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g r a p h i c a l a b s t r a c t
� We modeled polycrystalline Li-ion
battery active material particles in
3D.

� Developed a FEM approach to cap-
ture the effect of grain boundary on
Li-ion diffusivity.

� Apparent diffusion coefficient in-
creases with increasing grain
boundary densities.

� Grain boundary lowers intercalation
stress by reducing the concentration
gradients.

� Capacity utilization improves in the
presence of a grain boundary
network.
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We investigate the grain boundary effect on Li-ion diffusivity and intercalation-induced stress in a single-
particle Li-ion cell. The measured activation energy for self-diffusion at the grain boundary is a fraction of
that in the lattice due to the loosely packed structure, and this results in a diffusivity that is 3e16 orders
of magnitude higher in the grain boundary than in the lattice. To study how grain boundaries affect Li-
ion battery performance, grain boundaries are modeled inside ellipsoidal cathode (LiMn2O4) particles
and placed under potentiodynamic and galvanostatic control simulations. A Voronoi grain distribution is
employed in modeling grain boundaries. The grain boundary effect on Li-ion diffusivity is evaluated by
computing an apparent diffusion coefficient from the cathode particles containing different grain
boundary densities. It is shown that the apparent diffusion coefficient increases with increasing grain
boundary densities. With enhanced Li-ion diffusivity, particles are found to have higher capacity utili-
zations, especially under high discharge C-rates. The inclusion of grain boundaries also lowered
intercalation-induced stress by reducing the overall Liþ concentration gradients developed within par-
ticles during cycling. However, as local Liþ concentration distribution depends on grain boundary
network geometries, intercalation-induced stress varied appreciably within the different grain boundary
network geometries.

� 2013 Elsevier B.V. All rights reserved.
: þ1 734 647 3170.

All rights reserved.
1. Introduction

An ideal secondary battery for hybrid electric vehicles would
feature low cost, high gravimetric energy and power densities, an
absence of thermal runaway for safety, and minimal capacity
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degradation. High gravimetric power density in particular allows
for increased vehicle acceleration and a reduced battery charging
time. The power performance of a lithium ion (Li-ion) secondary
battery is primarily determined by Li-ion diffusivity in the host
electrode materials. In the host electrode material, Li-ion diffu-
sivity is influenced by intercalation-induced stress fields [1e4],
phase boundary mobilities [5e7], and crystallographic defects
[8,9]. Both thin-film and primary particle Li-ion active materials
are polycrystalline materials, which are dense aggregates of
single crystals joined by a network of interfacial crystallographic
defects known as grain boundaries. It is widely recognized that
the grain boundary network in these materials influence their
properties, including transport properties. The more loosely
packed structures of the grain boundaries result in a higher
diffusivity compared to that inside the grain. For polycrystalline
materials, the measured activation energy for self-diffusion at the
grain boundary is only a fraction of that in the lattice, resulting in
a diffusivity that is 3e16 orders of magnitude higher in the grain
boundary than in the lattice [10e12]. These experiments have
shown that as the average grain size is refined to nanoscale, the
grain boundary increasingly dominates the transport properties.

To investigate the grain boundary effect on overall diffusivity,
Fisher first modeled a single fast diffusing grain boundary
embedded in a semi-infinite bulk of much lower diffusivity [13].
The model and its variants are today widely used in under-
standing grain boundary diffusion. For simplified polycrystalline
geometries, where grain boundaries are lamellar [14] or square
matrices [15,16], expressions for an effective diffusion coefficient
have been formulated using rules-of-mixture or volumetric av-
erages of the constituent diffusion coefficients. Although the
rules-of-mixture method has also been used to study more
complex structural effects such as grain size distributions [17] or
triple junction densities [18], numerical methods such as molec-
ular dynamics or the Monte Carlo method are more common in
studying the effective diffusivity in the presence of grain
boundaries. Moreover, effective diffusivities have been classified
into different regimes of diffusion kinetics [19,20]. For example,
based on the ordering of bulk diffusion length, grain boundary
diffusion length, grain boundary thickness, and the average grain
size, the overall diffusion kinetics may be determined by grain
boundary diffusivity or a mixture of both bulk and grain boundary
diffusivities.

Based on various experimental studies, the role of grain
boundaries in Li-ion active materials has been postulated. For
example, in a LiCoO2 thin-film where grains are oriented in a
preferred (0 0 3) direction that lithium ions have difficulty
diffusing through, grain boundaries may facilitate lithium ions to
diffuse into the bulk [21]. A study with in situ scanning probe
microscopy (SPM) also showed that the formation of (LiF) particles
at the grain boundaries lead to reduced lithium ion flux into the
active material, as reflected on cyclic voltammograms [22].
Conversely, other studies suggest that grain orientations have a
more significant influence on the overall Li-ion diffusivity than the
grain boundary density, especially for materials with two dimen-
sional lattice diffusion mechanisms such as LiCoO2 [23] and V2O5
[24]. In one study, using the electrochemical strain microscopy
(ESM) method, relatively higher Liþ diffusivity was observed in
certain grain facets and grain boundary-like features in a LiCoO2

thin-film [25]. Another study showed that Sn-containing grain
boundaries may be used as intercalation sites among inactive
SnMn3C grains [26]; it demonstrates that grain boundaries may be
utilized in controlling large volume expansion/contraction in
metal anodes, which lead to energy capacity degradation. Indeed,
many Li-ion active materials, including metal-alloys [27,28],
LiCoO2 [29], LiMn2O4 [30], and LiFePO4 [31], undergo reversible
lattice expansion during charging/discharging. Hence, internal
strains/stresses may develop, leading to a gradual loss of energy
capacity by dislocations, microcracks [29,31], or isolation of the
active material from the current collector [32]. Several models
have been developed to estimate the intercalation-induced stress
in Li-ion active materials during charging/discharging [1e3]. These
models show that intercalation-induced stress is roughly propor-
tional to the concentration gradient developed in the particle.
Because a grain boundary network can modify the concentration
distribution within active materials, it would also affect
intercalation-induced stress and its associated energy capacity
degradation.

