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Computational modeling of coupled mechanical damage and 
electrochemistry in ternary oxide composite electrodes 
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• A coupled electro-chemo-damage 
computational framework. 

• Mechanical damage due to intergranular 
fracture of NMC cathode particles. 

• Electrolyte infiltration along the 
damaged polycrystalline grain 
boundaries. 

• Corrosion and impeded interfacial 
charge transfer at the fractured surfaces. 

• Increased capacity but aggravated me-
chanical damage due to electrolyte 
infiltration.  
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A B S T R A C T   

Performance degradation of ternary layered oxide cathodes largely originates from their loss of structural integrity in 
cyclic usage. Mechanical damage, such as intergranular fracture of the active particles, is not only a mechanical 
cleavage process but also interferes with electrochemical kinetics such as infiltration of liquid electrolyte, surface 
corrosion of the constituent primary particles, and may eventually isolate the primary grains from the electron 
conducting network. Here we develop a computational framework that integrates electrochemistry of a LiNixMny-

Co1− x− yO2 (NMC) composite cathode with mechanical damage of the active particles. To fully examine the intricate 
chemomechanical behavior of the electrode, we evaluate the effects of the anisotropic material properties, the in-
fluence of mechanical potential on Li transport, and the concurrent intergranular fracture and electrolyte penetration 
along the grain boundaries upon multiple cycles. Electrolyte infiltration benefits capacity retention but aggravates 
further mechanical damage by corrosion. Structural failure mostly occurs in the first charging due to the anisotropic 
mechanical strain between the primary grains, while the resulting damage remains stable in the later few cycles. The 
results are consistent with experimental observations and the integration of electrochemistry and mechanical failure 
enables a step further understanding of the complex mechanism of battery degradation.  
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1. Introduction 

Along the pathway toward net zero emission [1], the energy storage 
solution must meet the increasingly demanding requirements of high 
energy density, fast charging, long cycle life, and low cost. Li-ion bat-
teries have emerged as one of the most commercially successful energy 
storage devices, especially in portable electronics and electric vehicles 
[2]. Among the various cathode materials used in Li-ion batteries, 
ternary layered oxide LiNixMnyCo1-x-yO2 represents the state-of-the-art 
which offers a balanced merit between energy density, power density, 
and stability [3]. By increasing the nickel content in NMC, its discharge 
capacity, voltage, and energy density can be further enhanced, but the 
drawback comes with severe structural degradation [4,5]. Understand-
ing the mechanical activation and mitigating the resulted degradation 
therefore become crucial in achieving the optimal performance of NMC 
cathodes. 

The mechanical behavior of NMC is largely determined by its 
anisotropic material properties. Due to the layered lattice structure, 
NMC exhibits several intrinsic anisotropic features including anisotropic 
Li diffusivity [6], anisotropic mechanical properties [7], and anisotropic 
chemical strains upon redox reactions [8]. Commercial NMC particles 
adopt a hierarchical morphology to achieve a higher tap density, where 
small primary particles aggregate to form spherical polycrystalline 
secondary particles [9]. Within the polycrystalline structure, the 
anisotropic diffusivity along the c-axis versus ab-plane creates a tortuous 
Li pathway, leading to charge heterogeneity and non-uniform distribu-
tion of chemical strains that generate stresses [6]. We used nano-
indentation to measure the anisotropic stiffness matrix of NMC [7]. 
Various diffraction experiments have been conducted to determine the 
anisotropic chemical strains (variation of lattice changes in the a- and 
c-axes during (de)lithiation) [8,10,11]. The anisotropic chemical strains 
within the randomly orientated primary particles cause significant 
mismatched deformation and stresses along the boundaries between 
neighboring primary grains. Overall, charge heterogeneity and aniso-
tropic lattice strains lead to intergranular fracture and disintegration of 
the NMC secondary particles. 

The mechanical behavior of electrodes is also intimately coupled 
with the thermodynamics and dynamics of electrochemistry. Mechani-
cal stresses can regulate the kinetics such as Li diffusion and interfacial 
charge transfer [12,13], and influence electrochemical behaviors within 
the single particles, between neighboring particles, and among the 
electrode composite [14,15]. Besides, high-capacity electrode materials 
such as NMC cathode and Si anode exhibit a broad range of Li concen-
trations that vastly deviate from the ideal dilute solution. Therefore, the 
solution nonideality due to the interactions of the guest species must be 
considered in the Cahn chemical potential [16,17], which has been 
proved to place a significant effect on Li diffusion and the electro-
chemistry response in Si electrodes [13,18]. One of the goals of this work 
is to assess the mechanical effect on Li transport in NMC cathode by 
considering the anisotropic transport and mechanical properties and the 
thermodynamic nonideality of the solid solution electrode. 

Moving forward, our major goal is to integrate the modeling of 
electrochemical performance and mechanical damage of a composite 
electrode and evaluate their mutual interactions upon cycling. Inter-
granular fracture of polycrystalline NMC particles is the primary cause 
of structural disintegration in Ni-rich cathodes [11,19]. Cracks break the 
cohesion between primary particles and distort the Li transport chan-
nels, thereby deteriorating the rate performance. Severe fractures 
eventually isolate primary particles from the electron conductive ma-
trix, rendering them “dead particles” that lead to the loss of capacity 
[20]. There has been extensive research on mechanical damage through 
numerical modeling. Prior work has studied the effects of charging rate, 
fracture energy, particle size and morphology, cycling protocol, and 
anisotropy on electrochemical performance and damage behaviors 
[21–24] and simulated damage by utilizing the cohesive zone method, 
spring model, and phase-field modeling [25]. Despite the considerable 

literature on computational modeling of the fracture behavior of NMC 
particles, the coupling between damage generation and electrochemical 
kinetics is not fully explored – for instance, the freshly fractured surface 
welcomes electrolyte infiltration, which can result into parasitic surface 
reactions, such as phase transformation [26], oxygen release [27], 
transition metals dissolution [28], and corrosion of the intergranular 
strength [29]. Electrolyte infiltration has been observed in many ex-
periments and considered in theories. Xia et al. found that electrolyte 
penetration shortens Li diffusion pathway but not for electron conduc-
tion, inducing a mismatched transport of charge carriers [30]. Janek 
et al. studied the effect of cracks and electrolyte infiltration on Li 
transport in both liquid and solid electrolyte environments [31]. They 
observed faster Li diffusion and higher capacity over cycles using a 
liquid electrolyte compared to the solid case. Min et al. recently pro-
posed that electrolyte penetration and the incurred electrochemical re-
action inside the NMC particles are responsible for the observation that 
Li diffusion time is independent of the secondary particle size [32]. In a 
prior work, we demonstrated positive feedback between surface charge 
heterogeneity and bulk fracture by considering electrolyte infiltration as 
a fast channel of Li transport [33]. Nevertheless, it remains a challenging 
task to incorporate electrolyte infiltration and its effects on electro-
chemical response and mechanical damage in the composite electrode. 

