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Li-ion batteries are a system that features strong coupling between mechanical stresses
and electrochemical reactions. Prior studies on stresses in electrodes are focused on
single particles or mono-phase materials. The kinetics and morphology of composite
electrodes regulated by the mechanical interactions are much less exploited. We integrate
a continuum theory of coupled diffusion and large elasto-plastic deformation into a finite
element program. Such a computational tool enables us to explore the intimate coupling
between the lithiation kinetics and stresses in three-dimensional electrodes that are
composed of multiple components. We find that Li profiles and stress states in multiple
particles constrained by a matrix are significantly different from that in a free-standing
configuration. The mechanical interactions regulate Li chemical potential in Si nanowires
and transform the anisotropic deformation to an isotropic behavior and vice versa. The
modeling is in good agreement with a recent experimental report.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Li-ion batteries are a key technology for portable elec-
tronics and electric vehicles [1-3]. The demand of light-
weight, high-energy-density batteries has stimulated
tremendous efforts from virtually all engineering disci-
plines [4]. Mechanical degradation has become a limit-
ing factor for the commercialization of high-capacity elec-
trodes. Such effects are exemplified in high-capacity an-
odes and Li-rich cathodes—large volumetric swelling and
shrinking ranging from tens of percent to a few hun-
dred percent occurs repetitively during the charge and dis-
charge cycles [5-7]. Averting the mechanical degradation
remains one of the major challenges for the development
of high-performance batteries. On the frontier of mechan-
ics, the kinetics of diffusive and interfacial reactions in the
electrodes induces a wealth of intriguing phenomena, in-
cluding cavitation [8-10], reactive plasticity [11,12] and
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corrosive fracture [13]. The electrochemical processes of Li
insertion and extractions modulate large deformation and
stress generation in the electrodes. Meanwhile, mechan-
ical stresses significantly influence the thermodynamics
and kinetics of lithiation reactions, ion diffusion, and phase
transitions [ 14-18].

Numerical modeling is a common exercise to study the
evolution of Li diffusion and the stress field in Li-ion batter-
ies. However, prior research has been extensively focused
on single particles or two-dimensional structures [ 19-25].
Bower and Guduru developed a finite element method to
model diffusion, large deformation, and fracture [26], and
the method was applied for a thin-film Si electrode [27].
Brassart et al. developed a finite element program to model
the cyclic behavior of single spherical particles [28]; sim-
ilar approach was adopted by Cui et al. [29]. An and Jiang
reported a finite element package integrated in ABAQUS,
and studied the failure mechanism in Si thin film bonded
to a metal current collector [30]. Stein and Xu used isogeo-
metric analysis to model the mechanical behaviors of sin-
gle particles with different shapes [31]. Yang et al. recently
developed a finite element program by manipulating the


http://dx.doi.org/10.1016/j.eml.2015.10.004
http://www.elsevier.com/locate/eml
http://www.elsevier.com/locate/eml
http://crossmark.crossref.org/dialog/?doi=10.1016/j.eml.2015.10.004&domain=pdf
mailto:kjzhao@purdue.edu
http://dx.doi.org/10.1016/j.eml.2015.10.004

14 R. Xu, K. Zhao / Extreme Mechanics Letters 8 (2016) 13-21

stress effect on Li diffusivity, and studied the lithiation be-
havior of Si nanowires [32,33]. There are a few attempts
in recent studies that incorporate a secondary component
in the material model. Higa et al. simulated stresses in a
two-dimensional cylindrical model that consists of a well-
bonded binder with a cylindrical particle [34]. Rahani et al.
studied the role of plastic deformation of binders on the
stress evolution in the distributed spherical particles in a
porous electrode by using a two-dimensional microstruc-
tural resolved model [35]. Nevertheless, the mechanical in-
teractions among the different components and the stress
effect on Li transport have not been considered. There has
been a lack of computation tools to investigate the fully
coupled diffusion and stress in three-dimensional compos-
ite configurations. Herein, we develop a finite element pro-
gram based on a continuum theory of coupled diffusion
and large elasto-plastic deformation. It enables us to model
the complex behaviors of three-dimensional objects that
are composed of multiple components and to explore the
kinetics and morphological evolution of composite elec-
trodes coupled with the mechanical interactions.