Although various postulations have been made in regards to the
role of grain boundaries in Li-ion activematerials, the effect of grain
boundaries in Li-ion batteries has never been studied systemati-
cally. This is possibly due to difficulty in controlling the grain
boundary density without affecting material phase and grain size/
orientation distributions. Furthermore, in composite electrodes,
the porosity can complicate the analysis. To study grain boundary
effect on Li-ion battery performance, we model ellipsoidal cathode
particles embedded with grain boundaries using a finite element
method approach. By integrating a Fisher-type grain boundary
model with a Li-ion stress-diffusion model, the role of grain
boundary on overall Liþ diffusivity, intercalation-induced stress,
and energy capacity utilization is investigated. We have the
following objectives:

1. To develop an electrochemicalemechanical model that con-
siders grain boundaries in Li-ion active materials

2. To investigate the grain boundary effect on Li-ion battery per-
formance including lithium ion diffusivity, intercalation-
induced stress, and capacity utilization
2. Methods

To investigate grain boundary effect on overall lithium diffu-
sivity as well as intercalation-induced stress, a Fickian diffusion
equation coupled with a Hookean stressestrain constitutive
equation was solved. Diffusionestress coupling was achieved by
including the elastic energy of the solute in the chemical potential
[3,33,34].

Diffusionestress model in the grain domain e Lithium ion diffu-
sion is driven by the chemical potential gradient. For a given
lithium ion concentration and hydrostatic stress gradients, the
diffusion flux for a dilute or ideal system is given by Zhang et al. [3]

Jg ¼ �Dg

�
Vcg � Ucg

RT
Vsh

�
(1)

where subscript g indicates the grain or bulk domain, Dg is the
diffusion coefficient, cg is the concentration, U is partial molar
volume, R is the universal gas constant, T is temperature, and sh is
hydrostatic stress, defined as sh ¼ (s11 þ s22 þ s33)/3 (where sij is
the element in the stress tensor). Substituting Eq. (1) into the mass
conservation equation, the following species transport equation in
the grain domain was obtained

vcg
vt

þ V$

�
� Dg

�
Vcg � Ucg

RT
Vsh

��
¼ 0: (2)

In the cubic LixMn2O4 (0 < x < 1) phase, the lattice parameter of
the host material was assumed to change linearly with the amount
of ions inserted [35]; this results in intercalation-induced stresses.
Therefore, the stress can be calculated using a thermal-analogy
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stress model [3,36]. The stressestrain relation with the effect of
intercalation is given by

εij ¼
1
E
�ð1þ nÞsij � nskkdij

� þ UDcg
3

dij; (3)

where Dcg is the concentration change of the diffusion species from
the original stress-free value. Eqs. (2) and (3) are coupled through
concentration, cg, and stress, sh.

Liþ transport in the grain boundary domain e Fisher grain
boundary modeling [13,37] was adopted here. One assumption
made in themodel is that the concentration change across the grain
boundary is negligible. Hence, the grain boundary domain can be
modeled as a 2D surface embedded in 3D grain domains. In a finite
element method, this assumption significantly reduces the
computational cost because a high concentration of meshing near
the very thin grain boundary can be avoided. Assumptions made in
the grain boundary modeling are as follows:

i. Fick’s laws are obeyed in the grain boundary domain
ii. Unlike in the grain domain, intercalation-induced stress is

neglected in the grain boundary domain due to its amorphous
nature andnegligible associatedvolumeexpansion/contraction

iii. The grain boundary diffusion coefficient Dgb is isotropic and
independent of concentration and time

iv. Dgb is greater than Dg
v. Concentrations and normal fluxes at the grain and grain

boundary interface are continuous (i.e., no segregation effect)
vi. Concentration across the grain boundary is symmetrical on

either side of the middle plane

An expression of species flux in the grain boundary domain is as
follows

Jgb ¼ �DgbVcgbðn; t1; t2; tÞ: (4)

The subscript gb denotes the grain boundary and t represents
time. Here, the concentration gradient is decomposed into normal,
n, and two tangential components, t1 and t2, relative to the middle
plane of the grain boundary; hence, the gradient is taken as
V ¼ ðv=vn; v=vt1; v=vt2Þ. Conservation of mass in the grain bound-
ary domain is expressed as
vcgb
vt

þ V$Jgb ¼ 0: (5)
Fig. 1. A schematic diagram of a grain boundary embedded between two grains.
A simplified schematic diagram of the grain boundary between
two grains is shown in Fig. 1, where the thickness of the grain
boundary is d. The model assumes that the concentration and
normal fluxes at the grain/grain boundary interface are continuous,
as described in Eqs. (6a) and (6b).

cgðn; t1; t2; tÞ ¼ cgbðn; t1; t2; tÞ n ¼ �d=2 (6a)

n$Jgðn; t1; t2; tÞ ¼ n$Jgbðn; t1; t2; tÞ n ¼ �d=2 (6b)

A Taylor series expansion of the grain boundary concentration
with respect to n ¼ 0 is written as

cgbðn; t1; t2; tÞ ¼ cgbðn; t1; t2; tÞ
���
n¼0

þ n
vcgbðn; t1; t2; tÞ

vn

����
n¼0

þ n2

2
v2cgbðn; t1; t2; tÞ

vn2

�����
n¼0

þ.þ nm

m!

vmcgbðn; t1; t2; tÞ
vnm

����
n¼0

wherem ¼ 1;2;3;.

