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Elucidating  the  role  of interparticle  Li transport  and  multi-particle  (de)lithiation  kinetics  in  nanopartic-
ulate  two-phase  electrode  materials  such  as  LiFePO4 is  a  challenging  task  because  of  the  small  temporal
and spatial  scale  associated  with  the  process.  Often,  the  relevant  processes  that  determine  the  kinetics  of
(dis)charging  an  electrode  are  assumed  to  be exclusively  those  associated  with  Li  transport  to  and  from
the  counter-electrode,  without  a consideration  of interactions  between  particles.  However,  the redistri-
bution  of  Li  between  nanoparticles  can  have  a strong  influence  on  the  overall  cell rate  performance.  Using
a continuum  model  to simulate  the lithiation  kinetics  of  a porous  aggregate  of  LiFePO4 nanoparticles,  we
demonstrate  the  impact  of cell  architecture  (in terms  of  ionic and  electronic  connectivities  between
active  particles)  and  cycling  rate  on  the multi-particle  (de)lithiation  kinetics.  Specifically,  the  connec-

tivity  between  particles  is  shown  to have  a  strong  effect  on “interparticle  phase  separation,”  a  process
by  which  active  particles  undergo  additional  cycling  (charge  during  the  overall  discharge)  and  amplified
reaction  rates.  We  show  that  interparticle  phase  separation  can  be reduced  or  eliminated  by improving
(“homogenizing”)  the  connectivity  between  particles.  Extensive  comparisons  to experimental  literature
and insights  toward  improving  the  performance  of nanoparticulate  electrodes  are  also  provided.

©  2014  Elsevier  Ltd. All  rights  reserved.
. Introduction

To ensure long-term safety and reliability of Li-ion battery
ystems, special attention must be devoted to avoid overcharg-
ng/overdischarging the cathode since it can lead to accelerated
egradation of the material and, at worst, thermal runaway. For

arge-scale Li-ion battery systems (e.g., in electric vehicles) to func-
ion successfully, these issues must be adequately addressed to
void costly failures that currently impede widespread deployment
f large battery systems [1]. Developing the solutions requires a
etailed understanding of the relation between the battery’s mea-
urable properties (voltage, charge/discharge history, etc.) and the
tate of charge (SOC) of individual particles within the electrode.

his can be especially challenging in nanoparticulate materials
ecause their dynamics may  differ from those of larger par-
icles, and their study is complicated by their small size and

∗ Corresponding author. Tel.: +7346151498
E-mail address: kthorn@umich.edu (K. Thornton).

ttp://dx.doi.org/10.1016/j.electacta.2014.06.029
013-4686/© 2014 Elsevier Ltd. All rights reserved.
fast transformation. In a conventional porous electrode, many
active particles (∼1010 - 1017)[2] are ionically (through the elec-
trolyte) and electronically (through carbon-coating, carbon black,
or particle-particle contact) linked to each other. Therefore, a par-
ticle network is formed in which Li can be transported not only
between cathode and anode, but also between the active particles
within the cathode.

If  the cathode material remains as a single phase at equilib-
rium with respect to Li concentration for the relevant cycling range
(as in LiTiS2, for instance [3]), then there is always a thermody-
namic driving force to homogenize the Li concentration amongst
all active particles. In these cases, a voltage reading across the cell
also provides an accurate picture of each particle SOC. However,
for phase-separating systems (where Li-poor and Li-rich phases
are thermodynamically more stable than the uniform mixture),
the interactions between particles are much more nuanced, and

particles within the electrode can coexist in equilibrium at very
different SOCs from one another and in many different configu-
rations, all within a very narrow potential range [2,4]. In some
materials, such as nanoparticulate lithium iron phosphate, LiFePO4,

dx.doi.org/10.1016/j.electacta.2014.06.029
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2014.06.029&domain=pdf
mailto:kthorn@umich.edu
dx.doi.org/10.1016/j.electacta.2014.06.029
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Fig. 1. (a) Schematics of two different possible Li redistribution mechanisms: (i) In the case with homogeneous connectivity, Li is transported through the electrolyte (and
electrons through conductive carbon black or carbon-coating) to be redistributed from one particle to another. (ii) In the case with heterogeneous connectivity, Li can be
directly  transported between abutting particles. The electrostatic potential of the particles may  become inhomogeneous due to poor electronic connectivity, which is not
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onsidered here. (b) TEM image of a sample where the particles are perfectly coated
articles in possible direct contact between each other, corresponding to case (ii). Fig
niversity Press.

LFP) electrodes, non-bulk thermodynamics [57,58] or kinetics
5,6–8] may  prevent the phase-separation from occurring inside
he particle (i.e., “intraparticle phase separation”). Instead, Li is
edistributed between nanoparticles so they can reach their stable
hases without having the energy penalty of forming an interface
i.e., they undergo “interparticle phase separation” [5]). Given the
riving force toward interparticle phase separation and a network
f active particles in which Li can be redistributed, particles trans-
orm sequentially in the slow (dis)charging limit [2]. Thus, at any
iven time, a small fraction of the particles in the electrode sustains
he entire current of the cell. Consequently, the cell voltage does not
ranslate easily into the SOC of the active particles, as it also depends
n additional factors such as charge and discharge history [9], par-
icle size distribution, and cathode architecture (which determines
ow the particles are connected to other particles) [4,10].

Interparticle Li redistribution has been experimentally verified
n LFP nanoparticles [11]. However, how this process occurs in situ
uring battery operation has remained unaddressed in the lit-
rature and is the central subject of this study. Specifically, the
ependence of the process on the connectivities (both ionic and
lectronic) between particles is an important design considera-
ion [4,12], which has not been studied in detail. In this work,
e provide new insights on the Li redistribution and its depen-
ence on architecture that help explain the following experimental
bservations. First, LFP electrodes have been shown to charge and
ischarge very inhomogeneously at the many-particle scale in sev-
ral in situ experiments. In these experiments, a discrepancy is
bserved between the electrochemical measurements, represent-
ng the overall state of the cell, and spectroscopic data, indicating
he local state [13,14]. Second, fully lithiated and fully delithiated
articles have been observed to coexist in ex situ characterization
f partially charged LFP [15,16]. Third, a notable spread in cycling
erformance occurs with varying electrode architecture and prepa-
ation.

