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Abstract: Understanding the electrochemical and mechanical degradations inside the electrodes of
lithium-ion battery is crucial for the design of robust electrodes. A typical lithium-ion battery electrode
consists of active particles enclosed with conductive binder and an electrolyte. During the charging
and discharging process, these adjacent materials create a mechanical confinement which suppresses
the expansion and contraction of the particles and affects overall performance. The electrochemical
and mechanical response mutually affect each other. The particle level expansion/contraction alters
the electrochemical response at the electrode level. In return, the electrode level kinetics affect the
stress at the particle level. In this paper, we developed a multiphysics–multiscale model to analyze
the electrochemical and mechanical responses at both the particle and cell level. The 1D Li-ion battery
model is fully coupled with 2D representative volume element (RVE) model, where the particles are
covered in binder layers and bridged through the binder. The simulation results show that when the
binder constraint is incorporated, the particles achieve a lower surface state of charge during charging.
Further, the cell charging time increases by 7.4% and the discharge capacity reduces by 1.4% for
1 C-rate charge/discharge. In addition, mechanical interaction creates inhomogeneous stress inside
the particle, which results in particle fracture and particle–binder debonding. The developed model
will provide insights into the mechanisms of battery degradation for improving the performance of
Li-ion batteries.

Keywords: lithium-ion battery; stress–potential coupling; multiphysics–multiscale model; binder
constraint; charge rates; electrochemical performance

1. Introduction

Electrochemical and mechanical degradation inside the lithium-ion (Li-ion) battery
electrodes is a major bottleneck in the design of robust electrodes [1,2]. During the charg-
ing and discharging process, the expansion and contraction of the particles results in
concentration-gradient induced stress inside the particles. In addition, the mechanical
deformation of the active particles is constrained by the binders and adjacent particles [3,4].
These surrounding confinements create additional stress inside the active particles [5],
cause stress heterogeneity [6–8], and affect the discharge capacity [9–11].

Various researchers have investigated the effect of mechanical confinements on the
degradation of the electrode [12,13]. Using single particle model, Takahashi et al. concluded
that during lithiation/delithiation, the binder layer surrounding the electrode particle
causes a stress shift towards compressive stress [14]. Baboo et al. developed an integrated
framework of experiments and simulations to explore the effect of three different binders
on the electrochemical performance of LiFePO4 battery [15]. Singh et al. analytically
calculated the concentration gradient-induced stress in the electrode particles encapsulated
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in a thin layer of binder [16]. In addition, some research is focused on multiparticle models
with typical or real particle networks [17–19]. For instance, Foster et al. examined the
stress in an NMC particle of various morphologies covered in a binder layer [20]. Using
a multiparticle model, Rahani et al. evaluated the stress generation in particles covered
in a layer of binder [21]. Wu et al. investigated the stress development in composite
electrodes by considering realistically shaped particles enclosed in PVDF binder [22].
Moreover, the interaction of the surrounding particles and the binder layer also resulted in
inhomogeneous stress distribution inside the electrode particles [23–25]. For example, Liu
et al. concluded that the P/P and P/B interaction leads to significant stress heterogeneity
inside the particles [26]. Wang et al. [27] and Gao et al. [28] investigated the stress occurred
at the P/B interface of two connected silicon particles during charging and discharging.
Recently research has also been focused on the development of composite electrodes
for supercapacitors [29], lithium–selenium batteries [30], zinc-ion [31], zinc–air [32] and
ammonium-ion batteries [33].

The constraint-induced stresses from the binder and surrounding particles also affects
the capacity and electrical response of the cell [34–36]. For instance, the compressive
stress developed on particle surface results in stress-induced voltage decay [37]. Lu et al.
explored the effect of stress on the kinetics of surface charge transfer and concluded that
the hydrostatic stress affects the cell voltage [38]. The coupling between stress and voltage
is also used in the development of mechanical sensors. For instance, Cannarella et al.
applied mechanical stress to lithium-ion pouch cell to measure the voltage change [39].
Several numerical models are proposed to determine the stress developed at the particles
and electrode levels [40–43]. These models mainly consist of diffusion-based models and
mechanical models. The diffusion-based model is driven by a concentration gradient
and with proper coupling, the mechanical model is integrated into the diffusion-based
model [44–46]. In this regard, the Newman’s pseudo-two-dimensional (P2D) model is
integrated with the mechanical model to investigate the multiphysics–multiscale behavior
at the particle and electrode levels [47–49]. However, most of these models focus on isolated
single particles. This idealized assumption cannot represent the complex situation imposed
upon an active particle inside an electrode because the surrounding constraint affects the
electrochemical–mechanical behavior of the particle.