As pointed out by a recent experimental study on
Si nanowires, lithiation often occurs simultaneously in
a cluster of active materials in a mechanically confined
medium [36]. The mechanical interactions among the in-
dividual Si structures in the closed space alter the reac-
tion mechanisms along the various crystallographic ori-
entations and enhance the fracture resistance of lithiated
Si by mediating the stress concentrations. Indeed, distinct
from the simplified single-particle or free-standing mod-
els, a battery electrode usually consists of multiple compo-
nents with a large variation of mechanical properties [37].
The different components interact with each other during
lithiation reactions and raise a complex field of stresses.
We demonstrate that single-particle models are unable
to capture the mechanical behaviors of a composite elec-
trode due to the strong coupling between Li transport
and stresses. In a model of multiple particles embedded
in a matrix, we find that Li profiles and the stress field
are highly asymmetric due to the matrix confinement and
particle interactions. In another example of multiple Si
nanowires in a confined space, the mechanical stress reg-
ulates the Li chemical potential, redistributes the Li con-
centration, and transforms the anisotropic deformation of
nanowires to an isotropic behavior and vice versa. Such
findings are in good agreement with the experimental re-
port [36].

2. Theory and finite element modeling

As the first attempt to model the composite electrodes,
we consider three-dimensional material models consisting
of two components—active and inactive materials, where
Li diffusion only occurs in the active material while the
inactive material provides mechanical confinement. This
is an assumption based on the fact that the kinetics in
batteries is often limited by the diffusion in the active
materials while Li transport through the porous matrix
is usually a faster process. In the reference state, both
components are free of Li and stresses. Lithiation is induced
by imposing a nominal influx Jy of Li on the surface of the

active material. The concurrent diffusion and large elasto-
plastic deformation is described by a previous developed
theory by Zhao et al. [38]. In brevity, the mechanical
equilibrium is represented as follows,

V-S+F,=0 (1)

where S is the nominal stress calculated as S = K : ge, K
the stiffness matrix, €. the elastic strain, F, the body force.
The total deformation of a representative material element
is treated to follow the kinematic multiplicative decompo-
sition F = F.FF,, where F represents the deformation gra-
dient, F, the reversible elastic distortion of the material, F;
lithiation-induced volumetric deformation, and F, the irre-
versible plastic deformation that dictates the shape change
of the body. The elastic strain is computed as g = %(F:Fe—
I). The volumetric change due to Li insertion is 1 + §2C,
where £2 and C are the partial molar volume and concen-
tration of Li, respectively. The material element yields un-
der the von Mises conditions and the plastic deformation
follows the J, flow theory. For the inactive material, the de-
formation and stresses are caused by the mechanical inter-
actions with the active material. Its constitutive behavior is
described by a Neo-Hookean material model [39].

The kinetics of Li diffusion is described as follows. Let
C be the nominal concentration of Li (i.e., the number of Li
atoms per unit volume of active materials in the reference
state). Let J be the nominal flux of Li (i.e., the number of Li
atoms per unit reference area per unit time). Conservation
of the number of Li atoms requires that

oc \Y 0 2
o TV I=0 (2)
where V represents the gradient with respect to the ma-
terial (or Lagrangian) coordinate. Let j be the true flux of
Li (i.e., the number of Li atoms per unit area per unit time
in the spatial (or Eulerian) coordinate). It is taken to de-
pend on the spatial gradient of the chemical potential f,
j= —%inu, where D is a constant diffusion coefficient,
kT the temperature in the unit of energy, c the true con-
centration of Li in the spatial coordinate, and the V,,; gradi-
ent with respect to the spatial coordinate. Using the stan-
dard transformation rules of continuum mechanics, the re-
lationship between the nominal flux and the chemical po-
tential in the Lagrangian coordinate can be obtained as
J = —%F‘]F‘Tv,u. The boundary conditions are pre-
scribed as follows. We prescribe a zero displacement con-
dition at the center of the active materials during Li in-
sertion to prevent the rigid motion, u(0, t) = 0. For the
diffusion boundary condition, we assume good ionic and
electronic conductivities of the inactive materials such that
each active material experiences the same current. We im-
pose a nominal flux J on the surface of the particles with a
constant value Jo.