In this paper, we present a model of the interparticle dynam-
cs during operation in an electrode consisting of many active
onophasic nanoparticles of a host material that, when in
quilibrium, thermodynamically favors phase separation (i.e., par-
icles in a non-equilibrium solid solution). With an eye toward
oth understanding the dominant mechanisms that contribute to
ot in direct contact between each other corresponding to case (i). (c) TEM image of
b) and (c) are reproduced with permission from Ref. 51, copyright 2011, Cambridge

inhomogeneous (dis)charging at the electrode scale and identify-
ing practical methods to address them, we  develop a model that
describes Li redistribution between particles during the (dis)charge
process in two different electrode architectures. These two  archi-
tectures correspond to nanoparticle agglomerates (often observed
in nanoparticulate electrodes [17–19]) of different densities: a
dilute agglomerate and a dense agglomerate. These two construc-
tions are illustrated in Fig. 1(a). The first architecture (Fig. 1(a)(i))
consists of active particles coated and “wired” with electronically
and ionically conducting material, providing excellent electrical
connectivity to the current collector and ionic connectivity to the
electrolyte. Furthermore, the coating prevents any direct contact
among active particles. This architecture is hereafter referred to
as the configuration with “homogeneous connectivity.” In the sec-
ond architecture (Fig. 1(a)(ii)), no or partial coating/wiring leads
to direct contacts of active particles in clusters, which provides
an additional path for Li transport. In addition, electrical and ionic
connectivities are reduced and the electrostatic potential of the par-
ticles may  become inhomogeneous (the consequence of which is
not considered here as discussed later). This architecture is referred
to as the configuration with “heterogeneous connectivity.” Similar
to the work of Kang and Ceder [20], the nanoparticles considered
here have an average size (diameter) of ∼50 nm.  We  choose sim-
ulation parameters specific to simulate (dis)charging a network
of different-size LFP nanoparticles, a commercial cathode mate-
rial known for both its high-rate performance [21,20,22] and its
thermodynamic tendency to phase separate [23,24].

2. Theory and Background

The inhomogeneous charge and discharge processes studied in
this work result from the contributions of two  mechanisms: (1) a
non-monotonically decreasing single-particle equilibrium poten-
tial with respect to lithium uptake (�eq vs. Cp), characteristic of
a phase separating material, and (2) the ability to redistribute Li

between active particles. Although the multi-particle equilibrium
defined here has been thoroughly studied recently in the literature
[2,25], our model additionally takes into account the connectivity
between the particles and their interaction during Li (de)insertion,
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Fig. 2. Schematic of the sequential transformation of four particles in the case where interparticle exchange is ignored, based on schematic from Ref. 4 (assuming the applied
potential approximates the local potential difference across the particle-electrolyte interface, ��). (a), (b) and (c) represent the particles during their lithiation (the grayscale
indicates the degree of lithiation; darker gray indicates higher Li concentration); (d), (e) and (f) indicate the applied voltage and the depth of discharge (DOD=1-SOC) of the
particles. (a) & (d) At the beginning of the process, the voltage is constantly lowered to lithiate the particles. (b) & (e) When particles reach the spinodal point, the particles
start  lithiating sequentially due to the increasing driving force they gain due to the non-monotonic shape of the equilibrium potential. (c) & (f) The process continues until
all  particles are fully transformed.

Fig. 3. Schematic of the Li redistribution between four particles via a reaction (assuming the applied potential approximates ��). (a), (b) and (c) represent the particles
during  the process (the grayscale indicates the degree of lithiation; darker gray indicates higher Li concentration); (d), (e) and (f) indicate the applied voltage and the DOD  of
the  particles. (a) & (d) A small difference in the concentration determines which particles extract Li and which ones absorb Li. (b) & (e) While the redistribution occurs, the
applied  voltage fluctuates in order to equilibrate the insertion and the extraction. (c) & (f) The process finishes when the particles reach equilibrium at a Li-poor or a Li-rich
phase.
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o provide a physical understanding of the dynamics within the
lectrode as a function of the imposed discharge rate.

The two aforementioned mechanisms are now described in
etail. The kinetics of Li insertion in an isolated active particle is
overned solely by the non-monotonic shape of the equilibrium
otential with respect to Li concentration [5]. Upon discharge, the
pplied potential across the cell is continually lowered to drive
i insertion, and the driving force for insertion is proportional to
he difference between the applied potential and the equilibrium
otential [4]. Therefore, due to the non-monotonic nature of the
quilibrium potential with respect to Li uptake, beyond a specific
i concentration (the lower spinodal point) the driving force for
dditional Li insertion begins to increase, which accelerates the pro-
ess. To clearly elucidate this process, we use Fig. 2 as a schematic
llustration, in which the interparticle Li redistribution is ignored.

e observe in Fig. 2(d) the initial voltage, which is lowered until
eaching the voltage value corresponding to the spinodal point
Fig. 2(e)). At this concentration, particles transform sequentially
Figs. 2(e) and (f)). In a realistic electrode with many active parti-
les interacting with each other, there is an additional driving force
or interparticle Li redistribution to consider, which is driven by the
eduction in free energy that is achieved by the transformation from
articles at an intermediate Li concentration to a combination of Li-
ich and Li-poor particles. This process is illustrated in Fig. 3, where
our particles with an intermediate concentration reach equilib-
ium by exchanging Li with each other. The redistribution of Li
mongst particles is triggered when some particles begin undergo-
ng accelerated lithiation causing a rise in the voltage. This increase
n the voltage causes a driving force for the particles not undergo-
ng fast lithiation to delithiate. Thus, particles extract or absorb Li
from each other) and tend to transform to a Li-poor or a Li-rich
hase. Some incubation time is required before the next redistri-
ution of Li can be triggered, as the delithiated particles need to
bsorb enough Li to be able to return to the spinodal point and
rigger the next instability [26]. This causes an intermittent phase
ransformation that leads to group-by-group lithiation of particles
f similar sizes.

To elucidate the contribution associated with the connectiv-
ty of the particles, we consider two separate cell architectures.
irst, we investigate a dilute configuration with homogeneous con-
ectivity. This corresponds to an idealized electrode configuration
here the particles are completely separated from each other by

mbedded electronic conductors. In this case, Li can only be redis-
ributed via a reaction by which the resulting ionic Li and electrons
re transported through the electrolyte and the electronic conduc-
ors, respectively. As it will be shown later, in this ideal case, the
ithiation/delithiation processes of individual particles are nearly
ndependent of their position with respect to other particles, as

ell as the separator and current collector. This is because the
alt concentration in the electrolyte is nearly constant through-
ut the small domain considered here (∼300 nm in length) due
o the fast Li-ion transport in the electrolyte and the relatively
igh porosity of the two cell constructions. Fig. 1(a)(i) shows a
chematic representation of this architecture and Fig. 1(b) a trans-
ission electron microscopy (TEM) image of well-spaced particles.

econd, we analyze a configuration with heterogeneous connec-
ivity, a more realistic electrode configuration representative of

 dense agglomerate of particles. In heterogeneously connected
articles, there is a spatial preference in the order of reaction of
he particles caused by the direct contact between particles and
lectrostatic potential inhomogeneities. Here, we  model the het-
rogeneous connectivity solely by the direct transport between

articles. Explicitly tracking the electronic conductors network and
olving for the electrostatic potential of the conductors and par-
icles is beyond the scope of this work. However, it is important
o note that inhomogeneities in the voltage would lead to more
a Acta 137 (2014) 245–257

inhomogeneity in the lithiation of the particles than what we report
here. Fig. 1(a)(ii) shows a schematic representation of the con-
figuration with heterogeneous connectivity and Fig. 1(c) a TEM
image of heterogeneously connected particles. The direct contact
between the particles facilitates a redistribution of Li via the con-
tact area, driven simply by a transport process (dependent on the
chemical potential difference between the contacting particles)
through a permeable boundary. In this configuration the dynamics
is “local-environment dependent” because contacting particles are
strongly coupled through direct transport rather than the weaker
electrochemical interactions. The direct transport can be physically
interpreted as a “shortcut” path because it allows Li to move from
one particle to another without an electrochemical reaction.

