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Strain Accommodation during Phase Transformations
in Olivine-Based Cathodes as a Materials Selection Criterion
for High-Power Rechargeable Batteries™*

By Nonglak Meethong, Hsiao-Ying Shadow Huang, Scott A. Speakman, W. Craig Carter, and

Yet-Ming Chiang*

High energy lithium-ion batteries have improved performance in a wide variety of mobile electronic devices. A new goal in
portable power is the achievement of safe and durable high-power batteries for applications such as power tools and electric
vehicles. Towards this end, olivine-based positive electrodes are amongst the most important and technologically enabling
materials. While certain lithium metal phosphate olivines have been shown to be promising, not all olivines demonstrate benefi-
cial properties. The mechanisms allowing high power in these compounds have been extensively debated. Here we show that
certain high rate capability olivines are distinguished by having extended lithium nonstoichiometry (up to ca. 20 % ), with which
is correlated a reduced lattice misfit as the material undergoes an electrochemically driven, reversible, first-order phase trans-
formation. The rate capability in several other intercalation oxides can also be correlated with lattice strain, and suggests that
nanomechanics plays an important and previously unrecognized role in determining battery performance.

1. Introduction

Following the first journal publication describing the use of
olivine compounds as rechargeable battery electrodes,!!! the
potential for reduced cost and improved safetym of this class of
materials was quickly appreciated, but, because of the lower
volumetric energy compared with compounds such as LiCoO,
and the poor rate capability, the practical utility was unclear.
Interest in high power applications grew rapidly after Chung
et al.’! demonstrated high capacity at charge/discharge rates
well above 5 C in doped nanoscale LiFePOy, (e.g., 115 mAhg™
for 20 C continuous discharge at room temperature[4]), but it
also raised controversy over the origin of the exceptional rate
performance.’°! The ability to obtain high power while re-
taining reasonably high energy, along with inherent safety and
long cycle life (many thousands of charge/discharge cycles),
seems likely to enable many new classes of applications. How-

[*] Prof. Y.-M. Chiang, N. Meethong, Dr. H.-Y. S. Huang,
Prof. W. C. Carter
Department of Materials Science and Engineering
Massachusetts Institute of Technology
Cambridge, MA 02139 (USA)
E-mail: ychiang@mit.edu
Dr. S. A. Speakman
Center for Materials Science and Engineering
Massachusetts Institute of Technology
Cambridge, MA 02139 (USA)

[**] N.M. and H.-Y.S.H. contributed equally to this work. N.M. acknowl-
edges support by the Royal Thai Government Scholarship Program.
Supporting Information is available online from Wiley InterScience or
from the author.

Adv. Funct. Mater. 2007, 17, 1115-1123

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ever, not all olivines have exhibited high rate capability, a nota-
ble exception being LiMnPO,, which is otherwise attractive for
its higher theoretical energy."'" "3l Numerous studies have at-
tributed the rate capability of olivines purely to chemical diffu-
sion limitations.!1>0-10-12,14] Indeed, either electronic and ionic
conductivity can be rate-limiting under certain conditions.
However, noting that this class of olivines undergoes a first-or-
der phase transition upon electrochemical cycling, we reasoned
that an equally important goal should be to maximize the rate
of phase transformation, regardless of the rate-limiting step.
Thus, we considered whether the phase transformation ki-
netics, which correspond directly to the rate of lithium ex-
change, might be affected by other, structural, factors.

2. Test Materials

We performed comparative electrochemical tests and X-ray
structural analysis on two types of lithium iron phosphates. The
first was a recently synthesized material, cation-doped
LiFePO, prepared for earlier publications,** denoted NC.
Figure 1 shows the discharge capacity versus rate behavior for
a sample of similar performance to those originally described.
For comparison, we used a high-surface-area “carbon-added”
LiFePO, (Aldrich Chemical), denoted AC, of similar carbon
content to the NC samples (Table 1). This material has a higher
rate capability than untreated pure LiFePO,, but its capacity at
rates above 1 C is well below that of the NC sample (Fig. 1).
Identical formulations, active material loadings, and prepara-
tion methods were used to prepare samples for electrochemical
testing, as described in the Experimental section. It is empha-
sized that neither material is believed to represent the state-of-
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Figure 1. Comparison of specific discharge capacity versus galvanostatic
C rate for samples NC (top) and AC (bottom), representing high rate capa-
bility doped nanoscale and “carbon-added” lithium iron phosphates re-
spectively, measured in lithium half-cells of Swagelok type. Before each
discharge, cells were charged at C/2 rate and held at 3.8 V until the current
decays to C/25 rate.

the-art capability of any particular manufacturer, and, the
samples are not selected for maximum contrast in rate capabili-
ty, but because all of the experiments discussed herein were
performed on them. At the time this study was initiated, sam-
ple AC was the only commercially available “battery grade”

LiFePO,. For NC-type samples, partial data were also available
for a number of similar materials and are consistent with the
results presented here.

