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se separation across
interconnected electrode particles in lithium-ion
batteries

Ying Zhao, a Luis R. De Jesus,b Peter Stein,a Gregory A. Horrocks,b

Sarbajit Banerjee *b and Bai-Xiang Xu*a

Lithium transport and phase separation in and across interconnected electrode particles are investigated in

this paper. This paper signifies the influential role of particle size variation on battery performance with

phase-separating electrodes. In this work, a model is developed which accounts for lithium transport in

the particles, phase separation, and interface reactions across the particle network. The implementation

in 3D is carried out using the B-spline based finite cell method for a straightforward treatment of the

Cahn–Hilliard equation and a flexible representation of particle geometry. Representative examples

based on scanning transmission X-ray microscopy (STXM) images are simulated to discuss the factors

that will influence phase separation during non-equilibrium lithiation and delithiation, as well as

relaxation towards equilibrium. The simulations reveal that particles with a slight advance during (de-)

lithiation at the beginning will strengthen their advance at the expense of neighboring particles, in

a “winner-takes-all” fashion. Moreover, rapid reaction can suppress phase separation, both inside a single

particle and across the particle network. Lastly, both particle size and size variation in electrodes

composed of phase-separating materials ought to be small to avoid intra- and inter-particle phase

separation. This study can serve as a guide for the design of battery electrodes composed of phase-

separating materials.
Introduction

Many electrode materials undergo phase transformation and
separation upon lithium intercalation, such as LiFePO4, lithium
titanate, lithium nickel manganese oxides, V2O5, graphite and
crystalline silicon (c-Si).1–10 Such phase separation can be
problematic and sometimes destructive to the cyclic electro-
chemical performance of lithium-ion batteries. Although the
volumetric expansion of amorphous silicon (a-Si) is as large as
300% with full lithiation, the homogeneous breathing-like
volumetric expansion and contraction alone will not give rise
to severe cracks in the particle. Instead, it is the abrupt increase
in lithium concentration and tremendous strain mismatch at
the c-Si/a-Si interface during the lithiation of c-Si that results in
crack propagation and the irreversible capacity fade.11

Furthermore, phase separation also contributes to the concen-
trated current in a small number of particles (current “hot-
spots”), as reported in the case of LiFePO4.12
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Considerable phase heterogeneity is also observed for V2O5

cathode materials upon lithiation. The layered nature of this
compound as well the multiple accessible redox states makes
this material an interesting model system for fundamental
explorations of intercalation phenomena. Indeed, Raman
spectroscopy and powder X-ray diffraction have been used to
evaluate the phase evolution of V2O5 upon chemical lithiation
as a function of particle size.13 The orthorhombic layered phase
of V2O5 undergoes a series of intercalation-induced phase
transformations with an increasing concentration of inserted Li
ions.14–17 An a-phase, which is slightly distorted from the parent
orthorhombic structure, rst appears upon the insertion of Li
ions and is stabilized for a diminutive composition range of 0 <
x < 0.1 in LixV2O5. Subsequently, an 3-phase nucleates and is the
thermodynamically stable polymorph of LixV2O5 in the
compositional range of 0.3 < x < 0.85; the structure is charac-
terized by the initial puckering of the apical oxygens due to their
electrostatic interactions with the Li ions and an increase in the
inter-layer spacing compared to pristine V2O5. Next, a highly
puckered d-phase is stabilized for concentrations of 0.88 < x <
1.0 in LixV2O5 and is characterized by the sliding of the layers by
half a unit cell length along the b direction. Indeed, further
lithiation above x > 1.0 still yields more distorted g- and u-
phases,15 however, in these phases the layered V2O5 framework
is irreversibly transformed and cannot be recovered upon
This journal is © The Royal Society of Chemistry 2017
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delithiation.18 In contrast, at a low depth of discharge, the
transition between the a-, 3-, and d-phases is entirely reversible.