(7)

Here it is assumed that the concentration across the grain
boundary thickness is an even function about n ¼ 0 due to sym-
metry. Because the first derivative of an even function evaluated at
the point of symmetry is zero, all the odd functions in Eq. (7) are
neglected. Taking a derivativewith respect to n and neglecting third
order and higher terms in Eq. (7), the following expression can be
obtained.

vcgbðn; t1; t2; tÞ
vn

¼ n
v2cgbðn; t1; t2; tÞ

vn2

�����
n¼0

: (8)

Eq. (8) evaluated at the grain/grain boundary interface n ¼ �d/2
is:

vcgbðn; t1; t2; tÞ
vn

����
n¼�d=2

¼ �d

2
v2cgbðn; t1; t2; tÞ

vn2

�����
n¼0

: (9)

Combining Eq. (9) with Eqs. 4, 5, and 6(b), then solving in terms
of Jg, yields:
Table 1
Parameters and LiMn2O4 material properties.

Symbol and unit Name Value

E (GPa) Young’s modulus 100
n Poisson’s ratio 0.3
Dg (m2 s�1) Bulk or lattice

diffusion coefficient
7.08 � 10�15 (Ref. [1])

U (m3 mol�1) Partial molar volume 3.497 � 10�6

cmax (mol m�3) LiMn2O4 stoichiometric
maximum concentration

2.29 � 104

V (V) Applied ramp potential 3.5e4.3 V with 1 mV s�1

sweep rate
U (V) Open circuit potential Curve fit (Ref. [51])
cl (mol m�3) Electrolyte Liþ salt

concentration
1000

b (e) Symmetry factor 0.5
k (m5/2 s�1 mol�1/2) Reaction rate constant 1.9 � 10�9 (Ref. [50])
F (C mol�1) Faraday’s constant 96487
T (K) Temperature 300
R (J mol�1 K�1) Universal gas constant 8.314
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n$Jg
���
n¼þd=2

¼ �d

2
vcgbðt1; t2; tÞ

vt
þ d

2
DgbV

2
t cgbðt1; t2; tÞ; and
(10a)

n$Jg
���
n¼�d=2

¼ d

2
vcgbðt1; t2; tÞ

vt
� d

2
DgbV

2
t cgbðt1; t2; tÞ: (10b)

The right-hand side of Eq. (10) is all quantities on the middle
plane of the grain boundary (n ¼ 0) and Vt ¼ ðv=vt1; v=vt2Þ. Thus
the grain boundary becomes a 2D object. Although Fig. 1 shows a
grain boundary with a thickness d, in the actual model, grain
boundaries are modeled as 2D surfaces between two grains
without geometric thickness. Eqs. (10a) and (10b) may be consid-
ered as a boundary condition for Jg at the grain/grain boundary
interface. Prior to implementing the boundary condition, Eqs. (10a)
and (10b) are converted to a boundary weak form as follows:

n$Jg
���
n¼þd=2

¼ �
Z
S

w
d

2
vcgb
vt

dSþ
Z
S

wDgb
d

2
V2
t cgbdS; and (11a)

n$Jg
���
n¼�d=2

¼
Z
S

w
d

2
vcgb
vt

dS�
Z
S

wDgb
d

2
V2
t cgbdS: (11b)

In Eq. (11), S represents the grain boundary interface domain,
and w is the weighting function. Noting that

wDgbV
2
t cgb ¼ �DgbVtw$Vtcgb þ Vt$

	
wDgbVtcgb



; (12)

Eqs. (11a) and (11b) can be re-written as

n$Jg
���
n¼þd=2

¼ �d

2

Z
S

w
vcgb
vt

dS � d

2

Z
S

DgbVtw$VtcgbdS

þ d

2

Z
S

Vt$
	
wDgbVtcgb



dS; and (13a)

n$Jg
���
n¼�d=2

¼ d

2

Z
S

w
vcgb
vt

dSþ d

2

Z
S

DgbVtw$VtcgbdS

� d

2

Z
S

Vt$
	
wDgbVtcgb



dS: (13b)

By the Divergence theorem, the last terms in Eqs. (13a) and
(13b) can be re-written as
Table 2
Representative grain sizes in Li-ion particles and thin-films.

Active material Configuration Synthesis method

LiMn2O4 Particles Spray
pyrolysis

LiMn2O4 Particles Calcination
Li[Ni1/3Co1/3Mn1/3]O2 Particles Spray

pyrolysis
LiCoO2 Particles Unknown

Active material Configuration Synthesis m

LiMn2O4 Thin film PLD
LiCoO2 Thin film RF sputterin
LiFePO4 Thin film PLD
LiNi0.5Mn0.5O2 Thin film PLD
Z
Vt$
	
wDgbVtcgb



dS ¼

Z
wDgbVtcgb$mdl; (14)
S l

where m is the normal direction of the edge curve of the grain
boundary surface. Assuming that the net flux along the edges of the
grain boundary is zero, the above termwasneglected.Hence, thefinal
boundaryweak formof the flux at the grain/grain boundary interface
is:

n$Jg
���
n¼þd=2

¼ �d

2

Z
S

w
vcgb
vt

dS � d

2

Z
S

DgbVtw$VtcgbdS; and

(15a)

n$Jg
���
n¼�d=2

¼ d

2

Z
S

w
vcgb
vt

dS þ d

2

Z
S

DgbVtw$VtcgbdS: (15b)

Using COMSOL Multiphysics, Eqs. (2) and (15) for lithium
transport in the grain and grain boundary domains were solved
using a general PDE and a weak boundary form module, respec-
tively. Eq. (3) for intercalation-induced stress was solved using a
general PDE module.

