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Computational Modeling
of Electrochemomechanics
of High-Capacity Composite
Electrodes in Li-Ion Batteries
Mechanical failure and its interference with electrochemistry are a roadblock in deploying
high-capacity electrodes for Li-ion batteries. Computational prediction of the electrochemomechanical behavior of high-capacity composite electrodes is a signiﬁcant challenge
because of (i) complex interplay between mechanics and electrochemistry in the form of
stress-regulated Li transport and interfacial charge transfer, (ii) thermodynamic solution
non-ideality, (iii) nonlinear deformation kinematics and material inelasticity, and (iv) evolving material properties over the state of charge. We develop a computational framework
that integrates the electrochemical response of batteries modulated by large deformation,
mechanical stresses, and dynamic material properties. We use silicon as a model system
and construct a microstructurally resolved porous composite electrode model. The model
concerns the effect of large deformation of silicon on charge conduction and electrochemical response of the composite electrode, impact of mechanical stress on Li transport and
interfacial charge transfer, and asymmetric charging/discharging kinetics. The study captures the rate-dependent, coupled electrochemomechanical behavior of high-capacity composite electrodes that agrees well with experimental results. [DOI: 10.1115/1.4054759]
Keywords: computational mechanics, silicon composite anode, micromechanics, stress
analysis, lithium-ion battery