Direct Li transport between LFP particles has not been studied
before in the literature as a mechanism for Li redistribution. How-
ever, there is substantial evidence for its existence via analyzing
the ionic conductivity of electrode constructions of bare pristine
LFP (without electrolyte nor additives). For example, in the work of
Wang and Hong [27], the ionic conductivity of a pristine LFP cath-
ode was measured to be in the range of 10−5 S/cm (equivalent to an
ionic diffusivity of 10−10 cm2/s). In such constructions, the Li trans-
port in the cathode is limited to the direct Li transport between the
particles, as there is no driving force for electrochemical reactions.

3. Model

3.1. Governing Equations

To describe the governing physics of an electrochemical cell, we
employ four coupled equations: concentration evolution in the (1)
cathode particles and (2) electrolyte, (3) current continuity in the
electrolyte (for the sake of simplicity we  assume that the electric
potential within cathode particles is uniform), and (4) reaction at
the electrode-electrolyte interface. Concentration evolution in the
cathode particles is described by Fickian diffusion to approximate
non-equilibrium solid-solution Li diffusion [5],

∂Cp
∂t

= ∇ · (Dp∇Cp) ∈ Vp, (1)

where Cp is the concentration of Li in the particle, t is time, Dp is
the diffusion coefficient in the particle, and Vp is the bulk region
of the particles. For the concentration evolution of the salt in the
electrolyte, the dilute binary solution theory is used [28]:

∂Ce
∂t

= ∇ · (Damb∇Ce) − i · ∇t+
z+�+F

∈ Ve, (2)

where Ce is the salt concentration in the electrolyte, Damb is the
ambipolar diffusion coefficient, i is the current density vector, F is
Faraday’s constant, and Ve is the bulk of the electrolyte. Further-
more, t+, z+, and �+ are the transference, charge, and dissociation
numbers of the cation, respectively. We  assume the electrolyte
is electroneutral and therefore its electrostatic potential can be
described using the charge conservation principle:

∇ · [
F

RT
(z+D+ − z−D−)Ce∇�e] + ∇ · [(D+ − D−)∇Ce] = − ∇ · i

z+�+F

= 0 ∈ Ve, (3)

where R is the ideal gas constant, T is the absolute temperature,
�e is the electrolyte electrostatic potential, z− is the charge num-
ber of the anion, and Dj is the diffusion coefficient of ionic species
j. This approximation assumes thin double layers, which is ade-

quate for electrolytes where no depletion occurs [7]. (For models
accounting for double-layers/non-neutral electrolytes see Refs. 29
and 30.) The Butler-Volmer equation is used to model the electro-
chemical reaction assumed to take place at the particle-electrolyte
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nterface (as commonly implemented in LFP [31,8,26] and other
attery materials [32,33] simulations),

Li =
i0
F

√
Ce

C0
e

[ exp ( − ˛F

RT
�) − exp (

(1 − ˛)F
RT

�)], (4)

here rLi is the reaction rate, i0 is the exchange current density,
 is the transfer coefficient, � is the overpotential at the particle-
lectrolyte interface, and C0

e is the concentration at which i0 is
xperimentally measured. For simplicity, we here assume i0 is inde-
endent of the cathode concentration. The overpotential is defined
s � = ��  − �eq, where ��  = �p − �e, and �p is the particle elec-
rostatic potential. The single-particle equilibrium potential, �eq,
s defined as �eq = VOC − �/F [7,26], where VOC is a reference value
t a measured open circuit voltage plateau [34] and � is the chem-
cal potential, obtained from a first principles calculation [5]. The
olynomial used to define the chemical potential is

�/F = {[5(1.05 − 2.1x)51−2.925275x2+6.375071x−2.558325]

× 10−2}[V], (5)

here x corresponds to the site fraction of Li in LixFePO4. The over-
otentials that are observed in our simulations are well within
he regime in which the Butler-Volmer kinetics provides a good
pproximation for the reaction kinetics – even at the highest rate,
he overpotential is only slightly over the 100 mV boundary, where
he Butler-Volmer kinetics begins to differ from the Marcus-Hush-
hidsey kinetics [35,36].

Three boundary conditions are used for the concentration evo-
ution in the particles (Eq. (1)). On the particle-electrolyte interface,
r,

�e · J = rLi ∈ Ar, (6)

here �ne is the unit normal vector of the electrolyte-particle inter-
ace pointing inward to the particle, and J is the interfacial flux.
t the particle-particle boundary, Ap, present only in the dense
gglomerate, the boundary condition is

� i,jp · J = �

RT
P(�j − �i) ∈ Ap, (7)

here �ni,jp is the unit normal vector from particle j to particle i at the
ontact interface, � is the interstitial site density, P is the perme-
bility of the interface, and �i and �j are the chemical potentials
f the two particles in contact. Periodic boundary conditions are
ssumed in the box boundaries.

The boundary conditions for the two fields in the electrolyte
re the following. For the salt concentration (Eq. (2)), the boundary
ondition on the particle-electrolyte interface is [7],

�e · J = −(1 − t+)rLi ∈ Ar, (8)

nd a flux boundary condition is imposed at the anode-electrolyte
nterface, AA. The flux is defined as

�a · J|AA = 1
SA

∫
Ar

(1 − t+)rLidA, (9)

here �na is the unit normal vector pointing inward to the elec-
rolyte and SA is the total surface area of the anode-electrolyte
nterface. For the charge conservation principle (Eq. (3)), the diver-
ence of the current is proportional to the reaction flux,

∇ · i
z+�+F

= rLi
v+

∈ Ar. (10)

he electrostatic potential at the anode-electrolyte interface is set

t 0 V. For both the electrostatic potential and the salt concen-
ration of the electrolyte, no flux boundary condition is used at
he electrolyte-current collector interface, and periodic boundary
onditions are used on the remaining box boundaries.
a Acta 137 (2014) 245–257 249

In order to focus on the dynamics of particles within the cathode,
we consider pure Li metal to be the reference anode, which is not
explicitly tracked. Because of the small size of the electrochemical
cells considered here, the gradients in the electrostatic potential
and salt concentration of the electrolyte are small and therefore
we do not describe those results. For the same reason, we express
the observed dynamics in terms of the applied voltage of the cell
instead of the local potential difference across the interface (��)
as these two  values are fairly similar. Our model is general, and can
be used for charge and discharge. However, for convenience, in this
work we  only show the results of discharging a cell.