Table 1 shows the physical and structural characteristics of
the two samples along with data for olivines from several lit-
erature reports. The NC sample of Lij 99Nby o1 FePO, composi-
tion was prepared according to a published procedure,’! and
has a specific surface area of. 39.2 m?g™', corresponding to an
equivalent spherical particle diameter of 43 nm. Sample AC
has a specific surface area of 14.8 m’>g™! corresponding to a
113 nm diameter, which is high compared to lithium battery
cathodes such as LiCoO, and LiMn,O, (typically <1 m?g™).
Although we attempted to increase the particle size of both
materials through heat treatment in order to obtain systematic
size variations, significant changes were not achieved except
under temperatures and gas ambients that also produced de-
tectable amounts (by X-ray) of impurity phases, primarily met-
al phosphides. Nonetheless, the samples in this study can be
compared with those of several previous publications, listed in
Table 1, all of which are expected to have lower rate perfor-
mance than either of the two sample types measured here.

It should also be noted that in the case of sample NC, a com-
parative study of the high rate performance of various olivines
by Striebel et al.”! included results for an Massachusetts Insti-
tute of Technology (MIT)-supplied electrode that were inferior
to those described here and in the original publications;>

Table 1. Physical and structural characteristics of a high rate capability, doped nanoscale lithium iron phosphate (Sample NC) and lower-rate “carbon-
added” lithium iron phosphate (Sample AC), compared with literature data for LiFePO,4 and LiMnPO,. SOC: state-of-charge.

Sample NC  Sample AC Padhi [1]

Yamada [16]

Yamada [16] Yamada [18] Andersson [33] Yamada [32]

Compositional state =50% SOC =50% SOC  Stoichiometric

Solid solution limits

Stoichiometric ~ Stoichiometric ~ Stoichiometric  Stoichiometric

Specific surface area [m? g”'] 39.2 14.8 Not reported 8-15 8-15 Not reported Not reported Not reported
Carbon content [wt %] 2.4 1-3 [a] Not reported Not reported Not reported Not reported Not reported Not reported
LiFePO, phase LiMnPO,
alA] 10.232 10.3289 10.334 10.309 10.323 10.32287 10.329 10.46
bA] 5.941 6.0069 6.008 6.0010 6.0065 6.00496 6.0065 6.11
cA] 4.730 4.6905 4.693 4.6980 4.6930 4.69094 4.6908 4.75
\ [Az] 287.502 291.0224 291.392 290.64 290.99 290.784 291.02 303.58
Strain [%] 0.66 0.02

Crystallite size [A] 266 1145.4

FePO, Phase MnPO,
a [A] 9.887 9.8267 9.821 9.8290 9.8170 9.81465 9.8142 9.64
bA] 5.838 5.7944 5.792 5.7995 5.7900 5.7887 5.7893 5.92
c [A] 4.7786 4.7832 4.788 4.7793 4.7822 4.78107 4.782 4.773
\ [A3] 275.824 272.3572 272.357 272.44 272.82 271.632 271.7 272.39
Strain [%)] 0.355 0.05

Crystallite size [A] 276.3 799.6

Misfit [%] [b]

Linear strain

a axis 3.430 4.983 5.091 4.767 5.025 5.047 511 8.159
b axis 1.749 3.601 3.661 3.415 3.671 3.667 3.683 3.159
¢ axis -1.022 -1.957 —2.004 -1.716 -1.883 -1.903 -1.926 -0.483
Volume strain 4.146 6.626 6.753 6.464 6.445 6.811 6.867 10.830
Planar strain

ab plane 5.178 8.581 8.747 8.179 8.691 8.711 8.790 11.311
ac plane 2.408 3.027 3.087 3.052 3.143 3.145 3.187 7.677
bc plane 0.727 1.645 1.657 1.700 1.788 1.765 1.757 2.676

[a] Quoted by manufacturer. [b] Taken as the difference/mean value.
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namely, only ca. 100 mA hg™ at 10 C rate. There may be a sim-
ple explanation for this discrepancy—Striebel et al. comment
that a large additional impedance was necessary to model the
electrode provided,[”! which suggests that delamination of the
electrode coating from the current collector had occurred. In
our measurements, samples of the same type retained up to
85 mAhg™ capacity (50% of the theoretical value) at 50 C
rate at room temperature. Applied in larger-scale cells, similar
materials used in cylindrical lithium ion cells of 26 mm diame-
ter and 65 mm length provide ca. 3 kW ke power density and

ca. 110 Whke™' energy density.”!

