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mic stability of intermediate solid
solutions in LiFePO4 nanoparticles

A. Abdellahi,a O. Akyildiz,b R. Malik,a K. Thorntonc and G. Ceder*d

Theoretical predictions from first principles and recent advances in in situ electrochemical characterization

techniques have confirmed the presence of solid-solution states during electrochemical (de)lithiation of

LiFePO4 nanoparticles. Surprisingly, however, such thermodynamically unfavorable solid solution states

have been observed at rates as low as 0.1C. Given the high diffusivity of Li in LiFePO4 and the

thermodynamic instability of homogeneous solid solution states, spinodal decomposition to

a thermodynamically favorable two-phase state is expected to occur on time scales as rapid as 1–100 ms.

In this paper, we resolve this apparent paradox by demonstrating that, given the symmetry of the low-

energy solid-solution Li/Va orderings and the 1D character of Li diffusion, spinodal decomposition from

a solid solution preferentially leads to the formation of a diffuse ac interface with a large intermediate solid-

solution region, as opposed to the commonly assumed bc interface. Our first principles predictions not

only rationalize the persistence of solid-solution states at low-to-moderate C-rates in high-rate LiFePO4

electrodes, but also explain the observations of large intermediate solid-solution regions at an ac interface

in single LixFePO4 particles quenched from a high-temperature solid solution.
Introduction

LiFePO4 is an important commercial cathode material for
Li-ion batteries due to its safety,1 reasonable energy density
(170 mA h g�1, 3.4 V vs. Li/Li+),2 and high-rate capability.3–7

Capacities as high as 130 mA h g�1 have been achieved at a 50C
rate (where n C corresponds to full (dis)charge in 1/n hours),
and rates as high as 200C and 400C have been achieved by
removing kinetic limitations at the electrode level. These high
rates are accessible only when the particle size is reduced to the
nano-scale (�50–100 nm), a limitation that has been attributed
to reduced Li mobility due to channel-blocking anti-site defects
that are present in larger particles.8–10 However, the mechanism
by which pristine nano-sized particles achieve high rates given
their equilibrium two-phase behavior (LixFePO4 / xLiFePO4 +
(1� x)FePO4) is still an object of debate in the LiFePO4 research
community.

Early lithiation models of LiFePO4 single particles predicted
lithiation to be initiated by a nucleation event2,11–14 followed by
two-phase growth along the elastically favorable crystallo-
graphic bc plane.14,15 However, while nucleation can occur
during chemical delithiation due to the high overpotentials
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associated with the chemical reagents (�1.5 V (ref. 16)), over-
potentials in practical electrochemical conditions are much
lower and thus unlikely to provide enough driving force to
overcome the nucleation barrier required to form the critical
nucleus17 (overpotentials as low as 20 mV are sufficient to cycle
entire electrodes18).

A solution to the apparent discrepancy between the high-rate
capabilities and the two-phase nature of LiFePO4 was rst
proposed by Malik et al.17,19 Using Density Functional Theory
(DFT), the authors identied a non-equilibrium solid-solution
pathway accessible at low overpotentials (�30 mV), which
circumvents the kinetically prohibitive nucleation step and
enables homogeneous lithiation at low overpotentials. Since
then, with the development of advanced in situ characterization
techniques, the presence of solid-solution states during electro-
chemical (de)lithiation has been experimentally demonstrated.
Several in situ X-ray diffraction (XRD) experiments have identied
lattice parameters intermediate to those of the equilibrium
FePO4 and LiFePO4 phases, at (dis)charge rates varying from 0.1C
to 60C.20–23 A recent in situ Transmission Electron Microscopy
(TEM) experiment has also observed a �20 nm solid-solution
zone inmicron-sized LiFePO4 nanowires.24 It has therefore clearly
been established that solid-solution states can play, in various
forms, a critical role in the electrochemical (de)lithiation of single
LiFePO4 particles.

