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Lithium-ion batteries (LIBs) are receiving tremendous attention and further development due to their
leading performance characteristics among other rechargeable batteries available on the market.
A variety of cathode materials have been developed to satisfy increasing demands for next generation
power sources. LIBs are moving to their next generation forms such as the all-solid-state battetries,
thin film and microbatteries. In order to overcome the safety, cost and performance drawback of
existing LIBs, various batteries “beyond” LIBs with very promising performance have been intensively
studied such as lithium-sulfur batteries, as well as the lithium-based batteries with aqueous
electrolytes. In this work we provide a short review of state in lithium-sulfur batteries, lithium-based
microbatteries and lithium-ion aqueous batteries, as well as the works done in these directions by our
Research Group at Nazarbayev University, Kazakhstan.

1. Introduction

Wide implementation and rapid technological
advances in electric transport, renewable energy
production and portable electronics encouraged
tremendous growth of the market of rechargeable
batteries. However, existing battery technologies
cannot fully satisfy the performance requirements
of the above applications and even restrict the

implementation of next generation devices due

to limited energy and power. Therefore, great
attention is paid to development of new materials
for next generation batteries and/or improving
existing battery materials. It should be noted that
so called ‘all solid state’ batteries became one of
the hottest hot topics of battery research due to
their advantages such as safety and compactness
combined with higher energy and power density.
Such batteries are considered as very suitable

especially for electric transport application as well
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as for portable electronics.

At the same time, when considering large scale
application such as renewable energy storage the
battery materials cost environmental friendliness
become one of the most critical criteria to
choose from various battery chemistries. From
this point of view, lithium-sulfur batteries (Li-S)
are considered as one of the most promising
technologies due to a very high theoretical
capacity of sulfur, and abundant availability of
sulfur, which mainly comes as a side product of oil
and gas industry.

Battery safety is the main concern especially
when the batteries should be scaled up or used for
stationary applications such as renewable energy
or industry/household energy backup. Along
other battery systems, those based on aqueous
electrolytes become the most beneficial from
the safety and cost effectiveness points of view.
The combination of the advantages of lithium-ion
batteries with water based electrolyte could be
the best solution for such applications.

In this paper we present a short review of
some problems existing in the abovementioned
battery systems, and provide the information
on potential solutions based on the research in
our Battery Group at Nazarbayev University in
Kazakhstan. International collaboration with the
research group in Japan is very critical especially
considering the leading role of Japan in this field.
We have strong collaboration in battery field with
the Laboratory of Prof. Kiyoshi Kanamura from
Tokyo Metropolitan University, several companies
including SuperOx Japan and Hohsen Inc., and
would like to expand it. The authors thank the
Furukawa Batteries Co., Ltd for this invitation
and a great chance to introduce our research via
the Journal of the Furukawa Battery, which will
enhance and further strengthen our collaboration

with the battery research community of Japan.

2. Development of microbatteries
for microelectronics

Numerous miniature electronic gadgets
needing independent micropower sources
will be connected to the internet as the world
enters the Internet of Things (IoT) era. The
most suitable on-chip power sources for IoT-
enabled microelectronic devices are thought
to be all-solid-state thin-film lithium/lithium-
ion microbatteries (TFBs), which combine thin-
film manufacturing and solid-state battery
architecture ™ ?. TFBs, on the other hand, are still
in their infancy and need fresh developments in
materials, production, and structure to perform
better than commercialized lithium-ion batteries.
One of the directions of the battery group at
Nazarbayev University is focused on prototyping
lithium-ion microbatteries (LIMBs) that are ultra-
thin, high cycle life, variable in shape and form,
stackable and durable at high/low temperatures.
In order to develop the microbatteries meeting
the current requirements of microelectronics,
the thin-film materials without any additives/
binders for implementation as cathodes, anodes
as well as electrolytes are fabricated and studied
(Fig. 1). The main methods used are a glove-box
system with magnetron sputtering and thermal
evaporator equipment as well as regular methods
such as the spin-coating and electrodeposition.
Studies for positive electrodes, lithium cobalt oxide
(LiC009)?, other nickel-containing metal oxides
(LINiMnCoO2 (NMC), LiMn;5Nigs04 (LMNO)?,
low voltage cathodes CuS® were conducted. The
obtained monolithic LiCoO; thin film cathode
delivered the stable specific capacity of around
120mAh g'. The cracking problem of NCM
material is solved by building the gradient
structured film that is achieved by sputtering
the NCM magnetron targets with different Ni

content. As for anode, the successfully developed
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negative electrodes are pure sputtered Si®~?,

