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Olivine-type phosphates LiFePO4 and NaFePO4 are among the most widely studied cathode materials for

rechargeable batteries. To improve their rate behaviour for future electronic and vehicle applications, it is

vital that the Li+ and Na+ conductivities be enhanced. In this study, atomistic simulation methods

(including molecular dynamics) are used to investigate the effect of lattice strain on ion transport and

defect formation in olivine-type LiFePO4 and NaFePO4, as these properties are directly related to their

intercalation behaviour. The results suggest that lattice strain can have a remarkable effect on the rate

performance of cathode materials, with a major increase in the ionic conductivity and decrease in

blocking defects at room temperature. Such understanding is important for the future optimization of

high-rate cathodes for rechargeable batteries, and is relevant to the growing interest in developing thin

film solid-state batteries.
1. Introduction

The successful development of next-generation lithium- and
sodium-ion batteries depends to a large degree on the ability to
fabricate cathode materials with superior electrochemical and
mechanical properties.1–3 Cathodes based on olivine LiFePO4

have been widely studied for this purpose and continue to be
important.4–6 One advantage of such polyoxyanion-type mate-
rials compared with the conventional layered transition metal
oxides is that the binding of oxygen in the polyoxyanions
enhances the material's stability and thus safety.6,7 Sodium-ion
battery materials such as NaFePO4 have attracted increasing
attention recently, largely because the high natural abundance
of sodium should make them less expensive.8,9 The develop-
ment of cheap and safe cathode materials is a particularly
important goal in the case of large-scale batteries. However, the
improvement of the rate performance of both LiFePO4 and
NaFePO4 for portable electronic or electric vehicle applications
will require signicantly improved ionic conductivities.

Previous strategies to optimize intercalation properties have
mainly involved chemical doping and morphology modulation,
with nanosizing and carbon coating so far proving to be the
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most successful approaches.10,11 The charge/discharge rate
performance of olivine-type LiFePO4 has been improved by
shortening the diffusion distances by preparing nanosized
particles, but higher rates are required for specic applications
such as electric vehicles.4 Higher energy storage capability will
also require materials with faster ionic transport so that thicker
electrodes can be used.5

In the case of intercalation compounds, charge/discharge
rates are related to lithium and sodium diffusion kinetics
which, in turn, are highly dependent upon structural and defect
properties. Manipulation of lattice strain is increasingly being
considered as a possible design strategy to improve the func-
tional properties of various materials, such as superconduc-
tivity,12,13 ionic conductivity,14 ferroelectricity15 and colossal
magnetoresistance.16 In particular, there has been considerable
interest in the application of lattice strain in the modulation of
ionic conductivity in oxide materials for solid oxide fuel cells
(SOFCs).17,18 Several studies have highlighted the positive effect
of tensile lattice strain on migration barriers and ion diffusion
coefficients in SOFC electrolytes. Following the report of
colossal ionic conductivity in epitaxial heterostructures formed
by thin layers of Y/ZrO2 and SrTiO3,19 lattice strain effects on
uorite- and perovskite-type materials have been systematically
studied using computational techniques.20–25 It should be noted
that there is still much debate as to the nature of the charge-
carriers with evidence pointing towards electronic conduction
in SrTiO3.26 In contrast, the effects of mechanical strain on
battery cathode materials have not been extensively considered,
with only a limited number of studies to date.27–34 Shahid et al.30

report that at the nanoscale level for LiFePO4 there is an order
of magnitude enhancement in the electronic (polaron)
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Schematic representation of the effect of tensile lattice strain in
a thin film (green) due to lattice mismatch with the substrate (purple).
(a) No mismatch accommodation; (b) tensile-strained thin film; (c)
partially strained film showing strain release far from the substrate
interface for a sufficiently thick film.
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conductivity, which they attribute to lattice strain on reduction
of the particle size.