3.2. Smoothed Boundary Method

To circumvent the tedious structural meshing in conventional
numerical methods, we employ the smoothed boundary method
(SBM) [37] to reformulate the partial differential equations (PDEs)
describing the electrochemical dynamics. In the SBM, a continuous
parameter is used to indicate the different domains. The domain
parameter,  T, is of a uniform value in one phase (representing the
bulk), and transitions from one domain to another in a very nar-
row region (representing a boundary). In this work, we  set  T = 1
in the cathode particles, and  T = 0 in the electrolyte. The particle-
electrolyte interface is indicated by 0 <  T < 1, where the smooth
transition of the domain parameter is created using a hyperbolic
tangent function [37]. By defining different phases with the val-
ues of the domain parameter, one can conveniently solve different
governing equations for problems with multiple phases. For the
dilute agglomerate, the 65 particles were defined using  i=1 =  T.
Alternatively, for the dense agglomerate the 200 particles were
described by five domain parameters such that neighboring par-
ticles are defined by distinct domain parameters,  i, where i = 1 to
5. The sum of  i is equal to  T.

The SBM formulation of our governing equations is given below.
For the dilute agglomerate, only one concentration variable, Cp,i=1,
was used to represent the concentration of Li in the particles since
there is only one domain parameter for the particles in this case.
For the dense agglomerate, five concentration variables, Cp,i, were
evolved with their corresponding domain parameters, according to

∂Cp,i
∂t

= Dp
 i

[∇ ·  i∇Cp] + Wr,i
|∇ i|
 i

rLi,i

+
∑
j /=  i

Wp,i
|∇ i|
 i

�

RT
P(�j − �i), (11)

which combines Eq. (1) with the two boundary conditions for reac-
tion (Eq. (6)) and interparticle flux (Eq. (7)). Here, rLi,i is the reaction
rate for particle i, Wr,i and Wp,i are the weighting factors [37] for
reaction and interparticle flux, respectively, which are defined as

Wr,i = (
|∇ i||∇ T |∑n

j=1

∑n
k=j+1|∇ j||∇ k| +

∑n
j=1|∇ j||∇ T |

)
ˇ

, (12)

Wp,i = (

∑
j /= i|∇ i||∇ j|∑n

j=1

∑n
k=j+1|∇ j||∇ k| + ∑n

j=1|∇ j||∇ T |
)

ˇ

, (13)

where n is the number of domain parameters and  ̌ is the weighting
factor exponent [37]. These weighting factors identify the two types

of boundaries: the particle-electrolyte boundary and the particle-
particle boundary. Note that in the case of the dilute electrode, the
third term on the right hand side of Eq. (11) vanishes, and Wr,i = 1
at all electrolyte-particle interfaces. For the salt concentration
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volution in the electrolyte, Eq. (2) is reformulated with its
oundary condition (Eq. (8)) to [26]

∂Ce
∂t

= Damb
1 −  T

[∇ · ((1 −  T )∇Ce)] − (1 − t+)
∑n

i=1
Wr,i

∣∣∇ i∣∣
1 −  T

rLi,i,(1

here the electrolyte domain is represented by 1 −  T = 1. Equation
3) is reformulated with the boundary condition shown in Eq. (10)
o [26]

 · [(1 −  T )
F

RT
(z+D+ − z−D−)Ce∇�e]

=
∑n

i=1
Wr,i

∣∣∇ i∣∣ rLi,iv+
+ ∇ · [(1 −  T )(D− − D+)∇Ce]. (15)

ote that Dp, D+, and D− were assumed constant in this work.

.3. Parameters and Numerical Methods

The parameters employed in the simulations are summarized
elow. The diffusivities of Li in the particles and of the salt in the
lectrolyte are assumed constant. In the particles, Li diffusivity is set
o be Dp = 5 ×10−13 cm2/s, which is comparable to those found in lit-
rature [38,39]. While larger values have also been reported [40,41],
p here is large enough to result in a nearly uniform Li concentra-

ion within the cathode particles at the applied currents imposed
n this study, and thus, the results would not depend significantly
n this parameter. We  take the solution of LiPF6 salt in a propylene
arbonate solvent as the electrolyte, where the diffusivities of the
ons are taken to be D+ = 7.3 × 10−7 cm2/s and D− = 1.5 × 10−6 cm2/s
or Li+ and PF−

6 , respectively. These values of the ionic diffusivities
ere measured for the electrolyte at a concentration of 1 M (mol/L)

42], which is the average salt concentration of the electrolyte.
e take the permeability of the particle-particle interface, P, to be

he conservative value of 1 × 10−7 cm/s. This value is equivalent to
 × 10−14 cm2/s if an interfacial thickness of 5 nm is assumed, and

t is approximately one order of magnitude smaller than the bulk
iffusivity of the particle. Simulations are performed for a temper-
ture, T, of 300 K. The site density, �, is estimated from the lattice
onstants to be 0.0228 mol/cm3 [43], and VOC of 3.42 V is adopted
rom an experimental value [34]. The exchange current density, i0,
s set to 8.5 × 10−7 A/cm2. This value was obtained by scaling the
xperimentally obtained value [44] by a factor of 200 in order to
ccount for the difference between the actual particle surface area
nd the macroscopic cathode surface area at which it was mea-
ured [6]. For the electrostatic potential, as mentioned earlier, we
ssume that it is uniform throughout the particles. The value of 0.8
s used for  ̌ appearing in the weighing factors, which is a numerical
arameter that represents processes near three-phase boundaries
ptimally [37].

A central finite difference scheme is employed for spatial
iscretization, where �x  = 2.5 nm.  A fully implicit time stepping
cheme is used to update the salt concentration, Eq. (14), using
he alternating-direction-line-relaxation method [45,46,37]. The
lectrostatic potential in the liquid, Eq. (15), is also solved by
he alternating-direction-line-relaxation method. An Euler explicit
ime stepping scheme is employed with Eq. (11) for the concentra-
ion field in the particles.

. Results

We  simulate the electrochemical process based on two con-
gurations: a “dilute” electrode and a “dense” electrode. These

onfigurations represent the case of homogeneously and heteroge-
eously connected particles, respectively. We  present the results

or the dilute electrode, followed by the results for the dense elec-
rode. An analysis for both configurations is then presented. The
a Acta 137 (2014) 245–257

simulation configurations were chosen to facilitate comparison to
experimental measurements of LFP composite electrodes.

4.1. Dilute Electrode (With Homogeneous Connectivity)

The dilute electrode is an idealized scenario with optimal ionic
and electronic connectivity. It consists of 65 particles in a 320 ×
320 × 300 nm3 volume with a region without particles of approx-
imately 30 nm placed at the bottom, which corresponds to the
separator. The configuration is depicted in Fig. 4. This agglomerate
has a volume fraction of 22% active particles. We  assume a log-
normal distribution of the particle radii shifted by b, namely with
a probability density function:

fa,	,b,ˇ(r) =

⎧⎨
⎩

1

	(r − b)
√

2

exp (− [ln((r − b)/ˇ) − a]2

2	2
) if r > b

0 if r ≤ b,
(16)

where r is the particle radius (in nanometers), a = 1, 	 = 0.2,
b = 5 nm,  and  ̌ = 7.5 nm.  The radii of the particles obtained are in
the approximate range from 18.7 nm to 35 nm.  Results from the
dilute electrode simulations serve two purposes. The first is to
remove the effect of the heterogeneous connectivity to gain a gen-
eral understanding of the lithiation of a multi-particle assembly
of phase-separating active particles. Secondly, this configuration
serves as the ideal case in terms of the electrode performance as
will be shown later.