Introduction
Lithium-ion batteries have dominated the consumer electronics
and electric vehicle (EV) market for many years. Still, the need
for increased power and energy densities and longer cycle life is
unwavering. With the lattice structure and redox kinetics limiting
the maximum achievable capacity of intercalation-based active
materials, alloying [1–3] and conversion [4] type materials have
emerged as alternative high-capacity materials. While conversion
electrodes often require a large overpotential to drive the Li reaction, alloying-type electrodes such as silicon, germanium, and tin
become the choice for the near-term viable technology due to
their high theoretical speciﬁc capacity (∼990 − 4000 mAh g−1 ),
favorable voltage window (∼0.3 − 0.6 V versus Li/Li+), abundant
raw material availability, relatively low cost, and pre-existing material processing techniques [2,4–7]. However, due to the nature of
alloying reactions, the electrodes inherently undergo signiﬁcant
volume changes (up to ∼300%) upon (de)lithiation [8]. This
extreme deformation combined with large diffusion-induced
stresses often leads to fracture and pulverization of the active material, resulting in loss of electrical contact and subsequent capacity
fade [6,9–12]. Moreover, the large volume change causes continuous fracture and re-formation of the solid electrolyte interphase
(SEI) layer, and the dynamic thickening of the SEI layer over
cycles leads to continuous depletion of Li ions [9–12]. Additionally,
pulverization of active materials provides fresh surfaces for the formation of new SEI. Cyclic expansion–contraction and SEI poreﬁlling have a combined effect of impeding ion-conducting pathways, adversely affecting electrochemical transport within the electrode and leading to drastic capacity fade [13]. While the qualitative
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consequence of volume expansion mentioned above is well recognized, the direct and quantitative link between deformation and
electrochemical performance of the cell is less studied. Pietsch
et al. [14] found a direct correlation between the volume expansion
and porosity reduction, resulting in increased tortuosity in graphite
anodes. They also reported a 7.6% drop in porosity for a silicon
composite electrode due to electrode expansion during lithiation.
Dhillon et al. [15] used a 1D electrochemical model coupled with
a particle growth model to study the heterogeneous evolution of
porosity in silicon composite electrodes at different charging
rates. Li trapping within active particles is another issue associated
with the irreversible capacity loss in high-capacity electrodes
[16,17]. Recent studies suggest that Li trapping is a diffusioncontrolled phenomenon [18,19]. de Vasconcelos et al. [20] presented a theory accounting for the asymmetric diffusion kinetics
during lithiation and delithiation that explains an underlying mechanism of Li trapping in silicon particles.
Multiple technologies and solutions have been developed to
combat the mechanical obstacles in high-capacity electrodes,
leading to signiﬁcant improvement in the cell stability in the past
decade. Nanostructured materials are capable of accommodating
large volume changes without fracture. Therefore, nanostructured
electrodes in the form of nanowires [1,21,22], nanoparticles
[23,24], and nanotubes [25,26] have shown improved cyclic life.
Other composite designs, including yolk-shell Si/C and Sn/C composite electrodes [27,28], silicon backboned graphene hybrid structures [29], Si/Ge-carbon nanotube structures [30,31], have
presented novel ways to actualize high-capacity anodes.
However, nanostructured electrodes have not yet fully realized
their potential due to lower tap density, lower Coulombic efﬁciency,
and complex manufacturing processes. Alternatively, grafting small
amounts of active material (5 − 20% wt.) with carbon is a viable
intermediate step in achieving higher capacities than conventional
graphite anodes [3,32–39]. These composite electrodes have
shown good capacity retention over elongated cycles. Due to their
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relative ease in manufacturing, many such composite electrodes are
currently commercially available for EV and portable electronics.
On the computational side, modeling high-capacity composite
electrodes presents a unique challenge due to the complex electrochemomechanical interactions along with material and geometric
nonlinearities. The large volumetric changes upon (de)lithiation
make it necessary to formulate the governing equations using
ﬁnite deformation kinematics. Experimental observations of the
rate-dependent plastic response of silicon during (de)lithiation call
for a viscoplastic constitutive model to describe the material’s nonlinearity [40]. Furthermore, the large concentration range in highcapacity materials generally implies that the enthalpy of mixing is
a signiﬁcant term, and the free energy change due to the interactions
between the Li − host atoms and Li − Li atoms must be included in
the form of the thermodynamic activity coefﬁcient in the LarchéCahn chemical potential expression [41,42]. Often in modeling
mass transport, the activity coefﬁcient is embedded in the diffusivity coefﬁcient instead of being explicitly modeled; however, de
Vasconcelos et al. [20] demonstrated that this simpliﬁcation is not
appropriate when modeling stress-regulated diffusion; otherwise,
it leads to an artiﬁcial imbalance between the chemical and mechanical driving forces for diffusion. Sethuraman et al. [43] experimentally observed the coupling between mechanical stress and
interfacial electrochemical reactions in an amorphous silicon thin
ﬁlm. They reported a signiﬁcant change in the open-circuit potential
with changing stress levels at a constant state of charge (SOC).
Bower et al. [44] developed a ﬁnite strain model with a thermodynamic foundation that presented a generalized Nernst equation for
the equilibrium potential, which included the inﬂuence of the
change in free energy due to the presence of mechanical stresses.
While the open-circuit potential directly affects the interfacial
charge transfer (ICT), Lu et al. [45] and Ganser et al. [46] presented
alternate but equivalent modiﬁcations to the phenomenological
Butler–Volmer equation to model the stress modulated ICT. Xu
et al. [47] and Liu et al. [48] reported that the stress effect on ICT
in lithium nickel manganese cobalt oxide (NMC) cathodes is insigniﬁcant at moderate charging rates. Using silicon as a model system,
we strive to tackle these challenges by developing a computational
framework that integrates the electrochemical response of highcapacity composite electrodes modulated by the large deformation
and mechanical stresses.
With interest in silicon anodes picking up in the past few years,
there have been numerous computational studies on silicon composite electrodes. Building on the continuum model developed
by Bower et al. [44], Bucci et al. [42] presented a coupled electrochemomechanical model for silicon thin-ﬁlm electrodes. The
model included accurate stress coupling, rate-dependent plasticity,
SOC-dependent mechanical properties, and non-ideal mixing thermodynamics. de Vasconcelos et al. [20] expanded this model to
include the concentration dependence of the diffusion coefﬁcient,
which leads to asymmetric diffusion kinetics and Li trapping
that is related to the electrochemical performance. Various
studies explicitly deﬁne active particles and the surrounding
porous matrix to develop microstructure resolved models for
NMC [47–49] and graphite/LiCoO2 (LCO) [50]. The models by
Trembacki et al. [51–53], Srivastava et al. [54], and Ferraro
et al. [55] explicitly deﬁne the three phases, active material,
carbon-binder domain (CBD), and pores, in a porous NMC electrode. It enables reproducing the evolution of the porosity and tortuosity of the composite electrode and quantifying the impact of
deformation and external compression on the transport of Li ions
in the liquid electrolyte. Wang et al. [56] presented a microstructure resolved model of a silicon electrode, explicitly modeling
the pore phase and active material, albeit using a simpliﬁed rod
geometry and excluding CBD altogether. Gao et al. [57] and Liu
et al. [58] presented multi-scale models for commercial silicon
composite electrodes. The former studied the effect of silicon
content, mechanical constraint, and charging rate on the performance of a Si − C composite electrode paired with an LCO
cathode in full cell conﬁguration. The latter coupled
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electrochemistry at the particle scale with homogenized mechanics
of the jellyroll at the cell scale. The resulting model helps guide
cell design to mitigate the failure of the composite electrode. All
these specialized models serve to study speciﬁc aspects of
silicon composite electrodes.
Here, we present a fully coupled electrochemomechanical computational framework that integrates (i) ﬁnite strain kinematics, (ii)
the rate-dependent viscoplastic constitutive behavior, (iii) chemomechanical stress coupling, (iv) solution non-ideality, (v) the
stress effect on ICT, and (vi) concentration-dependent diffusion
coefﬁcient and material properties. We construct a microstructurally resolved porous silicon composite model from previous backscatter scanning electron microscopy (SEM) images obtained from
the work of Müller et al. [9]. Figure 1(a) shows a schematic of a
porous silicon electrode coupled with a Li counter electrode in a
half-cell conﬁguration. Figure 1(b) shows the enlarged cross
section of a silicon particle in the pristine and lithiated (deformed)
conﬁgurations. We use the computational framework to capture
the rate-dependence of the electrochemomechanical behavior of
the silicon electrode and assess the inﬂuence of the thermodynamic
non-ideality on the solution kinetics and the resulting modulation
of the chemomechanical interaction. The microstructurally
resolved model provides the ability to model the evolution of
porosity and tortuosity and to quantify the impact of deformation
(Fig. 1(b) (i)) on the transport of Li ions in the liquid electrolyte.
The impact of mechanical stress on ICT reactions on silicon—
electrolyte/CBD interface (Fig. 1(b) (ii)) is also studied. We
further enhance the model by including concentration-dependent
mechanical properties and the nonlinear asymmetric kinetics of
Li diffusion (Fig. 1(b) (iii)). We study the resulting capacity loss
after a complete charge–discharge cycle for a range of diffusion
coefﬁcients.