Electrochemical kinetics under galvanostatic and potentiodynamic
controls e In this study, a cell consisting of a micron-scale single-
particle positive electrode with lithium metal negative electrode
was modeled. The positive electrode was isotropic cubic-phase
LixMn2O4 (0 � x � 1) prolate spheroids containing grain bound-
aries. During charging, species are oxidized at the positive elec-
trode, and lithium ions are extracted. During discharging, species
are reduced at the positive electrode, and lithium ions are inserted.
The reactions for the LiMn2O4 positive electrode are

LiMn2O45Li1�xMn2O4 þ xLiþ þ xe�: (16)

Under a galvanostatic control, a constant diffusion flux J was
applied at the particle surface,

n$J ¼ in=F; (17)

where F is Faraday’s constant, and the discharge/charge current
density in was determined based on the C-rate;

Under a potentiodynamic control, the diffusion flux boundary
condition at the particle surface was determined by the Butlere
Volmer equation [38],

n$J ¼ in
F

¼ i0
F

�
exp

�ð1� bÞF
RT

h

�
� exp

�
�bF
RT

h

��
: (18)

Here i0 is the exchange current density, h is surface over-
potential, and b is a symmetry factor which represents the fraction
Primary particle size Grain size Ref.

w1.1 mm 25 nm Zhang et al. [45]

w3 mm <100 nm He et al. [44]
w500 nm 10e50 nm Park et al. [46]

>10 mm w0.5e5 mm Wilson et al. [47]

ethod Grain size Ref.

200e300 nm Shin et al. [48]
g w10e100 nm Bates et al. [49]

w200 nm Lu et al. [50]
100e200 nm Xia et al. [51]



Table 3
Simulation input variables and their levels.

Potentiodynamic control Values

Dgb/Dg 103 and 104

Ellipsoidal particle semi-axis dimensions (a � b � c, mm) 1.2 � 1.2 � 2.0
Number of crystallites/grains 3e15
Grain boundary thickness, d (nm) 0, 2, 4, 8, and 16

Galvanostatic control Values

Dgb/Dg 103

Ellipsoidal particle semi-axis
dimensions (a � b � c, mm)

Set 1: 1.2 � 1.2 � 2.0
Set 2: 3.0 � 3.0 � 5.0

Number of crystallites/grains 3e15
Grain boundary thickness, d (nm) 0 and 5
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Fig. 2. A summary of the average grain size and the grain boundary surface area for
polycrystalline particles generated for: (a) the potentiodynamic control simulation and
(b) the galvanostatic control simulation.
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of the applied potential that promotes the cathodic reaction. The
exchange current density, i0, is given by

i0 ¼ Fkc1�b
l ðcmax � csÞ1�bcbs ; (19)

where cl is the concentration of lithium ion in the electrolyte, cs is
the Liþ concentration at the particle surface, (cmax � cs) is the
concentration of available vacant sites on the surface ready for
lithium intercalation (or equivalently, the difference between
stoichiometric maximum concentration and current concentration
on the surface of the electrode), and k is a reaction rate constant
[39]. The surface overpotential, h, is the difference between the
applied potential at the solid phase surface, V, and the equilibrium
open circuit potential, U:

h ¼ V � U: (20)

As for the applied potential, V, a linear ramp potential with a
sweep rate of 1.0 mV s�1 was used. An experimental fit of the open
circuit potential [40] (OCP) as a function of state-of-charge (SOC) x
in LixMn2O4 was used in the simulation. The LiMn2O4 spinel ma-
terial properties and simulation parameters are listed in Table 1. In
all simulations, the lattice diffusion coefficient was assumed to be
isotropic and constant irrespective of the SOC.

Generation of particles with grain boundaries e Polycrystalline
primary particles in composite electrodes are agglomerated using
polymeric binders [e.g., polyvinylidene fluoride (PVDF)] and
carbon-based conductive additives (e.g., carbon black, graphite) to
form secondary particles. Reported secondary particle sizes range
from 6 to 60 mm [41e43]. Primary particle sizes vary with synthesis
techniques and range from 0.3 to 4 mm [41,43,44]. Primary particles
as well as thin-film electrodes consist of crystalline grains, and their
sizes also depend on synthesis methods. An annealing step in the
synthesis process is often performed to yield a desired phase, but it
may also be used to control grain sizes. Typical grain sizes in pri-
mary particles and thin-film electrodes are shown in Table 2. Grain
sizes range from 25 nm to >1 mm in primary particles [44e47] and
from 10 to 300 nm in thin-film electrodes [48e51]. As for the grain
boundary thickness, a thickness of 4e25 nm has been observed for
metal oxides including Al2O3 [52], MgAl2O4 spinel [53], and
Mg2GeO4 spinel [54], under high resolution transmission electron
microscopy (HRTEM). Grain boundary diffusivity is typically several
orders of magnitude greater than in the lattice [10e12]. The grain
boundary diffusivities for transition metal oxides such as Cr2O3
[55], Fe3O4 [56], and ZnO [57] typically range 3e7 orders of
magnitude greater than the lattice diffusion. For the LiMn2O4
spinel, a grain boundary diffusion coefficient measured by sec-
ondary ion mass spectroscopy (SIMS) was approximately 3e4 or-
ders greater than in the lattice [58]. In representing grain size
distributions in polycrystallinematerials, various distributions such
as a monodispersed Tetrakaidecahedra distribution [17], a spread
Johnson-Mehl distribution [17,59], and a nearly log-normal Voronoi
distribution [17,59] have been used. In this study, a Voronoi dis-
tribution that consists of convex polyhedron grains was used. To
generate Voronoi polycrystalline particles, the Multi Parametric
Matlab Toolbox [60] was used. Each Voronoi structure was gener-
ated by specifying a number of grains. The particles containing
grain boundary structures were then imported to COMSOL Multi-
physics to run simulations. A prolate ellipsoid particle shape was
used in all simulations. Assuming symmetry about x, y, and z, only
one-eighth of the particle was used in the simulation.