A key mystery that remains to be elucidated, however, is the
persistence of solid-solution states in single particles at low-to-
moderate C-rates, (for example, rates in the 0.1–5C range). First
principles calculations have indeed shown that homogeneous
This journal is © The Royal Society of Chemistry 2016

http://crossmark.crossref.org/dialog/?doi=10.1039/c5ta10498j&domain=pdf&date_stamp=2016-04-09
http://dx.doi.org/10.1039/c5ta10498j
http://pubs.rsc.org/en/journals/journal/TA
http://pubs.rsc.org/en/journals/journal/TA?issueid=TA004015


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
6 

Fe
br

ua
ry

 2
01

6.
 D

ow
nl

oa
de

d 
on

 3
0/

06
/2

01
6 

00
:3

5:
12

. 
View Article Online
solid-solution states are thermodynamically unfavorable over
two-phase coexistence in particles larger than 10 nm.25,26

Moreover, due to the concave shape of the non-equilibrium
solid-solution free energy, homogeneous solid-solution states
are unstable with respect to small inhomogeneities in Li
concentration. As a particle takes up Li at a xed current, Li can
rapidly diffuse to form a two-phase state inside the particle so as
to minimize the particle's free energy. Considering the high
diffusivity of Li in LiFePO4 (D � 10�8 to 10�10 cm2 s�1, from
density functional theory27 and muon-spin relaxation28 respec-
tively), Li diffusion in a 100 nm particle can occur on time scales
as rapid as 1–100 ms, † which is much faster than the typical
time required to lithiate a single particle. At 5C, for example,
(de)lithiation of a single particle occurs in 720 s, which is much
larger than the 1–100 ms time-scales required for phase-sepa-
ration through Li diffusion. Even correcting for the fact that not
all particles are simultaneously active in the electrode (a recent
experiment has demonstrated that, at a 5C rate, only �30% of
the particles in an electrode are actively taking up Li at a given
time29), the time required to (de)lithiate a single particle is still
much larger than the time required for phase separation. In
summary, while each particle is expected to initiate (de)lith-
iation through a non-equilibrium solid solution, it remains
surprising that homogeneous solid-solution states could persist
at low-to-moderate C-rates despite their thermodynamic
instability.

In this work, we propose that the persistence of solid-solu-
tion states during the (dis)charge of LiFePO4 electrodes at low-
to-moderate C-rates is thermodynamic in origin. Using rst
principles calculations, we demonstrate that spinodal decom-
position from a homogeneous solid solution through Li diffu-
sion is more likely to lead to the formation of an ac interface,
rather than the elastically favored bc interface. As a result of the
high coherency strain energy associated with a sharp ac inter-
face, we further demonstrate that a driving force exists to form
a large intermediate solid solution region at the interface,
whose dimensions are proportional to the size of the particle
(�25–50% of the particle volume depending on the particle
morphology). Our results not only rationalize the observation of
intermediate lattice parameters at low-to-moderate C-rates in
LiFePO4 electrodes, but also explain the observations of stable
intermediate solid-solution states at an ac interface in single
particles quenched from a high-temperature solid solution.30,31

Methodology

We consider a single (Li)FePO4 particle which, upon application
of under(over)potential (referred to as “overpotential” in the
rest of this paper), initiates Li (de)intercalation through the
non-equilibrium solid-solution pathway (Fig. 1(a)-(i)). Once the
Li concentration surpasses the spinodal point, homogeneous
solid-solution states become unstable against innitesimally
small uctuation in Li concentrations due to the negative
curvature of the solid-solution free energy curve in that
† These values were obtained using Fickian scaling t � r2/D, with the theoretical
and experimental values of D provided above.

This journal is © The Royal Society of Chemistry 2016
concentration range (Fig. 1(a)-(ii)). Such inhomogeneities are
bound to occur during (dis)charge, as concentration gradients
develop at the particle surface due to the applied current. In the
presence of such inhomogeneities, uphill Li diffusion occurs
from regions of low Li concentration to regions of high Li
concentration, leading to phase separation (Fig. 1(a)-(iii)). In
practice, the nal state of the particle aer spinodal decompo-
sition may not involve a sharp interface but rather a diffuse
interface. The presence of an intermediate solid-solution region
at the interface facilitates the reduction of the coherency strain
energy and chemical interfacial energy penalties of a sharp
interface at the expense of a higher bulk energy (Fig. 1(b)). The
width of the intermediate solid-solution region at thermody-
namic equilibrium depends on the ratio between the bulk free
energy of the solid solution and the coherency and chemical
interfacial energies of the interface orientation that is formed
aer spinodal decomposition.