Chemical or electrochemical delithiation and subsequent
sodiation of the Li counterpart is currently the only known
synthesis route to obtain olivine-type NaFePO4.35–38 Epitaxial
deposition of thin lms, and eventually strained thin lms or
multilayers, represents an effective strategy to stabilize meta-
stable polymorphs under ambient conditions.39 Such strategies
have not yet been explored for maricite-type NaFePO4, the
thermodynamically most stable polymorph of this compound.40

Strain due to lattice mismatch may also be present at the
interfaces of powder samples of intercalating materials which
undergo a two-phase mechanism during intercalation, such as
LiFePO4/FePO4.41

It is apparent that there are limited fundamental studies in
this area comparing Li- and Na-ion systems. Here we investigate
the effect of lattice strain on the ion conduction and defect
properties of both LiFePO4 and NaFePO4 olivine-type cathode
materials using atomistic simulation techniques. In general,
the results highlight the importance of lattice strain effects as
an alternative strategy to optimize the electrochemical proper-
ties of Li- and Na-ion intercalation compounds.

2. Methodology

The atomistic computational methods used in this study are
well-established techniques42 (embodied in the GULP code43),
and have been applied successfully to a range of polyanionic
battery materials.44 They are based on the specication of a pair
potential model that describes the interactions between ions
within the crystal structure. For the olivine-type compounds,
short-range interactions were modelled with a Buckingham
potential, with an additional three-body term to describe the
angle-dependent nature of the P–O–P bonds in the PO4

3� units
(Table S1-ESI†). Potential parameters for this study were taken
from previous successful work on the olivine-type phosphate
systems.45,46 Ion polarisability was taken into account through
the use of the well-known shell model.47 Lattice relaxation
around charged defects and migrating ions was treated through
the two-region Mott–Littleton scheme,48 which allows the
explicit relaxation of a large number of ions (>800) to be
simulated. To calculate energy barriers for Li+ or Na+ migration,
the conventional hopping model for diffusion into adjacent
vacancies was used.

Olivine-type LiFePO4 and NaFePO4 unit cells (Pnma space
group) were allowed to relax at constant pressure with zero
applied strain. Subsequently, the energy minimized cells were
subjected to biaxial compressive (<0%) and tensile (>0%) strains
between �3% and +3% in the ab, ac and bc planes. Besides
representing a physically accessible range of values, this strain
range was chosen in order to avoid instabilities due to structure
failure. Energy minimization of the structures with respect to
the third cell parameter and all the atomic coordinates was then
carried out. The strained energy-minimized structures were
used as the starting congurations for ion migration and defect
calculations. Similar methodology has been applied success-
fully to the study of SOFC oxide-ion conductors.23,25
This journal is © The Royal Society of Chemistry 2016
For the MD simulations, 4 � 4 � 8 supercells with compo-
sition Li0.9FePO4 and Na0.9FePO4 were constructed and energy
minimized (using the GULP code) at both zero and 3% tensile
strain applied in the ac plane. Alkali ion vacancies were
randomly distributed within the supercells and charge
compensation was achieved through a corresponding change in
the average Fe oxidation state. As in our previous MD work on
LixFePO4,53 the shell model for electronic polarizability was
applied to the oxygen ions (with a spring constant of 130 eV
Å�2), which ensured stability of the system during the MD
simulations at high temperature.

MD simulations were performed, using the DL_Poly code,49

at 500 K. Such an elevated temperature was chosen to allow both
efficient thermalization of the defective solid and sufficient
ionic diffusion during the simulation time span, thereby
improving the statistics of the calculations. The unstrained
system was rst equilibrated at the desired temperature for 100
ps with a time step of 0.5 fs. The main simulation run of 750 ps
was then performed in the NVT ensemble (Nose–Hoover ther-
mostat). For the strained systems, the energy-minimized cell
parameters were expanded according to the thermal expansion
coefficient derived for the same composition in the absence of
applied strain. Simulations in the NVT ensemble were then
carried out as described above. Data analysis was performed
using the Visual Molecular Dynamics package (VMD).50
3. Results and discussion
3.1 Strain effects on structures and ion conduction

The set of interatomic potential and shell model parameters
used in this study have been shown to reliably reproduce the
structural features of unstrained LiFePO4 and NaFePO4, as well
as their defect, transport and surface properties,45,46,50–53

providing a good starting point for our calculations. The good
reproduction of the experimental structures of both LiFePO4

and NaFePO4 is shown in Table S2-ESI.†
For experimental work, lattice strain in thin lm samples is