In previous work, summarized in Table 1, the progression of
the phase nucleation of the aforementioned phases in V2O5 has
been mapped using X-ray diffraction and Raman spectroscopy
for different particle sizes: bulk particles (1–10 mmparticle size),
hydrothermally synthesized nanowires (with diameters of 150–
250 nm and lengths spanning multiple microns), and nano-
platelets grown by chemical vapor deposition (20–50 nm).19

Fig. 1 depicts the electron microscopy images of the three
different size distributions. Lithiation of these materials was
explored by reacting V2O5 with n-butyllithium;20 chemical lith-
iation has been shown to parallel the phase progression ach-
ieved during electrochemical lithiation with high delity and
allows for evaluation of the lithiation process while eliminating
confounding factors such as distance from the electrode and
the need for three-point contact in the electrolyte–electrode–
conductor.13 Table 1 summarizes the ndings for three different
time intervals of lithiation. Upon 1 min of exposure to the
lithiating agent, bulk V2O5 shows the characteristic signs of the
initiation of lithiation: the interior of the sample retains a pris-
tine V2O5 character, whereas the surface shows indications of
nucleation of the a-phase. In contrast, for the V2O5 nanowires
the core is transformed to the a-phase, whereas the surface
shows indications of nucleation of the 3-phase. The particles
with the smallest dimensions, the nanoplatelets, appear to be
homogeneously lithiated to the 3-phase. Upon 5 min of
Table 1 Influence of particle size on phase separation upon chemical lith
is determined by powder X-ray diffraction and the phase and extent of li
The three different morphologies of V2O5 are compared in Fig. 1

Reaction time interval Morphology Interior compositi

1 minute Bulk (1–10 mm) V2O5 (x � 0)
Nanowires (150–250 nm) a (x < 0.1)
Nanoplatelets (20–50 nm) 3 (0.35 < x < 0.8)

5 minutes Bulk (1–10 mm) a (x < 0.1)
Nanowires (150–250 nm) a (x < 0.1)
Nanoplatelets (20–50 nm) 30 (x > 0.35)

30 minutes Bulk (1–10 mm) a (x < 0.1)
Nanowires (150–250 nm) a (x < 0.1) + 3 (0.35
Nanoplatelets (20–50 nm) d (0.88 < x < 1.0)

Fig. 1 The three different morphologies of V2O5 listed in Table 1: (a
dimensions spanning 150–250 nm and spanning tens of microns in leng
Phase separation is suppressed for the thin nanoplatelets.

This journal is © The Royal Society of Chemistry 2017
chemical lithiation, the bulk samples show a homogeneous a-
phase within the core and the surface. For the intermediate size
particles, the nanowires, the core is still primarily in the a-
phase, whereas the surfaces of the nanowires show signs of 3-
and d-phases. The nanoplatelets with the smallest dimensions
show clear signs of the Li-rich 30-phase. Finally, upon exposure
to the lithiating agent for 30 min, the bulk sample shows a core
that is completely transformed to the a-phase and a surface with
some characteristic signs of the 3-phase. The several hundred
nanometer wide nanowires show an interior that is a mix of a-
and 3-phases and the nanowire surface is completely trans-
formed to the 3-phase. The smallest particles, the nanoplatelets,
are homogeneously transformed to the d-phase in this time
period.19 These observations, which are summarized in Table 1,
clearly illustrate the pronounced inuence of particle size on
both (i) the kinetics of lithiation and intercalation-induced
phase transformations and (ii) phase separation and homoge-
neity. The a-phase can be readily formed upon the initial lith-
iation of V2O5; however, subsequent phases with higher Li
content are stabilized by nucleation and growth through a two-
phase regime.21 There is a monotonic increase in the kinetics of
the intercalation-induced phase transformations with
decreasing particle size. For the same elapsed time, the smaller
particles progress to signicantly more Li-rich phases. The
particles with the smallest dimensions, the nanoplatelets, show
distinctively different behavior which is characterized by
homogeneous lithiation without phase separation. Phase
iation of V2O5. The phase and extent of lithiation of the particle interiors
thiation of the particle surfaces is determined by Raman spectroscopy.

on (LixV2O5) Surface (LixV2O5) Phase separation

a (x < 0.1) Yes
3 (0.35 < x < 0.8) Yes
3 (0.35 < x < 0.8) No
a (x < 0.1) No
3 (0.35 < x < 0.8) + d (0.88 < x < 1.0) Yes
30 (x > 0.35) No
a (x < 0.1) + 3 (0.35 < x < 0.8) Yes