Potentiodynamic control simulation input and output parameters
e In the potentiodynamic control simulation, intercalation-induced
stress and lithium ion diffusivity were investigated as a function of
grain boundary network structure, grain boundary Liþ diffusivity,
and grain boundary thickness. A total of 31 prolate ellipsoidal
particles with identical dimensions were used in the simulation.
The 31 particles consisted of 1 particle without grain boundary and
30 particles with a unique grain boundary network structure. To
control grain boundary Liþ diffusivity, the ratio of grain boundary-
to-bulk diffusion coefficient, Dgb/Dg, varied between 103 and 104,
while the bulk diffusion coefficient, Dg, remained fixed. Finally,
grain boundary thickness, d, varied from 2 nm to 16 nm. Input
variables and their levels used in the potentiodynamic control
simulation are summarized in Table 3. In quantifying the grain
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Fig. 3. A time history of reaction flux during the potentiodynamic control simulation
for a particle without grain boundary.
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boundary effect on intercalation-induced stress, the maximum
principal stress was evaluated. To quantify relative changes in the
overall diffusivity, an apparent diffusion coefficient was computed
based on the peak current from the potentiodynamic control
simulation. Assuming that the intercalation/de-intercalation pro-
cess is fully reversible, an apparent diffusion coefficient was
computed based on the cyclic voltammetry (CV) diffusion equation
[61,62], as shown in Eq. (21); the equation is valid when T ¼ 300 K.

DLi ¼
 

ip=v1=2
2:68� 105

�
n3=2ac0o

!2

: (21)

In Eq. (21), ip is the peak current, n is the linear potential sweep
rate, n is the number of moles of electrons transferred in the re-
action, a is the electrode surface area, and c0o is the initial lithium
ion concentration in the fully lithiated system, which is
2.29 mol m�3 for LiMn2O4.

Galvanostatic control simulation input and output parameters e

To test the particle size and the grain boundary effects on the ca-
pacity utilization, two sets of particles with different sizes were
tested. The particle dimensions were identical within each set. The
first set of particles consisted of 1 particle without grain boundary
and 10 particles with unique Voronoi grain boundary network
structures. The second set of particles consisted of the same 11
particles in the first set but the dimensionwas scaled up by a factor
of 2.5 in all x-, y-, and z-directions. The grain boundary structures
within the particles scaled accordingly. A fixed grain boundary
thickness of d ¼ 5 nm and a grain boundary-to-lattice diffusion
coefficient ratio, Dgb/Dg ¼ 103 were used in both sets. With various
C-rates, each particle was galvanostatically discharged from 4.3 V to
3.5 V, or equivalently until the lithium ion concentration at a par-
ticle surface reached cmax. Input variables and their levels used in
the galvanostatic control simulation are summarized in Table 3. The
output discharge capacity utilization, denoted as G, was calculated
by dividing the amount of lithium inserted at the particle surface
over themaximum amount of lithium ions a particle can contain, or

G ¼ 1
Vp$cmax

Ztf
0

0
@ Z

S

in
F
dS

1
Adt: (22)

Here Vp represents particle volume, tf is time when the lithium
ion concentration at the particle surface reached 3.5 V or cmax, and S
is the particle surface.

3. Results and discussion

Generated grain boundary network structurese The average grain
sizes and associated standard deviations vs. grain boundary surface
areas for the polycrystalline particles generated for the simulation
are shown in Fig. 2. Fig. 2a and b corresponds to the particles used
in the potentiodynamic control simulation and the galvanostatic
control simulation, respectively. In Fig. 2, the particles have the
same size but different number of grains. Thus for those particles
with the same number of grains, their average grain sizes are the
same. The upper and lower bounds show the standard deviation
associated with different grain volumes in each particle. Because
the specified number of grains was a multiple of three, the grain
boundary surface areas are not evenly populated, as seen in Fig. 2a.
Six grain arrangements are considered for each total number of
grains in a particle, so Fig. 2a shows results for a total of 31 particles.
In the galvanostatic control simulation, two sets of particles were
used. In Fig. 2b, the bottom abscissa and the left ordinate corre-
spond to the first set of particles, and the top abscissa and the right
ordinate correspond to the second set of particles. Because the
second set of particles was created by scaling up particles in the
first set by a factor of 2.5 in x-, y-, and z-direction, the grain
boundary network structures between the two sets were
conserved. After scaling, the surface area and the volume of each
grain increased by a factor of 2.52 and 2.53, respectively. However,
the grain boundary surface area-to-particle volume ratio, sgb/vg,
was reduced by a factor of 2.5 after the scaling. The grain sizes in the
generated polycrystalline particles are comparable to those grain
sizes estimated from cross-sectioned images of LiCoO2 composite
electrodes [47].

The grain boundary effect on intercalation-induced stress e Par-
ticles were first charged and then discharged with a potential
sweep rate of 1.0 mV s�1 in the potential range between 3.5 V and
4.3 V. Fig. 3 shows the time history of reaction flux at the particle
surface for a particle without grain boundary. During charging the
flux is negative, as lithium ions are extracted; during discharging
the flux is positive, as lithium ions are inserted. Fig. 3 also shows
two flux peaks during each half cycle, similar to results from sim-
ulations [39] and experiments [63]. According to the Bultere
Volmer electrochemical kinetics shown in Eq. (18), the reaction flux
is a function of surface overpotential h and exchange current den-
sity i0. The exchange current density, i0, depends on the type of
electrolyte, temperature, and nature of the electrode surface [38]. A
reactionwith a large value of i0 is often described as fast. Also in Eq.
(18), the current density varies linearly with h for small values of h,
and exponentially with h for large values of h. If the surface over-
potential is plotted as a function of time, it would peak twice during
each half cycle because the applied potential increases linearly
while LiMn2O4 OCP contains two plateaus. Hence, the reaction flux
peaks shown in Fig. 3 are largely determined by the thermody-
namic property of LiMn2O4. In addition, the exchange current
density may shift the time location of the peak slightly. During
charging, lithium ions are extracted from the particle surface.
Therefore, during charging the outer layer becomes lithium-poor
relative to the inner core, creating a concentration gradient. As
lithium ions are extracted from the surface, the outer layer con-
tracts and applies a compressive (negative) stress to the inner core.
However, the outer layer cannot contract freely due to the inner
core. As a result, it experiences a tensile (positive) stress. During
discharging, the outer layer expands as lithium ions are inserted
from the particle surface. In the case of discharging, the outer layer
can expand relatively freely, and therefore, experiences almost no
stress. The inner core, on the other hand, is pulled by the expanding
outer layer and experiences tensile (positive) stress.
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Fig. 4. A time history of intercalation-induced stress at three specific points (particle
center and two surface points located on minor and major ellipsoidal axes) during the
potentiodynamic control simulation for: (a) a particle without grain boundary, (b) a
particle with a grain boundary network structure with Dgb/Dg ¼ 103, and (c) a particle
with the same grain boundary network structure as in (b) but with Dgb/Dg ¼ 104.

