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Experimental studies have shown capacity loss and impedance rise on the surfaces of cathode
particles during (dis)charging in lithium-ion batteries. However, there are surprisingly few studies
focusing on the cathode–electrolyte interface. The current study uses multiphysics finite element
models to understand fluid–structure interactions in a half-cell battery system. Effects of C-rate,
particle sizes, lithiation, and phase transformation of the cathode at the interface are investigated.
Results demonstrate that doubling the particle size results in larger available lithium intercalation
areas, giving rise to increased tension 1.40 times and compression 1.82 times at the interface.
Moreover, higher C-rate with high lithium-ion concentration gradient results in higher mechanical
stresses at the interface. These coupling factors are strongly related to the experimentally observed
battery degradation. Our simulations demonstrate that both electrode and electrolyte have
pronounced effects when investigating mechanical stresses at the electrode–electrolyte interface.

I. INTRODUCTION

Improving the performance and reliability of electro-
chemical energy storage systems such as lithium-ion
batteries has the potential to enable emerging technol-
ogies such as wearable electronics and mechanized
prosthetics for the disabled, as well as the successful
integration of renewable energy by providing high
capacity storage, leading to the expansion of market
share for HEVs/EVs. Fast current-rates (C-rates) are
considered essential for providing the high power and
energy densities demanded by these new technologies.1

However, it has been suggested that high C-rates play an
important role in the mechanical and structural deteriora-
tion of lithium-insertion materials,1 thereby progressively
reducing the capacity of lithium-ion batteries with each
charge/discharge cycle (referred to as “rate-capacity
fade”).2 More than 25,000 studies have reported on
anode (germanium, silicon, graphite/graphene, or carbon
nanotube) and cathode materials (LiCoO2, LiMn2O4, or
LiFePO4), and over 2000 studies have investigated the
reduction of the electrolyte, leading to the formation of
a solid–electrolyte interface at anode surfaces. However,
there are far fewer studies on the cathode–electrolyte
interface in lithium-ion batteries. Within these studies,
chemical engineers, material scientists, and electro-
chemists have reported their findings in electrochemical
reactions (i.e., electrolyte oxidation and cathode re-
duction), material stability, and associated kinetics.

Yet, our basic knowledge of how mechanical stress
states at the cathode–electrolyte interface contribute to
battery performance and stability is currently extremely
limited, hindering electrode and electrolyte materials
innovation and the ability to use lithium-ion batteries as
energy storage systems.

For example, Aurbach et al.3,4 have studied the effects
of acidic and nonacidic electrolytes on carbon-coated
cathodes of LiFePO4 during storage in different temper-
ature, and the loss of active mass (i.e., Fe-ion dissolution)
from the electrode was measured and indicates that the
cathode was deteriorated by acidic electrolyte and high
temperature. The experimental results from Ju et al.5

suggest that the charge exchange process could take place
at the interface between the cathode and electrolyte at
the end of discharging after only five cycles. Strobridge
et al.6 used x-ray diffraction to map the evolution of the
inhomogeneous electrochemical reaction in electrodes.
Their results also show that a poorer electronic con-
nection could result from both the expansion and the
contraction of the cathode particles during cycling.6

These observations suggest that electrolyte–electrode
interactions and electrochemical reaction-induced
volume changes in cathode materials ought to be
studied as a whole.

Capacity fade is one of the most significant problems
in lithium-ion batteries and can be associated with
diffusion-induced stresses,7–15 which have been studied
in many electrode materials such as LiCoO2, LiMn2O4,
LiFePO4, graphite,16–23 etc. Specifically, these studies
have focused on the effect of mechanical stress in
lithium-ion batteries,10–20,22–26 material structural char-
acterization, and synthesis.27–30 However, these studies
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generally emphasize only one component of the battery
cells (i.e., either the cathode, anode or electrolyte). To
better understand electrochemical and mechanical rela-
tionships in lithium-ion batteries, factors such as elec-
trode particle sizes, electrolyte material, lithiation of the
battery system, C-rate, and C-rate dependent volume
change ought to be considered as a whole. It has been
reported that concentration-dependent stiffening of anode
materials (e.g., graphite) is beneficial for avoiding surface
cracking.15 ChiuHuang and Huang have previously
reported less shear stress variability across the bc-plane
of the cathode material when incorporating more realistic
concentration-dependent material properties.8,31 As such,
concentration-dependent anisotropic material properties
for the cathode and the associated phase transformation
ought to be considered.