< x < 0.8) 3 (0.35 < x < 0.8) Yes
d (0.88 < x < 1.0) No

) micron-sized powders denoted as bulk, (b) nanowires with lateral
th, and (c) nanoplatelets with thicknesses in the range of 20–50 nm.19

RSC Adv., 2017, 7, 41254–41264 | 41255
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Fig. 2 An illustration of two interconnected particles B(1) and B(2). Their
surfaces that are exposed to the electrolyte are denoted as S(1) and S(2),
respectively. The contact surface is denoted as S*, with its normal n*
facing towards B(2). The two particles are independent, and the mass
transfer between the two particles occurs on the surface S*.
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separation is clearly size dependent for this system, which
shows a pronounced role of dimensionality in modulating Li-
ion insertion and extraction. However, the mesoscopic mecha-
nism underpinning such phenomena, which is expected to be
widely generalizable to other phase-separating cathode mate-
rials, remains to be determined and will indeed be a primary
focus of this article. In order to model chemical lithiation, the
assumption of a constant global Li-ion ux is most realistic and
such a formalism has been used in this work.

Various models have been developed to account for the
intercalation-induced phase separation phenomena in elec-
trode materials. Huang et al.22 developed a model that used
a exible sigmoid function to describe the two phase concen-
tration prole with respect to the interface position. In a study
by Liu et al.,23 a concentration-dependent diffusion coefficient
was introduced in order to describe the sharp Li concentration
drop across the interface during lithiation. Zhang et al.24

developed a reaction-controlled diffusion model to account for
the bond breaking energy when lithium inserts into c-Si.
However, the aforementioned models are either highly empir-
ical and are only applicable in very limited cases, or require
sophisticated numerical techniques to track the interface and to
re-mesh adaptively.

The phase-eld method based on the Cahn–Hilliard equa-
tion25,26 has recently found more applications for lithium
diffusion in phase-separating materials, as it requires no
tracking of the phase interface. Moreover, it can be tailored for
different specic materials, given proper free energy expres-
sions from DFT calculations or from the CALPHAD method.27

For a qualitative study, the regular solution model28 is oen
used to determine the free energy of a binary mixture. The
mechanical stress and phase separation in the spherical
particles in lithium-ion batteries are discussed in the litera-
ture.29,30 Moreover, the reaction and crack propagation have
also been intensively studied in the last several years.31–36 On
the other hand, reaction-limited models based on the Allen–
Cahn equation are employed for the simulation of LiFePO4

nanoparticles37,38 to realize the “domino-cascade”model13 and
to explain the suppression of phase separation at high
rates.39,40

However, these models are all dealing with single particles
and the inter-particle exchange of the Li ions is disregarded.
While it is reasonable to assume that single-particle models can
reect multi-particle behaviors in solid-solution systems, they
fall short in describing phase-separating systems, as discussed
in this article. Ferguson and Bazant developed a porous elec-
trode model, which can describe multi-particle phase-
separation behavior.41 However, in their model, each particle
is treated as an effective homogeneous solid solution and the
intra-particle phase separation shown in Table 1 is not
considered. To account for both the intra- and inter-particle
phase separation, a network of particles that can both work
independently and communicate with each other is needed.
Although there are studies in this regard42 the connection
between the particles is not explicitly considered. Rather, the
electrostatic potential drop and the overall current are
controlled at the same time in order to implicitly introduce the
41256 | RSC Adv., 2017, 7, 41254–41264
coupling of two particles without involving actual lithium
transport through the electrolyte or across the particle-to-
particle interfaces. In this work, the interaction between the
particles is explicitly modeled and simulated. The phase-
separation behavior within a multi-particle network is then
discussed.
Model

A network consisting of several particles in contact with each
other is considered in this model. Its 2D illustration with two
particles is shown in Fig. 2. The model consists of Cahn–Hill-
iard bulk diffusion and the Butler–Volmer surface reaction on
the electrode/electrolyte, electrode/electrode surfaces.
Diffusion and phase separation in the particles