Theory and Computational Modeling
Porous composite electrodes generally consist of three
components (Fig. 1(a)): active particles, CBD, and liquid
electrolyte-ﬁlled pore phase. Lithiation of silicon particles involves
the transport of Li ions from the lithium metal counter electrode to
the active particle through the liquid electrolyte, passing the
separator and then through the pore network. Electrons are transported from lithium metal to the electrode current collector
through the external circuit. The carbon-binder network forms
the conducting pathways for the electrons from the current collector to the active particles. Electrons and Li ions combine at the
surface of the active particles to form neutral Li, which then diffuses within the silicon active particles. Electrochemical transport
processes in porous electrodes are well described by the pioneering
work by Newman et al. [59,60]. Finite deformation kinematics and
mechanics theories describe Li insertion-induced volume change
and the resulting stress ﬁelds in the active particles and the conducting matrix. Instead of treating the porous electrode as a
homogenous continuous medium, we model each of the three
phases explicitly based on an SEM image of a pristine silicon composite electrode presented by Müller et al. [9]. The twodimensional axisymmetric geometry generated from the image is
shown in Fig. 2(a) (inset). We summarize the governing equations
and boundary conditions used for the fully coupled electrochemomechanical model in this section.

Deformation and Stresses. The coordinate of each spatial point
in the reference undeformed conﬁguration is deﬁned as the material
coordinate X. As the material deforms, the resulting displacement
vector is denoted as u(X, t). The resulting coordinate of each material point in the deformed or current conﬁguration deﬁnes the spatial
coordinate x, given by
x(X, t) = X + u(X, t)

(1)
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Fig. 1 Schematic representation of the prime concepts of this study: (a) schematic of a halfcell consisting of a porous silicon electrode coupled with Li metal, separated by a separator
and (b) magniﬁed view of silicon particles and the surrounding CBD, and pore phase in the
pristine state (initial conﬁguration) and lithiated state (deformed conﬁguration). Further magniﬁed schematics showing (i) the effect of deformation on Li ion transport, (ii) stress effect on
ICT, and (iii) SOC-dependent material properties including elastic modulus, yield strength, and
diffusion coefﬁcient.

The commonly used symmetric Cauchy stress tensor σ is related
to second PK stress as

The material deformation gradient tensor F is deﬁned as
F=

∂x
= ∇u + I
∂X

(2)

The deformation gradient follows multiplicative decomposition
F = Fel FLi Fvp

(3)

σ = J −1 FSFT

(9)

The elastic second PK stress is related to the elastic
Green–Lagrange strain tensor Eel by
−T
Sel = Jel F−1
el σFel = C :Eel

(10)

where Fel represents elastic deformation, FLi represents the stressfree deformation due to lithiation and delithiation, and Fvp represents the inelastic viscoplastic deformation. The change in
volume with respect to the initial volume is given by the determinant of the deformation gradient F

where C is the elastic stiffness tensor. The Green–Lagrange strain
can be obtained from the elastic right Cauchy–Green deformation
tensor Cel = FTel Fel

∂V
= det (F) = J
∂V0

1
1
Eel = (Cel − I) = (FTel Fel − I)
2
2

(4)

The change in volume due to lithiation and delithiation, JLi is
solely dependent on the change in Li concentration C(X, t)
JLi = det (FLi ) = (1 + ΩC)

(5)

where Ω is the partial molar volume of Li in silicon. From Eq. (5),
assuming isotropic expansion in all directions, the relation between
the lithiation and delithiation-induced deformation gradient FLi can
be obtained
1

FLi = (1 + ΩC)3 I

(6)

where I is the identity tensor. The ﬁrst Piola-Kirchhoff (PK) stress
tensor P satisﬁes mechanical equilibrium
∇ · P + Bv = 0

(7)

Here, the del operator ∇ is with reference to the undeformed conﬁguration. Bv is the volume force. The ﬁrst PK stress P is related to
the second PK stress S as
P = FS
Journal of Applied Mechanics

(8)

(11)

The viscoplastic constitutive law relates the rate change of inelastic strain εvp with the stress as
⎧
0
σe ≤ σY

∂εvp ⎨ 
σe − σY n
=
(12)
D σe > σY
⎩A
∂t
σY
where A and n are material constants, σe is the equivalent or vonMises stress, σY is the yield strength, and D is the deviatoric
tensor coaxial to the stress tensor. The inactive material surrounding
silicon is considered a Neo-Hookean hyperelastic material that
follows a nonlinear relationship between stress and strain. The
elastic strain energy density W is a function of the ﬁrst invariant
of the elastic right Cauchy–Green deformation tensor I1 (Cel ) and
the elastic volume ratio Jel
1
1
W = μh (I1 − 3) − μh ln (Jel ) + λh [ln (Jel )]2
2
2

(13)

where μh and λh are the Lamé parameters. The second PK stress can
then be evaluated as
AUGUST 2022, Vol. 89 / 081005-3