In this paper, we determine the free energy and topology (i.e.
the symmetry of the low energy Li–Va orderings) of the non-
equilibrium solid-solution pathway from rst principles. Given
the topology of the non-equilibrium solid-solution pathway and
the 1D character of Li diffusion, we demonstrate that spinodal
decomposition from a homogeneous solid-solution state pref-
erentially leads to the formation of an ac interface, instead of
the commonly assumed bc interface. By combining rst prin-
ciples calculations and continuum elasticity, we further
demonstrate that a large intermediate solid-solution region at
an ac interface is thermodynamically favorable over a sharp ac
interface, as it reduces the high coherency strain energy penalty
associated with a sharp ac interface. The following paragraphs
present this approach in more details.

The free energy of the non-equilibrium solid-solution
pathway is estimated by nding the lowest-energy solid-solution
congurations that form a topotactic lithiation pathway
between FePO4 and LiFePO4. To this end, the energy of a large
number of candidate Li–Va orderings is calculated within the
Generalized Gradient Approximation (GGA(PBE)+U) to density
functional theory (DFT), as implemented in the Vienna Ab Initio
Simulation Package (VASP). A self-consistent U value for Fe of
4.3 is used,32 with an energy cutoff of 520 eV and a k-points
spacing of 0.15 A�1 (equivalent to a 4 � 8 � 12 mesh for
a structure containing one unit cell). All calculations are per-
formed in the ferromagnetic state, following previous studies.33

The driving force to form an intermediate solid-solution
region at a LiFePO4/FePO4 interface is calculated using the
setup illustrated in Fig. 1(b). Three regions are dened in the
particle: a LiFePO4 region, a FePO4 region and a LixFePO4 solid-
intermediate solution region (ISSR) with volume fraction yISSR.
The free energy penalty to form a sharp interface (yISSR ¼ 0) is
the sum of its coherency strain energy and chemical interfacial
energy penalties:

Fsharp boundary ¼ Vesharp boundary
strain + Ag (1)

where V is the particle volume, esharp boundary
strain is the volume-

averaged coherency strain energy density (total strain energy in
the particle divided by the total volume of the particle) in the
J. Mater. Chem. A, 2016, 4, 5436–5447 | 5437

http://dx.doi.org/10.1039/c5ta10498j


Fig. 1 (a) Particle initiating lithiation through a non-equilibrium solid-solution pathway and subsequently relaxing to a two-phase state. (b) The
final state after spinodal decomposition consists in a LiFePO4 region, a FePO4 region, and potentially an intermediate solid-solution region (ISSR),
with a volume fraction yISSR.
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particle resulting from a sharp interface, A is the interfacial area
and g is the chemical interfacial energy per unit area.

The free energy penalty for the creation of a diffuse interface
is the sum of the bulk free energy of the ISSR, the coherency
strain energy resulting from the presence of a diffuse interface
and the gradient energy penalty in the ISSR:

Fdiffuse boundary ¼ VyISSRf solid-solution þ Ve
diffuse boundary
strain

þ
ð
VISS

kjVxLij2dV (2)

where yISSR is the volume fraction of the ISSR, �f solid-solution is the
volume-averaged bulk free energy density in the ISSR,
ediffuse boundary
strain is the volume-averaged coherency strain energy
density in the particle resulting from a diffuse boundary, k is the
gradient energy coefficient and VxLi is the concentration
gradient in the ISSR. The difference in free energy between
a diffuse interface and a sharp two-phase boundary (yISSR ¼ 0) is
obtained by taking the difference between eqn (2) and (1):

Fdiffuse boundary � Fsharp boundary ¼ VyISSRf solid-solution

þ V
�
e
diffuse boundary
strain � e

sharp boundary
strain

�

þ
�ð

VISSR

kjVxLij2dV � Ag

� (3)

The rst term represents the bulk free energy penalty to form
the ISSR (positive), the second represents the decrease in
5438 | J. Mater. Chem. A, 2016, 4, 5436–5447
coherency strain energy in forming a diffuse interface (negative)
and the third term represents the decrease in chemical inter-
facial energy in forming a diffuse interface (negative). The range
of yISSR for which FISS � Fsharp boundary is negative constitutes
the range of ISSR volume fraction for which intermediate
solid solutions are thermodynamically favorable over a sharp
interface. The equilibrium thermodynamic value of yISSR (valid
in the limit of zero rates) can be evaluated byminimizing eqn (3)
with respect to yISSR. This equilibrium value is denoted by
yISSR,eq.