3. Electrochemical Measurements

Galvanostatic charging and discharging measurements were
first performed using lithium half-cells (Fig. 2). For each sample,
only a small difference in polarization was seen between C/50
and C/100 rate measurements, indicating that kinetic limitations
were negligible at these slow rates (Fig. 2). The voltage—capaci-
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Figure 2. Galvanostatic charging (top) and discharge (bottom) at C/50
and C/100 rates shows the narrower composition range over which high
rate capability, doped nanoscale powders (sample NC) exhibit a constant
cell voltage indicating two-phase coexistence, compared to the lower rate
capability carbon-added sample AC. Note also the overpotential measured
on charge for sample AC as the two-phase plateau voltage is approached,
absent for sample NC (inset). The open-circuit voltage (OCV) differs
slightly for the two samples as discussed in text and indicated in the inset.

Adv. Funct. Mater. 2007, 17, 1115-1123

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ty curves show deviations from the two-phase plateau voltage at
the beginning and end of charge that suggest a compositionally
narrower two-phase field for the NC materials, Figure 2. The
plateau voltage is slightly higher for the NC sample. This is not
due to greater polarization, but instead, due to a difference in
the open-circuit voltage (OCV) of about 0.006 V between the
two materials (confirmed by repeat measurements), which re-
flects a thermodynamic difference. Although the polarization of
these cells was small, suggesting that the observed voltages are
close to equilibrium values, sloping voltage curves at low and
high states of charge in galvanostatic measurements are com-
monly attributed to kinetic limitations. Therefore, we sought a
measurement that could provide definitive measurements of the
extent of equilibrium nonstoichiometry.

Galvanostatic intermittent titration tests (GITT), in which
voltage relaxation after the application of current pulses is
measured, is often used to establish the thermodynamic voltage
versus composition. However, when a first-order phase transi-
tion is present, current pulsing inherently leads to an increase
in the overpotential, which could introduce hysteresis effects
when nucleation of the new phase or migration of the phase
boundary occurs. (GITT was nonetheless performed on some
NC samples and gave results consistent with those presented
here.)

Instead, a potentiostatic intermittent titration test (PITT)
was used in which the capacity was measured at small voltage
increments progressing through the open-circuit voltage
(OCV) of the cell (Fig. 3). After each voltage step, the current
decay (to a C/50 rate or less) provided the charge or discharge
capacity available at that voltage. The OCV was first measured
to £2 mV precision with the cells at 50 % lithiation, a composi-
tion that is well within the two-phase field. PITT was then
conducted starting from the discharged or charged states, ap-
proaching the two-phase voltage in 5 or 10 mV steps. By con-
ducting the measurement in this manner, no thermodynamic
driving force is applied for the phase transformation during
charging until the open-circuit voltage (OCV) corresponding
to two-phase coexistence is exceeded. Thus, any charge capaci-
ty accumulated below the OCV can be attributed to states
available to lithium ions before the new phase is nucleated;
that is, it is due to the formation of a lithium-excess solid solu-
tion, starting with a delithiated material. Similarly, upon dis-
charge from a higher voltage, there is no driving force for the
phase transition until the applied voltage falls below the OCV
(we will refer to both instances as the imposition of an “over-
potential”). Here, any charge capacity accumulated above the
OCV voltage can be attributed to the formation of a lithium
excess solid solution in the lithiated starting material. We use x
to denote lithium deficiency in the lithium-rich end-member
(e.g., Li;_FePO, and Lig g9_,Nbg o;FePO,) and y to denote lith-
ium excess in the lithium-poor end-member (e.g., Li,FePOy,
and Li,Nbj ¢ FePO,). The results of the PITT measurements
are plotted in Figure 3 in a manner resembling cyclic voltam-
mograms (CV) except that the vertical axis is capacity and not
current.

Sample NC (Fig. 3a) exhibits substantial capacity upon both
charging and discharging before the two-phase OCV is
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Figure 3. Capacity versus voltage measured potentiostatically upon charge
and discharge in 10 mV steps. The OCV is indicated for each cell.
a) Nb-doped nanoscale sample NC; b) carbon-added undoped LiFePO,
sample AC. c) Full-scale representation of the data.

reached, while sample AC (Fig. 3b) exhibits virtually no capac-
ity upon either charge or discharge until an overpotential of
ca. 30 mV is applied. The maximum extent of solid-solution
nonstoichiometry, x and y, measured with the last voltage incre-
ments being within 10 mV of the OCV, is 19.6 % and 11.7 %,
respectively, for sample NC, and 1.4 % and 1.0 %, respectively,
for sample AC. Results for sample AC are consistent with pre-
vious findings!"*!%!" of very limited lithium nonstoichiometry
in both end-members near room temperature. (A recent neu-
tron diffraction study does suggest somewhat higher stoichiom-
etry than that derived from lattice constants.)'® Chung et al.l”
proposed that the improved properties of their doped nano-
scale materials resulted from extended lithium solid solubility
not achievable in conventional LiFePO,. The present electro-
chemical measurements as well as the structural data presented
below support their original interpretation.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