Some efforts have been made to describe the coupling effect between the contact stress
of two interacting particles and lithium diffusion [50,51]. In addition, the multiscale nature
of the battery requires to comprehend the two-way coupling between the particle level
and overall cell level [52–55]. Recently, Liu et al. [56] and Gao et al. [47] developed the
multiphysics–multiscale models for silicon–carbon composite particles. However, the active
particles are considered to be isolated with no surrounding mechanical constraint. The
binder confinement and P/B interaction brings in extra stress, which affects the chemical
potential and stress at microscale and alters the electrochemical voltage and stress at the
macroscale. Therefore, a simultaneous multiphysics–multiscale model that incorporates
the (P/P and P/B) interaction is still needed. To bridge the gap, we developed a fully
coupled multiphysics–chemomechanical model to understand the effect of P/P and P/B
interaction on the performance of the Li-ion battery during whole charge–discharge cycle.
The 1D electrochemical model (Model 1) is fully coupled with the 2D representative
volume element model (Model 2). Electrochemistry and mechanics are fully coupled in
both models. The cell charging time, cell voltage, and discharge capacity, together with
mechanical behaviors, are discussed. Finally, the cell performance is evaluated for various
binders and under different charging rates.

2. Multiphysics–Multiscale Computational Methodology

Figure 1 illustrates the schematics of a lithium-ion battery comprising of an anode,
cathode, and a separator. The whole anode is divided into five equal parts, and each part
is fully coupled with the corresponding 2D RVE in Model 2. The RVE1 and RVE5 face the
current collector and separator, respectively. All the particles are covered in binder shells
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and bridged through a binder inside the 2D RVE. Point 1 and Point 2 refer to the center
of particle and the location where the particle interacts with the other particle through
the binder. Due to the symmetric distribution of particles inside Model 2, the points are
highlighted on just one particle.
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Figure 1. Schematic of the simulation model showing the coupling between the 1D electrochemical
model and 2D RVE model. Inside the 1D model, the whole anode is divided into five equal parts, and
each part is two-way coupled with its corresponding 2D RVE. RVE1 and RVE5 are near to current
collector and separator respectively. Point 1 and 2 refer to the center of particle and particle-binder
interface, respectively.

The P/P and P/B interactions offer mechanical constraints to the particle expansion
and contraction. During charging/discharging, the total stress inside the particles is the
superposition of the diffusion-induced stress σc

ij and the constraint-induced stress σin
ij ,

stemming from P/P and P/B interactions, as depicted in Figure 2a. Figure 2b illustrates
the multiphysics–multiscale coupling between Model 1 and Model 2. The electrochemical
and mechanical aspects are fully coupled through cs and σh. In the multiscale coupling,
the average value of intercalation current density from Model 1 is projected on the surface
of particle in Model 2 through the general projection coupling. In the reverse coupling,
the intercalation current density is also a function surface lithium concentration csurf and
surface hydrostatic stress σh,surf, both obtained from respective 2D RVEs. To consider the
extreme cases, the average value of csurf and the maximum value of σh,surf is coupled back
from Model 2 to Model 1.

The P/P and P/B interactions affect σh,surf, which further varies σc
ij through stress–

potential coupling. Similarly, σh adjusts the diffusion of lithium, which further alters
csurf and σh,surf. The governing equation for the multiphysics–multiscale fully coupled
chemomechanical model are described below.
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2.1. Electrochemistry at Electrode Level

The intercalation/deintercalation current density responsible for charging/discharging
can be expressed as:

ij = kF
√

csurf,jcl,j

(
cm − csurf,j

){
exp

(
αaηjF

RT

)
− exp

(−αcηjF
RT

)}
(1)

where the subscript j = 1 to 5 represents the intercalation current density obtained from
specific part of the anode in the 1D model. The overpotential ηj is defined as