The lithium diffusion inside each particle p is subject to the
Cahn–Hilliard equation

vcðpÞ

vt
¼ V$

h
MðpÞV

�
m
ðpÞ
bulk � kðpÞV2cðpÞ

�i
in BðpÞ (1)

where the superscript p value goes from 1 to the total number of
particles considered. B(1) and B(2) represent the interior of the
particle bodies, as shown in Fig. 2. c(p) is the molar concentra-
tion normalized with respect to the maximum concentration
cmax in each particle, t is the time and M is the mobility,
expressed as Dcmaxc

(p)(1 � c(p))/(RT) in this article. The term
k(p)V2c(p) represents the interfacial energetic penalty, which
disfavors the growth of domain interfaces within a particle. The
bulk chemical potential m(p)bulk is based on the regular solution
model

m
ðpÞ
bulk ¼ m0ðpÞ þ RT

�
ln

�
cðpÞ

1� cðpÞ

�
þ c

�
1� 2cðpÞ

�	
(2)

where m0(p) is the reference chemical potential, R is the gas
constant and T is the absolute temperature. The phase param-
eter c is taken above 2 to allow for the co-existence of two
This journal is © The Royal Society of Chemistry 2017
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phases. The total chemical potential of the particle p is thus
m(p) ¼ m(p)bulk � k(p)V2c(p).
Reaction on the electrode/electrolyte interface

On the electrode/electrolyte interface, for simplicity, the
reaction

Liely
+ + H � # LiH (3)

is considered, with H being the host material. The lithium
inux is given as

jely/(p) ¼ c(p)s R(p)
BV on S(p) (4)

in which c(p)s is the molar concentration of intercalated sites on
the surface and RBV is the reaction rate, described by the
phenomenological Butler–Volmer equation39

R
ðpÞ
BV ¼ aely

baðpÞð1�bÞ

s0g
ðpÞ
A



exp

�
�b

FhðpÞ

RT

�
� exp

�
ð1� bÞFh

ðpÞ

RT

	�
;

(5)

where s0 is the mean time for a single reaction step and b is
a symmetry factor for the forward and backward reactions in
eqn (3). The parameter gA is the chemical activity coefficient of
the activated state, expressed as (1 � c(p))�1.39 The overpotential
on the surface S(p) is dened by33,43

h(p) ¼ m(p)/F + Df(p) � VOC (6)

with Df(p) ¼ f(p) � fely being the electrostatic potential differ-
ence between the electrode and the electrolyte, and VOC being
the open circuit potential. The lithium activity in the particle is
dened as a(p) ¼ exp[m(p)/(RT)].
Reaction on the electrode/electrode interface

On the electrode/electrode interface of two interconnected parti-
cles, the intercalation of lithium from one particle to another can
be considered as the occurrence of the following reaction44

Li(1) # Li(2) (7)

and, similarly to eqn (4), the particle-to-particle ux can be
described by

jð1Þ/ð2Þ ¼ c*sR
*
BV on S* (8)

with the reaction rate dened as

R*
BV ¼ að1Þbað2Þð1�bÞ

s0g*
A



exp

�
�b

Fh*

RT

�
� exp

�
ð1� bÞFh*

RT

	�
: (9)

The parameter g*
A is given by (1 � c(1))�1(1 � c(2))�1. The two

particles are considered to be electronically well connected,
therefore the overpotential is purely the difference of the
lithium chemical potential in the two particles, i.e. h* ¼ (m(1) �
m(2))/F.
This journal is © The Royal Society of Chemistry 2017
Simulation details

The eqn (1), (4) and (8), together with the initial conditions are
solved by the nite element method in three-dimensional space
and the backward Euler method in time. In particular, since the
Cahn–Hilliard equation is a fourth-order partial differential
equation, an additional boundary condition

Vc(p)$n ¼ 0 on S*WS(p) (10)

also needs to be fullled. The non-linear equations are solved by
the Newton–Raphson iteration method. In order to achieve
a exible description of the particle geometry and a straight-
forward treatment of the fourth-order partial differential Cahn–
Hilliard equation, the B-spline based nite cell method is
employed, where the complete network of particles is immersed
in a regular background mesh and each particle geometry is
represented by integration points. For detailed information,
interested readers are referred to the work of Zhao et al.45 All of
the codes are implemented in the academic nite element
soware FEAP.46

In the simulation, the particle network is immersed in
a lithium bath with a constant potential. The potential drop
Df(p) is kept constant for a complete (de-)lithiation process.
Moreover, since the particles are considered to have equal
potential, Df(p) is the same for all particles in a single simula-
tion. The simulation parameters are shown in Table 2.