Herein, we first examine the effect of various anisotropic features of 
NMC including anisotropic Li diffusivity, anisotropic mechanical prop-
erties, and anisotropic chemical strains. Anisotropy is the key to capture 
the charge heterogeneity and enormous stresses at the grain boundaries 
in the polycrystalline particles. Next, we quantitatively evaluate the 
mechanical effect on Li diffusion and voltage response in the NMC 
composite cathode. We show that solution nonideality is the primary 
factor regulating the diffusion kinetics. While mechanical potential is 
non-trivial at slow and moderate charging rates, at a fast-charging rate, 
the mechanical effect becomes negligible. Lastly, we conduct finite 
element analysis based on a fully coupled electrochemistry-fracture 
model to study the consequence of damage generation and electrolyte 
infiltration on Li transport, damage evolution, and capacity retention. 
The electrolyte wetting reduces the intergranular fracture strength of the 
polycrystalline NMC, while simultaneously improving Li diffusion ki-
netics and capacity retention by increasing the surface area where 
charge transfer reactions are upon. We also observe that most of me-
chanical damage emerges in the first charging process and then the 
electrochemical response and mechanical damage of the cathode 
become stable over the next few cycles in both the solid-state and liquid- 
electrolyte batteries. The computational framework integrating the 
electrochemical kinetics and mechanical failure provides further insight 
into the complex mechanism of battery degradation. 

2. Theories and computational model 

A Li-ion battery is composed of three main components, a positive 
electrode (cathode), a negative electrode (anode), and an electrolyte 
wetting both electrodes, as shown in Fig. 1(a). Li ions migrate from the 
cathode to the anode through the electrolyte during charging, and 
electrons transport through the external circuit. The charge transfer 
reaction Li+ + e− →Li takes place at the interface between the anode and 
the electrolyte to deposit lithium. In the cathode, NMC particles mix 
with carbon and polymeric binders to form a porous composite soaked 
with the liquid electrolyte. As shown in Fig. 1(a), the NMC particle is 
represented by the beige circle of multiple random shaped polygons. The 
liquid electrolyte, represented by the light blue domain in Fig. 1(a), 
provides the diffusion channel for Li ions between the cathode and the 
anode. The porous carbon-binder matrix, represented by the grey 
domain, forms the conductive network for electrons and physical sup-
port for the active particles. We build a half-cell model to simulate the 
co-evolving electrochemical and mechanical behaviors during the 
charging and discharging cycles. There are five electrochemical pro-
cesses to be considered, including (I) Li diffusion within the active 
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materials, (II) interfacial charge transfer at the NMC outer surfaces, (III) 
interfacial charge transfer at the fractured surfaces (considering elec-
trolyte infiltration), (IV) electron conduction in the carbon-binder ma-
trix, and (V) Li ions diffusion in the electrolyte. For (I), we also evaluate 
the mechanical effect on Li diffusion and voltage response. During 
cycling process, (de)lithiation-induced strains generate mechanical 
stresses, resulting in intergranular fracture of NMC particles. Depending 
on the severity, mechanical damage may be considered as (1) minor 
cracks, (2) major cracks, or (3) complete cracks that isolate the primary 
grains. Minor cracks are small-sized cracks that do not further grow, 
while the major cracks are formed by propagation of small-sized ones 
and association with other minor cracks, reaching the particle surface 
and introducing electrolyte infiltration into the interior particles. Iso-
lated particles are formed by complete cracks, which block electrons 
conduction, thus becoming inactive particles. We apply a fully coupled 
electro-chemo-mechanics theory, which describes the kinetics of Li ions 
transport and electron conduction in the battery cell, deformation ki-
nematics and stresses of the composite cathode, dynamics of crack 
growth of the active particles, the mechanical effect on Li diffusion, and 
the effects of evolving fracture on the interfacial charge transfer 
reaction. 

Fig. 1(b) shows the geometry of the half cell and mesh in the finite 
element modeling, which includes a current collector, a NMC poly-
crystalline active particle, an electrolyte-carbon-binder domain, a 
separator, and a Li metal anode. In this model, the mechanical interac-
tion between the active particle and the conductive matrix is not 
considered. Therefore, for the computational simplicity, a continuum 
electrolyte-carbon-binder domain has been applied, which is different 
from the explicit configurations of the electrolyte and carbon-binder 
outlined in Fig. 1(a). The radius of the active particle is set as 5 μm. 
The polygonal primary particles are generated of random shapes and 
sizes using the Voronoi tessellation [34], which have an average diam-
eter around 1.5 μm. Such a size is slightly larger than the primary par-
ticles in experiments [35] but it affords a reasonable balance between 
the computational cost and accuracy. The thickness of the Li metal 
anode and current collector is set as zero to focus on the response on the 
cathode side. L represents the height of the porous cathode, Ls the height 
of the separator, and W the width of the porous cathode. All the 
modeling parameters are summarized in the Supplementary Table S1. 

2.1. Electrochemistry 

2.1.1. Li diffusion within the active material 
The mass conservation states 

∂c
∂t

= − ji,i, (1)  

where c is Li concentration in the active material, and ji is the flux. Here, 
the tensor convention is followed and ji,i means the divergence opera-
tion. Fick’s law describes Li diffusion kinetics in the active particles, 

ji = −
c

RT
Dijμ,j, (2)  

where Dij represents Li diffusivity (2nd-order tensor), μ is the chemical 
potential of Li, μ,j is the gradient of μ, R is the gas constant, and T is the 
temperature. We use Larché and Cahn’s model [36] to define the in-
ternal energy density. Only the contribution of chemical and mechanical 
energies inside the active particles is considered. Hence, the differential 
of the internal energy density e yields 

de= σijdεij + μdc, (3)  

where σij and εij are the stress and strain tensors, respectively. By 
differentiating e − σijεij, it gives 

d
(
e − σijεij

)
= de − σijdεij − εijdσij. (4) 

And plugging Eq. (3) into Eq. (4) yields 

d
(
e − σijεij

)
= μdc − εijdσij. (5) 

According to the Clairaut’s theorem, if the second partial derivative 
of a function is continuous, the order of differentiation is immaterial, 
Q,ij = Q,ji. Therefore, the result of differentiating e − σijεij first by σij then 
by c should be equal to differentiating it first by c then by σij, 
(

∂εij

∂c

)

σij

= −

(
∂μ
∂σij

)

c
. (6)  

For NMC, the inelastic deformation is not considered. The total strain is 
composed of the chemical strain εC

ij and the elastic strain εE
ij , 

εij = εC
ij + εE

ij . (7) 

The (de)lithiation-induced chemical strain εC
ij is calculated as 

Fig. 1. (a) Schematics of co-evolving electrochemistry and mechanical damage in a NMC composite cathode under galvanostatic charging. Five electrochemical 
processes are considered: (I) Li diffusion within the active materials, (II) interfacial charge transfer at the original interface between the electrode and the electrolyte, 
(III) interfacial charge transfer at the freshly fractured surfaces, (IV) electron conduction in the carbon-binder matrix, and (V) Li transport in the electrolyte. 
Depending on the severity, mechanical damage is considered as (1) minor cracks, (2) major cracks, or (3) complete cracks that isolate NMC primary particles. (b) The 
simplified computational geometry of a half cell includes a current collector at the bottom, an active NMC particle surrounded by a porous carbon binder domain 
filled with electrolyte (light blue color), a separator (dark blue color), and a Li metal anode at the top. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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εC
ij =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

la − la0

la0
0 0

0
la − la0

la0
0

0 0
lc − lc0

lc0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

, (8)  

where la and lc are the lattice parameters along the a and c-axis at a given 
state of charge (SOC) and la0 and lc0 are at the pristine state, respec-
tively. NMC has a hexagonal layered lattice structure. We use aniso-
tropic elasticity to model the mechanical behavior. The constitutive law 
describes the relationship between the elastic strain εE

ij and stress: 

εE
ij = Sijklσkl. (9)  

where Sijkl represents the inverse of the stiffness of NMC, which depends 

on the Li concentration c. We expand the term 
(

∂εij
∂c

)

σij 
as follows: 

(
∂εij

∂c

)

σij

=
∂εC

ij

∂c
+

∂εE
ij

∂c
= βij +

dSijkl

dc
σkl, (10)  

where the 2nd-order tensor βij represents the anisotropic chemical 
expansion coefficient. By plugging Eq. (10) into Eq. (6), it yields 
(

∂μ
∂σij

)

c
= − βij −

dSijkl

dc
σkl. (11)  

By multiplying dσij on both sides of Eq. (11), the differential of chemical 
potential is expressed as 

dμ = − βijdσij −

(
dSijkl

dc
σkl

)

dσij. (12) 

By integrating Eq. (12), it gets 

μ=M(c) − βijσij −
1
2

dSijkl

dc
σijσkl, (13)  

where M(c) is a function of c only. The chemical potential μ is finally 
obtained as 

μ= μ0 + RT ln
(

γ
c

1 − c

)
− βijσij −

1
2

dSijkl

dc
σijσkl, (14)  

where μ0 is a reference potential, γ is the thermodynamic activity co-
efficient, and c is the normalized Li concentration. 