Coherency strain energy values for the sharp boundary and
diffuse boundary cases are calculated by numerically solving the
equation of continuum elasticity for coherent interfaces under
a traction-free boundary condition, as described elsewhere.26

Chemical interfacial energies are taken from the rst principles
evaluations of Abdellahi et al.,26 and the associated gradient
energy penalty term is calculated from the well-known
relation:34

k ¼ g2ULi

f
solid-solution

(4)

where g is the chemical interfacial energy per unit area, ULi the
volume per formula unit of Li and f

solid-solution is the average

value of the solid-solution free energy (per formula unit of Li) in
the xLi ¼ [0,1] concentration range.
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Low-energy orderings in the non-equilibrium solid-solution pathway in LixFePO4, as determined by density functional theory. (a) The
non-equilibrium solid-solution pathway in LixFePO4 is governed by the energetics of ac orderings (alternately lithiated/delithiated ac planes in
proportion to the Li concentration) and is accessible at low overpotentials (�25 mV). (b) In comparison, previously reported bc staging
configurations can only be accessed at high overpotentials (�215 mV).

This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. A, 2016, 4, 5436–5447 | 5439
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Results

Fig. 2(a) shows the low-energy solid-solution orderings identi-
ed using density functional theory. At each concentration, the
lowest energy solid-solution states are comprised of a periodic
arrangement of lithiated and delithiated ac planes, in propor-
tion to the lithium concentration (for example, at xLi ¼ 0.5, one
out of two ac planes is lithiated). In these low-energy solid-
solution states, each b-channel in the particle is partially lithi-
ated, contrarily to the channel-by-channel lithiation oen
assumed in the literature.14,19 The maximum energy of these
low-energy states is �6 meV per formula unit (meV per f.u.), in
agreement with the 700 J mol�1 (7 meV per f.u.) solid-solution
mixing enthalpy obtained by Dodd et al. via Differential Scan-
ning Calorimetry.16 The overpotential required to access this
solid-solution pathway can be estimated by taking the derivative
dEformation/dxLi at xLi ¼ 0, yielding a zero-rate overpotential of
25 mV. This overpotential is consistent with the low �10 mV
hysteresis measured in slow cycling of LiFePO4 electrodes.18

Note that the low-energy solid solution ac orderings identied
using DFT are in agreement with independent predictions
using a previously developed cluster expansion for LixFePO4.17,33

While the low-energy non-equilibrium solid-solution
pathway (dominated by ac orderings) has a low bulk free energy,
homogeneous solid-solution states are still thermodynamically
unfavorable over two-phase coexistence in a single particle, even
when the coherency strain energy and chemical interfacial
energy penalties are considered. This is true for both a sharp bc
interface (the elastically favorable interface orientation) and
a sharp ac interface (which is observed in quenching experi-
ments of LixFePO4 solid solutions30). In the case of a cubic
particle, the volume-averaged coherency strain energy density is
�1.7 meV per f.u. for the bc interface and�3meV per f.u. for the
ac interface (note that, as will be seen later in the text, most of
the coherency strain energy is localized in the vicinity of the
interface).26 In both cases, the coherency strain energy is lower
than the 6 meV per f.u. bulk free energy of homogeneous solid-
solution states. This is illustrated in Fig. 3. Note that the addi-
tional effect of chemical interfacial energy penalty at typical
Fig. 3 Comparing the free energy of a homogeneous solid solution wi
interface at different Li concentrations. Since the effect of chemical inter
a bc interface and 0.03 meV per f.u. for an ac interface), only the con
separation is considered.

5440 | J. Mater. Chem. A, 2016, 4, 5436–5447
�100 nm particle sizes is small (on the order of 0.5 meV per f.u.
for a bc interface and 0.03 meV per f.u. for an ac interface) and
does not change the conclusion.26

In principle, spinodal decomposition can therefore lead to
relaxation to either a bc interface or to an ac interface, with the
bc interface being generally thermodynamically favorable in
a nite particle by virtue of its lower coherency strain energy (by
�1.3 meV per f.u. at the particle scale). But while a driving force
exists to form both interface orientations, the topology of the
non-equilibrium solid-solution pathway, coupled with the
constraint of 1D diffusion along the b direction, suggests that
relaxation to an ac interface is much more likely. During the
spinodal decomposition process, each region in the particle
must indeed be dominated by local ac orderings in order for the
bulk free energy to continuously decrease across the particle.
With Li diffusion largely one-dimensional along the b direction,
the continuous spinodal decomposition process is most likely
to lead to the formation of an ac interface, as illustrated in
Fig. 4(a)–(c). Although the bc interface is the thermodynamically
favorable interface, relaxation to a bc interface requires signif-
icant diffusion in the a and c directions (Fig. 4(d)), which is
much slower than diffusion in the b direction (even with 1%
Li–Fe antisite defect in the particle, Db is larger than Da and Dc