Results and discussion
Phase separation during (de-)lithiation

As the rst example, delithiation and lithiation in a two-particle
system are investigated. Fig. 3a–d depict scanning transmission
X-ray microscopy (STXM) maps of the phase separation of Li-
rich and Li-poor domains between two connected V2O5 parti-
cles that have been chemically lithiated in a lithium bath with
a constant potential. The Li content was deduced based on
methodology discussed in previous work.5 Sharp heterogeneity
is evident across the interface. In the simulation, the particle
geometries are taken from the two V2O5 particles in Fig. 3; the
larger particle (particle 1) has a size of 20 mm� 0.6 mm� 0.2 mm
and the smaller one (particle 2) has a size of 6.8 mm � 0.3 mm �
0.2 mm. The nite element background mesh is quadratic,
instead of linear, to capture the interface with fewer elements.
The integration points are generated based on an adaptive
subdivision to level 3 from the original Cartesian mesh, as
shown in Fig. 3e and f. The simulation conditions for the
different cases are given in Table 3. The two particles have
homogeneous initial concentrations. Upon application of
a constant potential drop on the particle surfaces, lithium will
ow into/out of the particle during the reaction. At the same
time, since the two particles are not lithiated at the same pace
due to—for instance—different particle sizes, exchange of
lithium across the particles also occurs. In this section, for the
sake of convenience, the results of concentration and time are
given in their normalized form. Concentration is normalized
with respect to the maximum concentration cmax, as mentioned
previously. Time is normalized by ~t ¼ tD/L0

2. Fig. 4 shows
RSC Adv., 2017, 7, 41254–41264 | 41257
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Table 2 List of parameters

Description Symbol Value Unit Sources

Gas constant R 8.32 J mol�1 K�1 —
Absolute temperature T 283 K —
Faraday’s constant F 96 485 C mol�1 —
Maximum concentration cmax 2.28 � 104 mol m�3 47
Symmetry factor b 0.5 — 39
Diffusivity D 1 � 10�12 cm2 s�1 47
Length scale L 1 mm —
Phase parameter c 2.5 — 48
Interfacial parameter k J m2 mol�1 —
Single reaction step time s0 1 s 47
Lithium activity in electrolyte aely 1 — 39
Open circuit potential VOC 3.4 V 47
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a sequence of contour plots of the two-particle system during
lithiation (a–d) and delithiation (f–i). During lithiation, instead
of being lithiated concurrently, the smaller particle is fully
lithiated far before the other particle as shown in Fig. 4c,
exhibiting behavior similar to a particle-by-particle trans-
formation. Moreover, the phase change starts from the joint
between the two particles (Fig. 4b), indicating that the smaller
particle will further extract lithium from the neighboring
particle, resulting in an even larger concentration difference
and a faster transformation of the smaller particle.42 This
“winner-takes-all” phenomenon is also observed during deli-
thiation: the smaller particle accelerates its delithiation at the
cost of the larger one. Fig. 4e and j show plots of the average
concentration �c(p) in each particle during lithiation and deli-
thiation. The average concentration �c(p) is computed through
the equation
Fig. 3 Compositional mapping of phase separation across two orthogo
representation. (a) and (b) map the spatial localization of Li-rich and Li-po
(d) is an integrated greyscale intensity image. The assignments of the exte
work.5 (e) illustrates the Cartesian backgroundmesh (in black) and the ada
the latter is only for calculating the volume integration points. The surface
shown in magenta and the other surfaces, S(1) and S(2), exposed to the e

41258 | RSC Adv., 2017, 7, 41254–41264
cðpÞ ¼

ð
BðpÞ

cðpÞdVð
BðpÞ

dV

: (11)