At the outer surface of the active particle, Li flux is related to the 
interfacial charge transfer current density iBV by 

jinp
i = −

iBV

F
, (15)  

where np
i is the unit normal vector pointing from the electrolyte domain 

towards the active particle, iBV is the interfacial charge transfer current 
calculated from the Butler-Volmer equation, and F is the Faraday con-
stant. 

The chemical potential in Eq. (14) consists of the following material 
parameters: the activity coefficient γ, the anisotropic chemical expan-
sion coefficients βij, and the derivative of compliance coefficients dSijkl

dc . 
The three sets of material parameters are determined as follows. The 
activity coefficient γ accounts for the nonideality effect when the solid 
solution is not dilute. It is obtained by fitting the open-circuit potential 
of NMC against Li using a polynomial function RT ln γ =

∑N
k=2Ωkkck− 1, 

and the open-circuit potential is expressed as follows [17,18], 

FU =FU0 + RT ln
(

1 − c
c

)

− RT ln γ, (16)  

where U is the open-circuit potential, U0 is the reference open-circuit 
potential, and Ωk is the self-interaction coefficient characterizing 
interaction between Li atoms. The blue triangles in Fig. 2(a) are the 
experimental data of the open-circuit potential U for LiNi0.8Mn0.1-

Co0.1O2 (NMC811) [8]. The black line shows the polynomial fitting 
curve up to the 6th order. The Supplementary Table S2 lists the 
self-interaction coefficients and the reference open-circuit potential U0. 
We may evaluate the effect of the activity coefficient on diffusion in the 
following equation (where the mechanical potential is not accounted): 

∂c
∂t

=

(
Dij

1 − c

(

1 +
(1 − c)c

γ
dγ
dc

)

c,j
)

,i
, (17)  

in which (1− c)c
γ

dγ
dc is due to the dependence of the activity coefficient on Li 

concentration. This function is plotted in Fig. 2(a) in the red line. It is 
zero when the active material is fully lithiated or delithiated, however, it 
largely deviates from zero at other states of charge which promotes Li 
diffusion. For instance, at x = 0.4, the nonideality effect (1− c)c

γ
dγ
dc = 9, 

showing that the effective Li diffusivity is about one order of magnitude 
higher than the intrinsic diffusivity. 

The black curves in Fig. 2(b) denote the experimental data of la 

(lattice parameter along the a-axis) and lc (lattice parameter along the c- 
axis) from operando synchrotron X-ray diffraction (XRD) as a function of 
Li fraction x in NMC811 [8]. The chemical strain εC

ij is then calculated 
using Eq. (8). The red curves show the anisotropic chemical expansion 
coefficients βij obtained from the derivative of the chemical strains with 

respect to the Li concentration, βij =

(
∂εC

ij
∂c

)

. 

The Supplementary Table S3 lists the values of stiffness coefficients 
Cijkl as a function of fraction x in NMC811 calculated by first-principles 
modeling from an unpublished work [37]. By inverting the stiffness 
matrix, we obtain the compliance matrix Sijkl denoted as triangles in 
Fig. 2(c). The linear fitting curves of the compliance coefficients are used 
to calculate dSijkl

dc . 

2.1.2. Interfacial charge transfer 
The interfacial charge transfer reaction Li ↔ Li+ + e− at the interface 

between the active material and the electrolyte is described by the 
Butler-Volmer (BV) equation, 

iBV = i0

(
e

αaFη
RT − e−

αcFη
RT

)
, (18)  

where iBV is the local current density, αa the anodic transfer coefficient, 
αc the cathodic transfer coefficient, and i0 the exchange current density 
which is defined as 

i0 =F(kc)
αa (ka)

αc (cmax − c)αa (c)αc

(
cl

cl
ref

)αa

, (19)  

where kc and ka are the rate constants for the cathodic and anodic re-
actions, c and cmax are the current and max Li concentrations in the 
active material, respectively. cl and cl

ref are the current and reference Li- 
ion concentrations in the electrolyte, respectively. η in Eq. (18) denotes 
the overpotential, 

η=φc − φl − Eeq, (20)  

where φc is the electric potential at the surface, φl is the electrolyte 
potential, and Eeq is the equilibrium potential of Li in the active material 
at a given state of charge which is measured from experiments [8]. Our 
previous work demonstrates that the stress effect on the overpotential is 
insignificant [12], therefore, it has been neglected in this work. 

When intergranular cracks emerge, liquid electrolyte infiltrates 
along the grain boundaries into the freshly exposed interior region of 
NMC polycrystalline particles. Like the outer surface of the NMC parti-
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cle, interfacial charge transfer occurs at these fractured surfaces. Elec-
trolyte infiltration can be depicted as liquid movement in a capillary. 
The Supplementary Fig. S1(a) shows the schematic of the capillary 
motion, described by the Washburn equation [38], 

l=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
reffΓ cos θ

2ν

√
̅̅
t

√
, (21)  

where l is the infiltration length at time t, reff is the effective capillary 
radius, Γ is the surface tension, θ is the contact angle, and ν is the vis-
cosity. Fig. S1(b) shows the geometry of electrolyte infiltration through 
the freshly exposed surface of the NMC particle. We adopt the damage 
initiation displacement u0 as the effective radius reff and the particle 
radius as the infiltration length l to estimate the order of the infiltration 
time t. The parameters Γ, θ, and v for LiNi0.5Mn0.3Ni0.2O2 (NMC532) 
with a typical carbonate-based electrolyte have been measured by ex-
periments [39]. By plugging the parameters in Eq. (21), we determine 
that the infiltration time t of the liquid electrolyte penetration in the 
NMC secondary particle is about 5 ms, which is several orders of 
magnitude smaller than the charging time. Hence, we can ignore the 
dynamic process of liquid infiltration and assume an equilibrium state of 
electrolyte penetration along the grain boundaries as soon as mechani-
cal damage initiates and the fractured surface becomes accessible to the 
liquid electrolyte. 

We obtain the local field variables c′
l, φ

′
l, and φ′

c at the freshly frac-
tured internal surface by calculating the average of these values nearby 
the electrolyte-NMC interfaces. If the normal displacement (dn) between 
two neighboring elements is larger than the damage initiation 
displacement (d0), we use a modified Butler-Volmer equation as a flux 
boundary condition at the fractured surface, 

i′BV = i′0
(

e
αaFη′

RT − e−
αcFη′

RT

)
,

i′0 = F(kc)
αa (ka)

αc (cmax − cs)
αa (cs)

αc

(
c′

l

clref

)αa

,

η′ = φ′
c − φ′

l − Eeq.

(22) 

The normal displacement (dn) and the damage initiation displace-
ment (d0) are defined in Section 2.3. 