For the conservation of mass within the electrolyte, the accumulation of Li ions must be equal to the net input (assuming no generation of Li ions within the electrolyte)
∂Cl
+ ∇ · Jl = 0
∂t

(17)

where Cl is the concentration of Li ions in the electrolyte and Jl is
the ﬂux of Li ions. The movement of the charged Li ions in the
liquid electrolyte is due to diffusion in the presence of a concentration gradient and migration in an electric ﬁeld. Assuming the bulk
velocity of the liquid electrolyte is 0, we obtain the following relation for the Li ion ﬂux Jl
Jl = −Dl ∇Cl +

il t+
F

(18)

where Dl is the diffusivity of Li ions in the electrolyte, t+ is the
transference number of the cation, and F is Faraday’s constant.
Accounting for Li ion concentration variation, the electrolyte
current density il is deﬁned as [59,60]


2Kl RT
∂lnf
(1 − t+ ) ∇lnCl
1+
(19)
il = (−Kl ∇ϕl ) +
F
∂lnCl
where Kl is the electrolyte ionic conductivity, ϕl is the electrolyte
potential, R is the universal gas constant, T is the absolute temperature, and f is the mean activity of the electrolyte.
Electric charge conservation requires that ic and il are free of
divergence

Fig. 2 Rate-dependent mechanical and electrochemical behaviors of a silicon composite electrode during lithiation at different
charging rates: (a) Variation of the C-rate from C/16 to 3C. Inset
shows the axisymmetric half-cell model with the microstructure
of the silicon electrode determined from experimental SEM
images [9], (b) Rate-dependent stress response in the electrode.
Inset ﬁgures show contour plots of the normalized equivalent
stress at the charging state C/Cmax = 0.05 for 1C and 3C, and
(c) Rate-dependent voltage response of the electrode. Inset
shows contour plots of ϕc in the conductive matrix at C/Cmax =
0.05 for 1C and 3C.

S=2

∂W
∂C

(14)

where C is the right Cauchy–Green deformation tensor. The geometry is assumed to be axisymmetric about the axis r = 0 as shown in
the inset of Fig. 2(a). Radial displacement on r = R0, as well as
the axial displacements at the current collector (z = 0) and Li
metal (z = L) surfaces, is assumed ﬁxed. Using unit normal vector
pointing from the porous electrode to the current collector nac ,
from the separator to Li metal nLi , and from r = R0 toward the
outside of the model ns , the boundary conditions for the mechanical
deformation are written as follows:
u · ns = 0 at r = R0 ;
u · nac = 0 at z = 0 and u · nLi = 0 at z = L

(15)

Electrochemical Transport. Ohm’s law governs the conduction of electrons in the conducting matrix. The electric current
density ic in the carbon-binder matrix is related to the matrix potential ϕc by
ic = −Kc ∇ϕc

(16)

where Kc is the electrical conductivity of the carbon-binder matrix.
081005-4 / Vol. 89, AUGUST 2022

∇ · ic = 0

(20)

∇ · il = 0

(21)

Deﬁning the additional unit normal vector nas pointing from the
porous electrode to the separator, the externally applied current
density iapp, and l the total height of the porous electrode, the electrical boundary conditions are described as follows,
il · ns = 0 at r = R0 ;
ic · ns = 0 at r = R0 ;
il · nac = 0 at z = 0;
ic · nac = −iapp at z = 0;
il · nLi = iapp at z = L;
ic · nas = 0 at z = l;
ϕc = 0 at z = L;
Jl · ns = 0 at r = R0 ;
Jl · nac = 0 at z = 0;
Jl · nLi =

(22)

iapp
at z = L
F

Interfacial Charge Transfer. Li ions in the electrolyte at the
electrolyte–silicon interface combine with electrons e − conducted
by CBD to form neutral Li, which is deposited into silicon. The
reverse reaction of Li dissociation co-occurs, and this process is
deﬁned by the unimolecular reversible reaction Li+ + e− ⇌ Li
occurring at the active particle interface. Assuming an ample
supply of the reacting species at the interface, the net rate of the
ICT reaction is given by the Butler–Volmer equation [60,61]
 



αa Fη
αc Fη
− exp −
(23)
iBV = i0 exp
RT
RT
where iBV is the local ICT current density, αa and αc are the anodic
and cathodic transfer coefﬁcients, respectively, i0 is the exchange
current density, and η is the surface overpotential given by
Transactions of the ASME

η = ϕc − ϕl − Eeq −

Ωσ m
F

where Eeq is the open-circuit potential and σ m = tr(σ)/3 is the
hydrostatic stress in silicon. The last term in Eq. (24) accounts for
the stress effect on ICT reactions based on the work of Lu et al.
[45]. The exchange current density i0 in Eq. (23) represents the
rate of formation and dissociation of Li at a state of dynamic equilibrium at the interface and is deﬁned as [61]


Cl α a
(25)
i0 = F(kc )αa (ka )αc (Cmax − C)αa (C)αc
Cl ref
where kc and ka are the rate constants of the cathodic and anodic
reactions, respectively, Cmax is the maximum theoretical concentration of Li in silicon, and Cl ref is the reference Li+ concentration in
the electrolyte.
At the silicon–electrolyte and silicon–CBD interfaces, we have
il · nl = −iBV ;
ic · nc = iBV