electrodeposited NizSny!O !V

, and thermally-
evaporated monolayered lithium and multilayered
Li-Sn films. All the anodes retain a high reversible
specific capacity (Si - around 1,500mAh ¢!, both
NisSng and Li-Sn - 800mAh g and good cycling
stability. The solid electrolytes, being interlayers
between electrodes, should provide high ionic
conductivity and be electrochemically stable?: ?.
The sputtered films of LisPO, in Ny (LiPON)'?,
sputtered/spin-coated Lij+xAliTisx(POy4)s,
LisLasZr:0y2 and LissLasZrisTaesO12 reached the
ionic conductivity within 10° - 10°S cm™. In

addition to fabricating separate parts of LIMBs,

500nm

3 v

Thin film microcell

Fig. 1 The thin film materials developed at NU ~12

integration of them into one whole battery is quite
a complicated process requiring the matching of
material properties at the interfaces in order to
have an unhindered flow of ions and electrons.
Based on the preliminary studies, the thin film
microcell was constructed with the best matching
materials according to the scheme presented in
Fig. 1.

Sealing layer

Substrate

Scheme of microcell
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3. Advances in lithium-sulfur batteries

Lithium-sulfur batteries (LSB) are recognized as
next-generation energy storage systems given their
high theoretical specific capacity (1,675mAh g™)
and theoretical energy density (2600Wh kg™)™.
Sulfur as a cathode material is attractive due to its
abundance, low cost, and non-toxicity'¥. However
still there exist “hot” problems which limit their
practical use, in particular, (1) poor electrical
conductivity of sulfur and its discharge products
resulting in cell's resistivity increase; (2) cell’s
volume expansion during charge/discharge cycling
due to the large difference in densities of sulfur
and its species leading to electrodes structural
damage; (3) the so-called polysulfide shuttle effect
mainly associated by the dissolution of lithium
polysulfides (LiPs) in organic electrolytes and their
diffusion to the anode side resulting in loss of the
active material ' 19,

To overcome these issues, several strategies,
including the combination of porous carbon with

10=5) the design of transition metals-

metal oxides
based catalysts® ™2 fabrication of free-standing
composite cathodes® ™" and current collectors® %,
preparation of gel and solid polymer electrolytes'® *
and modification of commercial separators®" ®
were developed by our Research Group.

The nanosized nickel magnesium oxide
(MgogNip4O) is a promising material for LSBs due
to its strong LiPs absorbing ability and catalytic
activity in Li/S redox reaction. Initially, nanosized
MgosNio4O, prepared by self-propagating high
temperature synthesis (SHS), demonstrated poor
electrochemical performance as a sulfur host with
a reversible capacity of only 850mAh g at 0.1C'".
However, further research'®' demonstrated the
tremendous effect of MgosNigsO as an additive
to conductive polymer (PAN and PANI) based

hosts on the cell's electrochemical performance.

In particular, the S/MgosNig4sO/PAN cathode
delivered a reversible capacity of 1,223mAh g
at 0.1C, while for the S/MgosNig4sO/PANi
cathode this value was 1,448mAh g! at 0.1C.
Additionally, the effect of various metal oxides
(ZnO, Fe/Co0304 Co0304y Fes04 TiO, TiO02y)
and their combinations with nanostructured
carbons demonstrated superior electrochemical
performance due to strong affinity of metal

0=2 Particularly, the highly

oxides to polar LiPs
dispersed ultra-fine ZnO nanocrystals anchored
on the 3D conductive polypyrrole matrix
(S-3DOMPPy@ZnO, Fig. 2 (a), (b) demonstrated
long-term cyclability of 7945mAh g™ at 0.1C
(300 cycles, Fig. 2 (c)) and remarkably enhanced
rate capability (515.6) mAh g at 2C%. The 3D
porous microspheres obtained by spray-drying
process consisted of nanosized sulfur particles
and nitrogen-doped oxygen deficient N-TiO2
nanorods supported by reduced graphene oxide
exhibited stable cycle performance at 1C over 300
cycles with a 700mAh g specific capacity with
0.09% per cycle capacity decay®. The advantage
of using composites of carbon with metal oxides
is the simplicity of their synthesis (hydrothermal
method, spray-drying process), which allows
controlling the particle’s size and shape and their

uniform distribution over the supporting matrix.
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(@) Schematic of preparation procedure of 3DOMPPy@ZnO and S-3DOMPPy@ZnO; (b) SEM image

of 3BDOMPPy@ZnO and (c) Cycle performance of S-3DOMPPy@ZnO and S-3DOMPPy electrodes 20