II. METHOD

In this study, a computational model integrating
experimental results32 and theoretical analysis33 is de-
veloped through a multiphysics analysis. Multiphysics
finite element models for a half-cell system (i.e., with
electrolyte and cathode) are developed using ANSYS
Multiphysics (ANSYS, Inc., Canonsburg, Pennsylvania,
USA). To adopt the concept of lithiation, a thermal stress
analysis approach is used due to the similarity of the
partial differential equations of Fourier’s law for thermal
conduction and Fick’s law of diffusion.8,19,20,34 In this
study, due to the similarity of the partial differential
equations of Fourier’s law for thermal conduction and
Fick’s law of diffusion, the flux of lithium ions (J) is
expressed as heat flux, and the temperature gradient
represents the lithium-ion concentration gradient. Since
the concepts of heat conduction and temperature are used
for ionic diffusion and the concentration of lithium ion,
effects of temperature and heat on the half-cell system are
disregarded. The half-cell system is modeled as a 0.3 �
0.3 � 0.6 lm rectangular domain in which the electrolyte
and spherical particles of cathode materials are included
(Fig. 1). The domain size is designed to resemble 300 nm
thick LiFePO4 films developed by Sauvage et al.35 Thus,
the long edge of the simulation domain will be set to L 5
0.6 lm. After the convergence testing, 57,456 elements
with the 10-node tetrahedral (T10) element type are used
for cathode particles. Particles are modeled as spheres
with rotational and translational degrees of freedom, and
symmetric boundary conditions and fluid–solid interface
boundary conditions are adopted. Four differently sized
spherical particles36,37 are included to investigate
the effect of particle sizes (i.e., volume fraction). The
associated volume fraction is calculated by dividing the
volume of particles by the total volume of electrode
domain. Thus, the models with 60, 80, 100, and 120 nm-
sized particles have volume fractions of 3.3%, 8.0%,

15.5%, and 26.8%, respectively. C-rates are described by
different lithium-ion fluxes (J), and the different fluxes
are determined to ensure enough time for lithium-ion
diffusion and intercalation in both electrolyte and
cathode: J1C 5 0.125 Wm�2, J2C 5 0.25 Wm�2,
J6C 5 0.75 Wm�2, and J8C 5 1 Wm�2 are used for the
1C, 2C, 6C, and 8C models, respectively,38 and different
fluxes result in different concentration gradients, i.e.,
Fick’s first law is applied: J ¼ �D @f=@yð Þ, where f is
lithium-ion concentration and D is diffusivity.

The Fluid Flow and Static Structural modules, and an
Application Customization Toolkit (ACT) in ANSYS, are
used to conduct computational simulations of fluid–solid
interaction (FSI). That is, FSI is a transient extension that
connects the computational fluid dynamics software tool,
CFX, with the structural finite element analysis (FEA). FSI
enables interpolating transient CFX results from the CFX
mesh to the FEA mesh at each step of the analysis. Using
a finite element information extension detailing nodes and
element-related information at the mechanical interface,
we then calculate the lithiation stage as follows:

Lithiation stage ¼ P
i Vi

Pj¼10

j¼1
fj

10

� �	
VT , where i 5 1

to 57,456 for the number of elements, j 5 1 to 10 for
the 10-node tetrahedral element, Vi is the volume of each
element, and VT 5 the total volume of the electrode
domain.

The electrolyte plays an important role in the perfor-
mance of lithium-ion batteries. Generally, battery electro-
lytes are optimized for maximizing conductivity and
electrochemical stability.39,40 Ethylene carbonate (EC)
is used as the electrolyte material in the finite element
models because it has many beneficial properties such as
high conductivity, high dipole moment (i.e., resulting in
high ionic conductivity due to the dissociation of the
lithium salt), yet high viscosity of electrolyte resulting in
low fluidity (i.e., ionic movement). Since a commercial

FIG. 1. Geometry of finite element model composed of two domains:
electrolyte and electrode and symmetric boundary conditions are used.
The half-cell system is modeled as a rectangular domain in which the
electrolyte and spherical particles of cathode materials are included.
One dimensional lithium-ion mass flux (J) along the y-axis is used as
the driving force for the system.

S. Kim et al.: Mechanical stresses at the cathode–electrolyte interface in lithium-ion batteries

J. Mater. Res., Vol. 31, No. 22, Nov 28, 2016 3507



LiFePO4 battery is a layered structure composed of
a cathode strip and an anode strip with a separator
between them,32,41 one dimensional lithium-ion mass
flux (J) along the y-axis is used as the driving force for
the system (Fig. 1). As a result, lithium-ion concentration
will vary continuously inside the half-cell system along
the direction of lithium-ion mass flux. Different fluxes
will result in different concentration gradients as Fick’s
first law is applied. In this study, it is assumed that the
diffusion coefficient of electrolyte and the electrode are
constant: Delectrolyte 5 1 � 10�10 m2/s,42 and
DLiFePO4

¼ DFePO4
¼ 1� 10�15 m2=s,43 respectively.