by a factor of 1000 (ref. 10)). Moreover, relaxation to a bc-inter-
face from an ac ordering can only occur at the expense of an
initial increase in bulk free energy, since the symmetry of ac
orderings must be broken locally (from b-channels being
partially lithiated to some b-channels being fully lithiated and
others being fully delithiated).

This prediction is consistent with the quenching experiment
of Chen et al. (Fig. 5).30 In this experiment, LiFePO4 particles are
chemically delithiated to Li0.6FePO4, producing a series of bc
interfaces inside the particle (presumably through nucleation
and growth, owing to the high overpotentials induced by
chemical reagents16). Aer heating to T � 200 �C, a homoge-
neous, thermodynamically favorable solid-solution state is
formed within the particle, through slow-Li diffusion along the
a direction. Aer quenching to room temperature, at which
homogeneous solid-solution states are thermodynamically
th respect to the free energy of phase-separation to a sharp bc or ac
facial energy is small for typical �100 nm particles (0.5 meV per f.u. for
tribution of coherency strain energy to the energy penalty of phase-

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Orientation of the most likely interface after spinodal decomposition. (a)–(c) Spinodal decomposition from a homogeneous solid-
solution dominated by ac orderings through 1D Li diffusion along the b direction preferentially leads to the formation of an ac interface. (d)
Spinodal decomposition from a homogeneous solid-solution state to a bc interface is unlikely, as it requires an initial increase in the local bulk
free energy (through the breaking of local ac orderings), as well as significant diffusion in the a and c directions (several order ofmagnitudes lower
than in the b direction).

This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. A, 2016, 4, 5436–5447 | 5441
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Fig. 5 Illustration of the quenching experiment by Chen et al.30
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unfavorable, spinodal decomposition occurs through Li diffu-
sion in the b direction. This leads to the formation of an ac
interface with a large intermediate solid-solution region at the
interface, consisting in one or more intermediate phases. This
Fig. 6 Comparing the local free energy distribution of a homogeneous
concentration is set to �xLi ¼ 0.5 at the particle level. (a) Contour plot of
interface, and (b) the local coherency strain energy density at different
solution free energy (line scan along the b direction, at 80% of the dista

5442 | J. Mater. Chem. A, 2016, 4, 5436–5447
intermediate solid-solution region is found to be indenitely
stable (stability longer than 5 months). The experiment
yielded similar results for large ac-platelet particles (2 mm �
200 nm � 4 mm) and intermediates-sized near-cubic particles
solid-solution state and of a sharp ac interface. In both cases, the Li
the coherency strain energy density profile resulting from a sharp ac
positions in the particle is compared with the non-equilibrium solid-
nce between the particle center and the external bc surface).

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Thermodynamic stability of intermediate solid-solution states after spinodal decomposition to an ac interface. The energy penalty for
a sharp interface and for a diffuse ISSR interface (averaged over the entire particle) are compared, as a function of the volume fraction of the ISSR
(yISSR), for (a) a cubic particle and (b) an ac-platelet particle (aspect ratios Lb/La ¼ Lb/Lc ¼ 0.5). For a cubic particle, an ISSR is thermodynamically
favorable of a sharp interface for yISSR < 50%. The corresponding volume fraction is yISSR < 75% for an ac-platelet particle. The equilibrium value of
yISSR (value of yISSR for which the total free energy is minimized) is yISSR,eq ¼ 25% for a cubic particle and yISSR,eq ¼ 50% for an ac-platelet particle.