ηj = ϕs − ϕl,j − Eeq,j −
Ω σh,j

F
(2)

where Eeq,j is the equilibrium potential. Ω corresponds to change in volume per mol

addition of lithium to the particle.
Ωσh,j

F is the stress-induced overpotential. The material
balance inside the electrolyte follows:

εl
∂ cl
∂ t

= ∇ · (Dl∇cl) + (
1− t+

F
)ajij (3)

where εl and Dl represent the electrolyte volume fraction and diffusion coefficient of
lithium ions in the electrolyte. aj is the active surface area of the electrode responsible for
intercalation/deintercalation. Inside the electrolyte, the lithium flux follows the following
boundary conditions:

−Dl∇cl x=0 = 0 , −Dl∇cl x=(ln)
− = −Dl∇cl x=(ln)

+ ,
−Dl∇cl x=(lsep)

− = −Dl∇cl x=(lsep)
+ ,−Dl∇cl x=l = 0 , (4)

The lithium ions charge balance inside the electrolyte follows:

kl

{
∇2 ϕ l −

2RT (1− t+)
F

∇2 ln cl

}
= −aj ij (5)
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Inside the electrode, the electronic charges are balanced as:

∇ · (ks∇ϕs) = aj ij (6)

where kl and ks represent the effective electrolyte and electrical conductivities. The bound-
ary conditions for the electronic charge balance is given as:

−ks∇ϕs|x=0 = 0 , −ks∇ϕs|x=l = iapp (7)

2.2. Particle Level
2.2.1. Stress-Enhanced Diffusion

Under the influence of both concentration gradient and mechanical stress, the total
lithium flux on the particle surface is given by:

Jj =
D
RT

cm

(
cs,j

cm

)(
1−

cs,j

cm

)(
F

∂E0
eq

cm∂ xLi
∇cs,j + Ω∇σh,j

)
(8)

∇σh,j can be calculated from concentration gradient [57]. Therefore, the lithium
diffusion inside the particles becomes:

Jj =
D
RT

cm

(
cs,j

cm

)(
1−

cs,j

cm

)(
F

∂E0
eq

cm∂ xLi
∇cs,j −

2Ω2E
9(1− ν)

∇cs,j

)
(9)

The temporal evolution of lithium concentration is coupled with Jj as:

∂cs,j

∂t
= −∇ · Jj (10)

The boundary conditions for solving Equation (10) are:

cs|t=0 = c0 , ∇cs|r=0 = 0, −n · Jj

∣∣∣
r=Rp

=
ij
F

(11)

2.2.2. Mechanics

During charging/discharging, the overall strain εij inside the particles is the sum of
mechanical strain εme

ij and concentration gradient-induced strain εd
ij [58]:

εij = εme
ij + εd

ij =

[
(1 + ν)

σij

E
− νσkk

E
δij

]
+

Ωcs

3
δij (12)

where εij and σij represents the strain and stress tensors, respectively, and δij is the Kro-
necker delta. The last term on the right-hand side represents the thermal analogy.

3. Numerical Solution of Stress

The governing equations are numerically solved via the COMSOL multiphysics. The
lithium concentration inside the particles of the 2D RVEs is calculated using the Transport of
dilute species module (tds), and the stress inside the 2D RVEs is solved using the solid mechanics
module. Both the 1D electrochemical model and 2D RVEs are discretized using physics-
controlled meshes. The 2D RVEs contained 221,315 elements with 997,581 degrees of
freedom. To solve the model, the MUMPS solver was used with a relative tolerance of 0.0001.
The simulations are carried out under plain strain conditions. For better convergence, the
symmetric boundary condition is adopted on each side of the RVE. The abbreviations are
shown in the Nomenclature. Table 1 shows the parameters used for simulation.
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Table 1. Parameters used in the simulation.

Parameter Negative Positive Separator

Electrode thickness 90 52 70
Particle radius 5–20 8
Active material volume fraction 0.471 [59] 0.297 [59]
Conductivity 100 3.8
Diffusion coefficient 3.9 × 10−14 1 × 10−13

Initial electrolyte concentration 1000 1000 1000
Electrolyte diffusivity 7.5 × 10−11 [22] 7.5 × 10−11 7.5 × 10−11

Charge transfer coefficient 0.5 0.5
Reaction rate constant 2 × 10−11 [22] 2 × 10−11