The concentration in the two particles bifurcates towards
two phases when entering the spinodal region. Curiously,
despite the symmetric conditions in the simulation (as shown
in Table 3), the fact that delithiation is remarkably slower than
lithiation at the beginning indicates that the reaction is non-
symmetric. By considering the Butler–Volmer equation (eqn
(3)) the reaction is biased by the chemical activity coefficient of
the transition state gA, which suggests that as lithium occupies
more surface sites, it becomes more energetically expensive for
the reactants to transit over the activation barrier, thus the
reaction becomes slower.38 The initial concentration in the
delithiation process is much higher than that in the lithiation
nally connected nanowires based on X-ray microscopy and numerical
or domains, respectively. (c) depicts an overlay of the two domains and
nt of lithiation are based onmethodology discussed in detail in previous
ptively subdivision (in blue), where the former is the computing grid and
integration points are shown in (f), where the contacting interface S* is
lectrolyte are in brown and green, respectively.

This journal is © The Royal Society of Chemistry 2017
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Table 3 Different simulated cases. L stands for lithiation and D for
delithiation. The comparison between case D1/L1 and case D2/L2 is to
stress the influence of the reaction rate on the electrode/electrolyte
interface (c(p)s ). The comparison between case D1/L1 and case D3/L3 is
to show the influence of the connection across the particles ðc*sÞ. The
overpotential is chosen in the simulation so that the lithiation/deli-
thiation will continue until a certain concentration is reached. For
a detailed discussion interested readers are referred to the work of
Zhao et al.33 and Stein et al.43

Case cinit (—) Df � VOC (mV) c(p)s (mol m�2) c*s (mol m�2)

D1 0.75 9.76 10�7 10�4

L1 0.25 �9.76 10�7 10�4

D2 0.75 9.76 10�4 10�4

L2 0.25 �9.76 10�4 10�4

D3 0.75 9.76 10�7 0
L3 0.25 �9.76 10�7 0
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process, therefore the reaction is much slower in the beginning.
However, as time goes on, the reaction rate of the delithiation
process overtakes that of the lithiation process since the latter is
gradually saturated. For the same reason, the concentration
difference between the two particles is larger in the delithiation
process than in the lithiation process. In other words, the phase
separation is more pronounced during delithiation than during
lithiation.40
Fig. 4 Contour plots and average concentration in each particle durin
conditions for the cases are listed in Table 3. The smaller particle experien
The phase separation during delithiation is more significant than during lit
fact that both concentration and time are given in their normalized
concentration cmax and time is normalized with respect to L0

2/D.

This journal is © The Royal Society of Chemistry 2017
The phase-separation behavior can also be inuenced by the
reaction rate. Fig. 5 shows the contour plots and the average
concentration in the two particles during lithiation and deli-
thiation when the reaction is much faster than the aforemen-
tioned case. This is realized numerically by varying the
parameter c(p)s for computational convenience. Experimentally,
this can be achieved by a surface treatment on the particle.
Alternatively, one can also change the potential difference to
attain faster lithiation. From the contour plots we can no longer
observe phase separation inside each particle but only a solid-
state solution phase. This can be explained by the fact that
the inux is so large and quick that it hardly allows particles to
equilibrate. Moreover, Fig. 5e and j show that the two particles
are almost (de-)lithiated at the same speed, indicating that
inter-particle phase separation is also suppressed by fast
kinetics of insertion. The phase transformation has been shif-
ted from the particle-by-particle pattern to a concurrent one.12 It
is also observed that, in this case, the concentration difference
between the two particles during delithiation is still larger than
that during lithiation, which is similar to the previous case.

In the next example, the inuence of the interconnectivity
between the particles on the phase separation is studied. Fig. 6
shows the simulation results of the scenario where the inter-
action between the particles is absent. From the contour plots of
different time instances we can still observe phase separation in
each particle, a phenomenon very much similar to that in the
g (a–e) lithiation and (f–j) delithiation for case L1/D1. The simulation
ces fast phase transformation at the cost of the interconnected particle.
hiation. (-) in this figure as well as in the following figures stands for the
form. Concentration is normalized with respect to the maximum
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Fig. 5 Contour plots and averaged concentration in each particle during (a–e) lithiation and (f–j) delithiation in case L2/D2. The two particles are
lithiated and delithiated at almost the same pace and no inter-particle phase separation occurs.