This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. A, 2016, 4, 5436–5447 | 5443
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(300 nm � 200 nm � 500 nm). Therefore, both our rst prin-
ciples predictions and the quenching experiment of Chen
et al.30 demonstrate that no easily accessible topotactic pathway
exists for a particle to continuously relax from a homogeneous
solid solution to a bc interface, despite the bc interface generally
being the thermodynamically favorable interface.26

An ac interface is therefore most likely to be formed aer
spinodal decomposition from a solid solution, and, on average
over the entire particle, is thermodynamically favorable over
a homogeneous solid solution. However, further investigations
reveal that a diffuse ac interface with a large intermediate solid
solution is thermodynamically favorable over a sharp ac inter-
face. A closer inspection of the coherency strain energy prole
in the particle reveals that, near the interface, the coherency
strain energy is signicantly higher than the solid-solution free
energy. This is shown in Fig. 6. Fig. 6(a) shows a contour map of
the coherency strain energy density in a cubic particle con-
taining an ac interface (average Li concentration of �xLi ¼ 0.5),
and Fig. 6(b) shows the prole of the coherency strain energy in
the particle interior along the direction perpendicular to the
interface. The coherency strain energy at the vicinity of the
interface is found to be on the order 25 meV per f.u., which is
signicantly higher than the�6 meV per f.u. bulk free energy of
the solid solution. (Note that, for an ac interface, the effect of
the chemical interfacial energy is small (0.03 meV per f.u. for
a 100 nm particle) and can be neglected26).

Based on these energy scales, introducing an ISSR at the
LiFePO4/FePO4 interface can decrease the free energy of the
particle by reducing the coherency strain energy in the vicinity
of the interface. This is illustrated quantitatively in Fig. 7, in
which the free energy resulting from the insertion of an ISSR at
the LiFePO4/FePO4 interface (normalized by the particle
volume) is plotted with respect to the ISSR volume fraction yISSR
(a concentration of �xLi ¼ 0.5 at the particle level is assumed). A
uniform concentration gradient in the ISSR is considered (from
xLi ¼ 1 to xLi ¼ 0). In Fig. 7(a), the analysis is made for a cubic
particle, and in Fig. 7(b), the analysis is made for an ac-platelet
particle with an aspect ratio of 2 (La/Lb ¼ Lc/Lb ¼ 2, where La, Lb
and Lc are the particle dimensions along the a, b and c direc-
tions respectively). Such ac-platelet morphologies, for which the
particle dimension along the b direction is smaller than along
the a and c dimensions, are common in the LiFePO4 litera-
ture.15,30,35,36 For a cubic particle (Fig. 7(a)), it is found that ISSR
volume fractions as high as 50% are thermodynamically favor-
able over a sharp interface, with an equilibrium volume fraction
(yISSR,eq) of 25%. For ac-platelet particles with an aspect ratio of
two (Fig. 7(b)), the volume fraction of thermodynamically
favorable intermediate solid-solution states is larger than in the
cubic particle, due to the larger coherency-strain energy at the
interface (since the ac cross section is larger in proportion to
other cross sections).26,37 For such particles, an ISSR volume
fraction of up to �75% of the particle volume is favorable over
a sharp ac interface, with an equilibrium volume fraction of
yISSR,eq z 50%. While the analysis of Fig. 7 was performed for
a particle-level Li concentration of �xLi ¼ 0.5, large intermediate
solid solution regions are also expected at other Li concentra-
tions, as the coherency strain energy resulting from a sharp
5444 | J. Mater. Chem. A, 2016, 4, 5436–5447
interface is largely independent of Li concentration in a wide
concentration range (�xLi ˛ [0.1,0.9] in cubic particles).26

At a given particle morphology, coherency strain energy
scales as the volume of the particle. Because the thermody-
namic stability of intermediate solid solutions originates from
a reduction in coherency strain energy, the equilibrium volume
fraction of the ISSR (at a given Li concentration) is therefore
independent of the particle size for a given particle morphology.
For example, with yISSR,eq being �25% for a cubic particle (at �xLi
¼ 0.5), a 50 nm cubic particle is predicted to have a 12.5 nm-
thick ISSR at thermodynamic equilibrium while a 100 nm cubic
particle is predicted to have a 25 nm-thick ISSR at thermody-
namic equilibrium. The ISSR volume fraction and thickness
increase for platelet particles with larger (010) faces, which are
common in the LiFePO4 literature.

Our results therefore indicate that, while spinodal decompo-
sition from a homogeneous solid solution can rapidly occur at
the particle surface due to fast Li diffusion, it is more likely to
lead to a diffuse ac interface with an intermediate solid-solution
region occupying a large fraction of the particle volume
(�25–50% for the particle morphologies illustrated in Fig. 7).
Moreover, this volume fraction is independent of the particle size
at a given particle morphology. This result explains not only the
persistence of intermediate solid-solution states at an ac interface
aer quenching of homogeneous solid solutions, but also the
observation of intermediate lattice parameters during in situ XRD
(dis)charging experiments at low-to-moderate C-rates.