Fig. 4 illustrates how lithiation proceeds in a dilute electrode at
the lowest rate of discharge considered (C/11.1 rate) at three differ-
ent snapshots with respect to cell depth of discharge (DOD=1-SOC).
As previously mentioned, during the cathode lithiation, two  distinct
processes occur simultaneously within the cathode: a constant flux
of Li ions into the cell and Li redistribution amongst active parti-
cles. The snapshots highlight that the majority of the particles are in
either a Li-rich or a Li-poor state during the entire process, and only
a small population of the particles is at an intermediate concentra-
tion at any time. For instance, Particle A (highlighted in Fig. 4(d))
is nearly fully delithiated when the cell is at 43% DOD but is nearly
fully lithiated by the time the cell is at 71% DOD, and Particle B is
nearly fully lithiated by 43% DOD. The inhomogeneous lithiation
of the particles observed at this current is caused by the Li redis-
tribution between particles, which is more rapid than the overall
lithiation of the cell. There is no obvious spatial dependence as to
which particles transform in which order, but there is an obvious
size-dependent correlation as seen in Fig. 5.

The Li content across the entire particle size distribution is
shown as a function of cell discharge (at three increasing discharge
rates) in Figs. 5(a)-(c). Particles are ordered from smallest to largest
along the y-axis, the x-axis is the cell DOD, and the color indicates
the DOD of the individual particles. The Li concentration evolution
in two randomly chosen particles (labeled Particle A and Particle B
in Fig. 4(d)) is shown in Figs. 5(d)-(f). The overall trend, regardless
of rate, is that smaller particles transform before larger ones. This
is caused by the larger surface area to volume ratio of the smaller
particles as Li intake is proportional to the area, and the particle
capacity is proportional to the volume. Thus, the smaller particles
reach the concentration instability (or spinodal point) that acceler-
ates further Li insertion into the particle before the larger particles.
(Note that the tendency for smaller particles to lithiate before larger
ones would be reinforced if the equilibrium potential were assumed
to be particle-size dependent [47,48].)
In the zero current limit, it has been proposed that discharg-
ing an assembly of particles with a non-monotonic single-particle
equilibrium potential results in discrete (sequential) transforma-
tion [2]. On the other hand, in the high-rate limit, the magnitude of
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Fig. 4. Li lattice-site-fraction (0 = FePO4, 1 = LiFePO4) in the dilute agglomerate formed by 65 particles plotted here during discharge at C/11.1 rate. (a) Initial concentration,
2%  cell DOD. (b) At 43% cell DOD. (c) At 71% cell DOD. (d) Two randomly selected particles labeled as Particle A and Particle B used for discussion in the text. In (a) the location
of  the cathode current collector, separator and anode are indicated.

Fig. 5. (a)-(c) DOD of the particles during discharge arranged from smaller diameter to larger (a) at C/11.1 rate, (b) at C/3.7 rate, and (c) at C/1.2 rate. The color indicates the
DOD  of the particles from blue (fully delithiated) to red (fully lithiated) as shown in the color bar. (d)-(f) Particle A and particle B during discharge at the same three C-rates.
The  red portion of the curves indicates the partial delithiation/re-lithiation cycles caused by the particles interactions. The delithiation events seen in (f) are very small and
undetectable in this figure (but are noted in red). Note that the y-axis in (d)-(f) is not in linear scale.

Fig. 6. Cell voltage (colored solid line) during the discharge of the dilute electrode at (a) C/11.1, (b) C/3.7, and (c) C/1.2 rates. For comparison, the single-particle equilibrium
potential (solid black line) and the potential of a single average-size particle would experience at the same rate (dashed colored line, see text) are also plotted.
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Fig. 7. (a) Schematic of the applied potential for different scenarios during cell discharge. (b) Cell behaviors observed (assuming the applied potential approximates ��).
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i)  For homogeneously connected particles, redistribution via reaction only occur
hen  the applied potential is outside the inverted potential range (applied potenti

edistribution via direct transport can occur at any current.

he applied potential exceeds the difference between the values of
he equilibrium potential corresponding to the two concentration
nstability points, and thus Li insertion would be homogeneously
istributed amongst all particles assuming uniform electrostatic
otential [4,6]. In Fig. 5(a)-(c), the transition between these two

imits can be clearly seen. At the lowest rate, lithiation proceeds
roup-by-group as observed in Fig. 5(a), where there are clearly
our groups that transform in sequence. At intermediate rate,
hown in Fig. 5(b), there are two identifiable groups transform-
ng sequentially, and at higher rates (Fig. 5(c)) most of particles
ransform simultaneously (although smaller particles still trans-
orm first). Therefore, as the discharge rate is reduced, the fraction
f particles concurrently involved in phase transformation becomes
maller. Consequently, the entire current of the cell must be sus-
ained by a smaller fraction of the particles in the cell. This notion
s opposite of what is understood for solid solution systems where
he distribution of current over the cell would be homogenized by
ecreasing the discharge rate.

Several particles exhibit non-monotonic lithiation behavior,
artially delithiating before re-lithiating during the course of a
ingle cell discharge, as observed in Figs. 5(d)-(f) for Particle A
nd Particle B. Depending on the rate, each particle within the
ell may  undergo multiple (partial) delithiation/re-lithiation cycles
ithin a single cycle of a cell, resulting in a significantly higher

ocal rate. Thus, the lithiation process of individual particles is very
ifferent from the average across the entire cell. For instance, Par-
icle A in Fig. 5(d) (C/11.1 rate) undergoes two Li concentration
uctuations, the first at a cell DOD of ∼20% in which the parti-
le delithiates approximately 6%, and the second at ∼40% DOD, in
hich the particle delithiates approximately 11%. Particle A, for

xample, undergoes an additional ∼0.17 cycle (highlighted in red).
he amplitude of the oscillation of the particle DOD is larger when
he particles are near the lower spinodal, while the concentration
f the particles remains nearly constant when the particles are
early fully lithiated. At higher rates, however, the effects of inter-
article Li transport and interparticle phase separation become
egligible as homogeneous Li insertion dominates (as discussed
arlier). Accordingly, Particle A and Particle B undergo less (partial)
elithiation/re-lithiation cycles (i.e., fewer and smaller red regions

n Figs. 5(e)-(f) than in Fig. 5(d) as well as smaller associated con-
entration drop).
In Fig. 6, the cell voltage curve is shown at three different
ischarge rates along with the single-particle equilibrium poten-
ial (solid black curve) and the “single-particle voltage” (dashed
urve) superimposed for comparison. The single-particle voltage
n the applied voltage is inside the inverted potential range (applied potential A).
nly lithiation can occur. (ii) For heterogeneously connected particles, additionally,