generated by substrate/lm mismatch (i.e. differences in
d spacing), as schematically shown in Fig. 1a. In the case of
similar or related lattice symmetries and small mismatch
values, a coherent interface is oen formed. The lattice
mismatch leads to in-plane tensile or compressive strain in the
deposited layer. In the case of thin lms deposited onto
J. Mater. Chem. A, 2016, 4, 6998–7004 | 6999
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Fig. 3 Schematic representation of the possible migration paths in
olivine-type AFePO4 (A ¼ Li+ or Na+). Blue: PO4 tetrahedra; purple:
FeO6 octahedra; green: Li/Na.
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a crystalline substrate, this will be a biaxial strain. For perfectly
elastic systems, the unit cell volume remains unchanged and
the out-of-plane cell parameters increase or decrease as appro-
priate (Fig. 1b). In practice, most oxide materials have a Poisson
coefficient, n, in the range 0 < n < 0.5,54 which means that in the
case of in-plane tensile strain, the out-of-plane parameter
decreases in a way such that lm undergoes a net positive
volume change. The effect of lattice strain due to lm/substrate
mismatch is restricted to thin lms on the nanometre scale; in
thick lm samples, the strain is released as the greater distance
from the lm/substrate interface into the bulk of the lm
(Fig. 1c).

Since many electrical properties are strongly inuenced by
the type and number of defects and ion diffusion barriers in
a crystalline material, strained systems may exhibit behaviour
different from the corresponding bulk material. The application
of biaxial strain on the olivine system, regardless of the plane
considered, has the effect of producing a net change in unit cell
volume (Fig. 2), indicative of non-ideal Poisson behaviour
commonly exhibited by oxide materials.54

Li+ migration pathways in LiFePO4, as initially predicted
from theoretical calculations45 and subsequently conrmed by
neutron diffraction maximum entropy methods,55 zigzag along
the [010] direction (path B of Fig. 3). Na+ migration in olivine-
type NaFePO4 was subsequently shown to follow the same
zigzag path, characterized by a lower migration barrier
compared to the Li analogue (0.31 vs. 0.55 eV).46

Fig. 4 shows the calculated migration barrier along the [010]
direction as a function of applied strain for LiFePO4 and
NaFePO4. For both systems, the energy barrier increases slightly
along with the applied strain for the ab and bc cases. Interest-
ingly, the migration energy decreases along with strain for the
ac case, reaching a value that is approximately half the value for
the unstrained system, corresponding to 3% tensile strain. The
calculated migration barrier for Li+ decreases from 0.55 eV to
Fig. 2 Change in the calculated unit cell volume as a function of strain
for LiFePO4 and NaFePO4 together with a schematic representation of
the effect of compressive (<0%) or tensile (>0%) lattice strain on the
thin film system.

7000 | J. Mater. Chem. A, 2016, 4, 6998–7004
0.28 eV while the migration barrier for Na+ decreases from
0.37 eV to 0.16 eV. This signicant reduction in migration
energy with tensile strain is consistent with a previous DFT
study of Lee et al.29 on olivine LiFePO4.

Changes in migration barrier for ion diffusion can be inter-
preted in terms of structural modications. In particular, our
results show a relation between the variation in migration
barrier and the ion–ion hopping distance along with the applied
strain. For example, in the case of LiFePO4, the Li–Li hopping
distance for migration along the [010] direction decreases for
the ac strained case, while it increases for the other two cases
(Fig. S2a†). A decrease in ion hopping distance is expected to
favour alkali-ion diffusion in the structure. Other structural
parameters such as the available free volume at the saddle point
position may also inuence the migration barrier. Hence, the
overall variation of the migration barrier along with strain is the
Fig. 4 Change in the alkali-ion migration barrier along the [010]
direction as a function of strain for LiFePO4 (upper panel) and NaFePO4

(lower panel).

This journal is © The Royal Society of Chemistry 2016
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result of a ne interplay between different structural parameters
whose nature depends on the particular structure and the
migration path considered (Fig. S2-ESI†).