Fig. 6 Contour plots and averaged concentration in each particle during (a–e) lithiation and (f–j) delithiation in case L3/D3, where the inter-
connectivity between the particles is absent. The particles are lithiated independently and almost concurrently, which is very different from that in
Fig. 4, indicating that a single particle model sometimes cannot exhibit the behavior of a network of multiple particles.

41260 | RSC Adv., 2017, 7, 41254–41264 This journal is © The Royal Society of Chemistry 2017
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case of D1/L1. However, a more careful comparison between
Fig. 4 and 6 shows that only in a well connected network the
lithium redistribution starts from the junction of the particles
(Fig. 4c), which is also observed in Fig. 3a and b. Moreover, the
concentration plots show that, compared to the D1/L1 case, the
difference between the two particles is much smaller than that
in the D3/L3 case and the two particles are (de-)lithiated almost
simultaneously with a slight difference due to the particle size.
This indicates that apart from the geometric variations the ionic
connectivity also contributes to the phase heterogeneity: the
better the connectivity, the stronger the phase heterogeneity.
The well established connections between the particles offer
a fast pathway for the lithium to equilibrate, allowing the
reduction of the phase interfaces within the particle.
Relaxation from the non-equilibrium solid-solution phase

As shown in the previous example and discussed in the litera-
ture,49 at high-rate cycling a non-equilibrium solid-solution is
formed with slight compositional variations in different parti-
cles. It is thus of interest to evaluate how the relaxation will
proceed when the network of particles is charged at different
states-of-charge (SOC): will it stay as a solid-solution phase, or
will it decompose into different phases? Fig. 7 shows the
relaxation of the two-particle network from the initial solid-
solution phase with different overall average concentrations
caves, which represent different SOC. Single-phase diffusion
tends to occur when the average amount of lithium is low, as
shown in Fig. 7a and e. The particle with higher concentration is
willing to bestow lithium to the neighboring particle and
a homogenized phase forms across the particles. However, as
Fig. 7 Relaxation of the two-particle system from the non-equilibrium
neous phases are reached with very small lithium content (a, e) and
concentration is within the spinodal region, phase separation between t

This journal is © The Royal Society of Chemistry 2017
the lithium content increases to the spinodal region, as shown
in Fig. 7b and f, the particle with higher concentration starts to
acquire lithium from the neighboring particle in order to
globally minimize the energy in the complete network. As
a result, instead of blending into onemixture, the concentration
in the two particles bifurcates and two distinct phases form. It is
worth mentioning that blocking the connection between the
particles will prevent the lithium frommoving from one particle
to another and global energy minimization will not be possible.
Thus, inter-particle phase separation will not be observed. If
a Li-rich phase already exists in one particle as shown in Fig. 7c
and g, a phase transformation will proceed in the other particle,
and two phases inside the particle will co-exist. Finally,
a homogenized phase appears again when the average
concentration is large enough to be out of the spinodal region,
as shown in Fig. 7d and h.
Size effect

To understand the size-dependent behavior of the phase sepa-
ration, particles with different sizes were investigated. The
particle sizes are listed in Table 4. The particles were immersed
and sparsely distributed in a large lithium bath with a constant
potential so that they are neither connected to nor inuenced by
each other. Fig. 8a shows plots of the respective concentration
evolution in each particle. Although the particles are in the
same environment, the time for each particle to be fully lithi-
ated varies substantially. In other words, for the same period of
time, different particles achieve different levels of lithiation.
Apparently, the time for the particle to be fully lithiated
increases with increasing particle size. The larger particles have
solid-solution phase with different overall states of charge. Homoge-
very large lithium content (d, h). However, when the overall lithium
he particles (b, f) and even inside the particles (c, g) occurs.
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Table 4 Dimensions of different particles and their respective
surface-area-to-volume ratios (S/V) in the study of the size effect. The
particles are counted from 3 to distinguish them from the particles
discussed in the previous simulations