describes the behavior of an average-size single particle discharg-
ing at the same rate. It represents an unphysical scenario where the
particles are identical, and are perfectly connected to the counter-
electrode (ionically) and to the current collector (electrically) but
not to other particles, which prevents the system’s free energy from
reducing through interparticle Li redistribution. This curve illus-
trates the scenario where all particles transform simultaneously
and independently. Consequently, the characteristic flat voltage
profile associated with LFP electrodes is not observed in this sce-
nario, and only when interparticle phase-separation occurs (i.e.,
through interparticle Li redistribution) a voltage plateau emerges.
At C/11.1 rate (Fig. 6(a)), the voltage curve strongly resembles the
multi-particle equilibrium curve described by Dreyer et al. [2] in
which all particles are either nearly fully lithiated or delithiated. In
this case, there are four distinct undulations in the voltage, which
correspond to the four groups of particles transforming in sequence
as described earlier, with regions of decreasing voltage correspond-
ing to the interparticle phase separation. As rate increases, the
number of undulations (and therefore the number of groups of par-
ticles) reduces. At C/3.7 (Fig. 6(b)), two  undulations are observed,
and at C/1.2 (Fig. 6(c)) all particles react in one group. At C/1.2, a
larger overpotential is required to maintain the constant current,
resulting in an increased deviation from the single-particle voltage,
but as particles react concurrently, the shape of the curve appears
similar to the single-particle voltage. In all the three cases, the dif-
ference between the cell and single-particle voltage curves arises
from the combination of the effects of the size distribution and of
the Li redistribution between particles.

The interactions in homogeneously connected particles occur
only when the current is sufficiently low. As previously mentioned,
in this type of connection, Li redistribution only occurs via an elec-
trochemical reaction. Thus, redistribution is limited to the case
when the applied potential falls between the local minimum and
the local maximum of the equilibrium potential, referred hereafter
as the “inverted potential range” (see Fig. 7(a)). As illustrated in
Fig. 3, for significant redistribution to occur, some particles need
to have a driving force to lithiate and some to delithiate, which
can only occur in this region. Outside of the inverted potential
range, all the particles have a driving force for lithiation (except
for small concentration fluctuations, as shown in Fig. 5(f), noted by
the red portions of the curve). When discharging the cell at C/11.1

and C/3.7, the applied potential falls inside the inverted poten-
tial range and thus significant redistribution is observed. However,
when discharging at C/1.2, this is no longer the case for most of the
process and the driving force for redistribution is no longer present.
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ig. 8. Li lattice-fraction in the dense agglomerate composed of 200 particles plotte
 43%, and (c) cell DOD = 71%.

 schematic of the different regimes for cell behavior in homoge-
eously connected particles is shown in Figs. 7(a) and (b)(i). Fig. 7(b)
abulates the cell behavior that is observed depending on whether
he applied voltage is in or outside the inverted potential range.

As DOD increases, the cell potential deviates further from the
ingle-particle voltage because, as some particles complete their
ransformation, fewer particles must sustain the same cell current
ensity, effectively increasing the local rates. The particles react

ess uniformly due to the dispersion of the particle size. At C-rates
t which the interactions are suppressed, it is more efficient to
ave a small dispersion in particle-sizes because the magnitude
f the overpotential for all particles would be similar at all DODs.
t lower currents, where Li redistribution occurs, the electrode
hould be designed to reduce interparticle Li redistribution since
t is a dissipative mechanism that leads to energy loss, and the free
nergy reduction that results from interparticle phase separation
ecreases the efficiency of the cell.

.2. Dense Electrode (With Heterogeneous Connectivity)

As mentioned earlier, the dilute electrode configuration rep-
esents an idealized scenario where there is a homogeneous
onnectivity between active particles. To better understand the
ehavior of a more realistic electrode configuration, we  introduce
 dense agglomerate in which 200 particles are closely packed and
n contact with each other, as shown in Fig. 8. In this cell, the
olume fraction of active particles is 52%. The same simulation
olume (for both the cathode and the separator) and particle size

ig. 9. DOD of the particles arranged by active surface area to volume ratio during discharge
onnectivity.
e during discharge at 1 C-rate. (a) Initial condition with cell DOD = 2%, (b) cell DOD

distribution as in the dilute electrode are used. Here, we introduce
an additional mechanism that facilitates Li redistribution between
particles when they are in contact with each other (described in
detail in the Model Section). Thus, this configuration corresponds
to a heterogeneous network that better represents the electrode
architecture of a realistic composite electrode in which agglomer-
ation of nanoparticles results in particle-particle contacts.

Overall, increased particle density and preferential Li redistri-
bution between neighboring particles leads to more sequential
(discrete) lithiation for a given rate and generally poorer cell per-
formance, as compared to the dilute configuration. In Fig. 8, the
arrangement of Li within the cell is shown at three different
snapshots in time during a single discharge cycle at 1C. The inhomo-
geneity in Li distribution across the cell is readily seen in Fig. 8(b),
with the majority of particles either nearly fully lithiated or fully
delithiated. This is similar to the case where the dilute electrode
particles transform sequentially. However, in a dense agglomerate
this behavior persists at higher rates. For instance, in the dilute elec-
trode, the case with C/1.2 rate shows nearly simultaneous lithiation
(Fig. 5(c)), while in the dense agglomerate sequential lithiation pre-
vails at 1 C-rate. In the dilute electrode simulations, there is no
obvious spatial dependence as to which particles transform after
another. In these cases, the order of lithiation is controlled only by
the particle size, which changes the surface area to volume ratio of a

particle. However, in the dense agglomerate, the order of reaction
depends on two factors: First is the ratio between active surface
area (i.e., particle-electrolyte interface) and volume of the particle.
Second is the active surface area to volume ratio of neighboring

. At (a) 1C and (b) 10C with heterogeneous connectivity. (c) At 1C with homogeneous
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ig. 10. Voltage for discharge (a) at 1 C-rate and (b) at 10 C-rate. The solid and 

espectively. The dotted lines indicate single particle voltage. The heterogeneous c
he  dashed line.

articles in direct contact with the particle. (This dependence and
he amount of Li redistribution also depends on the crystal align-

ent of the contacting particles due to the strong anisotropic
iffusivity of LFP [40]; however this is not considered here.) For
xample, if two particles are in contact, the lithiation of the particle
ith the larger active surface area to volume ratio will be facili-

ated as it will extract Li from the other particle. Note that active
urface area to volume ratio is correlated to the size of the particles;
owever, the correlation decreases as the contact between particle

ncreases. The influence of cell architecture on battery performance
s apparent here as the spatial arrangement of the particles affects
he active surface area to volume ratio and the connectivity of the
articles.