(26)

where nl is the unit normal vector pointing from the electrolyte
phase to silicon and nc is the unit normal vector from CBD to
silicon.
Lithium Diffusion Kinetics. Neutral Li forms at the active
material surface through interfacial reactions and diffuses into the
bulk of silicon. Chemical potential μ is the thermodynamic
driving force for diffusion. Mechanical stress in the host alters the
free energy ensuing in a modiﬁcation of the chemical potential
and, therefore, directly inﬂuences the diffusion process. This chemomechanical coupling is modeled by including the stress effect
in the expression of chemical potential [42,62]


γC
(27)
− Ωσ m
μ = μ0 + RT ln
Cmax − C
where μ0 is the reference potential, and γ is known as the activity
coefﬁcient accounting for the thermodynamic non-ideality. Mass
conservation requires
∂C
+∇·J=0
∂t

(28)

Following Fickian diffusion, Li ﬂux in the deformed conﬁguration j is given by
j=

cD
∇x μ
RT

(29)

where c(x, t) is the concentration of Li in the deformed conﬁguration, D is the diffusion coefﬁcient, and ∇x ( ) is the gradient operator
in the deformed conﬁguration. Nanson formula provides the standard relationship between differential area da with normal n0 in
the deformed state and the differential area dA with normal N0 in
the reference state
FT n0 da = det (F)N0 dA

(30)

As the ﬂux of Li is independent of the description system, we
have
j · n0 da = J · N0 dA

(31)

Combining the Nanson formula (Eq. (30)) with Eq. (31), we
obtain the relation between Li ﬂux in deformed and reference
conﬁguration
j=

F
J
det (F)

(32)

Li concentration in the deformed and reference conﬁgurations are
related by
Journal of Applied Mechanics

c=

(24)

C
det (F)

(33)

Using the chain rule for partial derivatives, the relation between
the gradient operator in the reference conﬁguration ∇( ) and the
deformed conﬁguration ∇x ( ) is obtained
∇x ( ) = F−T ∇( )

(34)

Combining Eqs. (29)–(34), the relationship between Li ﬂux and
chemical potential in the reference conﬁguration is obtained
J=−

CD −1 −T
F F ∇μ
RT

(35)

where the chemical potential μ takes the form described in Eq. (27).
The weak formulation for mass transport is derived to input into
COMSOL MULTIPHYSICS with chemical potential μ as the ﬁeld variable
as follows:

 
∂C
+ ∇ · J wdΩ = 0
(36)
Ω ∂t
where w is an arbitrary test function. Integrating the above integral
by parts, we obtain



∂C
wdΩ − J · ∇wdΩ +
(J · N0 )wdΓ = 0
(37)
Ω ∂t
Ω
Γ
where J · N0 = J0 is the nominal Li inﬂux into the active material.
At the interface, the Li ﬂux is related to the Butler–Volmer
current density as
J · nl = −

iBV
F

(38)

Results and Discussion
Rate-Dependent
Electrochemical
and
Mechanical
Behaviors. Considering the drastic volumetric changes of silicon
upon Li insertion and extraction, the mechanical response of
silicon during electrochemical cycles is mostly inelastic. Prior
observations on strong rate dependence and stress relaxation in
silicon motivated the development of viscoplastic constitutive
laws [40,42,44,63–65]. We adopt the constitutive relation of a viscoplastic power law as shown in Eq. (12) for the silicon particle. To
unravel the rate dependence of stresses in the active particle, silicon
is lithiated at the charging rates of C/4, 1C, C/8, 2C, C/16, and 3C,
alternating with a rate of C/2 in between as shown in Fig. 2(a).
Here, the charging rate is expressed as fractions or multiples of
1C, which represents that the provided current density would
fully lithiate the active material nominally in one hour. The x-axis
in Fig. 2 is the average Li concentration in the silicon particle, C,
normalized by the theoretical maximum concentration, Cmax.
Figure 2(b) shows the variation of the average equivalent or von(normalized by the yield
Mises stress in the active particle, σ avg
e
stress σY) with varying charging rates. The initial Li insertion and
viscoplasticity of silicon lead to a rapid rise in the average equivalent stress. The stress then reduces to a much lower value because
the slow charging rate of C/4 induces lower mismatch strains
within the particle. The stress then increases steadily for higher
charging rates and drops for lower rates. This mechanical response
is a clear indication of rate-sensitive inelastic deformation of silicon.
The inset images in Fig. 2(b) show the distribution of the equivalent
stress within the active particle at the same average concentration of
C/Cmax = 0.05 for two separate simulations of lithiation at 1C and
3C. The magnitude of stresses is much higher at both the surface
and interior of the particle for the charging rate of 3C in comparison
with that of 1C. Figure 2(c) shows the rate dependence of the voltage
response of the cell. As expected, higher charging rates lead to a rapid
drop in the voltage, while slower charging allows for retention at a
higher voltage. The inset of Fig. 2(c) shows the distribution of the
AUGUST 2022, Vol. 89 / 081005-5