The governing equations for the kinematics of deforma-
tion and the kinetics of diffusion are both strongly nonlin-
ear. We integrate their weak formulations into the finite
element program within a Lagrangian setting. The coupled
equations for stress equilibrium and Li diffusion are solved
simultaneously at every time step. The weak form for the
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mechanical equilibrium equation is obtained by multiply-
ing Eq. (1) by a test function and integrating it over the vol-
ume of the material.

f(V-S+Fb)-vdV:O, (3)
2

where v(X;, t) is a test function that vanishes on the
boundary. Integrating Eq. (3) by parts, we obtain that

/S-Vvdﬂ—/ﬁ,-vdﬂ—f P-vdS =0, (4)
2 2 EXe

where P represents the surface traction. Following the
similar procedure, the weak form for the mass transport
is obtained as follows,

/(a—cﬁ—f-m>dv+f (N-Dads =0, (5)
2 \ dt a0

where N - J = Jo, and 1 (X;, t) is a test function. The weak
form Eq. (5) suggests that the chemical potential u (X, t) is
used as the field variable for Li transport, instead of the use
of concentration C(X;, t). The true Li concentration c can be
computed from the chemical potential and the mean stress
om by c = exp{(n — o + 20y,) /kT} /§2 and the nomi-
nal concentration is calculated by C = ¢ - det(F). Such a
choice is beneficial for the numerical convergence. To solve
the coupled problem, we implement the weak formula-
tions into the commercial software COMSOL Multiphysics.
We use the built-in time-dependent solver MUMPS (MUI-
tifrontal Massively Parallel sparse direct Solver) to solve
the co-evolution of Li concentration and stresses [40].
To improve the convergence, the segregated approach is
adopted.

3. Lidiffusion and stresses in particle/matrix composite
electrodes

We simulate three sets of material models to assess the
effect of mechanical interactions on the co-evolution of Li
diffusion and the stress field—a single free-standing par-
ticle, a particle embedded in a matrix, and multiple par-
ticles confined in a matrix. Amorphous Si is taken as the
model system for the active material and typical polymer
binders are taken as an example of inactive matrix. The ra-
dius of Si spherical particles is set to be A = 1 wm. The
size of the matrix and the spacing between the particles
are varied to tune the mechanical interactions. The ma-
terial parameters are adopted as follows. For Si particles,
Young's modulus Ep = 80 GPa, Poisson’s ratio vp = 0.3,
yield strength oy = 0.5 GPa, Li diffusivity D = 1071 m?/s,
partial molar volume of Li in Si £2 = 1.36 x 1072° m3, the
activity coefficient y = 1, and temperature T = 300K [41,
42].1tis worth noting that Young’s modulus, yield strength,
and Li diffusivity of lithiated Si may depend on the Li com-
position. Here we keep the material parameters as con-
stants to reduce the complexity of the modeling. For the
matrix, Poisson’s ratio vy; = 0.3, and Young’s modulus Ej,
are varied in the range of 260 MPa to 2.6 GPa. The volu-
metric strain of Si upon full lithiation is about 300% which
sets the relationship £2Cp.x = 3, where Cp,a¢ represents
the maximum Li concentration. The charging time to reach

the theoretical capacity of Si is set to be t = 1 h. The
nominal flux Jp is then determined through the relation-
ship 4A%J; = (4A%/3)Cpax. At the chargingrate t = 1h,
Jo = 2.8D/A. Li insertion is terminated when the concen-
tration on the particle surface reaches Cpax.