2.1.3. Electron conduction in the carbon-binder matrix 
Ohm’s law describes electron conduction in the conductive matrix, 

ic
i = − Kcφc

,i, (23)  

where ici is the electric current density, Kc is the electrical conductivity of 
the carbon-binder matrix. The charge conservation states 

ic
i,i = 0. (24) 

We define the unit normal vectors pointing from the cathode to the 
current collector as ncc

i , from the cathode to the separator as ncs
i , and 

from the model to the outside as ns
i . The boundary conditions are 

following: 

ic
i n

cc
i = − iapp at y = 0;

ic
i n

cs
i = 0 at y = L;

ic
i n

s
i = 0 at x = 0 and x = W.

(25)  

iapp represents the externally applied current density during the galva-
nostatic charging or discharging. iapp is calculated based on the charging 
rate (Crate), maximum Li concentration (cmax), active particle radius (r), 
and the current collector width (W): 

iapp =
Crate

1h
×

F × cmax × πr2

W
. (26)  

When the cell is cycled at a given Crate, it takes 1
Crate 

hours for the cell to be 
fully charged or discharged. At the boundaries between the active par-
ticle and the electrolyte, the electric current density is determined by 

ic
i np

i = iBV. (27)  

2.1.4. Li-ion diffusion in the electrolyte 
The concentration gradient and the electric field drive the transport 

of charged Li ions in the electrolyte. The flux jli is determined by 

jl
i = − Dlcl

,i +
t+
F

il
i, (28)  

where Dl is the diffusivity of Li ions in the electrolyte, cl is the Li-ion 
concentration in the electrolyte, t+ is the transference number of the 
cation (Li+). Newman et al. [40] derived the electrolyte current density ili 
as 

il
i = − Klφl

,i +
2K lRT

F

(

1+
∂ln f
∂cl

)

(1 − t+)
(
ln cl)

,i, (29)  

where Kl is the electrolyte ionic conductivity, φl is the electrolyte po-
tential, and f is the mean activity of the electrolyte. The charge carriers 
in the electrolyte obey the conservation laws, 

∂cl

∂t
= − jl

i,i, (30)  

and 

Fig. 2. Material properties adopted in the modeling. (a) An experimental measurement of the open-circuit voltage of NMC811 against Li (blue triangles) reported by 
Marker et al. [8] The black line (overlapping with the blue dots) is the fitting curve of the experimental data using a polynomial function, and the red line represents 
the derivative term of the thermodynamic activity coefficient in Eq. (17). (b) Experimental measurements (black lines) of lattice parameters in the a- and c-axis upon 
(de)lithiation reported by Marker et al. The anisotropic chemical expansion coefficients βa and βc (red lines) are calculated based on the lattice parameters. (c) The 
anisotropic compliance coefficients of NMC811, which is calculated based on the first-principles modeling [37]. The dots represent atomistic simulation data, and the 
solid lines represent fitting functions used in the current modeling. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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il
i,i = 0. (31) 

The insulation and zero-flux boundary conditions are applied at x =

0,x = W,and y = 0, 

il
in

cc
i = 0 at y = 0;

il
in

s
i = 0 at x = 0 and x = W;

jl
in

cc
i = 0 at y = 0;

jl
in

s
i = 0 at x = 0 and x = W;

(32) 

At the boundary between the separator and the anode Li metal, a 
robin boundary condition is applied as follows, 

il
in

sa
i = isa at y = L + Ls;

jl
in

sa
i =

isa

F
at y = L + Ls.

(33)  

where nsa
i is the unit normal vector pointing from the separator to the 

anode Li metal. isa is the local charge transfer current density governed 
by the Butler-Volmer equation, 

isa = isa
0

(
e

αaFηsa
RT − e−

αcFηsa
RT

)
;

isa
0 = isa

0ref

(
cl

cl
ref

)αa

;

ηsa = φcext − φl − ELi
eq.

(34)  

isa0ref 
is the reference current density, φcext is the externally applied electric 

potential, and ELi
eq is the equilibrium potential of Li metal (0 V). The 

anode Li metal is connected to the ground, therefore, 

φcext = 0 at y = L + Ls. (35) 

At the boundaries between the NMC active particle and the elec-
trolyte, the electric current density is determined by 

il
in

p
i = − iBV, (36)  

and the Li-ion flux is determined by 

jl
in

p
i = −

iBV

F
. (37)  

2.2. Mechanics 

Mechanical deformation and the stress field in the porous cathode 
composite are determined by solving the elastic boundary-value prob-
lem. We adopt the plane strain assumption. Mechanical equilibrium is 
established much faster than Li diffusion, therefore, 

σij,j = 0. (38) 

We assume a linear elastic behavior of the electrolyte and carbon- 
binder domain and its elastic modulus was measured as around 5 GPa 
in our previous work [41]. For the NMC active particle, the elastic 
constitutive equation describes the stress-strain relationship, 

σij =CijklεE
kl, (39)  

where σij is the stress tensor, εE
kl is the elastic strain, and Cijkl is the 

stiffness matrix. Recalling Eq. (7), the total strain consists of the chem-
ical strain εC

ij and the elastic strain εE
ij . The total strains εij are related to 

the displacements ui as 

εij =
1
2
(
ui,j + uj,i

)
. (40) 

The displacive conditions are prescribed as follows, 

uincc
i = 0 at y = 0;

uincs
i = 0 at y = L;

uins
i = 0 at x = 0 and x = W.

(41)  

2.3. Mechanical damage 

Using the cohesive zone model (Supplementary Fig. S1(c)), we 
simulate crack initiation and growth at the grain boundaries between 
the neighboring primary particles. The boundary elements are undam-
aged when the normal displacement (dn) is smaller than the damage 
initiation displacement (d0), i.e., dn < d0, and the normal traction (tn) at 
the boundary is proportional to the normal displacement, 

tn =Kndn, (42)  

where Kn is the normal stiffness of the cohesive element. Damage initi-
ates when tn > t0, where t0 is the interfacial strength. The failure initi-
ation displacement d0 is defined as d0 = t0

Kn
. The cohesion of the 

boundaries is considered fully damaged when the energy release rate (G) 
of the cohesive elements equals or exceeds the fracture energy Γ. The 
failure displacement df is calculated as df = 2Γ

t0 . When damage propa-
gates, d0 < dn < df , the normal traction is proportional to the normal 
displacement, and the reduced stiffness tn = (1 − D)Kndn. After the 
boundary is fully damaged, there is no traction between the neighboring 
grains. The damage function D is determined by 

D=

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0, dn < d0

df

dn

(
dn − d0

df − d0

)

, d0 < dn < df

1, dn > df

. (43) 

The maximum damage value at all the boundaries is stored at each 
time step to ensure that the damage is non-recoverable, i.e., even if the 
normal displacement becomes zero during subsequent steps, the damage 
value remains the maximum of its historical values. To clarify, we only 
consider crack opening along the grain boundaries, and we set the shear 
strength as infinite in the cohesive zone model. 

2.4. Electrolyte infiltration along the fractured surfaces and its 
consequence 

Upon the intergranular fracture, liquid electrolyte infiltrates along 
the grain boundaries into the interior region of the NMC polycrystalline 
particle. Such processes incur side reactions and TM ions dissolutions 
between the electrolyte and the newly exposed surface. We term the 
resulting side reactions and ion dissolution as the corrosion effect, which 
generally weakens the mechanical cohesion between the primary par-
ticles. In the numerical modeling, we assume that the magnitude of the 
fracture strength and fracture energy of the corroded surfaces are half of 
the original values [42]. Meanwhile, even though the freshly exposed 
surfaces increase the surface area for the interfacial reaction, the low 
electrical conductivity of NMC [43] impedes electron conduction along 
the cracked surfaces when not in contact with the conductive matrix. 
Here, we mimic the impedance of electron conduction as a penalty 
factor in the interfacial charge transfer kinetics at the fractured surfaces. 
The detailed implementation is described as follows. 