Particle Dimensions (mm3) S/V (mm�1)

3 20 � 0.6 � 0.3 10.100
4 10 � 0.3 � 0.3 13.533
5 3 � 0.3 � 0.3 14.000
6 1 � 0.3 � 0.3 15.333
7 0.5 � 0.3 � 0.3 17.333
8 0.1 � 0.3 � 0.3 33.333
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smaller surface-area-to-volume ratios (as shown in Table 4), so
they expose less surface per unit volume for the reaction. This
explains the “lithium hot-spots” in the network of particles with
large size variations.

Moreover, a closer check into the intermediate state of each
particle shows that the intra-particle phase-separation behavior
is also size dependent. Fig. 8b shows the concentration distri-
bution in the particles at the normalized time instant ~t ¼ 100,
when all of the particles are lithiated by around 50% of the total
capacity. In the larger particles (3, 4 and 5), phase separation
occurs. In particle 3, we can even see patterns of repeated Li-rich
and Li-poor phase pairs. It is also worth noting that Li-rich
phases always initiate from the ends of the bar-like particles,
since there are local high surface-area-to-volume ratios. In the
smaller particles (6, 7 and 8), only a solid-solution phase exists.
This can be explained by the following two points. Firstly, in
smaller particles the reaction-to-diffusion rate is larger,
Fig. 8 (a) Plots of lithium concentration versus time during lithiation in p
reaction rates thanks to their large surface-area-to-volume ratios. (b) Co
at the normalized time instant t ̃¼ 100. The intra-particle phase separatio
from the ends, where there are large local surface-area-to-volume ratio

41262 | RSC Adv., 2017, 7, 41254–41264
therefore phase separation is more likely to be suppressed,
which has been discussed in the D2/L2 case. Secondly, in the
small particles, the interfacial mismatch cannot be compen-
sated internally, allowing the interface to grow on to the free
surface, thus suppressing phase separation. Based on previous
work48 it is also reasonable to predict that, when the elastic
strain is taken into account, the suppression of phase separa-
tion will occur even more easily. Since the small particles are
almost homogeneous, it is easy to tell that they are at different
lithiation stages—the smallest particle is lithiated the most.
This agrees very well with Table 1: nanocrystals do not phase
separate and medium size nanowires show clear phase
separation.
Conclusion

In this study, a model was developed taking into account
lithium transport and phase separation inside and across
interconnected electrode particles. The model was simulated in
3D with the B-spline based nite cell method. From the repre-
sentative examples, the following insights are gained.

� In phase-separating materials, particles with a slight
advance during lithiation and delithiation at the beginning will
strengthen their advance at the cost of the neighboring particle,
exhibiting “winner-takes-all” behavior.

� Phase separation—both inside a single particle and across
a well connected particle network—is suppressed by rapid
intercalation reactions. Moreover, the inuence of rapid reac-
tions is more profound during lithiation than during delithia-
tion, representing a non-symmetric reaction.
articles with different sizes. The smaller particles are lithiated at higher
ntour plots of the lithium concentration in particles with different sizes
n only takes place in large particles and the Li-rich phases always start
s. No phase separation is observed in the small particles (6, 7 and 8).

This journal is © The Royal Society of Chemistry 2017
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� Phase separation upon relaxation largely depends on the
lithiation state. When the particle network is only slightly or
very deeply charged, the homogeneous phase tends to establish
itself; when the overall lithiation concentration is in the spi-
nodal region, phase separation is bound to happen.

� Each particle in a network behaves independently as
a single particle when the current is large or the ionic connec-
tivity between particles is weak. In either case, the inter-particle
mass transfer is not fast enough to equilibrate globally.

� Smaller particles are (de-)lithiated faster than larger
particles due to their large surface-area-to-volume ratios.
Furthermore, the smaller the particles, the less likely that phase
separation inside them will occur.

All of these observations show that, in order to prevent phase
separation and the consequent current “hot-spots” in an
interconnected particle network, not only particle sizes but also
the size variation in electrodes composed of phase-separating
materials ought to be made as small as possible.
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