Thus, the lithium-ion concentration in the electrolyte
changes more rapidly than that of the cathode. Hence,
when the lithium-ion concentration in the electrolyte is
100%, only the surfaces of the particles will show 100%
concentration (i.e., fully saturated) and the lithiation of
the electrode is still in progress: the lithiation process in
the cathode is then driven by Fick’s second law:
@f=@t ¼ �D @2f

�
@y2

� �
.

The phase transformation in cathode materials is
considered and the C-rate dependent volume misfits are
adopted from the experimental observations.44 Therefore,
we incorporate volume misfits as follows: DV 5 5.6%,
5.25%, 4.7%, and 4.5% for 1C, 2C, 6C, and 8C,
respectively. Concentration-dependent anisotropic mate-
rial properties for the cathode are also incorporated: the
anisotropic material property matrix [C] is defined as
C xð Þ ¼ x C½ �LiFePO4 þ 1� xð Þ C½ �FePO4 , where x represents
the fraction of lithium-rich phase (0 # x # 1). Ortho-
rhombic elastic constants for both the lithium-rich and
lithium-poor phases are obtained from Maxisch and
Ceder (calculated from first principles)45 (Table I).
The shrinking-core model developed by Srinivasan and
Newman33 is adopted to simulate the first-order phase
transformation. The lithium-rich phase will initially
nucleate at the surface as such locations exhibit less
interfacial area between the two phases46 and the phase
nucleation is along the shortest diffusion length (along
the radial direction).28,29,47 As a result, the phase bound-
ary propagation wave along the radial direction is formed
because of the relatively low energy barrier.

The concentration gradient profiles from the CFX of the
analysis are imported into the FEA module via the ACT to
calculate the corresponding mechanical responses of lithium-
ion batteries at the cathode–electrolyte interface based on the
stress–strain relation: r½ � ¼ C½ � e½ � � DVDfð Þ. The stress
fields on the interfaces with different volume fractions (i.e.,
particle sizes) at different lithiation stages and under different
C-rates are investigated.

III. RESULTS AND DISCUSSION

Several published studies have focused on the topic of
the effect of mechanical stresses in lithium-ion batteries.
Isolated cathodes, anodes, or electrolyte were generally

considered in these studies, and as a result a fundamental
knowledge of mechanical stresses at the cathode–
electrolyte interface is not available in the literature.
In this current work, we aim to identify how coupling
factors (e.g., lithiation, C-rates, electrolyte, volume change,
particle size, and phase transformation) relate to mechan-
ical responses at the cathode–electrolyte interface.

Figure 2 provides contour plots of C-rate dependent
lithiation in a half-cell system. (a)–(d) 1C and (e)–(h) 6C
models are compared and normalized time to demonstrate
the evolution of lithium-ion concentration. 100 nm-sized
cathode particles are used. The concentration of electro-
lyte changes more rapidly than that of the cathode
because the diffusivity of lithium ions in electrolyte is
much higher than that in the solid electrode. The results

TABLE I. Material properties for cathodes and electrolytes.

Parameter Symbol Value

EC [Ref. 40]
Density q 1.321 g/cm3

Molar mass M 88.06 g/mol
Viscosity g 1900 Pa s

FePO4 [Ref. 45]

Young’s modulus
EX 133.15 GPa
EY 121.12 GPa
EZ 101.68 GPa

Shear modulus
GXY 45.6 GPa
GYZ 32.5 GPa
GXZ 43 GPa

Poisson’s ratio
tXY 0.23
tYZ �0.02
tXZ 0.45

Elastic stiffness

C11 137.4 GPa
C22 146.0 GPa
C33 132.0 GPa
C44 40.8 GPa
C55 38.2 GPa
C66 42.1 GPa
C12 41.0 GPa
C13 29.1 GPa
C23 29.1 GPa

LiFePO4 [Ref. 45]

Young’s modulus
EX 98.41 GPa
EY 157.3 GPa
EZ 146.3 GPa

Shear modulus
GXY 42.4 GPa
GYZ 34.9 GPa
GXZ 47.8 GPa

Poisson’s ratio
tXY 0.31
tYZ 0.17
tXZ 0.22

Elastic stiffness

C11 164.3 GPa
C22 162.9 GPa
C33 181.1 GPa
C44 40.8 GPa
C55 40.5 GPa
C66 43.9 GPa
C12 61.1 GPa
C13 54.9 GPa
C23 67.7 GPa