The individual DOD of the 200 particles ordered by active surface
rea to volume ratio is given in Fig. 9 for three different scenarios.
ig. 9(a) shows the DOD of the particles during discharge at 1C.
he tendency of particles with larger active surface area to volume
atio to transform early is less apparent due to the heterogeneous
onnectivity in the dense agglomerate. It is also observable that
he transformation of an individual particle occurs in a very short
eriod in comparison with the discharge of the cell. Increasing the
ischarge rate to 10C does not alter this trend; see Fig. 9(b). The
equential lithiation behavior still prevails at this rate; the only dif-
erence with respect to Fig. 9(a) is that each transformation takes

 larger fraction of cell discharge time (as indicated by broader
ransition between blue and red in Fig. 9(b) for each particle). For

 direct measurement of the effect of heterogeneous connectiv-
ty, we perform an analysis of a dense agglomerate discharged at
C in which direct redistribution is prohibited (i.e., we artificially
omogenize the connectivity). This could correspond to a case in
hich all particle-particle contacts are not permeable or have a low
ermeability to Li (e.g., by the presence of carbon coating block-

ng the contact area). The DOD of the particles resulting from this
ase is shown in Fig. 9(c). When the particles are homogeneously
onnected, the order of reaction of particles depends only on their
ctive surface area to volume ratio (similar to the dilute electrode
ases).

The cell voltage curves of the dense agglomerate electrode con-
guration discharged at the two rates considered (1C and 10C) are
hown in Fig. 10. Superimposed on each plot are the single-particle
quilibrium potential (black solid curve), the voltage curve when
he connectivity is homogenized (dashed curve), and the single-

article voltage (dotted curve). The cell voltage for the case with
eterogeneous connectivity is slightly lower than that for the case
ith homogeneous connectivity. This is because heterogeneous

onnectivity enhances interparticle phase separation, dissipating
d color lines indicate the case of heterogeneous and homogeneous connectivity,
tivity increases the hysteresis between particles: the solid line is generally below

more energy by Li redistribution. Unlike in homogeneously con-
nected particles, Li redistribution via direct transport can occur
at any C-rate as long as the characteristic timescale of the direct
transport is smaller or similar to the characteristic timescale of the
discharge process. This process depends on the difference of the
chemical potential of the contacting particles and the permeabil-
ity of the boundary between particles (mathematically expressed
in Eq. (7)), and is independent of the driving force for reaction. A
schematic of the voltage regimes and corresponding cell behaviors
in heterogeneously connected particles are shown in Figs. 7(a) and
(b)(ii). Qualitatively, the cell voltage curves for the case with hetero-
geneous connectivity and the case with homogeneous connectivity
(Fig. 10) appear fairly similar. However, the lithiation states of parti-
cles can be very different as illustrated in Figs. 9(a) and (c). This fact
is alarming because it demonstrates how challenging it is to extract
information about the individual particle states from conventional
electroanalytical characterization techniques on composite elec-
trodes [4,49].

4.3. Analysis

To quantify the interactions of the particles, we perform several
analyses for the dilute agglomerate and the dense agglomerate with
homogeneous and heterogeneous connectivity. The dense agglom-
erate with homogeneous connectivity follows a similar trend as the
dilute agglomerate and therefore we do not specifically describe
it in these analyses. First, we  introduce “effective cycles,” which
account for the additional cycling incurred at the individual particle
level due to interparticle Li redistribution. Thus, the effective cycles
are calculated as the sum of the partial delithiation and redundant
re-lithiation of the particles in addition to the full lithiation that
occurs during the discharge of the cell. The results are shown in
Fig. 11(a). The effective cycles are higher at low currents, and tend
to a value of one as current increases. Also, at the given rates, the
dilute agglomerate undergoes fewer effective cycles than the dense
agglomerate. Second, in Fig. 11(b) we  quantify the number of par-
ticles reacting simultaneously by counting the number of particles
that have an individual DOD between 15% and 85% [50] and then
averaging it over the period that the cell has a DOD in the same
range. At lower currents, a small fraction of particles react simulta-
neously while at higher current, the fraction increases. In the dilute
agglomerate, a larger fraction of particles react simultaneously than

in the dense agglomerate. Note that the fraction of particles react-
ing simultaneously does not reach 100% at higher currents. This is
attributed to the particle size distribution and the resulting differ-
ence in active surface area to volume ratio between the particles.
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Fig. 11. (a) Average effective cycles. (b) Percentage of the particles reacting simultaneously. (c) Average reaction C-rate of the particles compared to the cell C-rate. The
d erate 
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ashed  lines indicate the dilute agglomerate, the dotted lines are the dense agglom
ith  heterogeneous connectivity.

ast, we calculate the ratio between particle C-rate and the cell C-
ate which arises due to sequential versus simultaneous particle
ithiation; see Fig. 11(c). At lower cell C-rates, active particles lithi-
te at a rate an order of magnitude greater than the cell C-rate, but
his rate difference between cell and particle diminishes at higher
ell C-rates. The ratio of particle-to-cell C-rate does not reach a
alue of one because some particles have larger area-to-volume
atios that lead to earlier completion of lithiation even when the
eaction rate (per unit area) is constant.

These three analyses show that (1) homogeneous connectivity
nd (2) higher rates reduce effective cycles, enhance simultaneous
eaction of the particles, and decrease the ratio of the particle C-
ate to the cell C-rate of an agglomerate. The results point to the
trong influence of the electrode construction (microstructure and
onnectivity) on electrochemical behavior of the cell. Additionally,
ontrary to intuition, it is observed that discharging at a higher rate
eads to potentially beneficial behavior, which will be discussed
urther below.

. Discussion

In this work, we have investigated the effect of interparti-
le Li transport based on the connectivity of the active particles.
s previously mentioned, Li redistribution between particles is a
ource of inefficiency because the free energy reduction associ-
ted with Li redistribution does not contribute to the cell voltage.
he contribution of connectivity, therefore, extends beyond simply
mproving bulk transport in the cell, as it determines the amount
f Li redistribution. Homogeneous connectivity facilitates simul-
aneous transformation rather than sequential transformation of
articles, which reduces the local current density of transform-

ng particles (and as a consequence also reduces the overpotential
nd energy dissipation). High rate performance in LFP electrodes
as been observed exclusively when special attention is paid to
nsure good electronic and ionic connectivity (notable examples
re discussed at length in Ref. 4). This highlights the importance of
ptimizing multi-particle kinetics in electrode design rather than

 single particle alone. For instance, in the dilute electrode (Fig. 5),
ncreasing the rate results in more homogeneous transformation
i.e., each particle DOD approaches the cell DOD). On the other
and, in the dense agglomerate (Figs. 9(a) and (b)), increasing the
ate does not have a strong effect, and the amplified local cur-

ent density within the cell does not reduce significantly when
ischarged at a higher rate. Since the Li redistribution underlying
hese observations is intrinsically detrimental to efficient oper-
tion of a battery, the effect of heterogeneous connectivity can
with homogeneous connectivity, and the solid lines denote the dense agglomerate

potentially explain why  high-rate LFP electrodes often require
unique electrode architectures that ensure excellent ionic and elec-
tronic connectivity between particles [20].