In the olivine system, two other migration paths are poten-
tially accessible, labelled in Fig. 3 as paths A (along the [101]
direction) and C (along the [001] direction). Both paths are
characterized by energy barriers >2.5 eV for the unstrained
system and, as a consequence, alkali-ion transport in olivine-
type materials is considered a one dimensional process. In
order to determine if the dimensionality of Li+ and Na+ ion
transport is affected by applied strain, the activation energies
for paths A and C were calculated as a function of the applied
strain. Calculated activation energies for migration along the
[001] and [101] directions still remain above 2 eV for the 3%
tensile strained systems (Fig. S1-ESI†) and therefore they are not
comparable to the most favourable migration path running
parallel to the b axis (Fig. 4). This result suggests that, even for
the strained systems, Li+ and Na+ ion transport will remain a 1D
diffusion process, as is found for unstrained LiFePO4 and
NaFePO4.45,46

MD simulations performed on both the unstrained and the
ac-plane strained systems conrmed that Li and Na ion
Fig. 5 Na-ion trajectory plot for (a) unstrained Na0.9FePO4 and (b) 3%
ac-strained Na0.9FePO4 showing the Na-ion zig-zag path. Projection
along the c axis. Blue spheres represent the positions occupied by Na
ions over the simulation time; pink spheres represent the Fe ions in
their final configuration while the tetrahedra represent the PO4 units.

This journal is © The Royal Society of Chemistry 2016
diffusion proceeds through a zig-zag path parallel to the b-axis.
The 1D and curved nature of such paths are not altered by the
application of tensile strain, as shown in Fig. 5 for the Na-based
system, selected as an example.

Visual analysis of Fig. 5 already indicates that the application
of tensile strain has a positive effect on the alkali-ion mobility
within the system showing greater Na-ion density in the
trajectory plot. To better quantify such effects, Li and Na ion
diffusion coefficients were derived from the slope of the mean
square displacement (MSD) parameters vs. simulation time
plots (Fig. 6) through the use of the following standard relation:

h|ri(t) � ri(0)|
2i ¼ 6D + B (1)

where on the le side the quadratic displacement of the Li/Na
atom from its initial position is represented, D is the diffusion
coefficient and B is the atomic displacement parameter attrib-
uted to thermal vibration. The diffusion coefficients (D) derived
for the systems under investigation are reported in Table 1.
Direct comparison with experiment is not straightforward due
to signicant scatter in measured values of diffusion coeffi-
cients. Nevertheless, our calculated DLi and DNa are consistent
with available observed values for LiFePO4 and related Na-ion
cathode materials.56–58

Analysis of theMD results indicate twomain points: rst, Na-
ion diffusion coefficients are predicted to be higher than Li-ion
diffusion coefficients in the olivine system, in line with the
calculated difference in the absolute values between Na-ion and
Li-ion migration barriers (Fig. 4); second, the application of
tensile strain increases the alkali-ion diffusion. The predicted
effect is comparable for Li and Na-based systems and, at the
simulation temperature used in this study (500 K), is roughly
one order of magnitude.

The overall results derived from MD simulations are in good
agreement with the trend observed from static lattice simula-
tions, i.e. tensile strain applied perpendicularly to the main
diffusion direction is enhancing ion transport in the system.
Fig. 6 Mean square displacement (MSD) vs. time for Li0.9FePO4

(dashed lines) and Na0.9FePO4 (solid lines).

J. Mater. Chem. A, 2016, 4, 6998–7004 | 7001
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Table 1 Comparison between the Li and Na ion calculated diffusion
coefficients at 500 K for the unstrained and the 3% tensile strained
systems

Strain (%) DLi (cm
2 s�1) DNa (cm

2 s�1)

0.0 3.36 � 10�8 6.69 � 10�8

3.0 3.42 � 10�7 1.08 � 10�6

Fig. 7 Schematic representation of two configurations of Li/Fe or
Na/Fe anti-site defects in olivine-type AFePO4 (A ¼ Li+ or Na+).
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Based on the calculated changes in activation energy along
with strain (Fig. 4), we can estimate the change in ionic
conductivity due to the application of 3% biaxial strain in the ac
plane based on standard Arrhenius equations. Previous work of
De Souza23 shows that with regard to oxygen diffusion in uo-
rite-type CeO2, DH

mig can be conveniently approximated by the
calculated activation barrier, Emig, within a certain range of
applied strain. Using the values shown in Fig. 4, and approxi-
mating DHmig by the calculated activation barrier, Emig, we can
predict an enhancement in Li+ and Na+ conductivity of
approximately three orders of magnitude at room temperature.
We recognize that the calculated enhancement based on MD
results is signicantly lower. However, a number of factors
should be taken into consideration. First, MD simulations were
conducted at 500 K while the estimation of conductivity
increase based on the static lattice simulations result was per-
formed at 300 K. The predicted change in activation energy
along with strain (Fig. 4) suggests that differences in conduc-
tivity will be more pronounced as the temperature is reduced;
for example, this has been computationally predicted20 and
experimentally observed59 for oxygen diffusion in strained
uorite structures and perovskite-type materials.60 This is also
in line with the predicted large effect of temperature in the
exponential factor of the Arrhenius equation.