potential ϕc in the conductive matrix for 1C and 3C charging rates. At
the same average concentration of C/Cmax = 0.05, ϕc is considerably
lower for 3C charging rate when compared to 1C because of the consumption of the overpotential to drive Li insertion at a higher rate.
These results depict the strong rate sensitivity of the mechanical
and electrochemical behaviors of the silicon electrode, which
agrees well with the experimental observation reported by Pharr
et al. [40] (see Figs. S1(a) and S1(b) available in the Supplemental
Materials on the ASME Digital Collection).
Inﬂuence of Thermodynamic Non-ideality. Molecular and
ionic interactions of Li inserted into silicon lead to the excess free
energy of the system [41]. While in ideal solutions this excess
free energy can be neglected, it is signiﬁcant for Si − Li because
of the large capacity of Li absorption in the silicon lattice [66].
We account for this deviation from ideality by using the thermodynamic activity coefﬁcient γ in the formulation of the chemical
potential, as shown in Eq. (27). To gauge the inﬂuence of the thermodynamic non-ideality on the electrochemical response and on the
stress-diffusion coupling, we perform independent charge–discharge modeling of ideal (γ = 1) and non-ideal (γ = γ(C)) solutions
for one complete cycle at 1C, both with and without considering the
stress effect on diffusion. In Fig. 3, we plot the half-cell potential
against the normalized concentration C/Cmax. There is a signiﬁcant
difference in the voltage proﬁles of ideal and non-ideal systems
when the stress effect is included (solid lines in Fig. 3). The nonideal system achieves a much higher lithiation capacity with a
slightly higher residual trapped Li at the end of discharge. Comparing the ideal solutions (teal-colored, open circle lines), a considerable difference is shown between the stress-regulated diffusion
and uncoupled diffusion. Overall, mechanical stresses tend to
homogenize the concentration gradient of Li within the particle
due to the mechanical driving force in the diffusion potential,
leading to a larger lithiation capacity and a lower residual Li
content. In comparison with the ideal solutions, the difference
between the coupled and uncoupled diffusion in the non-ideal
cases (purple, open triangle lines) is much smaller, especially
during Li insertion, indicating the modulation of the thermodynamic activity coefﬁcient on the chemomechanical interactions.
Moreover, aside from the dominating effect of thermodynamic
non-ideality, mechanical stress tends to retard lithiation in the
non-ideal case and allows a lower amount of trapped Li at the
end of delithiation (purple, open triangle lines). This effect arises
due to tensile stresses occurring close to the particle surface (see
Fig. S2 available in the Supplemental Materials on the ASME
Digital Collection), due to the bonding between the active particle
and surrounding matrix and separator (further elaborated in the
next section). Overall, the assessment of the relative impact of the
thermodynamic non-ideality versus mechanical stresses on Li

Fig. 3 Effects of thermodynamic non-ideality and mechanical
stresses on voltage response of the cell
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transport is in good agreement with the results presented by de Vasconcelos et al. [20].
Stress Effect on Interfacial Charge Transfer. The
Butler–Volmer equation describing the charge transfer process at
the surface of silicon is modiﬁed to include the inﬂuence of
surface stresses in the active material (Eqs. (23) and (24)). To evaluate the impact of stress on the interfacial reaction, we compare the
average interfacial overpotential with the stress-biased voltage
Ωσm/F in Figs. 4(a) and 4(b) for a complete lithiation–delithiation
cycle at 1C and 3C rates, respectively. Here t is the charging/discharging time, and τ is the theoretical time required to reach the
full capacity at a given C-rate (τ = 3600 s for 1C). A negative overpotential indicates a higher rate of the cathodic reaction than the
anodic reaction at the interface resulting in a net lithiation effect.
The results show that the stress contribution to the overpotential
is on the same order of magnitude of the overall overpotential
throughout the charging–discharge cycle for both 1C and 3C.
Note that Ωσm/F approaches 0 and becomes positive (tensile
stress) during lithiation at the two charging rates. This unusual
behavior arises due to the large tensile stresses at the region
where the CBD network and separator contact the active particle
(see the stress proﬁles in Fig. S2 available in the Supplemental
Materials on the ASME Digital Collection.). In large-sized composite electrodes, the surface stress likely remains compressive in
nature as the silicon–CBD and silicon–separator interfaces cannot
withstand such high tensile stresses, and otherwise, it would
result in delamination. During lithiation, an active particle in a
free-standing conﬁguration experiences compressive stresses on
the surface and tensile stresses in the interior due to the
diffusion-induced mismatch strain. The compressive stress
reduces the magnitude of the overpotential and impedes Li insertion
into the silicon particle which results in a lower deliverable capacity. This is a competing effect compared to the stress-mediated diffusion in which a compressive stress on the particle surface
promotes diffusion into the bulk and leads to a greater insertion
capacity. Figures 4(c) and 4(d) present the resulting inﬂuence on
the voltage response of the cell. The voltage curves for a
charge–discharge cycle, with and without the stress-biased
voltage Ωσm/F included in η, are plotted against the normalized
time t/τ. For both 1C and 3C charging rates, we see a more signiﬁcant voltage drop for charging with the stress effect due to the attribution of compressive stresses at the surface at the initial stage of
charging. As the particle expands and the surface stresses become
tensile at speciﬁc locations (as explained before), positive Ωσm/F
promotes Li insertion which increases the voltage and the deliverable capacity compared to the results without considering the
stress effect. This behavior would not occur in the presence of particle delamination, and the particle would have a lower capacity due
to the compressive stress-related retardation of charge transfer.
Upon delithiation, Ωσm/F remains positive, minimizing the overpotential and continually impeding Li extraction, which results in
more trapped Li within the active particle at the end of delithiation.
While some studies have found that the stress inﬂuence on the overpotential is negligible (e.g., NMC [47,48]), the scenario of silicon is
different. These results are in line with the theory presented by
Sethuraman et al. [43] and Bower et al. [44], which states that
due to the electric potential–stress coupling, mechanical energy dissipation results in the loss of useful electrical energy in the cell. As
silicon has much larger energy dissipation than NMC due to the
inelastic deformation, the inﬂuence of stress on the electrochemical
performance is, therefore, more signiﬁcant.
Effect of Deformation on Electrochemical Transport. The
extreme volume change of silicon upon Li intake has a striking
impact on the electrochemical transport properties of the cell.
Figure 5(a) plots the percentage volume expansion of the silicon
particle during lithiation at 1C on the primary y-axis (left) and the
resulting change in porosity and tortuosity of the composite
Transactions of the ASME