4. Diffraction Studies

We determined whether the excess nonstoichiometry mea-
sured electrochemically is a surface or bulk effect. It is possible
that in a high-surface-area powder, excess nonstoichiometry
can arise from surface sites differing in Li chemical potential
from bulk intercalation sites. Surface chemical activity can also
lead to the formation of space charge surface layers!'! pene-
trating into the crystal, although the high defect concentration
of the present materials implies a very compact (sub-nanome-
ter) space charge width. To distinguish nonstoichiometry occur-
ring at the surface alone from that occurring within the volume
of the particles, we carried out powder X-ray diffraction on
samples that were electrochemically cycled to 50 % state-of-
charge (SOC). The coexistence of the lithiated and delithiated
phases means that each is at its maximum limit of mutual solid
solubility (maximum nonstoichiometry) at the test tempera-
ture. The electrochemically cycled cells were allowed to rest
for more than 24 h before being disassembled and analyzed by
X-ray diffraction (Fig. 4). The X-ray diffraction results showed
that the lattice parameters of the coexisting phases vary in ac-
cordance with the electrochemically determined nonstoichio-
metry, indicating that bulk effects must be considered. Reitveld
refinement provided lattice parameters for the coexisting lithi-
um-rich and lithium-poor phases, as well as the crystallite strain
and crystallite size of each phase.

As shown in Table 1, the X-ray crystallite sizes for samples
NC and AC are in good agreement with those deduced from
their specific surface areas. In each case the delithiated phase
has the smaller unit cell volume, with smaller a and b parame-
ters and a larger ¢ parameter. For sample AC, the absolute val-
ues of the lattice parameters and the unit cell volume are in
good agreement with literature (Table 1). However, in sample
NC, the unit cell volumes of the lithiated and delithiated
phases are lower and higher, respectively, consistent with the
lithium nonstoichiometry measured electrochemically. Apply-
ing Vegard’s law to the unit cell volume and using the lattice
constants reported in the literature,'”! the nonstoichiometry in
sample NC is x=19.5% and y=16.5 %, while the nonstoichio-
metry in sample AC is nominally zero since the unit cell vol-
umes of the triphylite and heterosite phases are slightly larger
and smaller respectively than the literature data, Table 1.

Extended lithium nonstoichiometry is therefore inferred in
the NC samples from three independent tests: low-rate galva-
nostatic tests (Fig. 1), PITT tests (Fig. 2), and lattice parameter
measurements (Table 1). Note that the galvanostatic and PITT
measurements approach the phase boundary from a limiting
solid solution that is either fully lithiated or fully delithiated,
and thus measures the maximum nonstoichiometry that can be
obtained without requiring nucleation of the other phase. In
contrast, the structural measurements are performed on sam-
ples that approach equilibrium from a two-phase coexistence,
namely, from within the two-phase field. The good agreement
between these measurements indicates that the nonstoichiome-
try is a true, equilibrium feature of the phase diagram for the
NC samples and that the primary cause of the lattice parameter
variations is indeed lithium nonstoichiometry. How the doping

Adv. Funct. Mater. 2007, 17, 1115-1123
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range 6.45-6.87 % published for LiFePO,, whereas in
sample NC it is reduced by one third to 4.15 %. Even
more striking is the difference in misfit between the
principal crystal planes. Given the relatively isotropic
elastic constants of LiFePO,4,!! from purely elastic
considerations, we expect the interface between coex-
isting phases to form preferentially on the plane of
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et al.”? have recently observed that cycled LiFePO,
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Figure 4. Rietveld refined X-ray patterns for samples NC and AC at ca. 50 % state of
charge, including the fit to Si powder added as an internal standard. The observed in-
tensity data are shown by the solid red line, and the dashed blue, aqua, and green
lines overlying them are the calculated intensity of LiFePO,, FePOy,, and Si, respective-
ly. The dashed lines are the calculated intensity of the aluminum peaks from the cur-
rent collector. The difference between the observed and calculated intensities is shown

for each of the pattern. The structural results are shown in Table 1.

combined with nanoscale particle size in the NC samples stabi-
lizes such large nonstoichiometry is not completely clear, but
we note that the small heat of demixing in the LiFePO,/FePO,
system (ca. 600 J mol’l)m] implies sensitivity of the phase sta-
bility to small changes in composition and introduced defects.
A related study”! of undoped nanoscale LiFePO,4 has shown
that the miscibility gap shrinks systematically as the particle
size decreases, demonstrating clearly the existence of a size-de-
pendent nonstoichiometry. However, at equivalent size
(ca. 40 nm) the extent of solid solution is only about one-half
of that measured in sample NC. Regardless of the origin, the
availability of such large nonstoichiometry within both solid-
solution phases, corresponding to coexistence of Fe** and Fe’*,
suggests that the electronic structure and transport properties
will differ from those of the pure end-member phases
(LiFePO, and FePO,) considered in most studies to date.