Discussion

An important consequence of our study is that there exists
a thermodynamic origin to the persistence of large intermediate
solid solutions region during (de)lithiation. Even in the limit of
zero-rates, particle-by-particle lithiation18 is predicted to occur
through the non-equilibrium solid-solution pathway, followed by
spinodal decomposition to a two-phase state with a large inter-
mediate solid-solution region. In agreement with this nding, in
situ TEM experiments have observed intermediate solid-solution
states at rates as low as 5C,24 and a recent in situ XRD experiment
has observed intermediate solid solution states at rates as low as
0.1C (�20% of the particle volume).23 The fact that intermediate
lattice parameters are generally not observed at very low C-rates by
experimental methods relying on electrode-level measurements
can be ascribed to the multi-particle behavior of LiFePO4.38,39 In
the low-rate limit, particles transform sequentially while at high
rates, they transform in parallel. High rates allow more particles
to transform simultaneously, producing sufficiently large inten-
sity in diffraction peaks at intermediate lattice parameters.

While some in situ XRD experiments have identied
a continuum spectrum of intermediate lattice parameters in the
electrode,22 others have measured discrete peaks that have been
attributed to one or several discrete intermediate phases.20 In
agreement with the latter observation, our calculations predict
that large intermediate solid solution regions made of discrete
intermediate phases are also thermodynamically favorable over
a sharp interface. An ISSR containing a single intermediate
phase, for example, has an equilibrium ISSR volume fraction of
This journal is © The Royal Society of Chemistry 2016
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yISSR,eq ¼ 10% (cubic particle, �xLi¼ 0.5 at the particle level). This
percentage rises to 25% for the ac-platelet particle illustrated in
Fig. 7(b). In general, however, having multiple intermediate
phases in the ISSR is energetically favorable over a single
intermediate phase, as it further reduces both the coherency
strain energy in the particle and the bulk free energy penalty of
the ISSR (as phases closer in concentration to the equilibrium
phases have a lower bulk free energy).

Intermediate lattice parameters are typically measured in
nano-sized particles and not in micron-sized particles.40

Because an ISSR reduces the high coherency strain energy
resulting from a sharp interface, and because coherency strain
energy scales with particle volume, the formation of an ISSR is
thermodynamically favorable over a sharp coherent interfaces
at all particle sizes. In large particles, however, formation of
a semicoherent interface, where the lattice mist is accommo-
dated to some degree by interfacial dislocations, is even more
favorable. A semicoherent interface reduces the coherency
strain energy penalty (which scales as the particle volume) at the
expense of a higher chemical interfacial energy (which scales as
the interfacial area), through the formation of mist disloca-
tions. This process is favorable in large particles due to their
small interfacial-area-to-volume ratios. Supporting the hypoth-
esis that the formation of mist dislocations is responsible for
the lack of ISSR in large particles, the propagation of a semi-
incoherent ac interface with a large density of dislocations was
observed during an in situ lithiation experiment of micron-sized
FePO4 particles.41 Rate capabilities were found to be low (1C rate
at a �400 mV overpotential), indicating that the presence of
interfacial dislocations signicantly affects interfacial mobility.

Overall, the existence of a low-energy non-equilibrium solid-
solution pathway in LiFePO4 has multiple benets. First, the
Fig. 8 Qualitativemap of the lithiationmechanism in LiFeO4 single partic
map applies to the particles that are actively transforming in the electro

This journal is © The Royal Society of Chemistry 2016
existence of a non-equilibrium low-energy solid-solution
pathway allows particles to initiate (de)lithiation at low over-
potentials, increasing rate capabilities with respect to systems
undergoing nucleation and growth. Moreover, aer spinodal
decomposition, the presence of a thermodynamically favorable
ISSR at the interface leads to a decrease in coherency strain
energy. This in turn reduces mechanical damage upon cycling
and improves cyclability. Finally, the presence of an ISSR
decreases the driving force to form a semicoherent interface,
thus enhancing cyclability and rate capabilities.