To facilitate the kinetics of sulfur conversion to
LiPs, the effective catalytic metal nanoparticles
and their phosphides were designed. Transition
metals like Ni, Co, and Fe are more advantageous
than others (for ex. noble metals) because of their
low price and abundance. For instance, in'? the
Ni/Ni;P@C hollow heterostructure microsphere
applied as a functional sulfur host delivered a
high initial discharge capacity of 1,187.3mAh g™
at 0.2C, notable rate capability of 7169mAh g
at 3C and excellent reversible capacity of
636.6mAh g! over 300 cycles at 1C. Further, the
reported CoNi@porous N-doped carbon fibers?
delivered a discharge capacity of 828mAh g™ at
5C with a capacity decay of less than 0.019% per
cycle over 1,500 cycles. Thus, the highly polar and

electrocatalytically active transition metal-based

additives improve the interaction with polar LiPs
and exhibit enhanced catalysis performance, which
results in good electrochemical performance of the
batteries and long cycling life.

As an alternative to the modified host materials,
free-standing cathodes receive much attention
due to their good flexibility, low thickness, and
lightweight. These cathodes exclude the use of a
metal current collector and binder, which decrease
the total weight of the battery and increase its
total gravimetric capacity. The prepared by simple
vacuum-filtration method S/DPAN/MWCNT free-
standing cathode utilized the synergistic effect
of pyrolyzed PAN to covalently bind sulfur with
a uniform distribution and excellent electrical
conductivity of MWCNT with superior mechanical

properties which resulted in high capacities of
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1,450mAh g at 02C and 930mAh g at 2C%.
Furthermore, Kalybekkyzy et al.*® demonstrated
the effectiveness of the electrospinning method
for the fabrication of sulfur-based cathodes
(Fig. 3 (a), (b)). In particular, the lightweight
electrospun CNFs with the high surface area
served as a structured current collector for the
sulfur cathode, which allowed the load of the larger
sulfur amount to the matrix compared to the
conventional Al foil. The carbonized at 800C PAN
CNFs-based current collectors delivered the initial
discharge capacity of 1,620mAh g at 0.1C and
maintained a reversible capacity of 1,104mAh g
at the 100™ cycle.

Starting with pure CNFs as a current collector,
the research is focused on functionalization of
nanofibers with the metal compounds. One of the

research projects was based on the all-purpose

(a)

PAN
solution

driver

Carbonization

—_—
8007C, Ar

3D current collector with CoNi-N-doped polymer
carbon fiber (CoNi@PNCF's) synthesized from
metal acetates and PAN?. Co and Ni nanoparticles
on the surface of nanofibers demonstrated the
synergistic catalytic effect of Co and Ni in LiPS
conversion and the Li,S precipitation experiments
on the surface of PNCFs (Fig. 4). Moreover,
CoNi@PNCFs was utilized as a current collector
for Li, and Li-S battery assembled with S/CoNi@
PNCFs cathode and Li/CoNi@PNCFs anode
exhibits a high reversible specific capacity of
785mAh g and long cycle performance at 5C
(capacity fading rate of 0.016% over 1,500 cycles).

" Fiber Composite loading by
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High voltage 280°C, air § giapilization
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Fig. 3 (a) Scheme of carbon nanofiber fabrication and sulfur-based cathode preparation and (b) electrochemical
performance of the sulfur composite on cPAN CNFs at 0.1C3¥
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One of the research directions is based on
the development of gel polymer electrolytes to
limit dissolution of polysulfides. PVDF-HFP/
PMMA/MMT polymer membrane with rich
pore structure and strong ability to absorb liquid
electrolyte in excess of 67wt% was utilized as an
electrolyte with S/PAN/MgosNip4O composite
cathodes (Fig. 5 (a))*”. The Li-S GPE cells exhibited
rather high initial specific discharge capacity,
maintaining 1,071mAh g reversible discharge
capacity after 100 cycles at 0.1C, along with a high
coulombic efficiency close to 100%. Another work
was based on the analysis of 1M of LiTFSI in
PVDFHFP/PMMA/SIO; polymer electrolyte with
sulfur/graphene nanosheets (S/GNS) composite”
The GPE exhibited a pore-rich structure, a high
ability to absorb liquid electrolyte exceeding
71wt%, and a high ionic conductivity at ambient
temperature (Fig. 5 (b)). The Li|GPE|S cells
exhibited a high initial specific discharge capacity
and maintained a reversible discharge capacity
of 413mAh g! after 50 cycles at 0.2C, along with
a high coulombic efficiency. The system could

deliver reversible capacity of 316mAh g even

at 1C.