5. Coupling between Elastic Misfit, Lithium
Nonstoichiometry, and Rate Capability

In correlation with the extended nonstoichiometry (increased
mutual solid solubility) is a large decrease in the lattice misfit
between the lithiated and delithiated phases. The percentage
misfit between the lithiated and delithiated phases for the a, b,
and ¢ parameters, the unit cell volume (abc), and the unit cell
faces ab, ac, and bc are given in Table 1. There is significantly
lower lattice misfit in the high rate NC sample compared to all
others. The volume misfit in sample AC is 6.63 %, within the

Adv. Funct. Mater. 2007, 17, 1115-1123
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cracks along the {100} plane, consistent with this
expectation. Equally important, their observations
show that the misfit in conventional LiFePOy, is large
enough, even along the plane of minimum strain, to
cause rupture. The fracture plane appears to be domi-
nated by these simple elastic considerations, even
though faster lithium diffusion along the b axis might
be expected to produce a preference for growth of the
ac plane ({010} plane). For sample AC as well as the
literature data, the strain in this plane is 1.65-1.79 %.
By contrast, in the high rate sample NC, the strain is
reduced to 0.73 %, which, as we show, should allow
the interface to remain coherent and permit facile
phase propagation with reduced accumulated elastic
or plastic strains.

The PITT tests also provided a direct measurement
of each sample’s transformation rate as a function of
overpotential. During two-phase coexistence, and as-
suming no capacitive current, no short circuits, or
other regions of lithium accumulation, the current measured in
PITT is exactly linear to the phase transformation rate. The
PITT data showed completely different kinetics in the two
types of samples (Fig.5). Firstly, a smaller overpotential
(ca. 15 mV) is required to propagate the first-order phase tran-
sition in sample NC compared with sample AC (ca. 30 mV).
The NC sample shows a maximum current at the start of each
voltage increment, followed by rapid but monotonic decay. Sig-
nificantly, sample AC shows a completely different response in
which the current is initially low, rising slowly to reach its maxi-
mum value ca. 4 h later. This kinetic response clearly cannot
be modeled by any “simple” diffusional process, and suggests a
phase transformation barrier that is gradually overcome at con-
stant potential as the phase transformation proceeds. Similar
results were obtained upon discharge, and after multiple cycles.

The amount of retained crystallographic strain in the partially
transformed materials further shows that these materials can be
distinguished on the basis of elastic misfit. The formation of a
coherent interface implies that the adjoining crystals, if misfit-
ting, have been strained in order to maintain the coherence. On
the other hand, the formation of an incoherent interface impli-
citly relaxes lattice strain. These effects are well-known for
other phase transformations and in the growth of epitaxial thin
films. Because of the high elastic moduli of inorganic com-
pounds, percent-level differences in strain can have enormous
impact on failure and coherency (the strain to failure of ceramic
crystals is typically much less than 1 % ). Even in very thin films,
less than ca. 1 % lattice strain is typically required in order to
obtain a coherent interface.”’! Sample NC, despite having a low-
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Figure 5. Voltage steps (black) and corresponding current relaxation (red) during PITT
measurements (10 mV steps, C/50 current cutoff) in the second charge cycle, indicat-
ing rate of phase transformation as a function of the applied potential. a) The doped
nanoscale sample NC exhibits peak current at the start of each voltage step followed
by monotonically decaying current at all overpotentials. b) The comparison sample
AC exhibits a slow increase in the current at constant voltage, peaking nearly 4 h after
the application of overpotential, indicating a time-varying barrier to phase transforma-

tion. Higher overpotentials are also required for phase transformation.

er lattice misfit than sample AC, nonetheless shows higher re-
tained strain in both the triphylite and heterosite phases, 0.66 %
and 0.36 %, respectively (Table 1). This suggests that if coher-
ency is producing the retained strain, the misfit has not been re-
lieved. Sample AC, by contrast, has negligible retained crystal-
lographic strain (0.02 % and 0.05 % ). This would be consistent
with the formation of incoherent, strain-relieving interfaces.
However, an alternative explanation for the retained strain is a
variation in lithium stoichiometry due to a distribution of parti-
cle sizes. Although particles within a composite electrode such
as those used here are expected to rapidly come to equilibrium
with one another, the Gibbs—Thomson effect dictates that their
individual compositions may vary. The importance of this effect
can be evaluated once the particle size distributions are known.