FePO4

Y
LiFePO4

[Ref. 53] Volume change
ΔVX 0.058%
ΔVY 0.045%
ΔVZ �0.013%
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indicate that though the lithium flux is induced at the
same time at the inlet boundary (time 5 0 as a rest
condition) for both the 1C and 6C models, the electrode
is fully saturated in a shorter time under a higher C-rate
[Fig. 2(h)]. In the current study, we used 0% to present
“initial” lithium-ion concentration, and it does not repre-
sent zero lithium-ion concentration in the electrolyte.
Since a half-cell system is simulated and only electrolyte
and cathode are included, any increases in lithium
concentration in electrolyte and electrode are due to the
decrease in lithium content in anode. In addition, our
computational simulations have provided a visualized
lithium-ion concentration distribution in the half-cell
system, and these results are comparable to an analytical
study by Guduru et al.48 In the current work, our study
limitation lies on the assumption of electrons can reach
all the positions where Li1 ion intercalation takes place,
and therefore no polarization of the electrode occurs.49,50

Thus, we have provided an ideal model that assuming no
other resistance occurs (e.g., state of lithiation, current,
rate of reaction etc.) at the electrode/electrolyte interface
during the intercalation process. As a result, when
electrolyte concentration reaches 100%, it is implied that

electrolyte lithium-ion concentration is saturated, and
therefore, lithium-ion concentration on the surface of
the electrode particle is determined by the lithium-ion
concentration in the electrolyte (Fig. 2). As shown in
Fig. 3, the lithium-rich phase nucleates on the surface of
the particle and the phase transformation occurs along the
radial direction. The results demonstrate the phase trans-
formation of the 1C model at different lithiation stages,
where 100 nm-sized cathode particles are used (Fig. 3).

Diffusion-induced stress during (dis)charging of the
half-cell system is investigated. At 50% lithiation, normal
stresses on models with coupled effects from particle
sizes (i.e., volume fraction) and C-rate are studied:
Fig. 4(a) shows normal stress on the model with 60 nm
particles under 1C-rate discharging, Fig. 4(b) shows
normal stress on the model with 120 nm particles under
1C-rate discharging, and Fig. 4(c) shows normal stress on
the model with 120 nm particles under 6C-rate discharging.
The effect of particle size has been investigated in
Figs. 4(a) and 4(b), suggesting that an increase in particle
size (i.e., volume fraction) increases both compressive
and tensile stresses in the half-cell system. As the particle
size increases, the surface area of the cathode particles

FIG. 2. Our results demonstrate our computational capability for simulating C-rate dependent lithiation. (a)–(d) 1C and (e)–(h) 6C models are compared
and normalized time is used to demonstrate the evolution of lithium-ion concentration. 100 nm-sized cathode particles are used. The results indicate that
although lithium flux is induced at the same time at the inlet boundary, the electrode is fully saturated in a shorter time under a higher C-rate.

FIG. 3. Our results demonstrate our computational capability for simulating phase transformation in core–shell cathode 100 nm-sized particles.
The model shows phase transformation in the cathode at different lithiation stages: (a) 0%, (b) 5%, (c) 10%, (d) 20%, (e) 30%, (f) 50%, (g) 75%,
and (h) 100% for the 1C-rate model.
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also increases, resulting in larger available lithium in-
tercalation areas. It is observed that the larger particle size
(i.e., 60 nm versus 120 nm) causes 1.40 times greater
tensile stress [denoted at position “1” in Figs. 4(a)–4(b)]
and 1.82 times greater compressive stress [denoted at
position “2” in Figs. 4(a)–4(b)]. We conclude that
compressive stress on the surface of a particle is strongly
affected by the particle size. In the current study, the
phase transformation is considered during the lithiation
(as observed in experiments), different sizes of spherical
particle would have different anisotropic material prop-
erties involved during the phase transformation attributed
to diffusion-induced stresses. Thus, in this case, while
comparing Fig. 4(a) versus 4(b) when the ion flux
density is kept the same for two different particles
(60 nm versus 120 nm), it does not imply that C-rate is
instead being compared. The effect of C-rate is investi-
gated (1C versus 6C) in Figs. 4(b) and 4(c). The C-rate
that was six times larger causes 1.57 times greater tensile
stress [denoted at position “3” in Figs. 4(b)–4(c)] and
1.64 times greater compressive stress [denoted at position
“2” in Figs. 4(b)–4(c)]. Both compressive stress and
tensile stress are strongly affected by the C-rate, which is
due to the surface concentration gradient being higher
with higher C-rate. Studies have reported that the tensile
stress is observed in the center of the electrode while
compressive stress is observed on the surface of the
electrode.37 Moreover, higher stresses occurring at the
forefront of particles have been observed in most cases,
suggesting that there is a need to relieve stresses at the
electrode–electrolyte interface. Nevertheless, it is still
unable to claim that these stresses are reasons for
mechanical degradation in lithium-ion batteries. As Dr.
Nancy Dudney has pointed out,51 mechanical failure
should not be a concern for intercalation-type cathodes,
since the volume change upon cycling is only 2–7%,
much smaller than that in alloying-type anodes which is
typically 100%. Moreover, Christensen and Newman23