Dissolution of polysulfides upon cycling of the
sulfur cathode and their diffusion through the
separator membrane is a major factor which
deteriorates performance and safety of Li-S
batteries. In this regard, modification of separators
with functional nanocoatings are designed to
suppress the shuttle effect. Mentbayeva et al.*
developed ultrathin, light-weight polyelectrolyte-
clay layer-by-layer assemblies as versatile
nanocoatings on the polypropylene (PP) separator
(Fig. 6 (a)). The use of weak polyelectrolytes
(polyethyleneimine, PEI, and polyacrylic acid,
PAA) and montmo- rillonite (MMT) or halloysite
(Hal) clay nanoparticles enabled full control over
mass and charge balance of polyelectrolyte/clay
film components, which was critical for achieving
ion selectivity and reduction of the polysulfide
diffusion. As a result, deposition of 450nm MMT-
based coatings at pH 3 and 6 lead to an increase
in electrolyte uptake, delayed the lithium dendrite
growth and enhanced the discharge capacity of
the cell to 690mAh g™ for coated PP separator
over 200 charge-discharge cycles at 0.5C.
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Fig. 6 (a) Illustration of the polysulfide shuttle effect suppression by a (PEI/Clay/PAA)- coated separator . (b) Schematic of
PPS structural characteristics and Li-S cell with PPS-modified separator3®

Another work was based on the modification
of separator with porous polypyrrole sphere
(PPS) which was prepared by using silica as
hard-templates (Fig. 6 (b))*. PSS coating could
efficiently reduce the polarization of sulfur
cathode and efficiently immobilize polysulfides.
When tested in the lithium-sulfur battery, it
exhibited a high capacity of 855mAh g™ after
100 cycles at 0.2C, and delivered a reversible

capacity of 507mAh g at 3C, showing excellent

electrochemical performance.

The ongoing research in the design of cathode
materials for LSBs is mainly focused on the
substitution of the widely investigated expensive
carbon nanomaterials (graphene, CNTs, CNFs) by
abundant and cheap graphene-like porous carbon
that can be obtained by the processing of biomass
waste (rice husk, walnut shell), which is beneficial
from both economic and scientific-practical points

of view. This carbon is presented by high surface
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area (more than 2,200m? g™'), pronounced micro-
and mesoporosity, excellent electrical conductivity
and large amount of loaded sulfur. Moreover,
this type of carbon can be easily modified by
heteroatom doping (N, B, S) or by addition of
metal oxide, metal sulfides, metal phosphate
nanoparticles, MOFs and MXene. This strategy
of combination of bio-derived carbon with a polar
additives can result in synergistic effect, in which
highly porous and electrically conductive carbon
is able to physically adsorb LiPs, while the polar
additives on its surface can enhance the chemical

binding of LiPs by the composite.

4. Rechargeable aqueous batteries

Due to global climate change and resource
depletion caused by the use of fossil fuels, the
search for alternative sustainable energy sources
has become a major focus of research around
the world. Sustainable energy resources such as
solar and wind have entered the global spotlight,
triggering the search for reliable, low-cost
electrochemical energy storage. An ideal energy-
storage device that is characterized by high
capacity, fast charge/discharge capability, safety,
environmental friendliness, and low cost is of vital
importance for today’s society. Among the various
options, lithium-ion batteries (LIB) are currently
the most attractive candidates due to their high
energy density, and foothold in the marketplace.

However, safety of LIBs is one of the major
issues which is not solved as yet due to the high
risk of flammability of organic electrolytes and
the thermal runaway caused by the reactivity
of electrode materials with electrolytes. In
addition, the cost of LIBs is high as summarized
in Table 1. Adopting LIBs technology to aqueous
system could solve the mentioned disadvantages,

providing a high performance inexpensive and

very safe energy storage system. Therefore
rechargeable aqueous Li-ion batteries (RALB) are
promising alternatives for large scale applications,
which could solve several challenges of LIB in
terms of safety, low cost manufacturing conditions,
huge improvement of electrolyte conductivity,
power improvement, environmentally friendliness,

and recycling conditions.