Single free-standing particles have been examined in
several past studies which often treat a spherical parti-
cle as a one-dimensional model by taking into account
the symmetry. Here we start with a full three-dimensional
spherical model to verify the finite element program and
to demonstrate the different features of single particles
versus composite configurations. Fig. 1(a) and (b) show
the distribution of Li concentration and the correspond-
ing equivalent stress along the radius of the Si particle
at the normalized charging time ¢ = Dt/A%. The chemi-
cal potential of Li in the particle drives Li diffusion from
the surface toward the center. At a fast charging rate rela-
tive to the diffusion rate of Li, the particle expands more
near the surface than at the center, resulting in a com-
pressive stress field near the surface and a tensile stress
field at the center. For the spherical particle, the equivalent
stress is o, = |0y — o, which is bounded in the interval
0 < o, < oy. Fig. 1(b) shows the evolution of the equiv-
alent stress. The gradient of the mean stress promotes Li
diffusion toward the center and tends to homogenize the
Li distribution. Such a homogenization effect consequently
reduces the stresses and induces elastic unloading in the
plastic regime. As evident in Fig. 1(b), the spherical parti-
cle experiences plastic yielding and elastic unloading in the
course of Li insertion. We compare the results with a pre-
vious study by Brassart et al. which used one-dimensional
finite element formulation [28]. The Li profiles and stress
states at each time step are in excellent agreement.

For comparison, we study the lithiation behavior of an
elliptical Si particle to demonstrate the geometric effect.
We set the two semi-minor radii of the ellipse as A and the
semi-major radius being A, = 1.5A. The charging time to
reach the theoretical capacity remains ¢ = 1 h. Fig. 1(c)
shows the distribution of Li concentration along the semi-
major axis. The Li profile is inhomogeneous within the el-
liptical particle as indicated by the inset figure of Fig. 1(c)—
the area near the end of the semi-major axis is fully lithi-
ated in a short time while other regimes remain at fairly
low Li concentrations. Such inhomogeneity is dominated
by the geometric effect that the uniform influx J; leads to
a larger Li concentration near the semi-major axis which
has a smaller effective radius. The geometric asymmetry
also results in different elasto-plastic behaviors. The cen-
ter of the elliptical particle is subjected to non-hydrostatic
stresses. Fig. 1(d) plots the evolution of the equivalent
stress. The equivalent stress at the center steadily increases
until it reaches the yield strength. The outer shell experi-
ences plastic yielding and then elastic unloading due to the
homogenization effect of the stress gradient to the Li dis-
tribution.

The diffusion kinetics in composite electrodes coupled
with the mechanical interactions has not been explored in
prior studies. We consider the simple cases that a spherical
particle embedded in a matrix to demonstrate the distinct
behaviors of composite structures versus the single
particles. It is noted that the material models considered
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Fig. 1. (a) Distribution of Li concentration along the radius of a three-dimensional spherical Si particle under the lithiation rate ¢ = 1 h. (b) The
corresponding evolution of the equivalent stress. The particle experiences plastic yielding and elastic unloading in the course of Li insertion. (c) Distribution
of Li concentration along the semi-major axis of a three-dimensional elliptical Si particle. (d) The corresponding evolution of the equivalent stress. The
elasto-plastic behavior is distinct from that of spherical particles due to the geometric asymmetry.

here are yet to be close to the real configurations in
commercial batteries, however, we may take the examples
to uncover the elementary coupling between the lithiation
kinetics and mechanical stresses in three-dimensional
structures. Fig. 2(a) sketches the different elasto-plastic
behaviors of a spherical particle embedded in a matrix of
different stiffness and of different boundary conditions. For
a single free-standing Si particle, Fig. 1(b) shows that the
outer shell experiences a transition of plastic yielding to
elastic unloading while the center remains elastic. Such a
behavior is expected for a spherical particle embedded in a
sufficiently compliant matrix of free boundary conditions.
When the stiffness of the matrix increases, the matrix
imposes a strong mechanical constraint to the deformation
of the particle. The constraint imposes a hydrostatic stress
to the center of the particle. However, for the outer shell,
the compressive stress induced by the matrix may override
the stress relaxation caused by the homogenization of Li
distribution and lead to a permanent plastic deformation.
The stress evolution will be altered by prescribing a
periodic boundary condition (P. B. C) along the horizontal
direction as if we consider the interactions between the
particles. The simultaneous swelling of the neighboring
particles in the confined space results in a non-hydrostatic