2.4.1. Corrosion 
We previously studied the corrosive behavior of intergranular frac-

ture of NMC cathode, where the fracture strength of the cohesive ele-
ments decreases during charging and as the cycle proceeds [44]. To 
implement the corrosion effect due to electrolyte infiltration, we assume 
that the fracture strength tc and the fracture energy Γc of the corroded 
boundaries are half of the original intact boundaries, 
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tc =
1
2
t0,

Γc =
1
2
Γ0.

(44)  

As shown in the Supplementary Fig. S1(c), the area of the blue triangle 
represents the original fracture energy Γ0 and the orange triangle is the 
reduced fracture energy Γc. It is worth noting that the choice of the 
reduced fracture strength and fracture energy is simply for the demon-
stration purpose of numerical modeling. There is no experimental report 
of their values in literature. 

2.4.2. Penalty to ion transport and electron conduction 
Li flux at the fractured surface is calculated by the Butler-Volmer 

equation using two penalty factors, PFion and PFe. The actual ion flux 
at the fractured surface is calculated as PFion multiplying by the value 
from the BV equation, which mimics the impedance of Li ions transport 
due to the surface phase transformation or the cathode-electrolyte 
interface (CEI) formation. Measuring PFion in experiments is chal-
lenging; hence we perform a parametric study for three values of PFion =

1, 0.5, and 0.1. The results are summarized in the Supplementary 
Fig. S2. We find that the damage pattern and extension at the end of the 
first charging are nearly the same with the three values, except Li dis-
tributions are different because of the modulated interfacial charge 
transfer kinetics. We choose PFion = 0.1 in the following numerical 
modeling. PFe corresponds to the reduced electron flow from the infil-
trated surface to the matrix due to the low electrical conductivity of the 
freshly exposed NMC. When a primary particle has more damaged grain 
boundaries, it has less channels to pass electrons to the neighboring 
particles and to the conductive network. Therefore, the penalty factor 
PFe is calculated based on the degree of mechanical damage of a given 
primary particle, 

PFe = 1 − 1.25davg, (45)  

where davg is the average damage of the cohesive elements surrounding 
the primary particle. We assume that once the boundary conditions 
around a primary particle are 80% damaged (davg = 0.8), the electron 
conduction pathway is fully disrupted, and Li-ion flux (ji) at the frac-
tured surface reduces to zero. This equation is chosen for the purpose of 
demonstration of computational modeling, to our best knowledge, 
without prior experimental validation. We consider that electron flow is 
coupled with the intergranular fracture – in the extreme case when 80% 
of the electron path surrounding a primary particle is damaged, the 
primary particle is isolated from the electron conducting network. 

Overall, Li-ion flux ji at the freshly fractured surfaces is calculated by 
a modified Butler-Volmer equation. 

jinfs
i = −

PFion × PFe × i’
BV

F
, (46)  

where nfs
i is the unit normal vector at the fractured surface pointing 

towards the active material and i′BV is calculated from Eq. (22). The sum 
of the total interfacial flux at the NMC outer surface and the freshly 
fractured surfaces remains equal to the externally applied total current 
iapp × W at the current collector, 

− iapp × W = F
∫

Ωori

jinp
i dS + F

∫

Ωfs

jinfs
i dS, (47)  

3. Results and discussion 

3.1. The anisotropic material properties 

To underscore the critical role of the anisotropic transport and me-
chanical properties in predicting the chemomechanical behavior of the 
NMC cathode, we use a single NMC polycrystalline particle as a 

demonstration and prescribe a constant flux boundary condition at the 
outer surface [38]. In this section, we primarily evaluate the anisotropic 
material properties, while the effect of the mechanical potential on Li 
diffusion is demonstrated in the next section. To illustrate the effect of 
anisotropic material properties, we adopt isotropic diffusivity, isotropic 
mechanical properties, and isotropic chemical strains for the isotropic 
model, while anisotropic diffusivity, anisotropic mechanical properties, 
and anisotropic chemical strains are considered for the anisotropic 
model. Li diffusivity is a 2nd-order tensor in the diffusion equation, 

∂c
∂t

=Dijc,ij, (48)  

and because of the hexagonal symmetry, Li diffusivity can be reduced to 
the following form in the 2D case, 

Dij =

[
Dab 0
0 Dc

]

, (49)  

where Dab is the Li diffusivity along the a- and b-axis and Dc along the c- 
axis. To make a comparation between the isotropic and anisotropic 
models, we need to choose an effective diffusion coefficient for the 
isotropic model. The effective diffusion coefficient depends on the 
microstructure of the secondary particles such as grain size and orien-
tations. To obtain the effective diffusivity, we consider the ideal case 
where the grain orientation in the polycrystal is entirely stochastic and 
diffusion along the c-axis is negligible compared to the ab-plane. Then, 
for each grain with an orientation angle θ (θ = 0 corresponding to Li 
diffusion along the ab-plane), the effective diffusivity is Dab cos θ. And 
the average effective diffusivity of the polycrystal can be calculated as 

Deff =

∫ π
2
0

Dab cos θdθ
∫ π

2
0

dθ
= 2

πDab. In the anisotropic model, we assume Dc =

1
10Dab while the anisotropic effect becomes more significant when the 
ratio becomes larger. To focus on the primary effect of anisotropy, we do 
not consider the change of diffusivity at different states of charge [45]. 
For the mechanical property, we adopt the calculated stiffness constants 
Cijkl [37], which are summarized in the Supplementary Table S3. In the 
reference, the effective isotropic mechanical properties are obtained 
using the Voigt-Reuss scheme [46]. Lastly, for the anisotropic defor-
mation, NMC lattice parameters upon (dis)charging are obtained from 
the experimental data, and chemical strains are calculated by Eq. (8). In 
the reference isotropic model, the chemical strain εC

ij is calculated from 

the volume change of NMC upon (dis)charging, and εC
ij =

(√
3 V

V0
−

1
)

δij, where V and V0 are the volume of NMC lattice at a given state of 

charge and in the pristine state, respectively [8]. A constant flux J0 is 
applied on the boundary of the particle to mimic the 1C charging 
condition. 

Fig. 3(a) shows the isotropic model. Fig. 3(d) shows the anisotropic 
model with random grain orientations, which is generated using a 
random function, ranging from − π to π, where the inset coordinate in-
dicates the reference orientations of a-axis and c-axis as zero degree. 
Fig. 3(b) and (e) show the profiles of the normalized Li concentration (c) 
in the isotropic and anisotropic models at t = 1800s, corresponding to 
the state of charge of 0.5 during the first charging. In the isotropic case, 
Li concentration shows the core-shell pattern, and its gradient is present 
only along the radial direction. Such radial heterogeneity is caused by 
the low Li diffusivity at a fast-charging rate. In comparison, anisotropic 
diffusivity (Dij) generates a much higher radial as well as angular con-
centration heterogeneity due to the tortuous Li diffusion pathways 
induced by the random orientation of primary particles. Such spatial 
variation in concentration has multifold effects since both the electro-
chemical and mechanical responses of NMC are dependent on the SOC 
(Fig. 2). Fig. 3(c) and (f) show the hoop stress profile within the sec-
ondary particle at t = 1800s. During the charging process, Li is extracted 
from the particle and the lattice volume shrinks. The isotropic model 
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predicts a stress pattern where the outer shell is in tension and the core 
under compression. Such symmetry is broken in the anisotropic model 
and the magnitude of stresses is much higher due to the mismatch strains 
between two disorientated neighboring primary particles. Stress is the 
primary driving force of crack initiation and propagation. Both the 
concentration heterogeneity and strain localization at the grain 
boundaries contribute to the large stress field within the NMC poly-
crystalline particle. Herein, we demonstrate that the anisotropic diffu-
sivity, anisotropic mechanical property, and anisotropic chemical 
strains are the essential features to be included to understand the che-
momechanical behavior of layered oxide electrodes. 

