made of metallic, ceramic and plastics materials (2011).

M. Novotny, CSN EN ISO 21536, Neaktivni chirurgické implantaty — Implantity pro
nahradu kloubdi — Specifické pozadavky na implantaty pro ndhradu kolennich kloubi,
(2009).

V. Hruby and A. Holemat, lontova nitridace v praxi, SNTL Praha, ISBN 80-0300001-7
(1989)

D. Pye, Practical nitriding and ferritic nitrocarburizing, USA, ISBN 0-87170-791-8 (2003)

185



15" Advanced Batteries, Accumulators and Fuel Cells Miscelaneous

The Effect of Electrodeposited PANI on Corrosion Behavior of 316 Stainless
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Condition
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Polyaniline (PANI) electrodeposition on bare and carbon nanotube (CNT)
coated 316 SS was carried out using a cyclic voltammetry
electropolymerization method in diluted H,SO, media containing aniline
monomer. CNTs were grown in a thermal CVD on 316 SS either by direct
growth using ethylene precursor or by continuous feeding of an external
catalyst, ferrocene, dissolved in toluene as the carbon precursor. Corrosion
behavior of the coated materials was assessed by potentiodynamic and
potentiostatic methods in an attempt to simulate the working condition of
proton exchange membrane fuel cell (PEMFCs) bipolar plates. While a thick
PANI coating could not provide a protective barrier to either bare or CNT
coated 316 SS samples, a thin PANI layer showed interesting potential to
improve the corrosion resistance. However, the deterioration caused by the
initial carbon treatment of CNT coated 316 SS, was beyond the protective
capacity of PANI to fulfill the anti-corrosive requirements of bipolar plates of
PEMFCs.

Introduction

Metallic bipolar plates of fuel cells offer several advantages compared to their traditional
graphitic counterparts, including lower size and weight, higher mechanical stability, increased
thermal and electrical conductivity and easier and cheaper manufacturing (1,2). However, their
corrosion in the fuel cell environment, with release of metal ions to the cell, formation of a passive
oxide film and increased contact resistance, are the critical issues that need to be addressed for this
type of bipolar plate materials (3). Stainless steel (SS) as a cheap, easy to manufacture and
intrinsically corrosion resistant metal has been paid the utmost attention for this application. A
variety of surface engineering solutions have been proposed to address the issues of corrosion and
passive film formation, which include protective coatings using PVD and sputtering, CVD, plating,
cladding and heat treatment. Another category of solutions is relying on organic coatings. It has
been developing simultaneously with emphasis on conducting polymers (4). Theses polymers can
be coated on SS and other metals both chemically and electrochemically. However, the major focus
has been on electrochemical methods as they are quick and the parameters such as coating thickness
and rate of deposition can be controlled easily (5). This work, reports an attempt to combine both
strategies by first growing CNTs on SS via a CVD method and then electrochemically coat them
with PANI. Previously, it has been shown that the corrosion behavior of SS is negatively affected
by the high temperature and carbonaceous atmosphere of the CVD process during CNTs growth (6).
Therefore, in this work, the main focus is on the competence of electrodeposited PANI for
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recovering the corrosion resistance of CNT coated SS. Moreover, the PANI electropolymerization
mechanism is assessed and compared for deposition on bare and CNT coated SS.

Experimental

CNTs were grown on SS by two different methods as described in details in previous works;
1- direct growth by CVD method using ethylene as the carbon source (CNT-ETH) (7) and 2-
continuous feeding of ferrocene catalyst dissolved in toluene as the carbon source (CNT-TOL) (8).