Fig. 5. Lithium ion concentration distribution when intercalation-induced stress is at
its maximum during charge for the same three particles in Fig. 4: (a) the particle
without grain boundary, (b) the particle with a grain boundary network structure for
Dgb/Dg ¼ 103, and (c) the particle with the same grain boundary network structure as
in (b) but for Dgb/Dg ¼ 104.
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Fig. 4 shows the time history of the maximum first principal
stress during charging and discharging for particles with and
without grain boundaries. The profiles shown in Fig. 4a correspond
to a particle without grain boundary and the profiles shown in
Fig. 4b and c correspond to particles with grain boundaries. Grain
boundary structures and cycling conditions in Fig. 4b and c were
identical. The only different condition between Fig. 4b and c was
the diffusion coefficient ratio, Dgb/Dg. Ratios of 103 and 104 were
used in Fig. 4b and c, respectively. The three stress profiles in each
figure correspond to the particle center point and two surface
points located on the minor and major axes. During charging, the
two surface points undergo tensile stress, while the center point
undergoes compressive stress. During discharging, the surface ex-
periences almost no stress, while the inner core experiences tensile
stress. In the presence of grain boundaries, lithium ions can be
inserted into and extracted from the particle inner core more
rapidly through grain boundaries, lowering the overall concentra-
tion gradient as well as intercalation-induced stress during both
charging and discharging. With increasing grain boundary Liþ

diffusion coefficient, intercalation-induced stress is reduced even
further, as seen in Fig. 4c. Fig. 5 shows the lithium ion concentration
distribution at the point in time when the first principal stress is at
its maximum during charge. Fig. 5aec corresponds to the particles
in Fig. 4aec, respectively. Lithium ion concentrations being higher
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Fig. 6. Lithium ion concentration profiles along the minor axes when intercalation-
induced stress is at its maximum during charge for the same three particles in
Fig. 4: (a) the particle without grain boundary, (b) the particle with a grain boundary
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Fig. 7. A summary of the maximum intercalation-induced stress in the 31 particles
observed during the potentiodynamic control simulation: (a) during charge and (b)
during discharge.
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along the grain boundaries on and near the particle surface can be
clearly seen in Fig. 5b and c. For the three particles represented in
Fig. 4, themaximum first principal stress experienced at the surface
point located on the minor axis is higher than at the surface point
located on the major axis. This is due to a higher net Liþ concen-
tration gradient in the minor axis than in the major axis. Fig. 6
shows the lithium ion concentration profiles along the minor and
major axes when the intercalation-induced stress is at a maximum
during charging. Fig. 6aec corresponds to the same particles in
Fig. 4aec, respectively. For the particle without grain boundary, as
represented in Fig. 6a, the difference between the lithium ion
concentration at the particle center and at the surface points in the
minor and major axes are 3945 mol cm�3 and 4145 mol cm�3,
respectively. However, the minor axis length is 1.2 mm, whereas the
major axis length is 2.0 mm. Hence, the net concentration gradient
along the minor axis is approximately more than 50% higher than
along themajor axis, which leads to higher tensile stress. Moreover,
the concentration decrease is monotonic along the minor and
major axes for the particle without grain boundary. For particles
with grain boundary, however, the concentrations along minor and
major axes do not decrease monotonically, as shown in Fig. 6b and
c. Instead, the concentration increases slightly whenever a grain
boundary is encountered. This concentration increase becomes
pronounced when Dgb/Dg increases from 103 to 104, as shown in
Fig. 6b and c. When the diffusion coefficient ratio Dgb/Dg increases
from 103 to 104, the net concentration gradient along theminor axis
reduces by 29%, and the maximum principal stress decreases by 9%.
For an ideal or dilute solid solution system where the activity co-
efficient of diffusing species is independent of concentration,
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Fig. 8. Intercalation-induced stress profiles at three specific points (particle center and
two surface points located on minor and major ellipsoidal axes) for three particles
containing a single grain boundary with the same surface area oriented at different
angles: (a) case 1 e a grain boundary oriented away from the particle center, (b) case 2
e a grain boundary oriented in parallel with the major axis, and (c) case 3 e a grain
boundary oriented such that it passes through the particle center.
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Fig. 9. Lithium ion concentration profiles along the minor axes when intercalation-
induced stress is at its maximum during charging for the same three particles con-
taining a single grain boundary: case 1 e a grain boundary oriented away from the
particle center, case 2 e a grain boundary oriented in parallel with the major axis, and
case 3 e a grain boundary oriented such that it passes through the particle center.
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intercalation- or diffusion-induced stress always enhances Li-ion
diffusivity [3,34], as described in Eq. (1). Although high diffusivity
of grain boundaries may reduce the enhanced diffusivity caused by
intercalation-induced stress, the high diffusivity of grain bound-
aries itself results in even higher overall diffusivity.