6. Thermodynamic Model

Stored elastic energy may therefore contribute to the ther-
modynamics of two-phase reactions. While electrochemically

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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induced volume changes leading to fracture of stor-
age materials have been widely postulated as a cause
of capacity loss and poor cycle life (these strains have
also recently been used to advantage for mechanical
actuation® 1) to our knowledge the thermody-

0.00007
0.00006 <

0.00005 5 namic effects of mechanical strain energy have not
0.00004 £ been treated. Interfacial energy terms may also be
0.00003 ©  important in opposing or promoting phase transfor-
mation, especially in nanoscale materials. The follow-
0.00002 ing nucleation theory for strained intercalation
0.00001 compounds takes these contributions into account.
Although the principles apply to any intercalation
compound that undergoes a volume change with
composition (i.e., the ions occupy interstitial sites),
0.0001 including materials cycled predominantly within a
0.00009 solid-solution field such as LiCoO, and LiMn,Oy, for
0.00008 simplicity we consider compounds that undergo a
0.00007 first-order phase transition, a class that includes the
00000 <  olivines, LiyTisO;,,? and the <“lithiated spinel”
0.00005 5 LioMn, 0.7
0.00004 = The molar free energy versus lithium concentra-
©  tion at fixed temperature for two coexisting bulk
0.00003 phases in the absence of elastic energy is depicted in
0.00002 Figure 6a. Considering a positive electrode and a
0.00001

negative electrode of constant lithium chemical
0 potential (e.g., lithium metal), the cell voltage is
Auy;=¢* - ¢, the difference in chemical potential is
Auy;=u1i—pi;, and at equilibrium the two are re-
lated by Z F A¢ =—Auy; if there are no other effects
accompanying the production of a second phase such
as those considered below. Electroneutrality requires
Z n. moles of electrons to be transferred for n;; mo-
les of the ion; Z=1 for lithium. The tangent to the
free energy curve intersects the right vertical axis
(representing one mole of lithium transported at
chemical potential ;) at a value —F A¢(x) that gives
the equilibrium cell voltage. The cell voltage A¢(x)
decreases with increasing lithium concentration for composi-
tions in the left single-phase field up to x=x', has a constant
value for compositions in the two-phase field between x' and
x%, and decreases again within the right single-phase field for
x>x'.

Now consider the formation of a new phase with lattice dis-
tortion compared to the pre-existing phase. If the interface be-
tween the two phases does not permit sliding (i.e., a perfectly
coherent interface) or the geometry of the two phases within
the particle prohibits sliding (e.g., a spherical shell surrounding
a sphere of one phase), then the stored elastic energy raises the
system’s potential energy. Considering reversible isothermal
changes in the system’s potential energy, it can be shown that
two-phase equilibrium occurs when

1
VM duelstc

FZA¢ = A:uLi + C de

1)

where V;is the volume fraction of phase 2 in a total volume V¢
of electrode material, C is the number of lithium atoms to con-
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Figure 6. a) Molar free energy of two positive electrode phases illustrating tangent
construction relating chemical potential differences and electromotive force in the ab-
sence of stored elastic energy. The reference energies are scaled so that the common
tangent has zero slope. b) Within the two-phase region, a coherent interface between
phases differing in molar volume produces an additional contribution to the molar
free energy and is illustrated for the case of a spherical shell and spherical cap.

vert phase 1 to phase 2, Vi is the molar volume of initial phase
1, and u.s is the elastic energy per volume V.

A “core/shell” model!] whereby the newly formed phase
uniformly coats the pre-existing phase has been widely adopted
to explain the behavior of olivines. Approximating the elec-
trode material as spherical particles, the new phase would form
a spherical shell, in which case w5 can be calculated exactly
and directly from the equations of isotropic elastic equilibrium
assuming identical elastic constants E (Young’s modulus) and v
(Poisson’s ratio) for both phases. For small AVy/V},, this exact
result for the elastic energy density is approximated by

AVy
Vi

2
) EVy(Vy—1)
9(1 —v)

(2)

Uelste™

where AVy= Vi — Vi is the difference in molar volume.

For at least two reasons, the assumption of a shell of uniform
thickness is implausible. First, there are alternative configura-
tions of lower elastic energy. We used a finite element method
to calculate us. for a geometry consisting of a spherical cap of
phase 2 with a flat coherent interface separating it from the rest
of the sphere of phase 1. The calculated elastic energy is less
than that of the shell (Eq. 2) by a factor of 10/3 (Supporting In-
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formation, Fig. S1). In anisotropic crystals such as
the present one, the ability to choose planes of low
misfit and orientations of lower elastic modulus
further reduces the energy of the cap configuration.
Although the computed increases to the equilibrium
potential A¢ due to elastic energy alone are modest,
on the order of tens of millivolts, the cap configura-
tion is clearly preferred. A second reason the spheri-
cal shell geometry is not preferable derives from
nucleation considerations: the first infinitesimal in-
crement in V¢ requires a finite interfacial area (the
sphere area) for the spherical shell configuration but
an infinitesimal interfacial area for the cap configura-
tion.