PANI electrodeposition was conducted using cyclic voltammetry at room temperature, in the
potential window of —50 to +1400 mVspe. A 0.5 M H,SO,4 + 0.1 M aniline monomer electrolyte
was used for PANI electrodeposition on bare SS and a 0.1M H,SO,4 + 0.1M aniline electrolyte for
deposition on CNT coated SS. Corrosion behavior of all samples was studied by potentiodynamic
and potentiostatic tests in 0.001 M H,SO4 at 80 °C. Potentiodynamic polarization was carried out in
the potential window of —400 to +1400 mVgne (—1050 to +750 mVse) with a scan rate of 1 mVs ™
after 1 h of sample stabilization in the nitrogen purged electrolyte. Potentiostatic test was carried out
at 1 Vgye after sample stabilization for 1 h in the air purged electrolyte. Microstructural
characterizations of the coatings were carried out by a Jeol 6060 scanning electron microscope
(SEM).

Results and Discussion

Fig. 1la shows the voltammogram of PANI electrodeposition on 316 SS during the fourth
cycle at 50mV/s. Four peaks are seen as indicated in the figure referring to (assigned by numbers):
1- The start of the aniline monomer oxidation (formation of emeraldine (EM) oligomers), start of
coating nucleation, start of SS transpassive region, and water dissociation at 1275+25 mVsyg, 2-
Oxidation of leucoemeraldine (LE) to EM at 390+30 mVsug, 3- Oxidation of EM to pernigraniline
(PE) at 990+20 mVsye and 4- Redox behavior of the reaction intermediates at 685+20 mVsye. One
of the key points of a successful PANI electrodeposition is the right choice of potential window as it
is important to include the nucleation potential of the coating (peak 1, 1275+25 mVsyg). Since this
happens at a high potential, an extra current related to the transpassive region of SS and also water
dissociation is also observed. However, ending up at even 50 mV less, could barely result in
reproducible electrodeposition. Continuation of this process up to higher number of cycles results
not only in the enlargement of the peaks (9,10), but also in deformation and displacement of the
peaks which finally leads to peaks coalescence and formation of wide and non-distinguishable
peaks as shown in Fig. 1b. This increased current at higher cycles is a direct indication of the
increase in coating thickness. Basically, the thickness of the coating depends mainly on the time in
which the sample is kept at appropriate potentials for oxidation of the Aniline. Therefore, lower
scan rates can provide quite thick and homogeneous coating in just 2-3 cycles, while at higher scan
rates, this can happen at extended number of cycles. Furthermore, by passing a certain thickness,
also the morphology of the coating changes from a flat and smooth mode to a fibrous and porous
mode (11), as shown in Fig.1 ¢ and d. Both CNT coated samples showed similar features in PANI
electrodeposition according to voltammograms
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Figure 1. (a) Voltammogram of PANI electrodeposition on 316 SS at 50mV/s in fourth‘ cycle, (b)
voltammograms of PANI electrodeposition on 316 SS at 50mV/s up to 10 cycles, (c and d) SEM micrographs
of a thin and thick PANI coatings obtained in 3 and 8 cycles at 50mV/s, respectively.

a

1E-34 1E-3
164 1E-4 1E-4
1E5 1E5 1S
£ £ :
S e ) S e < 1e6
< —— SS316 Without PANI < —— SS316 With Thin PANI

i —— SS316 With Thick PANI
— CNT ETH Without PANI —— CNT ETH With Thin PANI

1E-7 _ ; 1671 —— CNT ETH With Thick PANI 1E-7+
CNT TOL Without PANI gl J— ith Thi
—— CNT TOL With Thick PANI CNT TOL With Thin PANI
1E-8 1E-8 1E-8
L0 0.8 -06 -04 02 00 02 04 06 08 10 08 06 04 02 00 02 04 06 08 -L0 08 -06 -0.4 02 00 02 04 06 08
E vs MSE (V) E vs MSE (V) E vs MSE (V)
blg_3 | — dnaaf f 1E-34 —— S$5316 With Thin PANI
—— CNT ETH With Thin PANI
—— CNT TOL With Thin PANI
—— SS316 Without PANI
1E-44 —— CNT ETH Without PANI 1644 1E-44
o —— CNT TOL Without PANI o~ <
g g —— SS316 With Thick PANI g
< < —— CNT ETH With Thick PANI <
= 1ES = 1E54 —— CNT TOL With Thick PANI = 1E54
=
1E-6 1E-64 1E-64