Potentiodynamic control simulations were performed on 31
particles, and the maximum first principal stress induced during
charging and discharging is summarized in Fig. 7a and b, respec-
tively. A fixed grain boundary thickness of d ¼ 8 nm was used for
particles with grain boundaries. The maximum first principal stress
generally decreases with an increasing grain boundary surface
area-to-lattice volume ratio, sgb/vg. However, it does not show a
strong correlation with the sgb/vg ratio (although discussed later,
the apparent diffusion coefficients show a stronger correlationwith
increasing sgb/vg ratio). Assuming a linear relationship between
s1,max and sgb/vg, adjusted-R2 values are 0.46 and 0.40 for charge
and discharge data set, respectively. The intercalation-induced
stress is primarily determined by the lithium ion concentration
distribution inside particles. As seen in Fig. 6b and c, the lithium ion
concentration distribution may be modified significantly with the
grain boundary network structure and the grain boundary-to-bulk
diffusion coefficient ratio. To investigate the grain boundary
network structure effect on intercalation-induced stress, three
particles containing a single grain boundary surface with the same
surface area were considered. In the first case (case 1), a grain
boundary bisects a particle away from the particle center; in the
second case (case 2), a grain boundary is parallel to the long axis; in
the last case (case 3), a grain boundary passes through the particle
center. All three cases contained a single grain boundary with an
identical grain boundary surface area of 1.315 mm2 (sgb/
vg ¼ 0.872 mm�1). The time histories of intercalation-induced stress
at the particle center point and two surface points located on the
major and minor axes are shown in Fig. 8. In all three cases, the
maximum stress during charging occurs at the surface point
located on the minor axis. During charging, the maximum
intercalation-induced stress for the three cases is 372 MPa for case
1, 368 MPa for case 2, and 330 MPa for case 3. During discharging,
the maximum intercalation-induced stress at the particle center is
369MPa for case 1, 380MPa for case 2, and 270MPa for case 3. Fig. 9
shows the concentration along the minor axis for the three cases
when intercalation-induced stress is at their maximum during
charge. Also Fig. 10 shows the 3D lithium ion concentration dis-
tribution for the three particles when intercalation-induced stress
is at their maximum during charging. The three cases demonstrate
that an orientation of a grain boundary itself can have an influence
on the maximum intercalation-induced stress by modifying Liþ

concentration gradients within particles.
The grain boundary effect on Liþ diffusivity e Fig. 11 shows the

computed apparent diffusion coefficients as a function of grain



Fig. 10. 3D surface plots of lithium ion concentrations when the maximum
intercalation-induced stress has reached its maximum during charge for the three
particles containing a single grain boundary: (a) case 1 particle, (b) case 2 particle, and
(c) case 3 particle.
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Fig. 12. A schematic diagram of a 2D particle containing a single grain boundary.
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surface-area-to-particle-volume ratios sgb/vg for various grain
boundary thicknesses. The apparent diffusion coefficients are based
on the first reaction flux peak during discharge. For a given grain
boundary thickness, the apparent diffusion coefficient increases
almost linearly in the tested sgb/vg range. Assuming a linear rela-
tionship between Dapp and sgb/vg, adjusted-R2 values do range be-
tween 0.91 and 0.92 for all grain boundary thicknesses. Moreover,
as the grain boundary thickness increases, apparent diffusion co-
efficients rise faster with sgb/vg. This is because in the governing
equation for the lithium ion transport in the grain boundary
domain, as described in Eq. (15), the grain boundary thickness, d,
and the grain boundary diffusion coefficient, Dgb, are multiplied
together and input as a constant. Therefore, the two effects are
coupled in the model. For example, a twofold increase in the grain
boundary thickness yields the same results as a twofold increase in
the grain boundary diffusion coefficient.

To investigate the individual effect of grain boundary diffusion
coefficient and the thickness on diffusivity, a 2D model containing
an actual grain boundary thickness was considered. The shape of
the cathode particle was a circle with 2 mm radius and assuming
symmetry about x- and y-axes, only a quarter of the circle was
modeled. A schematic image of the cathode particle is shown in
Fig. 12. In parallel with the 3D model, the 2D model included the
plane thermal-analogy intercalation-induced stress in the grain
domain only. Two sets of potentiodynamic control simulations
were performed with the 2D model. In the first set, a grain
boundary thickness was fixed while the grain boundary diffusion
coefficient varied, while in the second set, the grain boundary
diffusion coefficient was fixed while the grain boundary thickness
varied. The design of computation is summarized in Table 4 and the
same material properties in Table 1 were used.

Apparent Liþ diffusion coefficients evaluated from the two sets
of simulations are summarized in Fig. 13. Using Eq. (22), diffusion
coefficients are evaluated based on the first reaction flux peak
during charging. In the first set, Dapp increases with increasing Dgb/
Dg ratio although the Dapp quickly approaches a saturation limit. In
Table 4
Input variables for the 2D model.

Fixed d Dgb/Dg levels

Set 1 d ¼ 4 nm 1000 2000 4000 8000 16,000

Fixed Dgb/Dg d levels

Set 2 Dgb/Dg ¼ 1000 4 nm 8 nm 16 nm 32 nm 64 nm
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the second set, in contrast, Dapp peaks when d ¼ 16 nm then de-
creases with a further increase in the grain boundary thickness.
Because Dapp is proportional to the reaction flux squared, the re-
action flux contributions from grain and grain boundary domains
are calculated separately and shown in Fig. 14.
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Fig. 15. A time history of the reaction flux from a 2D particle with Dgb/Dg ¼ 103 and
d ¼ 16 nm: (a) total reaction flux, (b) reaction flux from the bulk/grain domain, and (c)
reaction flux from the grain boundary domain.
In the first set, as grain boundary diffusion coefficient increases,
the species flux contribution from the grain boundary remains
almost the same whereas the reaction flux contribution from the
grain increases, as shown in Fig. 14a. With higher grain boundary
diffusion coefficient, lithium ions can travel faster along a grain
boundary. Due to the condition that the concentration at the grain/
grain boundary interface needs to be equal, the increase in the grain
boundary diffusion coefficient induces higher concentration
gradient as well as species flux in the grain domain. Although not
shown here, the magnitude of the concentration gradient increases
in the grain domain with increasing Dgb. This implies that the
diffusivity in the grain boundary affects the diffusivity in the bulk