Thus to formulate a nucleation model, we first take
the major components of the volumetric energy to be
the chemical and elastic energies. Referring to Fig-
ure 6b, a slightly super-saturated solid solution of the
delithiated phase (e.g., Li,FePO,) that is stress-free
has a lower equilibrium potential A¢(x) than that of
the equilibrium composition. When any portion of
the supersaturated solution then transforms to a two-
phase configuration, the molar free energy change,
represented by the vertical distance AA®, can be
positive or negative depending on the lattice misfit,
elastic constants, geometrical configuration of the ini-
tial and nucleated phases, and the magnitude of the
applied overpotential. Evaluating numerically, we
find that a severalfold larger overpotential is re-
quired for AA°" to become negative for the spherical
shell than for the cap configuration. Upon adding the
interfacial energy between phases 1 and 2, which is
the product of interfacial tension, y, and the interfa-
cial area (readily written in terms of V-rand V; for the shell and
cap geometries), the driving force for the energetically-pre-
ferred spherical cap configuration is

AASE (Vy) = ATV Vi + gy Vi PVl

3)

where g is a geometrical constant of order unity related to the
interfacial area. Note that the first term is negative and the sec-
ond positive; both include a dependence on the transformed
fraction, V. There exists a critical V; at which the driving force
for transformation becomes negative (otherwise a solid solu-
tion is preferred), given by

_8g3,Y3

Vcrit —
f 3
27(AA) Vi

)

A large negative volume energy AA°'" reduces the critical
fraction while the strong sensitivity to interfacial energy, y, in-
dicates that a large misfit creating incoherent interfaces will in-
crease the overpotential needed to induce transformation. The
interfacial energy barrier to nucleation is minimized by having
low interface tension p, which for the present olivines is proba-
bly best satisfied by interfaces forming on the {100} plane. Al-
though the present calculation is for spheres, this will be true
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for any relatively equiaxed particle shape, as well as aniso-
metric shapes where the smallest cross-section falls on the
{100} plane.

Returning to the experimental data, in light of these consid-
erations, for sample AC, both an abrupt overpotential seen dur-
ing the continuous charging at the beginning of the two-phase
voltage plateau (Fig. 1) and the unusual kinetic response at
constant overpotential (Fig. 5) strongly suggest that a barrier
to phase transformation must be overcome. Both features are
absent in the high rate capability sample NC of lower misfit.
Note that the form of the elastic energy versus volume fraction
transformed (Fig. 6b and S1) is similar to the rate of phase
transformation (current flow) versus extent of transformation
at a constant overpotential in Fig. 5.

7. Kinetic Limitations in the Presence
of Incoherent Interfaces

For sufficiently large elastic misfit, other, kinetic limitations
must also be considered. We hypothesize that for large enough
lattice misfit, and at a critical volume fraction, interface dislo-
cations are nucleated and cause the interface to become inco-
herent. The incoherent interface should have a markedly
slower migration rate. Unlike a coherent interface that can
migrate due to Li transport alone, the strain-accommodating
dislocations in an incoherent interface comprise discontinuities
in the other atomic sublattices of the olivine structure (e.g., Fe,
P, or O) and cannot be removed simply by the addition or re-
moval of lithium. Instead, as with other such interfaces, the
phase boundary may only move at a rate slow enough to allow
the dislocations to be annihilated by climb and glide processes
to the particle surface. This means that diffusion of an atomic
species other than lithium may become rate-limiting. Under cy-
clic conditions, we may imagine that the transforming crystal
faces the following dilemma. Either the phase transformation
proceeds at a slow rate limited by dislocation migration, or ad-
ditional dislocations may be generated with each pass of the in-
terface. The first creates a rate-limiting step that is likely much
slower than the chemical diffusion rate of lithium, and the sec-
ond presents an additional energy barrier to the transforma-
tion, as well as accumulating damage that can eventually cause
fracture of the particles. Indeed, transmission electron micros-
copy of sample AC after 30 high-rate charge/discharge cycles
reveals a high density of dislocations, as observed in other com-
pounds such as LiCoO,.*®! Extended defects of any kind were
difficult to detect in the NC particles, although additional mi-
croscopy is needed for definitive conclusions.

8. Summary and Conclusions

Extended lithium nonstoichiometry has been observed in
both end-member phases of high rate doped nanoscale lithium
iron phosphates, associated with which is a reduction in the lat-
tice misfit between coexisting phases in comparison to conven-
tional materials. In the NC sample studied here, the nonstoi-

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

chiometry measured at room temperature would otherwise be
attained in a conventional material only at elevated tempera-
tures of 200-400 °C.*!7 The coexistence of Fe** and Fe** in the
solid solution, and the associated changes in lattice parameters
and bond lengths of the nonstoichiometric solid solutions,
should be expected to alter the electronic structure, increase
electronic conductivity, and possibly influence ionic conductiv-
ity in comparison with conventional samples. As proposed pre-
Viously,m it is likely that electronic conductivity will be im-
proved to where it is no longer rate-limiting. Beyond altered
transport coefficients, however, the elastic strain affects both
thermodynamic and kinetic aspects of the phase transition. It is
suggested that high-rate materials are able to retain coherent
interfaces throughout nucleation and growth of the new phase,
providing “facile” phase transformation. A partially trans-
formed material may consist of two-phase particles, or may re-
lax to an assembly in which each particle is purely one phase or
the other in order to avoid the energy penalty of a retained in-
terface. However, lithiation or delithiation of the assemblage
as a whole will require nucleation and propagation of a new
phase within individual particles. In olivines, reduced misfit
along the {100} plane may be an important factor. This, we sug-
gest, is as important to high rate capability as improvements in
ionic and electronic transport.