Table 1 Comparison of battery technology costs 3®

LIB RALIB Lead-acid battery
Battery cost (USD/KWh) 600 170 170
Working Voltage (V) 3.0 1.2 2.0
Cycle life (numbers) 2,000 1,000 1,000
Efficiency (%) 100 100 50-95
Energy density (Wh/KG) | 100-350 | 40-60 30-40
Lifetime cost (USD/KWh) 0.30 017 0.23

In 1994, Dahn and co-workers proposed the
first ARLB prototype using LiMn»O,; and VO, as
positive and negative electrodes, respectively *. In
which metal-ions are intercalated into or extracted
from the active materials upon charge/discharge
processes, identical to that of organic systems.
It is therefore referred to as the ‘rocking chair”
type or “intercalation-chemistry” type (Fig. 7 (a)).
Since then, significant progress has been made
in this intriguing area with more electrochemical
redox couples being identified, more insights into
fundamental chemistry being gained, and new
battery chemistries are explored.

More recently, hybrid design via coupling an
intercalation cathode with a metal anode (Fig. 7 (b))
or combining an intercalation anode with a metal
oxides/ sulphide (Fig. 7 (c)), was introduced In
the aqueous rechargeable hybrid battery (ARHB)
with the appearance of a new class of aqueous
hybrid batteries systems such as LiMn204//
Zn', NaouMnO2//Zn", NagaFeior (CN)g Agos//
Zn (A indexed as vacancy)®, Ni(OH)s//TiO,®),
and CoxNi»Sy//TiO,™. Differ from the “rocking
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Fig. 7 Schematic illustration of “rocking chair” and “hybrid type” aqueous rechargeable batteries*

chair” type batteries, these batteries operate
based on two reversible electrochemical redox
processes involved in anode and cathode parts
separately, and the charge/discharge mechanism
in one or two electrodes is not guest ion
intercalation/de-intercalation (Fig. 7 (a)). Instead, it
can be the reaction of Zn*" deposition-dissolution
(Fig. 7 (b)) and/or proton-induced oxidization/
reduction (Fig. 7 (c)). The electrolyte here acts
as conducting ions and cooperates with the
electrodes to store energy rather than being used
as the simple supporting media in “rocking chair”
type batteries. Here are denoted them as “hybrid
chemistry”  type batteries with abbreviation as
ARHB. These hybrid systems enrich the existing
RALBSs chemistry and open up a new research era
for high-performance RALBs design.

In aqueous batteries, various types of metals
can be selected as the anode, such as aluminum*®,
iron", magnesium®, or zinc® (Fig. 8). Among
these different metals, zinc is the most suitable to
be used in ARHBs due to its low redox potential,
good reversibility, high over-potential for hydrogen
evolution in an acidic environment, large specific
capacity, good corrosion resistance, and cost-
effectiveness %, Hence, many aqueous batteries,
especially alkaline batteries, utilize zinc metal as

the anode.
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Fig. 8 Potential vs. pH stability diagram. Main insertion
materials studied as positive and negative
electrodes in aqueous rechargeable lithium-ion
batteries®

Although the 4V materials such as LiMn,04* %,
LiMnPO,*, LiCoO2°Y~% or LiNi;,3Co1,3Mn1,305°7 %
were reported in RALBs, their potential plateaus
in aqueous media are close to water decomposition
potential as shown in Fig. 8 Under these
conditions, the oxygen evolution along with the
dissolution of the metal ions from the positive
electrode could not be avoided.

Our group developed a novel Rechargeable
Aqueous Zn/LiFePO, with a mild acidic
electrolyte with high efficiency and long-
term cyclability ® % It relies on a high ionic

conductivity with sufficient amounts of Zn?" ions
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for efficient cyclability of zinc anode and Li" ions
for reversible insertion/extraction in the host
cathodic material. The electrochemical reaction

can be expressed as follows:

LiFePO " <> Li* + FePO, + e (1)
Zn* + 2e” < Zn’ 2

During the charge process, Li ions are extracted
from LiFePO, at positive electrode (1.2V vs Zn*/
Zn) and Zn?" deposition at negative electrode (0V
vs. Zn*"/Zn). Upon discharge zinc metal loses
electrons and dissolves in electrolyte, while on
positive electrode Li ions insert into LiFePOy,

matrix (Fig. 9).

Negative
electrode

Positive
electrode

Separator

Fig. 9 Schematics of mechanism of Zn/LiCl-ZnCl./
LiFePO4 aqueous battery during the charge step>?