D S o —
SEFFEFEFTSSSE CESES
t(s) t(s) s

FFEFFFIAIFEG

7500
]
01 %
%op
9900 ]
R/ 0000
9

Figure 2. Potentiodynamic and potentiostatic measurements of different samples (a, b) without PANI coating,
(b, c) with thick PANI coating and (e, f) with thin PANI coating, respectively.
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(not shown here) suggesting a similar electropolymerization mechanism in both cases. They
also confirmed similar electrochemical and morphological characteristics at higher number of
cycles, i.e., increased thickness and lower adhesion.

Fig.2 shows overlaid potentiodynamic and potentiostatic plots of all the three samples without
(Fig.2 a and b) and with (Fig.2 ¢ and d for thick and d and e for thin) PANI coating. It is seen that
CNT-TOL sample is showing a nobler free corrosion potential (potentiodynamic) and a lower
corrosion current density (potentiostatic) compared to CNT-ETH in all conditions, revealing its
more corrosion resistant nature. However, it is still corroded quite faster than uncoated SS. Thick
PANI coating on all CNT samples decreased the corrosion resistance. Thin PANI coating however,
improved the corrosion resistance considerably on both CNT coated and uncoated samples.

Conclusion

Growth of CNT/CNFs on 316 SS is accompanied by modifications in the substrate
microstructure and surface chemistry, namely, sensitization, that decreases the corrosion resistance
of the material. These modifications are stronger when ethylene gas is used as carbon precursor
compared to liquid toluene. PANI electrodeposition on carbon coated 316 SS is possible by cyclic
voltammetry with convincing control over the coating thickness. The key points of PANI
electrodeposition on bare 316 SS apply to carbon coated 316 SS as well. While thick PANI coating
does not add any value to corrosion resistance of the sample, thin PANI coating provides
considerable protective effect resulting in reduced corrosion current densities. CNT-TOL sample as
the superior carbon coated corrosion resistant candidate, can reach a potentiostatic corrosion current
density (3.5nA) close to that of uncoated 316 SS (1.5nA). However, thin PANI coated 316 SS is
still corroded almost one order of magnitude slower (0.45 pA). Notwithstanding the potential of
thin PANI coatings for corrosion protection, CVD deposited filamentous carbon coating on SS 316
does not seem to be a promising candidate for bipolar plates of fuel cells.
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The aim of this work is to present hydroxyapatite (HA) coatings which were
prepared on CoCrMo as-cast alloy by electrochemical deposition technology
in the mixed solution Ca(NOg3),:4H,O and NH4H,PO,. CoCrMo alloy
complies with the ISO 5832-4 standard and is widely used in the
manufacturing of orthopedic implants because of its high strength, good
corrosion resistance and excellent biocompatibility properties. HA coating is
used to ensure sufficient bioactivity, but application of hydroxyapatite in
orthopedic implants suffers from its low fracture toughness and poor wear
resistance. Carbon nanotube (CNT), with its high stiffness and mechanical
strength, is an attractive reinforcement for HA to surmount these issues.

Keywords: hydroxyapatite, carbon nanotubes, electrochemical deposition, orthopedic implants

Introduction

Nowadays in the surgical implant manufacture Co base alloys, Ti base alloys and stainless
steels are used due to their good mechanical stability and biocompatibility (1). The Co base alloys —
specifically CoCrMo alloys are typical non-magnetic metallic biomaterials because they have
excellent abrasive and corrosion resistances in chloride environments, so they have a proven track
record as materials for artificial hip and knee joints (2, 3). The corrosion resistance is related to
surface oxide formation which is strongly enriched with Cr,O3 (2). The most used as-cast alloys are
CoCrMo (ISO 5832-4, ASTM F75).