Elastic modulus 12 [60] 10 [60]
Elastic modulus of PVDF binder 2 2 50 MPa [60]
Poisson’s ratio 0.3 [61] 0.3
Partial molar volume 3.64 × 10−6 [61] 4.17 × 10−6 [22]

4. Results and Discussion
4.1. Electrochemical Results

In the simulation, the cell is charged in two steps. The cell is continuously charged
with 1 C-rate (cc_ch) till the voltage reaches the upper threshold of 4.25 V. The cell is
further charged at constant voltage charging and stops when the current is reduced to
the minimum value of 0.05 C-rate (cv_ch). The cell is then constantly discharged with
1 C-rate to minimum voltage (cc_dch). Figure 3a compares the charge–discharge voltage
profile for the case of isolated particles and our developed model. It is observed that when
the binder constraint is considered, the cell charging time is increased. With the binder
constraint, the cc_ch time is decreased but the cv_ch period is primarily increased, leading
to an increase in the total charging time. The inset in Figure 3a shows the profile of applied
current. Under the binder constraint, more time is needed for the charging current to reach
the cut-off value, which confirms the increase in charging time.

The increase in the charging time is because of the constraining effect from the sur-
rounding binder layer and P/P interactions. In the case of no binder, the lithium ions
migrated from the positive electrode were accommodated into the isolated particles of the
anode. Under the encapsulation of binder, the mechanical constraint from the surrounding
binder layer does not allow the particle volume expansion at the same rate as in the case of
the isolated particle. Accordingly, the cell increased its charging time to accommodate the
same lithium content.

Figure 3b depicts the temporal evolution of the surface state of charge (SOC) of an
isolated particle and particle inside the 2D RVEs throughout the whole charge/discharge
cycle. To exclude the location’s effect, the region near to the separator is selected for
comparison. A lower surface SOC is achieved in a binder-constrained particle. Figure 3c
shows the variation in the maximum surface SOC across the electrode thickness for isolated
particles and the binder-constrained particles of the 2D RVEs. By the end of cv_ch, the
maximum reduction in the SOC is observed near the separator. This shows that the effect
of the binder is more significant near the separator region inside the electrode.
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current; (c) comparison of the surface SOC across the electrode thickness for the case isolated and
binder-constrained particles; (d) bar graphs comparing the charging time and discharge capacity for
isolated and binder-constrained particles.

The reduction in the surface SOC is due to the coupled effect of stress-enhanced diffu-
sion inside the particle and stress-induced overpotential. During lithiation, the developed
surface compressive hydrostatic stress creates an additional flux towards the particle center.
The surrounding binder constraint further enhances the surface compressive hydrostatic
stress, which increases the stress-induced lithium flux into the particle. This enhanced
flux draws more lithium towards the center, leading to a decrease in the surface SOC. In
addition, the binder-constrained particles remained at a higher SOC by the end of dis-
charge than the isolated particles. During discharging, the particles tend to compress,
but the surrounding binder layer does not allow its compression. Therefore, some of the
cyclable lithium remains inside the particles, resulting in lower discharge capacity. Thus,
we conclude that the surrounding binder layer imposes three limits: (i) during lithiation,
its compressive effect enhances the stress-induced lithium flux into the particle, (ii) it
suppresses the rate of particle expansion during lithiation, and (iii) it does not allow the
particle to shrink during delithiation. Figure 3d further illustrates that with the binder
constraint, the cell charging time and discharge capacity increases and decreases by 7.4%
and 1.4%, respectively.
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4.2. Stress Analysis

This section discusses the coupled effect of P/P and P/B interaction on the stress dis-
tribution inside the particles of 2D RVEs. Figure 4a illustrates the hydrostatic stress contour
plots inside RVE1 and RVE5 at the end of cv_ch. The maximum compressive hydrostatic
stress is observed at the location of P/P interaction. Moreover, higher stress values are
obtained in the RVE5 than RVE1, demonstrating that the region of the electrode near the
separator is more prone to stress. Figure 4b shows that by the end of discharging, the P/P
interaction location inside RVE1 remained at higher stress state than RVE5.Figure 4c depicts
the maximum compressive hydrostatic stress variation across the electrode thickness for the
whole charge/discharge cycle. The maximum compressive hydrostatic stress varies almost
linearly across the electrode and increases with charging. However, by the end of cc_dch,
the compressive hydrostatic stress near the separator is reduced than that near to the current
collector. The resulting stress-induced overpotential Ωσh