Main electrochemical performance of the
developed Zn/LiCl-ZnCly/LiFePO4 system is
presented in Fig. 10. Rate capability performance
(Fig. 10 (a)) shows that the specific capacity
gradually decreases with the current density
increase. After extremely high C-rate (60C), the
capacity 1is fully recovered when the cycling
rate is switched back to 0.6C, indicating that
along with superior rate capability, the battery

system possesses a very high reversibility and

11

electrochemical stability®. The Zn/LiFePO, battery
illustrated stable cycling properties (Fig. 10 (b)).
The initial discharge capacity was slightly reduced
from 120mAh g! to 100mAh g! at 6C with
stable capacity retention even after 400 cycles. In
addition, a laboratory prototype was designed and
tested (Fig. 10 (c)). Zn/LiFePO, battery offers an
exceptional safe, low cost, long cycling life, and
high energy and power density energy storage for

large-scale applications.
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Fig. 10 (a) Rate-capability and (b) cycle performance at
6C of Zn/LiFePO, battery with binary LiCl-ZnCl,
electrolyte
(c) Zn/LiFePO, pouch cell?
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5. Conclusion

In this paper we discuss some existing issues
limiting the development of rechargeable
batteries, and review the research activities
towards resolving this obstacles in some of the
‘hottest” areas of rechargeable battery research,
namely, microbatteries, lithium-sulfur batteries,
and aqueous lithium-ion batteries, conducted at
our Research Group at Nazarbayev University,
Kazakhstan, led by Prof. Zhumabay Bakenov. The
authors strongly believe that this introduction
review paper will be useful for the readers of
the Journal of the Furukawa Battery Co., Ltd.,
expanding potential collaboration works with
the battery and materials researchers in Japan,
along with providing the information in the
above mentioned remarkably research active and

important areas of battery development.
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Improvement of Lithium Sulfur Batteries
by Adding Lithium Titanate to Sulfur Electrode
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The application of ceramic materials is effective in improving the performance of lithium sulfur
batteries. Here we show the application of lithium titanate as the ceramics material for the sulfur
electrode. As the application methods of lithium titanate, an adding of lithium titanate into the sulfur
electrode and the formation of a lithium titanate layer on the surface of the sulfur electrode are
investigated. In the adding of lithium titanate into the sulfur electrode, sulfur utilization and cycle
ability were improved by a simple method of the adding lithium titanate to the sulfur electrode. In
the formation of the lithium titanate layer on the surface of the sulfur electrode, sulfur utilization was
improved when the sulfur loading was increased. The application of lithium titanate to the sulfur
electrodes is found to be effective in improving the performance of the lithium sulfur batteries.
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Finite Element Simulation of
Deformation of Battery Electrodes

3
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Gabor Varga™*  Jun Furukawa™  Yusuke Ogino™  Toru Mangahara™

A common failure mode of lead-acid batteries is related to corrosion-induced electrode deformations.
For a better understanding of these phenomena, our study proposes a simulation model for the
analysis of these undesired deformations. First, the underlying chemical and electrochemical
mechanisms behind the expansion are discussed, and an approach is proposed to model the
mechanics of expansion. Next, material behavior is demonstrated using uniaxial tensile tests. Finally,

a finite element model is built for the mechanical analysis of the battery cell.

1. Introduction

Lead-acid batteries can be subject to several
modes of failure. Among these, there is the
undesired deformation of electrode plates,
especially positive ones. This may result in a
short-circuit (due to a positive plate touching the
negative electrode assembly, sometimes even
ripping the separator bag), in the separation of
the positive active material (PAM) from the lead
material of the grid or an accelerated demolition
of the structure of the active material”?. In
any of these cases, the battery cell fails or has a
reduced capacity. Fig. 1 and Fig. 2 illustrate this
on electrodes aged in a typical battery aging test.

Extending the lifespan of lead-acid battery cells
through design is a complex process, requiring
a detailed understanding of underlying chemical
(electrochemical) and physical (electric, mechanical,
thermal) processes. In the literature, there is a
limited number of studies on electrode corrosion® 9.

Also, there is a number of simulations on various

*1  Furukawa Electric Institute of Technology Ltd., Budapest, Hungary

*2  The Furukawa Battery Co., Ltd., Yokohama City, Japan

*3 Budapest University of Technology and Economics, Faculty of
Mechanical Engineering, Department of Applied Mechanics

*4  Budapest University of Technology and Economics, Faculty of Natural
Sciences, Department of Physics

aspects of lead-acid batteries, but not on their
mechanical behavior. The authors haven't found
any simulation studies about corrosion-induced

deformation of battery electrodes.

Fig. 1 In-plane deformation of a positive electrode

Fig. 2 Out-of-plane deformation of positive plates
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The aim of the present work is to build a
mechanical simulation model for the deformation
of lead-acid battery electrodes, providing a tool to
complement other design principles for improved

batteries.

2. Expansion model

Deformations in the battery are thought to be
caused by the expansion of developed materials
during the preparation and operation of the
electrode plates. In the present study, expansion of
the positive grids due to the oxidation of the lead
material is dealt with. Volume change (“breathing”)
of a well-prepared positive active material (PAM)
during the charge-discharge process tends to
be neglectable. Therefore, it is left out of our
considerations.