Hydroxyapatite (HA) is a bioceramic material with poor mechanical properties, especially for
load-bearing applications (4). It is characterized by low toughness and poor flexural strength (< 140
MPa) (5). Nevertheless, HA has a structure similar to human bone and it is capable of supporting
the growth of living tissue because it contains almost equal proportions of calcium and phosphorus
as a human bone (6, 7). The low mechanical strength of HA restricts use mainly for bearing
applications, therefore, accesses the various forms of reinforcement, mainly at the level of
nanometers (4).

In 1991 Sumio lijama discovered carbon nanotubes (CNT) with outer diameter 4-30 nm and
length up to 1 mm (5, 8). CNT have specific structural characteristics, such as very small
dimensions, low density, high tensile strength (~ 60 GPa), high Young’s modulus (up to 1 TPa) and
high resilience, superb flexibility, excellent electric and thermal properties (5, 9).

190


mailto:filip.onderka@gmail.com

Material and methods

CoCrMo alloy

Two different samples of CoCrMo alloys were poured in a vacuum furnace, all of them
complying with the ISO 5832-4 chemical composition standard. The precision casting technique
was performed to obtain two samples, this technology utilizes injection wax (REMET RF 1/478)
into the cavity of the metal mold under pressure. Models are bonded to a common inlet, then they
are immersed in a zirconia ceramic slurry to form a ceramic shell. The sample M was immersed
firstly in ceramic slurry with the addition of inoculant (Co(AlOy),), the sample B is without
inoculant. This process form approximately 8 mm thin film that dries for 24 hours. The wax is
melted out from the shell and before pouring the shell is annealed at temperature 1030 + 10 °C, at
least 4 hours. The meld is preheated at 1380 + 10 °C and the pouring temperature was 1360 + 10 °C,
pouring time is 2s. After cooling, the castings samples (cylinders) are cut off and cleaned.
Chemical composition of substrate was measured by GDOES.

Hydroxyapatite

Electrochemical deposition of hydroxyapatite in a mixed aqueous solution of Ca(NO3), 4H,0
and NH;H,PO, is one of the most effective methods of creating bioactive hydroxyapatite coatings
on metal implants more than ten years (10). During the process, DC electric current is applied to the
electrolyte by means of two electrodes that are immersed in the electrolyte. The electrolyte
comprises calcium and phosphate and chemical changes can be observed there. During the process,
hydroxyapatite is electrochemically deposited on the surface of the cathode (11). Deposition can be
performed at room temperature or in a heated bath.

The formation of hydroxyapatite coating consists of the following combination of reactions.
Firstly, the electrolyte undergoes an equilibrium reaction as:

H,PO; & HPO} + H* [1]

The amount of HPOZ' ions in the solution is small since the ionization constant in equation

[1] is only 6,3-10°%. With the aid of the electric field, the water at the cathode (substrate) surface is
decomposed into hydrogen gas and hydroxide ions:

2H,0 + 2¢~ = H, + 20H" [2]

The formation of OH" can enhance the reaction in equation [1] to produce HPOi'. Also OH’
can react with HPOi’ according to the equilibrium below:

OH™ + H,PO; = H,0 + HPOZ™ [3]

HPOi' combines with Ca®* to produce a CaHPO,-2H,0O precipitations and deposits on the
surface of CoCrMo substrate and forms the coating.

Ca?* + HPO}™ + 2H,0 = CaHP0,2H,0 [4]
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The electrochemical deposition process comprises the ionization reaction, the electrochemical
half reaction, the acid base reaction, and the precipitation reaction. During hydrothermal treatment,
the water in the steam is reduced according to the following equation:

H,0 = H* + OH" 5]

This allows the following reaction to take place, when formed coating is influenced by OH".
10CaHP04 + 120H_ - Ca10 P04, G(OH)Z + 4PO4_ + 10H20 [6]

By combining equations [5] and [6] hydroxyapatite is formed. The reaction may take
following form:

10CaHP04 + 2H20 = Ca10 P04, 6(0H)2 + 4P04_ + 12H+ [7]

During the hydrothermal process, the pH of water decreases. If the pH is reduced too much,
the reaction will be interrupted. By adding ammonia may increase the rate of formation of
hydroxyapatite (12).