3.2. Mechanical potential on the diffusion kinetics 

In this section, we evaluate the effect of mechanical potential on Li 
diffusion kinetics and determine the importance of coupling in the nu-
merical modeling. We build a 2D half-cell model and apply the fully 
coupled electrochemo-mechanics theory as described in Sections 2.1 
and 2.2. The half-cell model is subject to a galvanostatic charging and 
discharging cycle at 1C. We first apply a positive current to the current 
collector of the NMC cathode until the upper cutoff voltage 4.25 V is 
reached, and then reverse the applied current until the voltage drops to 
the lower cutoff voltage of 3.55 V. By plugging the chemical potential 
(Eq. (14)) into the Fick’s law (Eq. (2)), we obtain 

ji = −
c

RT
Dij

(
RT ln

c
1 − c

)

,j
−

c
RT

Dij(RT ln γ),j

+
c

RT
Dij(βklσkl),j +

c
RT

Dij

(
1
2

dSmnkl

dc
σmnσkl

)

,j
,

(50)  

where RT ln c
1− c represents the entropic contribution in the chemical 

potential, RT ln γ the contribution from the solution nonideality, and the 
last two terms represent the contribution from the mechanical potential 
where βklσkl may be named as a stress potential, and 1

2
dSklmn

dc σklσmn rep-
resents the contribution by the change of material stiffness upon (dis) 
charging. Fig. 4(a) shows the voltage responses with (red dots) and 
without (black lines) considering the mechanical potential (the last two 
terms in Eq. (50)). The two curves are nearly overlapping indicating that 
the voltage measure does not differentiate the mechanical effect. How-
ever, Li distribution is indeed impacted by the mechanical potential. 
Fig. 4(b) and (c) show the Li concentration profiles without and with the 
mechanical effect at the end of the first charging. Li distribution shows a 
more uniform pattern without considering the mechanical driving force 

in diffusion, while it becomes more heterogeneous when the mechanical 
potential is incorporated. This is in contrast to the feature that me-
chanical stresses tend to homogenize the diffusive species in the host, 
and such difference is caused by the geometric effect of the poly-
crystalline configuration. In a secondary particle, the anisotropic 
deformation and random orientations of the constituent particles induce 
localized stresses at the grain boundaries throughout the particle. Thus, 
the mechanical potential, which is a function of the local stress, is het-
erogeneously distributed and results in the high heterogeneity of Li 
distribution in the polycrystalline particle. 

Fig. 4(d)–(f) provide a quantitative comparison of the relative con-
tributions towards the Li flux from the three terms in Eq. (50). The so-
lution nonideality contributes the highest magnitude of Li flux, Fig. 4(d), 
while the stress potential adds more heterogeneity in Li distribution, but 
the effect is relatively small. The contribution from the change of the 
mechanical stiffness is negligible (Fig. 4(f)). The comparison demon-
strates that the thermodynamics in the Li-concentrated solution domi-
nates the diffusion kinetics. Overall, the mechanical potential does 
influence Li distribution within the polycrystalline particle but not the 
voltage response which is predominantly determined by the interfacial 
charge transfer kinetics at the surface of the particle [12]. We further 
examine the influence of mechanical potential at multiple charging rates 
(Supplementary Fig. S3). In all the cases, the solution nonideality 
dominates the Li diffusion kinetics. At a mild charging condition (1C), 
the stress potential adds more heterogeneity in Li distribution within the 
polycrystalline particle. However, its effect appears more negligible at a 
higher charging rate (10C) (Supplementary Fig. S4). Therefore, we 
conclude that the thermodynamic nonideality in the concentrated so-
lution predominantly determines the voltage response, capacity, and Li 
distribution in the NMC polycrystalline particle at the galvanostatic 
charging condition. 

3.3. Electrolyte infiltration and its impact on electrochemistry and 
mechanics 

We use the 2D half-cell model and apply the coupled 
chemomechanics-damage theory outlined in Sections 2.1, 2.2 and 3.1. 

Fig. 3. Demonstration of the effects of anisotropic Li diffusivity, anisotropic 
mechanical property, and anisotropic chemical strains on Li distribution and 
mechanical stresses in the NMC secondary particle. The grain orientations, Li 
concentration, and mechanical stress distribution are shown for the isotropic 
(top row) and anisotropic (bottom row) model. 

Fig. 4. Demonstration of the mechanical effect on electrochemical responses. 
(a) Voltage curves of the NMC cathode against Li with and without considering 
the mechanical potential on Li diffusion at 1C charging rate. The two curves are 
nearly overlapping. In terms of Li distribution, at the end of first charging, Li 
concentration is more uniform without considering the mechanical potential (b) 
while its distribution is more heterogeneous when the mechanical effect is 
considered (c). A quantitative comparison of Li flux driven by (d) solution 
nonideality, (e) the stress potential, and (f) change of the mechanical stiffness at 
the end of the first charging. 
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We use the cohesive zone model to simulate fracture initiation and 
growth dynamics. The half cell is charged and discharged at a 1C 
charging rate, and the computational results in the following two sub-
sections are presented at the end of the first charging. Significant 
intergranular fracture is observed upon the first cycle that is consistent 
with previous experimental results [4]. In this section, we address three 
aspects related to electrolyte infiltration along the mechanically 
damaged grain boundaries. First, we evaluate how the corrosion and 
redistribution of charge transfer kinetics at the freshly exposed surfaces 
modulate Li diffusion kinetics, electrochemical and mechanical behav-
iors. Second, we compare the effects of electrolyte infiltration on Li 
diffusion, mechanical response, and surface kinetics in the liquid versus 
solid-state electrolyte batteries. Electrolyte penetration along the grain 
network associated with mechanical damage is primarily a feature in 
liquid-electrolyte based cells, while solid-state batteries do not present 
such convolution. Lastly, we explore how the electrochemical response 
and mechanical behaviors of solid-state and liquid electrolyte batteries 
evolve over cycles, and how the coupling between mechanical damage 
and electrolyte infiltration propagates after the first galvanostatic 
charging cycle. Albeit limited by the computational cost of extensive 
cycles, modeling battery behaviors in the first few cycles regulated by 
the intimate coupling between electrochemistry and mechanical dam-
age can shed insight in understanding the capacity retention and cyclic 
efficiency in the long-term usage. 

3.3.1. Redistribution of charge transfer kinetics by liquid penetration and 
the corrosion effect 

We evaluate the effects of corrosion and electrolyte penetration 
independently on Li distribution and mechanical damage within the 
cathode particle. We adopt a control group as a reference that does not 
consider corrosion or electrolyte infiltration along the fractured grain 
boundaries. In the following presentation referring to the corrosion ef-
fect, we assume that the fracture strength and fracture energy of the 
wetted surfaces by the electrolyte are half of those of pristine values. The 
considered underlying mechanisms are described in Section 2.4. The 
results referring to the penetration effect, on the other hand, incorporate 
redistribution of interfacial charge transfer kinetics on the freshly 
exposed surfaces. 