Fig. 4 Inﬂuence of mechanical stresses on the kinetics of ICT in silicon: (a, b) the overall overpotential and the stress modiﬁed surface overpotential at the charging rates of 1C and 3C,
respectively and (c, d) comparison of voltage curves with and without considering the
stress effect on the surface overpotential at 1C and 3C, respectively

electrode on the secondary and tertiary y-axes (right), respectively.
The silicon active particle expands linearly with the lithium concentration and reaches a maximum of 235 % volumetric strain at the
end of lithiation. This maximum strain is lower than the theoretical
maximum expansion as the particle is not fully lithiated when the
lower cut-off voltage of 0.1 V is reached. The expansion of the
active particle is accommodated by (i) reduction in porosity, (ii)
compaction of CBD, and (iii) expansion into the separator. Here,
we are interested in the evolution of the porosity of the composite
and thus its impact on the Li transport through the carbon
network. Upon the completion of lithiation, the porosity drops by
∼13.5 % from an initial value of 65.3 % in the model system. It
is worth noting that the compaction of CBD is minimal compared
to the reduction in porosity. The reduction in porosity directly
impacts the transport of Li ions in the liquid electrolyte ﬁlled in
the pore phase. This consequence is evident in the increase of tortuosity in Fig. 5(a). Changes in the microstructure are presented
in a series of contour plots in Fig. 5(b), where we plot the normalized concentration distribution at various times during the lithiation
process. Tortuosity change is most inﬂuential in the narrow gaps in

CBD (highlighted by arrows in Fig. 5(b)). Further constriction of
these gaps results in minimization of Li ion transport and the consequent depletion of Li ions at certain locations on the silicon
surface. While we recognize that multiple transport pathways can
be interconnected in actual three-dimensional microstructure, the
2D axisymmetric model provides an adequate representation of
the impact of deformation on electrochemical transport, as most
of the three-dimensional pathways are expected to be conﬁned
due to the massive deformation of the silicon particle.
First Cycle Capacity Loss by Asymmetric Diffusion
Kinetics. The transport mechanism of Li in the solid active materials is strongly linked to the atomic structure of the host. Due to
Li insertion, structural evolution in intercalating and alloying-type
electrodes can alter the diffusion process. This change must be
accounted for in modeling efforts in the form of changes in the diffusion coefﬁcient with varying Li concentrations. This variation in
diffusivity is observed experimentally for a wide range of electrode
materials. We summarize the data from multiple studies for three

Fig. 5 Effect of mechanical deformation of the active particle on the microstructure of the porous electrode: (a) volume
expansion of the silicon particle upon charging at 1C and the resulting reduction in cell porosity and increase in tortuosity and (b) Contour plots of normalized concentration C/Cmax at the charging time t/τ = 0, 0.4, and 0.85 depicting the
volume expansion of silicon, compression of the separator, and consumption of porosity
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Fig. 6 First cycle capacity loss of the cell due to the SOC-dependent Li diffusivity and asymmetric rates for charging and
discharging: (a) Concentration-dependent Li diffusion coefﬁcient for NMC cathode, graphite anode, and silicon anode
reported in literature and (b) A phase diagram of the ﬁrst cycle capacity loss for a range of maximum and minimum Li diffusivities in silicon at the charging rate of 1C.