Generality of the proposed model is suggested by correla-
tions between elastic misfit and rate capability in several other
lithium intercalation oxides exhibiting first-order phase transi-
tions. The poor rate capability of LiMnPO, compared to
LiFePO, has been attributed solely to its low electronic
conductivity.""'?! However, there is also a much larger misfit
between the phases (ca. 10 vol %, Table 1) than in LiFePO,.
The fact that even nanoscale LiMnPO,4 has a much poorer rate
capabilitym] than conventional LiFePOy-based materials sug-
gests that lattice misfit plays an important role. LiyTisOq,, on
the other hand, is a cubic spinel known for having nearly zero
dimensional change between its lithiated and delithiated
phases,”! and is also known for having exceptional rate capa-
bility when produced in nanoscale form.*! A third example is
the spinel LiMn,O4. Between the composition limits MnO,
and LipsMnQO,, there exists a continuous solid-solution cubic
spinel that is known for its high rate capability—this spinel is
the basis for certain high-power lithium-ion batteries. How-
ever, upon further lithiation, a first-order phase transition from
LipsMnO; to tetragonal “Li;Mn,0,4” occurs with a 5.6 % vol-
ume misfit and 16 % change in the c/a ratio.”*?"! The rate capa-
bility in this regime is found to be markedly inferior to that of
the cubic spinel.m] We know of no counterexamples in which
high rate capability is obtained for a phase transformation of
large misfit. Thus, a strain-based predictive criterion for the de-
sign and selection of high power battery electrode compounds
is suggested.

9. Experimental

Electrochemical tests were performed on electrodes formulated with
79 wt % positive active material, 10 wt % conductive carbon black
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(Super P, M.M.M. Carbon, Belgium) and 11 wt % Kynar 2801 binder,
using acetone as the solvent. The formulation was coated onto alumi-
num foil current collectors at a loading of ~5 mgcm™ of active materi-
al, and assembled in Swagelok™ type or coin cells using Li metal foil as
the counterelectrode, a microporous polymer (Celgard 2400, Hoechst
Celanese Corporation, Charlotte, NC, USA) or glass fiber separator,
and liquid electrolyte mixtures containing 1:1 by weight ethylene car-
bonate:dimethyl carbonate (EC:DMC) or ethylene carbonate:diethyl
carbonate (EC:DEC), and 1 M LiPFg as the conductive salt. Arbin or
Maccor instrumentation was used for the galvanostatic and potentio-
static tests. Charge/discharge rates are reported in the C-rate conven-
tion, or C/n, where n is the time (h) for complete charge or discharge of
the nominal capacity measured at low rates. High rate discharge capa-
cities were obtained by first charging at C/2 rate to 3.8 V and holding
until the current decayed to C/25, followed by galvanostatic discharge
at the desired rate to 2.0 V. For the PITT measurements, the open-cir-
cuit potential of each cell at 50 mol % lithiation (well within the two-
phase field) was first measured to +2 mV precision, then 10 mV steps
were taken starting from the fully discharged or fully charged state,
and the capacity measured at each voltage increment until a C/50 lower
current limit was reached.

For X-ray diffraction structural analysis, the Swagelok cells were tak-
en to 50 % state of charge, rested for >24 h, and disassembled. About
0.0005 g Si powder (Alfa Aesar, USA) was embedded in the top sur-
face of the electrodes as a standard. X-ray patterns were obtained using
a Rigaku RTP5S00RC instrument with a rotating anode and Cu Ko radi-
ation, and were slow scanned at 0.15°min™ over a 26 range from 15° to
135°. The structural parameters were refined by Rietveld analysis using
a PANalytical X’Pert HighScore Plus software. The Rietveld refine-
ments gave the structural parameters in Table 1 with goodness of fit
and weighted residual error parameter (GOF and Ry,;,) values of less
than 4.0 and 10.0, respectively, indicating reliable refinements.

The elastic energy of spherical shell and spherical cap configurations
were modeled using Ansys 8.0 (Ansys Inc., Canonsburg, PA). A ther-
mal conduction model of the same geometry was constructed first and
tested, following which the structural model was constructed by switch-
ing to an equivalent structural element. Materials properties and struc-
tural symmetry boundary conditions were specified, and the overall
elastic energy was calculated for the different geometrical configura-
tions.
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