Fig. 5(a)–(c) show the normalized Li concentration and intergranular 
fracture produced by the control group, and models considering the 
corrosion and penetration effects, respectively, at the end of the first 
charging. The white lines inside the polycrystalline particle represent 
the grain boundaries between the primary particles, while the black 
lines depict the fractured boundaries with the damage function being 
equal to one. Cracks are observed throughout the secondary particle in 
all the three cases and residual Li is trapped at the center. As discussed 
earlier, the corrosion effect is based on the consideration that the side 
reaction between the electrolyte and newly exposed surfaces erodes and 
weakens the mechanical cohesion between the primary particles, thus 
the NMC particle experiences a greater deal of mechanical damage upon 
charging (Fig. 5(a) and (b)). Fig. 5(d) shows the statistical average of 
mechanical damage of the cohesive elements within the particle during 
the first charging. The damage degree is much higher in the corrosion 
model compared to the control group throughout the charging process. 
The significant damage results in more residual Li at the center and thus 
less deliverable charging capacity because of the distorted pathway of Li 
transport through the damaged grain boundaries. Fig. 5(e) shows that 
the voltage profiles where the two models nearly overlap, demonstrating 
that the voltage response of the NMC cathode is predominately deter-
mined by the charge transfer kinetics at the particle surface and the 
corrosion effect has a limited impact on the surface event in the galva-
nostatic charging process. In comparison, in the model with the pene-
tration effect (Fig. 5(c)), a much more uniform distribution of Li across 
the particle is observed compared to the control model. In this case, we 
consider that liquid electrolyte can easily access the freshly exposed 
grain boundaries due to the capillary motion (Supplementary Fig. S1), 

facilitating Li extraction from the center to the particle surface. The 
crack pattern compared to the control group looks similar. In the plot of 
the average mechanical damage in Fig. 5(d), the two models show 
largely overlapped profiles where the black curve represents the control 
group and the green line on the top shows the penetration model. 
Additionally, in the voltage response in Fig. 5(e), the cell takes longer 
time to reach the cutoff voltage with the presence of electrolyte pene-
tration along the grain boundaries. This is consistent with the more 
uniform distribution of Li (and less trapped at the particle center) in the 
galvanostatic charging, resulting in a higher deliverable capacity of the 
cathode. 

3.3.2. Solid-state and liquid electrolyte batteries 
To further demonstrate the role of electrolyte infiltration in the 

electrochemical and mechanical behaviors of batteries, we build intact, 
solid-state, and liquid electrolyte models to compare their Li diffusion, 
mechanical response, and surface reaction kinetics in these battery 
systems. The intact model simulates the half cell without considering 
mechanical damage or electrolyte infiltration. For the solid-state battery 
model, we account for the presence of grain damage but not the corro-
sion or penetration effect since the solid-state electrolyte cannot infil-
trate the cracks. In the liquid electrolyte model, we incorporate both 
damage and electrolyte infiltration, encompassing the corrosion effect 
and penetration along the grain boundaries. 

Fig. 6 illustrates the concentration profile and crack distribution 
within the NMC particle at the end of the first charging for (a) the intact 
model, (b) the solid-state electrolyte model, and (c) the liquid electrolyte 
model. First, we examine the impact of damage on Li diffusion kinetics. 
The solid-state electrolyte model exhibits more residual Li at the particle 
center compared to the intact model. The presence of cracks obstructs Li 
transport, resulting in slower Li kinetics and a greater degree of con-
centration heterogeneity within the particle. Next, we investigate the 
effect of electrolyte infiltration on Li diffusion and the mechanical 
behavior. In comparison to the solid-state electrolyte model, the liquid 
case experiences a more homogenous charge distribution, despite more 
severe damage to the particle. Electrolyte infiltration along the cracks 
creates new surfaces where interfacial charge transfer takes places, in 
addition to the outer surface of the particle. Consequently, less Li 

Fig. 5. Demonstration of the effects of corrosion and penetration of electrolyte 
infiltration along the grain boundaries on Li distribution and mechanical 
damage in the NMC secondary particle. (a)–(c) show the Li concentration and 
intergranular fracture at the end of the first charging in the control group (a) as 
a reference, by considering the corrosion effect (b), and by considering the 
penetration effect (c). The contour plots represent Li distribution, the white 
lines show the original grain boundaries between the primary particles, and the 
black lines represent intergranular fracture. (d) and (e) show the evolution of 
the average intergranular damage and the voltage profiles in the three sets of 
models during the first charging. 
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becomes trapped inside the particle, leading to a higher available ca-
pacity in the liquid electrolyte model. The simulation results and 
comparative behaviors are consistent with previous experimental ob-
servations [31], as shown in Fig. 6(d)–(f). Fig. 6(d) displays the 
cross-sectional SEM image of a pristine NMC particle, while Fig. 6(e) and 
(f) depict SEM images of NMC particles at the end of the first charging in 
all-solid-state and liquid electrolyte batteries, respectively. More me-
chanical cracking (highlighted by the white arrows) is observed in the 
NMC particles with the liquid electrolyte environment compared to the 
solid-state case. Additionally, the first-cycle voltage profile from the 
same experimental study showed a higher specific capacity in the liquid 
electrolyte batteries than in the solid-state counterpart. The consistent 
observations in both the mechanical and electrochemical performances 
validate our numerical modeling. In conclusion, liquid electrolyte 
infiltration improves Li diffusion kinetics and overall capacity, despite at 
the expense of a higher degree of mechanical damage. In a further 
analysis, we plot the trajectory of Li flux inside the NMC particle and the 
magnitude of charge transfer at the interface between the electrolyte 
and the active particle. Fig. 6(g)–(i) depict the Li flux pathways (grey 
streamlines) inside the particle and the Li flux magnitude (blue line) at 
the original and the fractured surfaces. The direction of Li flux aligns 
tangentially with the streamlines, and the width of the streamlines 
corresponds to the flux magnitude. Compared to the intact model, the 
solid-state electrolyte model exhibits highly concentrated spots for 

charge transfer at the outer surfaces. With the formation and growth of 
cracks, certain Li channels inside the particle are blocked, resulting in 
more distorted and crowded pathways of Li transport at the outer sur-
face (highlighted by the red circles in Fig. 6(e)). The liquid electrolyte 
model displays the most uniform charge transfer distribution at the 
surface. Due to electrolyte infiltration at the fractured surface, Li near 
the center of the particle can rapidly access the electrolyte, bypassing 
the need to travel through the bulk to reach the outer surface (as in the 
intact and solid-state electrolyte models). Consequently, the NMC 
cathode in the liquid environment possesses an enhanced surface reac-
tion area and effectively a reduced particle size. Although cracks block 
Li transport and undermine the electrochemistry performance, electro-
lyte infiltration partially compensates for the electrochemical 
degradation. 

We would like to note that the numerical modeling considers elec-
trolyte infiltration as long as intergranular fracture initiates at the grain 
boundaries. Nevertheless, certain damage, particularly residing near the 
center of the particle, may not have immediate access to the electrolyte. 
This is represented by the minor crack depicted in the schematic of Fig. 1 
(a) and observed in previous experiments [35,43,47,48]. Hence, it 
would be more accurate to consider the accessibility of electrolyte 
infiltration of the grain boundaries by evaluating their connectivity with 
the neighboring grains and pathway toward the outer surface. The nu-
merical calibration on the electrolyte accessibility is presented in the 
Supplementary Fig. S5, and the detailed procedure is described in the 
supplementary note. We note that while the inclusion of the electrolyte 
accessibility increases the computational cost during the dynamic 
growth of mechanical damage, the qualitative results of the damage 
profile and Li distribution within the NMC particle remain unchanged. 