F for the whole charge/discharge
cycle is shown in Figure 4d. During the cc_ch, the stress-induced overpotential increased al-
most linearly, followed by a gentle increase during cv_ch. In the subsequent cc_dch, it again
decreases. These results further demonstrate that the effect of P/P and P/B interaction on
the electrochemical response is more significant near the separator.
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constrained particles across the electrode thickness; (d) evolution of stress-induced overpotential
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Figure 5a,b shows the temporal evolution of the von Mises stress at Point 1 and Point 2
and the maximum von Mises stress inside the particles of RVE1 and RVE5, respectively, for
the whole charge/discharge cycle. At each location, the von Mises stress increases linearly
during cc_ch, followed by a gentle increase during cv_ch. During the discharging process,
the von Mises stress decreases until it reaches the minimum value at the end of discharge.
Furthermore, the stress at Point 2 is higher than Point 1, which suggests that the particle
fracture is favored at Point 2. The same trend is obtained inside the RVE5.
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Figure 5c,d depicts the σv at Point 1, Point 2, and σv,max across the whole electrode at the
end of cc_ch and cv_ch, respectively. During cc_ch, the σv increased almost linearly across
the electrode, with higher stress obtained near the separator. At the end of cv_ch, the σv
follows a gentle parabolic profile. Nevertheless, in the succeeding cc_dch, the σv decreased
across the electrode towards the separator, as shown in Figure 6e. Concluding the results,
we state that as the lithiation proceeds, the σv inside the particle increases until it reaches
the local maximum values at the end of charging and then decreases with the discharging.
At the end of cc_dch, some residual stress remains inside the particles because a certain
lithium concentration gradient remains inside the particle. The increasing and decreasing
behavior of σv during charging and discharging, respectively, is also explained by other
researchers and is termed the mechanical breathing of the electrode particles [62,63].

4.2.1. Effect of Binder Modulus

To study the effect of binder modulus on stress heterogeneity inside the particles and
chemomechanical response of the cell, two binder moduli were considered. Figure 6a de-
picts the maximum compressive hydrostatic stress variation across the electrode thickness
at the end of cc_ch, cv_ch, and cc_dch, respectively, in the case of soft binder. The results
almost followed the same trend, as shown in Figure 4c, in the case of the hard binder;
however, lower compressive stress values are obtained. The corresponding stress-induced
overpotential is also lower, as shown in Figure 6b. However, minimal difference is observed
on the surface SOC and cell charging time. Figure 6c compares the temporal evolution of
surface SOC for the soft and hard binder. The zoomed view of the maximum surface SOC
and charging time shows little variation for both binders.
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Figure 6. (a) Maximum compressive hydrostatic stress inside the binder-constrained particles across
the electrode thickness for the case of soft binder; (b) temporal evolution of stress-induced overpo-
tential inside RVE1 and RVE5 during the whole charge/discharge cycle for the soft binder’s case;
(c) comparison of surface SOC for the soft and hard binder. The von Mises stress variation at Point 1
and Point 2, and the maximum von Mises stress across the electrode thickness at the end of (d) cc_ch,
(e) cv_ch, and (f) cc_dch, when the soft binder is considered.

Figure 6d shows the σv across the electrode thickness at the end of cc_ch. Across the
electrode thickness, the stress almost followed a parabolic increase towards the separator.
The stress gradient between Point 1 and Point 2 is lower compared to that shown in
Figure 5e, which confirms that the stress heterogeneity inside the particle is reduced for the
case of soft binder. Figure 6e illustrates the σv across the electrode thickness for the end of
cv_ch. The σv at Point 1 is higher than Point 2, in contrast to that in Figure 5d. Figure 6f
shows the σv across the electrode thickness at the end of cc_dch. Like the hard binder, the
stress decreased across the electrode thickness towards the separator; however, a lower
residual stress remained inside the particles than seen in Figure 5e.

4.2.2. Effect of Charging Rates

To assess the impact of different C-rates, the model was simulated at 1 C, 2 C, and
5 C. A common cut-off current of 0.05 C was applied at the end of the cv_ch for all cases.
Figure 7a shows the evolution of surface SOC inside RVE5 for all C-rates. As the C-rate
was increased, lower surface SOC was achieved at the end of charging. Figure 7b shows
the evolution of σv,max for all C-rates. Likewise, the surface SOC, the σv,max also occurred at
the end of charging.