Fig. 16. Second order surface fits of capacity utilization results from particles under the
galvanostatic control simulation: (a) particles with a dimension of 2 � 1.2 � 1.2 mm3

and (b) particles with a dimension of 5 � 3 � 3 mm3.
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domain. The reason for the reaction flux contribution from the
grain boundary remaining almost the same is as follows. Owing to
the relatively higher lithium ion diffusivity in the grain boundary, a
higher concentration of lithium ions is developed in the grain
boundary region compared to neighboring bulk domain. The OCP is
a function of lithium ion concentration. Due to the concentration
difference, given an applied potential, the surface overpotential and
the time location of the reaction flux peaks are different at the
grain/electrolyte interface and the grain boundary/electrolyte
interface. As an example, Fig. 15a shows the time history of the total
reaction flux during charge/discharge for a case where Dgb/
Dg ¼ 1000 and d ¼ 16 nm. The reaction flux at the grain/electrolyte
and grain boundary/electrolyte interfaces are plotted separately in
Fig.15b and c, respectively. The first reaction flux peak at the graine
electrolyte occurs at t ¼ 483 s, whereas the first reaction flux peak
at the grain boundaryeelectrolyte interface occurs at t ¼ 558 s.
Because the apparent diffusion coefficient is evaluated based on the
overall reaction flux peak, the reaction flux at the grain boundarye
electrolyte interface is evaluated before its first peak is reached.
This illustrates why the reaction flux contribution from the grain
boundary does not increase with increasing grain boundary diffu-
sion coefficient.

In the second set, the reaction flux contribution from the grain
boundary is approximately doubled as d becomes a two fold, as
shown in Fig. 14b. In contrast, the reaction flux contribution from
the grain increases slightly from d¼ 4 to d¼ 8 then decreases with a
further increase in the grain boundary thickness. There are two
competing factors that affect species flux. The first is the concen-
tration gradient and the second is the domain size. With increasing
grain boundary thickness, the magnitude of the concentration
gradient increases just like in the first set of simulations. On the
other hand, the total number of lithium ions flowing from the grain
decreases with shrinking domain size. Hence, the reaction flux
contribution in the grain domain increases only to a certain grain
boundary thickness threshold.

Grain boundary effect on capacity utilization e The two sets of
particles were discharged with various C-rates, and their capacity
utilizations were computed according to Eq. (22). The resulting
capacity utilizations as a function of C-rates and grain boundary-
surface-area-to-particle-volume ratio, sgb/vg, were then fitted
with a second order polynomial surface. The surface fits shown in
Fig. 16a and b correspond to the first and second sets of particles,
respectively. The sgb/vg ratio is normalized to its highest value. The
two sets of particles show decreasing capacity utilization with
increasing C-rates and decreasing sgb/vg ratio. At C/5 and lower, the
capacity utilization is 97% or higher for all particles in both sets,
including the particles without grain boundary. In the first set, the
particle without a grain boundary retains capacity utilizations of
94% and 90% at C-rates of 5 C and 10 C, respectively. In the presence
of the grain boundary, the average capacity utilization increases to
98% for 5 C and 96% for 10 C. In contrast, in the second set, the
capacity utilization of the particle without grain boundary is 74%
and 61% at C-rates of 5 C and 10 C, respectively. The decrease in the
capacity utilization in the second set is due to increased particle
volume by a factor of 2.53, i.e. larger diffusion distance to reach the
particle center. In the presence of the grain boundary, the average
capacity utilization increases to 85% for 5 C and 73% for 10 C. The
marginal increase in the capacity utilization is appreciably greater
in the second set despite that the grain boundary-surface-area-to-
particle-volume, sgb/vg, is 2.52 lower compared to the smaller par-
ticles in the first set. Nonetheless, the overall trend of increasing
capacity with grain boundary surface-area-to-particle-volume is
consistent with increasing apparent diffusion coefficient with sur-
face area-to-particle volume. Although capacity utilization tends to
increase with grain boundary density, the particle with the highest
sgb/vg ratio does not achieve the maximum capacity utilization. For
example, with equal particle sizes, a particle with sgb/vg ¼ 4.0 mm�1

achieves a capacity utilization of 89% while a particle with sgb/
vg ¼ 10.4 mm�1 achieves a capacity utilization of 84% when the C-
rate is 5 C. This shows that a grain boundary network structure can
influence capacity utilization. To improve Li-ion battery power
performance in composite electrodes, the average particle sizes
have been reduced by various synthesis techniques andmechanical
means. However, increasing electrodeeelectrolyte interfacial den-
sity may lead to higher capacity degradation due to increased side
reactions [64,65] and dissolution [66]. To suppress such phenom-
ena, surface coating on Li-ion cathodes has often been performed
[67,68]. The same effect may be achieved without coating but by
utilizing the grain boundary network structure. As grain bound-
aries can have an influence on Liþ transport, intercalation-induced
stress, and even phase transformation sites, grain boundary engi-
neering of Li-ion active materials may be an alternative avenue to
enhance Li-ion battery performance.

4. Conclusions

The grain boundary effect on intercalation-induced stress, Liþ

diffusivity, and capacity utilization was investigated by imple-
menting 2D Voronoi grain boundary structures embedded inside
3D LiMn2O4 particles. The main cause of intercalation-induced
stress inside a single cathode particle is the lithium ion
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concentration gradient developed during charging and discharging.
The net concentration gradient was reduced with the inclusion of
high diffusion grain boundary pathways. Consequently, the
maximum intercalation-induced stress also decreased. Although
themaximum intercalation-induced stress tended to diminish with
increasing grain boundary density, the actual stress level exhibited
a high dependence on individual grain boundary network geome-
tries. While intercalation-induced stress tended to be reduced in
the presence of the grain boundary, the computed apparent diffu-
sion coefficient, as well as the capacity utilization, increased. As
discussed above, grain boundaries may have a significant role in
determining the performance of Li-ion secondary batteries. More-
over, grain boundaries are inevitable in commercially available Li-
ion active materials. For these reasons, grain boundaries should
be controlled during synthesis to enhance the performance of Li-
ion secondary batteries.
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