The experiment was performed by the Kavalier facilities with heated water bath. The
container has its own heating and there is also secure own circulation. The temperature can be set
and control by the thermostat. The characterization of HA was achieved by using scanning electron
microscopy (SEM) and by using optical microscopy.

Results and discussion

Table I. presents chemical composition of the alloy CoCrMo measured by GDOES. Firstly, a
comparison is made for 1SO 5832-4 and secondly is made for ASTM F-75.

TABLE I. Chemical composition of as-cast CoCrMo alloy

Element Sample M Sample B 1ISO 5832-4 ASTM F75
wt [%] wt [%] wt [%] wt [%]
Co 62.5 62.1 balance balance
Cr 29.0 28.7 26.5-30.0 27.0-30.0 £0.30
Mo 6.07 6.05 45-7.0 5.0-7.0 £ 0.15
Mn 0.45 0.41 max. 1.0 max. 1.0 + 0.03
C 0.217 0.218 max. 0.35 max. 0.35 + 0.02
Ni 0.50 1.15 max. 1.0 max. 0.5 + 0.05
Si 0.82 0.81 max. 1.0 max. 1.0 + 0.05
w 0.079 0.084 - max. 0.2 £ 0.04
Ti 0.051 0.059 - max. 0.10 £ 0.02
Others 0.313 0.419 - -
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The comparison shows that only the B sample exceeds the limit value of 0.15% for nickel.
Other elements are in accordance with limits given by ISO standard. The amounts of tungsten and
titanium are not specified in standard 1SO, it is only defined by ASTM standard. For all samples the
amounts of tungsten and titanium are in the limits by ASTM standard.

Figure 1. Hydroxyapatite coating on sample B, Figure 2. Hydroxyapatite + carbon
optical microscopy nanotubes coating on sample M, optical
microscopy

The results obtained by optical microscopy (Fig. | and Fig. Il) indicate that the
electrochemical deposited coatings, prepared at 65 °C in 800 ml distilled water 7.936 g Ca(NO3);
4H,0 and 2.304g NH4H,PO,4 contain pure calcium hydrogen phosphate dehydrates
(CaHPO,4-2H,0). Hydroxyapatite coating on sample M (Fig. Il) has structure rather fine, on the
other hand, the structure on sample B (Fig. 1) has bigger crystals and its structure is coarser.

Fig. 111 shows the structure of the HA-CNT coating obtained by SEM. There are many plate-
like particles. All of the coatings examined by OM and by SEM contain a number of pores on the
surface. This is no doubt beneficial to the growth of bone tissue.

Figure 3. Hydroxyapatite + carbon nanotubes coating on sample M, scanning electron microscopy
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Conclusions

Two Co-based alloys with a composition conforming to the ISO 5832-4 standard poured in a
vacuum furnace. Both samples correspond to limits given by ISO standards. The amounts of
tungsten and titanium are not specified in standard 1SO, but the limits are in ASTM standard and
the samples are in accordance with them.

Pure CaHPO,4-2H,0 coatings on two CoCrMo substrates can be prepared at relatively low
temperatures from aqueous electrolytes containing Ca” and P™ bearing ions using an electrochemical
deposition process. After hydrothermal treatment, CaHPO,4-2H,0 is converted into hydroxyapatite
coating. The structure is porous and it allows ingrowth of bone cells.
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L. gimonovél); J. éubardaz); J. Danovié

Y FEKT, Brno University of Technology, Technicka 10, 616 00 Brno,
xsimon09@stud.feec.vutbr.cz

2 FEKT , Brno University of Technology, Technicka 10, 616 00 Brno, subarda@feec.vutbr.cz

Abstract

Thin films have been used for many years in different sectors, where they can have different
exercise options. Very often thin films of different materials are used in engineering, which improve
the resistance, hardness and lifetime of the substrate in general. In recent years, thin films are
widely used in medicine as well. In the adjustments of joint replacements, it reduces friction and
thus the lifetime those joints, for artificial organs and valves, dental implants and more. No less
important are the thin films in electrical engineering and microelectronics and optics. Thin films are
also used to make lights for cars and many other places.