The surface SOC and σv follow a steep increasing behavior as the C-rate is increased.
This is because increasing the C-rate increases the flux of lithium ions to the particle.
Because of the diffusion constraints, the intercalated lithium starts to accumulate in the near
to surface region, causing large concentration gradients inside the particle. The simulation
results are in close comparison with the results presented in [13].

Figure 7c discusses the effect of C-rate on the charging time of isolated and binder-
constrained particles. The charging time increases with the C-rate. Figure 7d shows the
effect of binder constraint on both cc_ch and cv_ch intervals as a function of C-rates. As
the C-rate increases, the cc_ch duration becomes shorter but the cv_ch duration becomes
larger, leading to a rise in the total charging time. For instance, the surface SOC of the
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positive electrode particles reaches the minimum value at the end of cc_ch. However,
there is still a considerable amount of lithium content that is to be deintercalated from
positive electrode particles and inserted into the negative electrode. Therefore, the cell
follows the subsequent cv_ch charging. In addition, at high C-rates, the faster increase in
the surface SOC of the particles inside the 2D RVEs leads to rapid volume expansion at the
surface. The constraining binder does not allow the particle expansion at the same rapid
rate. Therefore, considering the combined effect from both the binder constraint to particle
expansion inside the 2D RVEs and C-rate, the cell increases its cv_ch duration to obtain
maximum cyclable lithium from the positive electrode and accommodate in the negative
electrode. Therefore, we conclude that constant voltage charging is necessary to obtain the
cell’s maximum charging capacity.
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Figure 8a–c depicts the σv at Point 1, Point 2, and σv,max, respectively, across the
electrode thicknesses for all C-rates and at the end of cc_ch. It can be observed that the
stress increases linearly across the electrode thickness with larger stress occurred near to the
separator. Moreover, lower stress is observed for the 5 C during the cc_ch phase. The higher
stress at Point 2 than Point 1, as shown in Figure 8b, suggests that the particle fracture is
more probable at Point 2 during the cc_ch phase. Figure 8d–f illustrates the σv at Point 1,
Point 2, and σv,max, respectively, across the electrode thicknesses for all C-rates and end of
cv_ch. Across the electrode thickness, the stress followed a parabolic increase towards the
separator. In addition, near to the separator, the stress is independent of the C-rate.

Figure 8g–i depicts the σv across the electrode thickness at Point 1, Point 2, and σv,max,
respectively, by the end of cc_dch. It can be observed that considerable stress remained
inside the particles for a high C-rate and near the current collector. These stresses inside
the particles are responsible for particle fracture and binder debonding. Therefore, the
maximum stress inside the particle and P/B interface needs to be controlled to alleviate the
particle fracture and binder debonding.
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5. Conclusions

In this study, we developed a fully coupled multiscale–multiphysics model to inves-
tigate the effect of P/P and P/B interactions on the electro-chemo-mechanical response
of Li-ion battery. The P/P and P/B interaction is incorporated inside the anode using 2D
RVEs. The electrochemistry and mechanics are fully coupled both inside the 1D electro-
chemical model and 2D RVEs, by considering the effect of stress-enhanced diffusion and
stress-induced overpotential. Both the 1D model and the 2D RVEs are two-way-coupled.

The model is solved for a complete charge/discharge cycle. The study concludes
that the particles achieved a lower surface SOC during charging due to the surrounding
binder constraints. Furthermore, these constraints increase the charging time and reduce
the discharge capacity. Moreover, inhomogeneous stress distribution also occurred inside
the electrode particles due to the P/P interaction through the binder layer.

The results further elaborate that the binder’s effect is more significant near the
separator than the current collector. Moreover, the decreasing binder modulus showed
little impact on the cell charging time and discharge capacity. However, it reduces the
stress levels and stress non-uniformity inside the particles and across the electrode. With
increasing C-rate, the effect of mechanical confinement is more pronounced on the constant
voltage charging and the maximum von Mises stress occurred at the end of charging. Our
study concludes that understanding the P/P and P/B interaction is essential for controlling
the cell charging time and mitigated the stress inhomogeneity inside the particles and P/B
interface. The developed model will further be extended to understand the P/B interface
debonding to develop robust electrodes.
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