An efficient cell design should minimize Li redistribution.
An ideal approach would be a construction where particles are
completely isolated from each other but well connected to the
electrolyte and current collector. However, since it is unfeasible
to construct an electrode where active particles are not connected
to each other, the connectivity between particles should be homog-
enized as much as possible to at least reduce Li redistribution.
This can be accomplished by preventing particle agglomeration and
therefore enhancing a more uniform spatial distribution. Particle
coating may  also play a key role in achieving such a result, e.g.,
by coating of the particles in a way that prevents direct transport.
Unfortunately, homogenizing connectivity within a cell typically
comes at the cost of reducing the energy density and adding pro-
cessing steps.

Several experiments support the idea that cell performance can
be improved by reducing the interactions between active particles.
In the work of Bazzi et al. [51], two different cells were compared,
one in which particles had uniform coating and remained iso-
lated from each other (Fig. 1(b)), and another in which the coating
was non-uniform and particles formed agglomerates with direct
particle-particle contacts (Fig. 1(c)). As in our simulations, the for-
mer  case, which corresponds to the homogeneously connected
electrode, exhibited a higher voltage in discharge and capacity
than the heterogeneously connected electrode. Also, in the work
of Chong et al. [19], a significant improvement in the performance
of LFP was observed when enough carbon coating was used to fully
coat the particles but no significant improvement was found when
more carbon coating was  used. Moreover, homogeneous connectiv-
ity can be achieved by using nontraditional cell architectures, which
have been proven to offer an excellent rate performance. Notable
approaches include “micro-templating,” which enhances the ionic
connectivity by forming a 3D interconnected porous network [52].
Another approach is designing “bicontinuous electrodes,” where
uniformly distributed active particles with a tight particle size
distribution can be constructed with good electronic and ionic con-
tacts through novel synthesis steps and cell assembly. Such systems
have been demonstrated for (dis)charging at very high rate [53].
Improvements to cell design at the microstructural level are dis-
cussed in detail in Ref. 54. Since none of these approaches involve

modifications of the active materials, the performance improve-
ment clearly stems from the architecture of the cell. While the
observed improvements may  be caused by the enhancements in
electronic and ionic transport, it may  also originate from reducing
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he interactions between active particles, as indicated by our sim-
lation results.

Our work can help explain the phenomena observed in the
canning transmission x-ray microscopy (STXM) and TEM study of
hueh et al. [50]. In their work, a strong concentration inhomogene-

ty between particles was observed, where the particles were either
early fully lithiated or delithiated. This observation is consistent
ith our simulation results, in which there is no nucleation event,

nd hence these experimental and modeling observations cannot
e used to conclude that nucleation is a limiting factor. Another key
bservation of Chueh’s work is that the lithiation state of the parti-
les appears to lack an obvious particle-size dependence. However,

 size dependence has been observed in the experimental work of
obert et al. [18]. Our model can help reconcile these two different
bservations. The size dependence in the order of reaction in our
imulations is more significant when particles are homogeneously
onnected and less significant when particles are heterogeneously
onnected. Thus, we surmise that the connectivity plays a role in
he conflicting observations made by Robert et al. [18] and Chueh
t al. [50] Note, however, that in systems containing large particles
as in these two  experiments), bulk diffusion could be the limiting
tep in the intercalation of the large particles [55], and thus these
articles would be less prone to Li exchange and would have a lower
ependence on particle connectivities.

Although this work examines the implications for LFP assuming
he particles do not undergo intraparticle phase separation, the pre-
ictions presented here may  still hold qualitatively even if phase
eparation occurs in some or all the particles. While the particle-
ize range over which a meta-stable solid-solution path may  take
lace remains a point of debate, there appears to be a consensus that
articles with a diameter below ∼20 nm would thermodynamically
ot undergo intraparticle phase separation [56–58], and this value
ould increase during electrochemical processes because phase

eparation can be suppressed kinetically [8]. Even if some particles
ndergo intraparticle phase separation, there will still be a driving
orce for Li redistribution since monophasic particles (at a Li-rich or
i-poor state) have a lower free energy than phase separated par-
icles within which two phases coexist due to the energy penalty
f the interface and the elastic coherency strain. Because of the
mall size of the particles and the large mobility of Li, the interfaces
an be easily moved to the particle surface and then annihilated.
hus, a cell consisting of nanoparticles undergoing intraparticle
hase separation may  exhibit some of the behaviors observed in
his work. More importantly, the findings presented here are also
pplicable to other nanoparticulate phase-separating materials in
hich interparticle phase separation is favored.

The simulations performed in this work should be interpreted
s a local picture of an electrode, instead of a representation of
n entire electrode. The quantitative predictions from this work
ould differ from the averaged behavior of a real battery for several
easons, such as the small size of the electrode simulated and the
pecific transport parameters used. In larger cells, the differences
n the local electrostatic potential and electrolyte concentration
ecome more significant, leading to a spatial dependence on the
rder of the reaction of the particles. The group-by-group transfor-
ation observed in this work will then occur at different times and

ifferent locations in the electrode, depending on different local
lectrostatic potentials. As a result, the discrete behavior observed
ere will be smoothed out and the fluctuations of the measured
ell voltage would not be observed. Nevertheless, the interactions
f the particle occur locally, leading to the increase in the par-
icle C-rates as well as in the effective number of cycles. It is

lso important to note that the dynamics of charging can differ
rom those of discharging presented here for several reasons. For
xample, the asymmetric equilibrium potential considered here,

 cathode-activity-dependent exchange current density [26], or
[
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surface energy and curvature effects [48] can all lead to an asym-
metric behavior.

6. Conclusion

In this study, we explore the consequences of discharging
a multi-particle assembly of phase-separating active electrode
nanoparticles within an electronic and ionic conducting network,
representative of the typical structure of porous Li-ion battery cath-
odes. Our model includes rich physics and dynamics similar to
those experimentally observed in LFP. The simulation results offer
a new, alternative explanation of the lithiation process. Unlike in
systems where solid solution is the equilibrium state, the state
of the electrode (i.e., each particle SOC) cannot be described only
by the cell voltage when there exists a thermodynamic driving
force for phase separation. In fact, in this model, the multi-particle
(de)lithiation path has additional dependence on the cell archi-
tecture (or connectivity between particles) and the imposed cell
rate. In both homogeneously and heterogeneously connected elec-
trodes, not only do particles transform discretely at low currents
upon (dis)charge, but they also undergo Li concentration fluctu-
ations due to Li redistribution between particles. Such discrete
transformation leads to three undesired phenomena: amplification
of local rates compared to the overall cell rates, increased effective
cycles due to redundant cycles, and resulting energy dissipation. At
higher rates, however, active particles within the electrode react
more simultaneously in a homogeneously connected electrode
as the effect of interparticle Li redistribution is reduced. Unfor-
tunately, this improvement at higher rates is contingent on the
connectivity of the particles. Heterogeneously connected electrode
particles still transform discretely even at these higher rates. These
findings highlight the importance of optimizing cell architecture
especially in the design of electrodes constructed with nanopartic-
ulate phase-separating materials.
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