have showed that a compressive external stress could
reduce the likelihood of particle fracture because the
fracture threshold for the tensile stress is typically much
lower than that for the compressive stress.

Figure 5 summarizes the effect of C-rate and particle
size on normalized stresses at the electrolyte–electrode
interface during lithiation. The results suggest that higher
C-rate causes higher stresses. Moreover, it is observed
that the stress initially increases to overcome energy
barriers in the two-phase region (i.e., lithium-rich phase
and lithium-poor phase) and the stress is relieved after-
ward. This phenomenon is also observed in other battery
chemistries such as LiCoO2 (Ref. 52) and LiMn2O4

(Ref. 24). Interestingly, as C-rate increases, the peak

FIG. 4. The effects of particle size and C-rate have been investigated at 50% lithiation. (a) 60 nm versus (b) 120 nm models: the contour plots of
mechanical stresses show that doubling the particle size increases both compressive and tensile stresses in the half-cell system, and the changes in
compression (1.82 times greater; denoted at position 2) during lithiation is higher than that in tension (1.42 times greater; denoted at position 1).
(b) 1C versus (c) 6C models: The C-rate six times higher causes a 1.57 times greater tensile stress (denoted at position 3) and 1.64 times greater
compressive stress (denoted at position 2). Both compressive and tensile stresses are strongly affected by C-rate, due to the surface concentration
gradient being higher with higher C-rate.

FIG. 5. Effect of particle size and C-rate on normalized normal stress
at the electrolyte–electrode interface during lithiation. It is observed
that mechanical stresses initially increase to overcome energy barriers
in the two-phase region (i.e., between the lithium-rich phase and the
lithium-poor phase) and the stresses are relieved afterward. As C-rate
increases, the peak mechanical stress occurs when the cathode is more
lithiated and related to the lithium-ion concentration gradient inside the
half-cell system.
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stress occurs when the cathode is more lithiated.37 The
lithium concentration gradient also increases as a result
and mechanical stress is more prominent when the
concentration gradient increases. The results also suggest
that normal stress increases with larger particle size (i.e.,
volume fraction). Increasing the particle size yields
increases in the available lithiation surface area. Since
larger particle sizes and higher C-rates result in higher
stresses, battery degradation would be expected in these
conditions. Simulation results confirm that there are
relationships between mechanical stresses and many
design parameters for lithium-ion batteries.

IV. CONCLUSIONS

Current study considers factors such as electrolyte,
C-rate, C-rate dependent volume changes, cathode particle
sizes (i.e., volume fractions), and the phase transformation
of the electrodes to better understand electrochemical
and mechanical relationships in lithium-ion batteries.
The coupled domains of electrolyte and the cathode
particles are modeled in a half-cell system to investigate
the evolution of mechanical stress during lithium-ion
battery discharging. The finite element models have
been developed using Fluid Flow and Static Structural
modules in ANSYS Workbench. A FSI module connect-
ing the computational fluid dynamics with the structural
FEA is included.

The results indicate that although lithium flux is
induced at the inlet boundary at the same time for
different C-rate models, the electrode is fully saturated
in a shorter time under higher C-rates. The lithium-rich
phase nucleates on the surface of the particle and the
phase transformation occurs along the radial direction.
The results show that under higher C-rate with larger
available lithium intercalation areas (i.e., larger particles),
mechanical stresses increase more dramatically in com-
pression, suggesting that compressive stress is a much
more critical factor for diffusion-induced stresses in
lithium-ion batteries. The methods and findings could
also be broadly applicable to other battery technologies,
such as sodium-ion, magnesium-ion, and potassium-ion.
The current study suggests that integrating electrolyte/
electrode material selections into battery manufacturing
could potentially increase battery performance, as well as
provide higher power and greater energy densities in
many applications.
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