stress field that effectively promotes the plastic yielding
of the particles. As a result, the entire particle will reach
plasticity progressively from the surface toward the center
during the Li insertion. Fig. 2(b) shows an example of
the equivalent stresses for Ey/Ep = 0.032 and 2A/L =
0.67. The mechanical interactions are dependent on the
stiffness ratio Ey /Ep and the size ratio 2A/L between the
matrix and the particle. For a particle-matrix composite of
small values of Ey; /Ep and 2A/L, the elasto-plastic behavior
reduces to that of a single free-standing particle.

For the composite electrodes in batteries, mechanical
failure often occurs by the structural disintegration due
to the fracture of the conductive matrix or interfacial
debonding between the active material and the matrix.
Such failure mechanisms may be dictated by the tensile
and shear stresses in the matrix. Fig. 2(c) shows the
profiles of the maximum tensile and shear stresses in the
matrix as a function of 2A/L at the time that the particle
is fully lithiated. We find that the maximum stresses in
the matrix are always located near the particle/matrix
interface during lithiation. The tensile stress may cause
fracture of the matrix initiated from the interface, and the
shear stress may cause the interfacial debonding between
the particles and the matrix. Fig. 2(c) shows that, for
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Fig. 2. (a) Schematic of the stress evolution in a single free-standing particle vs. a particle embedded in a matrix of different stiffness and under different
boundary conditions. The particle is subjected to a constant charging rate. (b) Evolution of the equivalent stress in a particle embedded in a matrix of
stiffness Ey /Ep = 0.032. The size ratio is 2A/L = 0.67. Periodic boundary condition is applied along the horizontal direction. The charging rateis 7 = 1h.
(c) The profile of the maximum tensile and shear stresses in the matrix as a function of 2A/L. The particle is at the fully charged state. The tensile stress
may cause fracture of the matrix, and the shear stress may cause interfacial debonding between the particle and the matrix.

2A/L = 0.71, the maximum tensile and shear stresses
in the matrix reach peak values, which are on the same
magnitude of the yield strength of the active particle.
Such large stresses are hardly sustainable for the polymer
matrix.

In the next example, we consider multiple particles
embedded in a matrix to demonstrate the inhomogene-
ity of Li distribution regulated by the mechanical stresses.
Fig. 3(a) shows three particles of a relatively large spac-
ing in between. Li concentration shows a homogeneous
distribution as there are minor mechanical interactions
between the particles. As the particle distance decreases,
Fig. 3(b), a highly asymmetric stress field develops in the
particles which consequently redistributes the Li concen-

trations. The largest compressive stress occurs at the point
in a particle of the shortest distance to the neighboring
particles, so does the Li chemical potential. The variation
of the Li chemical potential depends on the magnitude
of the local compressive stress. Li atoms are then accu-
mulated in the region of the lowest Li chemical potential.
We use Cpin/Cmax to dictate the inhomogeneity of Li dis-
tribution, where Cp, represents the minimum Li concen-
tration on the surface of the particle at the fully lithiated
state. The inhomogeneity quantity depends on a set of di-
mensionless parameters (A/L, Ew/Ep, [*/Dt, t/7), where
A/L, Ey/Ep, [? /D7, and t /7 represent the normalized par-
ticle spacing, matrix stiffness, charging rate, and charging
time, respectively. Through parametric studies, we obtain



18

R. Xu, K. Zhao / Extreme Mechanics Letters 8 (2016) 13-21

C/Cmax

0.85

0.8

0.75

0.10

c

0.08 -

0.02 -

Homogeneous
lithiation
1

0.00

T
Inhomogeneous
lithiation

0.4 0.5 0.6

AL

0.7

0.8 0.9

Fig. 3. (a) The homogeneous distribution of Li concentration in three particles with a relatively large space in between. (b) The highly inhomogeneous
distribution of Li concentration due to the mechanical interactions of the three particles when they are close to each other. (c) The inhomogeneity of Li
concentration distribution in terms of the non-dimensional quantities Ey; /Ep and 2A/L.

a 2 T T T K T T b 1.0 T T T T T
Contact
N
0 0.8 | i
N
-2
e Before contact After contact 06| N
Q\i 4 § Concentration
Q redistribution
Iy S 04t / _
< 6
K
-8 0.2 N{‘ i
-10 1 1 L 1 1 0.0 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 25 0.0 0.5 1.0 1.5 2.0 2.5
DUA® DyA?