During battery operation, one of the main
electrochemical processes occurs on the positive
electrode. It is the transformation of PbO; to
PbSO, during discharge, which is converted back
to PbO, during recharge. This is the process
related to energy storage.

However, an inherent process of charge is the
surface oxidation of the positive electrode lead
grid. This process creates a non-stoichiometric
material of lead and oxygen, denoted here by
PbOy, with an increasing oxygen concentration
towards the active material, as Fig. 3 shows. This

is called “corrosion layer”.

23

X (In PbOx)

Position

Fig. 3 A proposed understanding of corrosion layers
(PbOy in the figure)

From a mechanical point of view, the principal
effect caused by this material transformation is
volumetric expansion: if the volume of one mole of
lead is considered 100%, that of one mole of PbO
is between 123 and 130% (depending on the ratio
of allotropic forms of PbO), and that of one mole of
PbO3 is between 121 and 138% (also depending on
the ratio of allotropic forms)”.

The main effect on grid deformation is caused
by the expansion of the corrosion layer during its
formation, which is thought to happen as follows:

* before formation, material in immediate
contact with PAM can be considered to be
lead;

e after the start of electrochemical processes,
corrosion layer starts to form;

e corrosion layer volume is larger than the
volume of lead, which means the transformed
layer needs more space and will tend to
expand;

e during this expansion, it exerts mechanical
force/stress on the materials it is in contact
with. These materials include the grid metal,
and this force causes its deformation.

The expansion of the corrosion layer occurs
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gradually, depending on the x value in PbO,: it is
smaller near the lead grid (where x is small) and
larger near the PAM (where x is near 2).

The thickness of this corrosion layer is
estimated to be in the 10-100 micrometer
range (based both on experimental results and
theoretical considerations).

A similar corrosion layer is also considered to
form on the surface of the grid in contact with the
sulfuric acid solution. It is assumed to have the
same mechanical behavior as the layer between
PAM and grid lead.

For simulation purposes, it is advantageous
to simplify the above model. This is detailed in
Section 4, which also illustrates the above idea.

It is also to be mentioned that corrosion-
induced deformation has not been experimentally
observed on negative electrodes. Thus, the
negative electrodes are considered not to deform
by themselves, only by the contact force from the

positive ones.

3. Constitutive modeling of materials

There are multiple options to manufacture lead
grids, e.g. punching from a rolled sheet, casting
etc. For rolled lead materials, earlier work has
been performed® and its result is used. However,
cast lead is expected to have a different behavior.
The reason for this is not only its slightly modified
composition, but also the different production
technology, resulting in a different internal
structure of the material. Therefore, cast lead
requires new measurements. On the other hand,
its behavior is expected to be isotropic.

Uniaxial tensile experiments have been
performed using the technique described earlier
in¥. It consists of loading the sample with a
displacement and then holding this displacement

constant and letting the sample relax (see Fig. 4

24

Finite Element Simulation of Deformation of Battery Electrodes

for an illustration). This procedure is used because
it is thought to show the long-term behavior of
the material as much as possible with reasonably
short tests; the processes in the battery, in which
we are interested, are also happening on a long

time scale.

Stress

Relaxation
Relaxation

Displacement

Time

>
Strain

Fig. 4 Displacement load and stress-strain response in
the uniaxial tensile experiment®

Fig. 5 presents a typical force-displacement
curve for a cast grid material sample.

Another thought is given to the stress-strain
behavior of the corrosion layer: although it is
present in the structure in a small amount, its
stiffness determines the strength of the expansion

effect.

<=, Fracture

Force / N

Relaxation

Displacement / mm

Fig. 5 Measured force-displacement behavior of a
selected piece of a cast grid
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PbO is a stiff and brittle material compared to
Pb; corrosion layer is considered to be a mixture
between lead and lead-oxides. Thus, its material
properties are assumed to be between those of
lead and its oxides. In our case, it is achieved by
using a plastic modulus much larger than for lead.

For the corrosion layer, the same elastic
modulus value is used as for lead. There are two
reasons for this: on one hand, there is no reliable
data of it; on the other hand, a different value after
transformation is expected to cause numerical

problems.

4. Finite element model

In this Section, the finite element model of a
battery cell is described briefly.