different materials: NMC [67–69], graphite [70–72], and silicon
[73–76] in Fig. 6(a). While it is evident that diffusivity changes
with varying Li content during charging and discharging for all
three materials, the variation between different studies (marked by
the shaded background) is substantial due to the disparities in the
material composition and preparation, characterization techniques,
and measurement conditions. Initial studies on the ﬁrst cycle capacity loss of silicon electrodes were attributed to particle fracture and
unstable SEI. Recent studies, however, have found that capacity
loss occurs even in the absence of these effects [17,18]. de Vasconcelos et al. [20] showed that asymmetric diffusion kinetics during
lithiation and delithiation leads to Li trapping within the particle
and capacity loss. Given the considerable variation in measured diffusion coefﬁcients and multiple methods available to tune the material diffusivity, we quantify the ﬁrst cycle capacity loss for a set of
maximum and minimum diffusion coefﬁcients which were reported
by literature. The solid teal line in Fig. 6(a) represents the base function (see Fig. S4 available in the Supplemental Materials on the
ASME Digital Collection). used for the diffusivity of silicon [20]
with Dmin = 10−15 m2/s and Dmax = 10−12 m2/s. The particle is
charged and discharged at 1C. The diffusion coefﬁcient, elastic
modulus, and yield stress as functions of Li content are listed in
Table 1. The phase diagram (Fig. 6(b)) presents the ﬁrst cycle
capacity loss using different diffusion coefﬁcients, with Dmin
varying from 10−17 to 10−14 m2/s and Dmax varying from 10−13
to 10−10 m2/s. The maximum and minimum capacity loss occurs
when Dmax and Dmin are minimum and maximum, respectively, at
a given charging rate. The capacity loss is dependent on both
Dmax and Dmin when diffusivities are low. The dependence on
Dmax reduces at higher values of Dmin, indicating that improving
Dmin alone can signiﬁcantly improve the accessible capacity.

inﬂuence on diffusion over mechanical stresses and that an ideal
solution assumption can drastically overestimate the stress effect.
The equally important stress coupling with ICT reactions is investigated. We ﬁnd it to be more signiﬁcant in silicon than the
cathode materials such as NMC due to the large amount of mechanical energy dissipation involved in the lithiation of silicon. Furthermore, we employ the microstructure resolved model to assess the
impact of large volume expansion of silicon on the transport of Li
ions in the liquid electrolyte-ﬁlled pore phase. We ﬁnd that
silicon expansion is accommodated partly by the separator compression and the consumption of porosity, leading to a considerable
increase in the tortuosity of the conductive agent. Lastly, we model
the underlying mechanism of Li trapping due to the asymmetric diffusion kinetics and quantify the resulting ﬁrst cycle capacity loss
due to the variation of the diffusion constants over several orders
of magnitude. We provide a phase diagram as a guideline for material design to minimize the irreversible capacity lost due to Li trapping. By solving the comprehensive set of strongly coupled
nonlinear governing equations, this computational tool opens a
wide range of applications for accurately modeling the mechanical
and electrochemical performance of high-capacity electrodes. Not
only does it help to decode the depth of mechanoelectrochemical
interactions, but it also presents a framework to model detailed
microstructural evolution in the composite electrodes providing
insight into the inﬂuence and consequence of the multiphysics
and multi-phasic interactions.

Conclusion

Conﬂict of Interest

The computational study accurately captures multiple vital
aspects of high-capacity composite electrodes in commercial batteries. The coupled electrochemomechanical model encapsulates the
rate dependence of inelastic behavior of the active material and electrochemical response of the cell. The inﬂuence of intermolecular
interaction within the active particle on the diffusion process is considered in the form of a concentration-dependent activity coefﬁcient. We ﬁnd that the thermodynamic non-ideality dominates the
081005-8 / Vol. 89, AUGUST 2022
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Appendix
Table 1 Computational parameters used in different scenarios of ﬁnite element modeling
Parameter
Yield stress, σY
Independent of concentration C
Concentration dependent
Elastic modulus, E
Independent of concentration C
Concentration dependent
Density of silicon, ρ
Viscoplastic material constants,
A
n
σref
Conductivity of CBD, Kc
Faraday constant, F
Universal gas constant, R
Absolute temperature, T
Anodic and cathodic transfer coefﬁcients, αa and αc
Open-circuit potential, Eeq
Anodic and cathodic reaction rate constants, ka and kc
Maximum theoretical concentration of Li in silicon, Cmax
Reference Li+ concentration in electrolyte, Cl ref
Partial molar volume of Li in silicon, Ω
Activity contribution in chemical potential, RTlnγ
Ω2/F
Ω3/F
Ω4/F
Ω5/F
Ω6/F
Ω7/F
Diffusivity of Li in silicon, D
Independent of concentration C
Concentration dependent

Value

1 GPa [77]
−3.15(x/(1 + x) ) + 3 GPa [20] where x is atomic fraction in LixSi
80 GPa [42]
−80(C/Cmax) + 120 GPa [20]
2230 kg/m3
0.0023 s−1 [40]
2.94 [40]
1 GPa
100 S/m [78]
96485 C/mol
8.3145 J/(mol · K)
293.15 K
0.5 [78]
Fig. S3 available in the Supplemental Materials on the ASME Digital Collection. [42]
2 × 10−11 [47]
3.6643 × 105 mol/m3 [79]
1 mol/m3
8.1872 × 10−6 m3/mol [79]
m
m−1

Ωm m CCmax
[42]
m=2

0.8735 V [42]
0.7185 V [42]
−4.504 V [42]
6.876 V [42]
−4.6272 V [42]
1.1744 V [42]
10−16 m2/s [79]
Fig. S4 available in the Supplemental Materials on the ASME Digital Collection. [20]
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