It is important to note that our model operated under the
assumption that (de)lithiation is always initiated by the low-
energy non-equilibrium solid-solution pathway, which is
dominated by low-energy ac orderings and accessible at low
overpotentials. However, when higher overpotentials are
applied, more lithiation pathways may become available.
Nucleation and growth, for example, can occur in the large
overpotential limit. This is the case during chemical delithia-
tion, where large applied overpotentials (�1.5 V (ref. 16)) can
lead to nucleation and subsequent formation of the elastically
favorable sharp bc interface. Given the low coherency strain
energy at a sharp bc interface, the formation of an intermediate
solid-solution region is largely dominated by the chemical
interfacial energy. Using the well-known relation

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k=f solid-solution

q
(ref. 34) (where d is the interfacial width,

�f solid-solution is the average solid-solution free energy density (per
unit volume) in the xLi ¼ [0,1] range and k is the gradient energy
coefficient of the bc interface26), the size of the intermediate
solid-solution region is found to be �10 nm regardless of the
particle size. This prediction is consistent with ex situ observa-
tions of chemically delithiated particles15,36 and further
les as a function of particle size and applied overpotential. Note that this
de.
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conrms that the formation of a bc interface is not the domi-
nant mechanism during electrochemical delithiation of nano-
particles. The �10 nm ISSR associated with the formation of
a bc interface is indeed inconsistent with in situ XRD
measurements on �186 nm particles, where the solid solution
region was found to be on the order of the particle size.22

High-energy solid-solution pathways, different from the low
energy ac orderings reported in this paper, can also be accessed
if the applied overpotential is large enough. The experimentally
observed “bc staging” ordering,42–45 which consists of a solid
solution of alternately lithiated bc planes, is one such example.
Staging congurations were observed in ex situ conditions in
the form of a small �2 nm ISSR43 or uniformly throughout
nanoparticles or micron-sized nanowires.44 DFT calculations
demonstrate that the energy required to access the bc staging
pathway is signicantly higher than the energy required to
access the ac ordering pathway (70 meV per f.u [in agreement
with the values found by Sun et al.45], instead of 6 meV per f.u at
xLi ¼ 0.5). The overpotential to access the bc-staging pathway,
which can be calculated from dEformation/dxLi at dilute staging
concentrations, is also signicantly higher (�215 mV instead of
�25 mV, as shown in Fig. 2(b)). The bc-staging pathway there-
fore cannot account for the high-rate capability of LiFePO4,
which is dened as the ability to achieve high currents at low
overpotentials, but could become competitive with the low
energy ac solid-solution pathway at large overpotentials. Once
a uniform bc staging conguration is formed in a particle, it is
likely to remain metastable, as relaxation from a bc staging
requires signicant Li diffusion in the slow-diffusing a direc-
tion. This may explain observations of uniform bc staging
throughout nanoparticles and micron-sized nanowires.44

Fig. 8 summarizes the above considerations by qualitatively
illustrating the range of possible lithiation mechanisms in
LiFePO4 particles as a function of the particle size and applied
overpotential. At low overpotentials, both small and large
particles initiate lithiation via the non-equilibrium solid solu-
tion pathway, dominated by low energy ac orderings. Spinodal
decomposition in small particles preferentially leads to the
formation of a diffuse ac interface, while it leads to the forma-
tion of a semicoherent interface in large particles. At high
overpotentials, small particles can access higher energy order-
ings in the solid solution (such as the bc staging conguration).
The higher rates induced by these high overpotentials also lead
to a higher retention of the solid solution. In large particles,
higher overpotentials open up the nucleation and growth
pathway (due to the large number of nucleation sites), in
addition to the spinodal decomposition pathway. Both mecha-
nisms, however, lead to low rates due to poor Li diffusivity in
large particles, through the presence of channel-blocking anti-
site defects10 and the formation of semicoherent interfaces.

Conclusion

In this paper, we resolved the apparent paradox between the
high Li diffusivity in LiFePO4 and the persistence of thermo-
dynamically unstable solid-solution states during (dis)charge at
low to moderate C-rates. Using a combination of rst principles
5446 | J. Mater. Chem. A, 2016, 4, 5436–5447
calculations and continuum elasticity, we demonstrated that,
even under rate conditions such that relaxation to a two-phase
state is kinetically possible, the thermodynamically favorable
state in a single particle is not a sharp interface but rather
a diffuse interface with an intermediate solid-solution region
that occupies a signicant fraction of the particle volume. Our
results not only explain the persistence of solid-solution regions
at low to moderate C-rates in LiFePO4 electrodes, but also
explain the observations of stable intermediate solid-solution
states at an ac interface in single particles quenched from
a solid solution.
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