Fig. 4. The morphological evolution of a single amorphous Si nanowire regulated by the contact force. The compressive force between the nanowire
and the rigid wall modulates the Li chemical potential and distribution of Li concentration, and thus transfer the isotropic deformation to an anisotropic
behavior. (a) The distribution of Li chemical potential at different locations, marked by M, N, and K, before and after the Si nanowire contacts the rigid wall.
(b) The evolution of Li profiles at the different locations. The contact force at K redistributes the Li concentration and leads to the anisotropic deformation.

the inhomogeneity in terms of Ey /Ep and A/L, as shown
in Fig. 3(c). As expected, for the small values of Ey; /Ep and
A/L, the particles approach to a homogeneous lithiation. In
the other limit of large Ey; /Ep and A/L, the effect of the me-
chanical interactions on the Li distribution becomes dom-

inant and the Li profiles are highly inhomogeneous. In this
case, insertion of Li is blocked by the local high compres-
sive stress that significantly reduces the effective capacity
of the Si particles. It shows the fact that the capacity of the
composite electrodes is not linearly scaled with the mass
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Fig. 5. The morphological evolution of a single crystalline Si nanowire vs. multiple nanowires. (a) The anisotropic deformation of a single crystalline
nanowire induced by the concurrent interfacial reaction and plasticity. The propagation of the sharp lithiation front is simulated by setting V19/Vi00 = 5
and D;/Dc = 10%. (b) The corresponding Li profiles at different charging time. (c) An experimental study of multiple nanowires shows that the
mechanical interactions regulate the kinetics of lithiation and morphological evolution of the nanowires. Reproduced with permission from Lee et al.
Nature Communications, 7533, 2015, by the Nature Publishing Group. (d) Finite element simulations on the experimental setting capture the transition
from the anisotropic deformation to an isotropic behavior due to the stress effect.

of the active materials but is rather limited by the inhomo-
geneous storage of Li. An optimum structure of composite
electrodes of mechanical resilience and effective Li storage
can be designed by tuning the parameters of the stiffness of
the matrix, the size, shape, and pattern of active particles,
as well as the geometry and porosity of the matrix.

4. Lithiation of Si nanowires

The mechanical degradation of high-capacity elec-
trodes motivated researchers to seek solutions from the
nanotechnology, which has enabled low-cost, fast fabri-
cations of nanostructured materials with nanoscale con-
trols on the size, shape, and chemical compositions. As the
characteristic size of the electrode materials scales down to

the nanometer range, it can mitigate mechanical degrada-
tion through manipulating the deformation pattern. Fur-
thermore, the small feature size enables flaw tolerance,
facilitates ion and electron conduction, and promotes the
rate capability by increasing the surface area of the elec-
trodes to react with Li. Nanoelectrodes of different geomet-
rical shapes have been assessed in a variety of electrodes,
including nanowires [43], nanotubes [44], thin films [45],
and nanoparticles [46]. We employ the finite element pro-
gram to model the lithiation behavior of nanowires which
have shown a great promise for the commercialization of Si
electrodes. We study two example systems—a single amor-
phous Si nanowire as well as a cluster of crystalline Si
nanowires both lithiated in a confined space. The goal is to
demonstrate the mechanical stresses regulated lithiation
kinetics and morphological evolution of the nanowires,
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that is, the local contact force drives Li flux and dynamically
changes the composition in the contact area and therefore
modulates the deformation behavior. Understanding such
a coupling effect is significant for the design of nanostruc-
tures to reach the optimum capacity and for the assess-
ment of the mechanical performance of the electrodes.