3.3.3. Co-evolved electrochemical response and mechanical damage over 
cycles 

Moving forward from the assessment on the initial charging 
behavior, we investigate the co-evolved electrochemical performance 
and mechanical damage over the first few cycles. It should be noted that 
the numerical modeling is not intended to replicate the long-term 
cycling behavior of batteries in experiments, which is computationally 
expensive, but is to provide qualitative understanding on the time 
evolution of the considered multiphysics associated with the charging 
and discharging cycles. Fig. 7(a) and (b) show the Li distribution and 
damage profile within the NMC polycrystalline particle with a solid- 
state and a liquid electrolyte at the end of the first three charging pro-
cesses. In both models, the patterns of Li distribution and intergranular 
fracture remain nearly unchanged after the first charging is completed, 
indicating that major mechanical damage occurs during the first 
charging process, and the cell behavior becomes stable in the following 
cycles. The emergence of major structural disintegration of NMC cath-
ode particles in the first cycle is consistent with the previous experi-
mental reports [4,42]. Fig. 7(c), (d), and (e) demonstrate the impact of 
electrolyte infiltration on the evolution of voltage response, capacity 
retention, and average damage over three charge-discharge cycles. The 
capacity ratio is calculated by dividing the charge capacity in each cycle 
by the first charge capacity of the intact model (without fracture). The 
capacity ratio and average damage of the grain network are shown in 
Fig. 7(d) and (e), respectively. The capacity difference between the first 
and the following cycles arises from the limitation of Li diffusivity at the 
given charging rate. Mechanical damage in the solid-state electrolyte 
hinders Li diffusion, resulting in the partial capacity loss compared to 
the intact model. In comparison, infiltration of the liquid electrolyte 
improves Li diffusion kinetics by providing additional locations for 
interfacial charge transfer to take place, thus compensating for the 
reduction of capacity loss caused by fracture. The liquid electrolyte cell 
exhibits a similar capacity to the intact model. Among the three models, 
the cell capacity ratio remains constant after the first cycle since me-
chanical damage is saturated and no new fracture grows along the grain 
boundaries in the subsequent cycles. 

Fig. 6. Comparison of Li transport kinetics and mechanical damage of the NMC 
cathode in the intact configuration, with a solid-state electrolyte (no corrosion 
of the grain strength or electrolyte infiltration along the cracked surfaces), and 
with a liquid electrolyte (both corrosion and electrolyte infiltration in action) 
upon charging. (a)–(c) show Li distribution and the damage profile in the three 
models at the end of the first charging, respectively. Intergranular fracture 
clearly creates more heterogeneity of Li distribution, while corrosion and 
infiltration in the liquid electrolyte environment promote both Li transport and 
mechanical damage in the NMC particle. (d)–(f) show the SEM images of a 
pristine NMC secondary particle (d), intergranular fracture of NMC at the end of 
the first charging in a solid-state electrolyte environment (e) and with a liquid 
electrolyte (f). Arrows highlight the major cracks inside the NMC particles. 
Figures (d)–(f) are used with permission of IOP Publishing, Ltd [31]. (g)–(i) 
show the Li flux trajectory inside the particle and the flux magnitude at the 
outer and fractured surfaces in the three models, respectively. The red circles 
highlight the concentrated Li flux due to the mechanical damage regulated Li 
transport. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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4. Conclusions 

In summary, we present a computational framework that integrates 
electrochemistry and mechanical damage of a ternary layered oxide 
composite cathode for Li-ion batteries. The theory incorporates ther-
modynamic nonideality of a concentrated solution, anisotropic Li 
diffusivity, concentration-dependent and anisotropic mechanical prop-
erties, and anisotropic chemical strains. The results from the finite 
element analysis reveal the concurrent crack growth and electrolyte 
infiltration along the grain boundaries, and their impact on Li kinetics 
and damage evolution within the NMC polycrystalline particle and 
voltage response and capacity retention of the cell. Anisotropy plays a 
key role where the anisotropic strain results in highly concentrated 
stresses at the grain boundaries and major structural decohesion upon 
the first charging, and the anisotropic transport and mechanical prop-
erties give rise to tortuous Li diffusion pathways within the active par-
ticle and lead to heterogeneous concentration and stress distributions. In 
the mechanics-transport coupling, the stress potential and the change of 
material stiffness at different SOCs do not significantly alter the Li 
diffusion kinetics in the NMC polycrystalline particle; the solution 
nonideality plays the major role in regulating Li flux especially at high 
charging rates. We consider that intergranular fracture is not merely a 
mechanical cleavage process, but also is accompanied by electrolyte 
infiltration along the damaged grain boundaries by capillary motion. 
The exposure of freshly cracked surfaces to the electrolyte provides 
additional sites for interfacial charge transfer in the interior regions of 
the active particle, effectively reducing the particle size and increasing 
the deliverable capacity at a given charging rate. Nevertheless, 

electrolyte infiltration also corrodes the surface of the primary particles 
and weakens the mechanical strength of the polycrystalline particle 
which aggravates further mechanical damage. The effect of electrolyte 
penetration is demonstrated in the comparative behaviors of cells with a 
solid-state electrolyte and a liquid electrolyte. Electrolyte infiltration 
improves Li diffusion kinetics and overall capacity of the cell albeit at 
the expense of a higher degree of mechanical degradation. We observe 
that most particle damage takes place during the first charging of NMC 
in both solid-state and liquid electrolytes. Over the first few cycles, both 
the electrochemical response and structural disintegration remain 
steady after the completion of the first charging. The nonlinear damage 
growth is consistent with experimental observations. Overall, we high-
light the dynamic nature between the electrochemical kinetics, 
including Li transport and surface charge transfer, and mechanical 
damage within the grain network. The coevolution of electrochemistry 
and mechanical failure features the complex mechanism of battery 
degradation in commercial use. 

5. Methods 

We implement finite element analysis to solve the coupled 
electrochemistry-damage equations outlined in Section 2 for the com-
posite cathode upon galvanostatic charging/discharging. The weak 
formulations can be found in a previous work [14]. The multiphysics 
time-dependent solver MUMPS (MUltifrontal Massively Parallel sparse 
direct Solver) in COMSOL is used to solve the co-evolution of the Li 
diffusion kinetics, electron transport kinetics, mechanical stresses and 
damage. The test function for the electrolyte potential, electrolyte salt 
concentration, and electric potential is quadratic and the order and 
shape of the test functions for the chemical potential and displacement 
are quadratic Lagrange. 
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Fig. 7. Demonstration of the effect of electrolyte infiltration on co-evolved 
electrochemical responses and mechanical damage of NMC cathode over the 
first few cycles. (a)–(b) show the Li concentration and the damage profile in 
NMC with a solid-state electrolyte (without electrolyte infiltration) and a liquid 
electrolyte (with infiltration effect) at the end of the first three charging at 1C. 
(c)–(e) show the comparison of the voltage responses, capacity retention, and 
the average damage parameter in the solid-state and liquid environments, 
respectively. The dashed black line in (d) displays the capacity for the intact 
model as a reference, where the capacity drop is due to the limited Li diffu-
sivity. The mechanical damage in the solid environment deteriorates the 
accessible capacity of NMC, while electrolyte infiltration in the liquid envi-
ronment compensates for the adverse effect of the mechanical damage. The 
dashed lines in (e) indicate the end of the first cycle. It shows that mechanical 
damage is primarily generated in the first cycle at this charging rate and re-
mains steady in the later cycles. 
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