In many cases, these thin films are subjected to adverse effects, due to which, over time, begin
to degrade and thus lose their visual but also functional properties. The biggest problem with thin
metal films are degradation processes, which are caused by extreme temperatures, temperature
fluctuations, acidic environment, too damp environment, chemical reactions with its surroundings
and many others. Against some of these processes, it is possible to use different ways of protecting
the base material thin metal film.

In this case, we focus on permanent and extreme thermal effects, which can provide a thin
metal films disrupt and even destroy. The work was divided into several parts selection of suitable
substrates and thin metal layers, cleaning substrates, creating the desired thin metal films using
magnetron sputtering, selection of appropriate protective coatings, their application and subsequent
testing in two ways.

Substrates for the testing were selected so that the surface structure and properties of the
substrate are different. Glass and corund ceramic were used. In the same way, we chose a metal thin
films. These are thin films of titanium and aluminum, because their heat resistances are differends.

Our idea was to find out how much the individual materials are resistant separately for long
term aging and in extreme short aging. In addition, we also focused on a variety of protective
coatings that we tested under the same conditions, we investigated whether these coatings are able
to protect the thin film at elevated temperatures and extreme temperatures.

The formed thin films are very sensitive to environmental effects and their exposed surface.
These layers are subsequently subject to degradation processes - such as corrosion, cracks or
mechanical damage. These symptoms are very undesirable. One of the main causes of degradation
of the different thin metal films in normal operation it is a temperature and thermal stress. Therefore,
we focused on this issue. Protective films were chosen to cover a wide range of commercially
available materials. Conform to standards EN 60068-2-2, we have created the conditions for
accelerated examination by dry heat at a given temperature and a given time for all samples. Next,
we tested the short-term effects of extreme temperatures on all samples. Again, apply the same
conditions for all samples.
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After the thermal test, all samples were subjected to examination of the differences in the
individual protective surfaces before aging and after using various methods. The results of each
sample were compared to each other and evaluated in terms of the best protection of different thin
metal films and the thermal resistance of the coatings. Procedures for cleaning substrates before the
creation of thin layers of metal it has also been taken into account.

Acknowledgements

This work was supported by grant FEKT-S-14-2293, by project CZ.1.07/2.3.00/20.0103 and
by project no. LO1210.

References

1. J. Hamernik, Koroze a ochrana pied korozi, (2006)

2.  WWW: http://jhamernik.sweb.cz/Koroze.htm

3. P.Novak; M. Koufil, J. Bystriansky, Koroze a degradace kovovych materidali, (2009)
WWW:

4.  http://www.vscht.cz/met/stranky/vyuka/predmety/koroze_materialu_pro_restauratory/kad
m/pdf/

5. H. Polsterova, VUT FEKT BRNO. Spolehlivost v elektronice, 106 p, Brno (2003).

6. K. Dvotackova, Studium viastnosti vybranych prostiedkit pouzivanych pro ochranu kovu

proti korozi, Brno: Masarykova univerzita, Ptirodovédecka fakulta (2007), 53 p

196


http://jhamernik.sweb.cz/Koroze.htm

Title:
Edited:

Publishing Office:

Deadline:
Publisher:

Year:

The autors are fully responsible for the content and language of their contribution

Advanced Batteries Accumulators and Fuel Cells — 15" ABAF

Jifi Vondrak
Marie Sedlarikova
Vitézslav Novak
Petr Baca

Jifi Vondrak
Marie Sedlarikova
Vitézslav Novak
Petr Baca

August 7" 2014

Brno University of Technology
Faculty of Electrical Engineering and Communication
Department of Electrical and Electronic Technology

2014

ISBN 978-80-214-5008-0