We first model the lithiation-induced deformation in an
amorphous Si nanowire confined by the side rigid walls, in
which the radius of the nanowire is 275 nm. Fig. 4(a) and
(b) show the distributions of Li chemical potential and Li
concentrations at the different locations, marked by M, N,
and K, as a function of the charging time. In Fig. 4(a), the
jump in the Li chemical potential at K indicates the initial
contact of the nanowire with the rigid wall. The confine-
ment generates a large local compressive stress and drasti-
cally alters the profile of the Li chemical potential as shown
in Fig. 4(a). The local contact force drives Li flux away from
the stressed area. Li concentration at K gradually decreases
until it reaches a steady state as shown in Fig. 4(b). This be-
havior infers that any contact forces, such as the mechan-
ical load in the indentation experiments, may dynamically
change the local composition at the measured regime. In
order to accurately map the Li profile and the mechani-
cal properties, one needs to consider the dynamic nature
of Li diffusion, the stress-relaxation mechanisms in the
electrodes, as well as the magnitude of the local forces.
The morphological evolution is associated with the redis-
tribution of Li concentrations. The contact force transfers
the isotropic deformation of an amorphous nanowire to
an anisotropic behavior, as shown in the inset figures of
Fig. 4(a).

The lithiation mechanism of crystalline Si is different
from that of amorphous Si. The reaction front separating
the crystalline Si and lithiated amorphous phase is atomi-
cally sharp which is indicative of distinction from the diffu-
sive behavior. The rate of lithiation in crystalline Si is lim-
ited by the short-range processes of interfacial reactions
and the deformation is governed by the concurrent reac-
tion and plasticity [47]. We simulate the sharp interface
by adopting a step function of Li diffusivity D, /D¢ = 10%,
where D; represents Li diffusivity in the lithiated phase,
and D¢ the diffusivity in the pristine core. Meanwhile we
prescribe a constant velocity V to the step function along
the radial direction of the Si nanowire to represent the
propagation of the reaction front. Since the reaction rates
along various crystallographic orientations are different,
we set the reaction rates along the (110) and (100) direc-
tionas Vy19/Vigo = 5[48].Itis worth noting that such a nu-
merical approach is not aiming to incorporating a physical
model on the short-range processes of bond switching, in-
stead it serves as a means to model the kinetics of lithiation
that is limited at the reaction front. The anisotropic defor-
mation of a single crystalline nanowire and the movement
of the sharp interface in the course of lithiation are shown
in Fig. 5(a). The corresponding Li profiles at different charg-
ing time are plotted in Fig. 5(b). Next we simulate lithiation
of a cluster of Si nanowires—three crystalline nanowires
confined by rigid walls to compare with the recent exper-
imental study. Fig. 5(c) reproduces the experimental fig-
ure that the mechanical interactions among the individ-
ual nanowires and the confined medium regulate the mor-
phological evolution of the nanowires [36]. The numeri-
cal results shown in Fig. 5(d) are in excellent agreement

with the experimental finding. The contact forces transfer
the anisotropic deformation of crystalline nanowires to an
isotropic behavior due to the redistribution of Li concentra-
tions. Such transition mitigates the stress concentrations in
single nanowires and thus results in a higher fracture resis-
tance in the cluster of nanowires.

5. Conclusion

We develop a finite element program based on a theory
of coupled diffusion and large elasto-plastic deformation.
The program enables us to model the chemomechanical
behaviors of three-dimensional composite electrodes and
to explore the intimate coupling between the lithiation ki-
netics and mechanical stresses. We find that the Li profiles
and stress states in multiple particles constrained by a ma-
trix are significantly different from that in a free-standing
configuration. We show that the capacity and stresses of
the composite electrodes can be optimally designed by
tuning the size, shape, and pattern of the active particles, as
well as the stiffness, geometry, and porosity of the matrix.
The mechanical interactions regulate Li chemical potential
in Si nanowires and transform the isotropic deformation to
an anisotropic behavior and vice versa. The modeling high-
lights the strong coupling between the electrochemistry of
lithiation and mechanical stresses in the composite elec-
trodes and provides important insight on the design of re-
silient Li-ion batteries.
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