As mentioned in Section 2, expansion modeling
should be simplified for simulation purposes.
The main reason for this is that in numerical
modeling, it is often difficult to handle small and
large dimensions together; here, the corrosion
layer is very thin compared to the grid dimensions
(I0-100pm magnitude vs. 100mm magnitude),
and could still be split to further layers, very
challenging to model. Therefore,

e corrosion layer is considered a single layer,
and is expanded uniformly (neglecting the
change of its composition through thickness),
or

e expansion modeling is simplified further,
expanding the PAM material instead of
corrosion layer. Note that the physical
meaning of this model is questionable, but it is
expected to lead to simulation results faster.

Fig. 6 shows a detail of a model geometry with
corrosion layer. It can be seen that corrosion layer
thickness (100 micrometers in this case) is much

smaller than any other dimension in the model.
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Fig. 6 Illustration of a model including a corrosion layer

(both in the PAM window and on the grid surface).
Grey=lead, brown=PAM, orange=corrosion layer

Volume of the corrosion layer is increased
gradually, uniformly and isotropically during the
simulation (i.e. by the same amount everywhere
and in all directions).

The model is made using the COMSOL finite
element package?. It consists of volumetric
(solid) elements, and uses uniquely the structural
mechanics interface - no thermal, electric or
chemical phenomena are modeled here. A quasi-
stationary model is used, which means that,
although expansion is applied gradually, inertia
effects are not taken into account: the deformation
process iIs assumed to be very slow.

Fig. 7 shows the geometry of an 8-electrode
finite element model, with 4 positive and 4
negative electrodes. As mentioned earlier,
positive electrodes are expanded using a uniform
expansion of the corrosion layers (both in the
PAM windows and on the grid surface), situated
as shown in Fig. 6. Negative electrodes only
deform due to contact with positive ones, they

have no other source of shape change.
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Fig. 7 Finite element model illustrated

Contact between the electrodes is taken into
account, as well as electrode contact with the
bottom of the container of the cell and with the
cell walls (in the z direction). Along x, cell walls
are considered to be reasonably far (in reality,
they are often in contact with separator bags but
not too much with the lead grids themselves).

Material models used for the lead materials
come from experiments (see Section 3). The
positive grid is made of a rolled material,
modeled using Hill's anisotropic yield criterion'”.
The material of the negative grid is a cast one,
modeled using the usual, isotropic von Mises
plasticity (Section 3).

Mesh 1s a 3D mesh with prismatic elements,
generated from a planar mesh. A positive
electrode uses approximately 700,000 elements.
This mesh is shown in Fig. 8 to give an idea about

its general shape.

z 100 150 200 (mm)

Fig. 8 Mesh of the positive electrode including a
corrosion layer in the PAM windows

The models are in test use now. In the
followings, some results obtained with them are

presented.
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5. Finite element results

In this Section, sample finite element results are
shown.

Using expansion caused by the corrosion layer,
two-electrode models have been run so far.

Typical deformed shape of the positive electrode
is shown in Fig. 9. Earlier experimental analysis
(on larger, production-scale battery cells) suggests
that the external dimensions of the electrode are
expected to enlarge by a few percents; in contrast,
this simulation predicts enlargements a magnitude

smaller.
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Fig. 9 Deformed shape of the positive electrode and
side section of both electrodes (10x displacement
magnification). Color shows out-of-plane
displacement in arbitrary units

A reason for this difference can be the
constitutive model of the corrosion layer. In this
calculation, its stress-strain curve was the same
as that of lead. As mentioned in Section 3, it
1s thought that in reality, the value for plastic
modulus is higher than that. Therefore, simulation
has been repeated with higher hardening moduli.

Fig. 10 shows the outer contours of the resulting
electrode shapes in different cases. It can be seen
that, as expected, a stiffer corrosion layer leads
to larger, more realistic deformations. Therefore,
this is a logical direction for the following steps in

refining the simulation.
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Fig. 10 Deformed shape of the positive electrode with
stiffer corrosion layer behavior (10x displacement
magnification)

Larger cell models, with more electrodes, have
also been run. However, they use the simpler
expansion model described in Section 2, the PAM
expansion model, due to model size reasons.

Fig. 11 illustrates results from this type of
model, using 11 electrodes. This shows the further

potential in this work.

.1
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Fig. 11 Deformed shape of the first positive electrode and
side section of all electrodes in an 11-electrode
model (no displacement magnification). Color
shows out-of-plane displacement in arbitrary units
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6. Conclusions

In the present study, a mechanical finite element

model was proposed for the description of lead-

acid battery electrode deformations. Results

obtained with it are presented as illustrations.

After further development, it is expected to

provide applicable results, and aid the design

process of future battery electrodes. This would

result in batteries with a longer lifespan, better

reliability and lower price.
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