Therefore, the key conclusion of this study is that tensile
biaxial strain applied in the plane perpendicular to the main
diffusion path will promote alkali-ion diffusion. Even within the
limits of our estimate, this is a major enhancement in ionic
conductivity which should greatly improve the rate behaviour of
olivine-type cathode materials. Even taking into account
possible effects of interfaces (e.g. dislocations, grain boundaries
and space charge regions), the ionic conductivity should
undergo a signicant enhancement. There are of course
experimental technical challenges associated with the fabrica-
tion of epitaxial thin-lms (using, for example, pulsed laser
deposition) and their electrical characterisation. In particular,
the evolution of dislocation defects may introduce a lower
degree of strain compared to that expected on the basis of
substrate/lattice mismatch. Nevertheless, our clear predictions
warrant further investigation.
Fig. 8 Anti-site defect energies for olivine-type AFePO4 (A ¼ Li+ or
Na+) as a function of the applied biaxial tensile/compressive strain in
the ac plane; (upper) cluster formation energy (based on eqn (1) and
(2)); (lower) binding energy.
3.2 Strain effects on defect formation

Due to the 1D nature of alkali-ion transport in olivine-type
materials, the presence of intrinsic anti-site defects (eqn (2) and
(3), and Fig. 7), which involve the exchange of an Li/Na ion for
a neighbouring Fe atom, can be detrimental to ion intercalation
properties:
7002 | J. Mater. Chem. A, 2016, 4, 6998–7004
Li�Li þ Fe�Fe/FecLi þ Li
0
Fe (2)

Na�Na þ Fe�Fe/FecNa þNa
0
Fe (3)

Such intersite cation exchanges represent the most ener-
getically favourable intrinsic defect in olivine-type materials.45

Their formation has been frequently observed experimentally,
for example, by renement of site occupancies in diffraction
experiments61 or by direct visualization using electron micros-
copy methods.62 Since alkali-ion transport in olivine-type
materials occurs one-dimensionally along [010], these types of
defect negatively affect the intercalation properties by blocking
the ion transport pathways.

In order to determine if the application of biaxial strain
affects the formation energy of such defects, we calculated the
energies of anti-site pair cluster formation and the binding
energies for such defects as a function of strain. Fig. 8 shows the
This journal is © The Royal Society of Chemistry 2016
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anti-site pair cluster formation energy as a function of the
imposed strain in the ac plane for the LiFePO4 and NaFePO4

systems. The rst point to note is that the formation of the anti-
site defect for NaFePO4 is more favourable than for the Li
analogue, in agreement with previous studies.46 Interestingly,
the dependence of this defect formation parameter on the
applied strain is more pronounced for the Na-based system. In
particular, as the imposed strain increases from compressive to
tensile strain, the anti-site cluster formation energy for LiFePO4

does not change greatly (Fig. 8), suggesting that strain in this
system is not a crucial parameter to modulate the anti-site
defect population.

In contrast, the variation with strain is much more
pronounced for NaFePO4, with tensile strain making the
formation of anti-site defect clusters less favourable. While
compressive strain increases the energy required for a Na ion to
occupy an Fe site, due to size restraints with the large Na ion,
the energy needed for an Fe ion to sit on a Na site is reduced to
a greater extent, resulting in the predicted reduction in cluster
energy. Elongation of the b-axis, caused by the application of ac
strain is attributed to this change in formation energy.

Binding energies for the anti-site pair clusters were calcu-
lated as the difference between the cluster energy and the sum
of the energies of the isolated defects. Negative values of
binding energy imply that the cluster is bound. As shown in
Fig. 8, binding energies become less negative as the applied
strain increases, suggesting that tensile strain makes the Li/Na–
Fe clusters less strongly bound, with a lower tendency for anti-
site defect association.

Finally, the effect of strain on the anti-site cluster formation
energy is negligible (LiFePO4) or positive (NaFePO4) when
tensile strain in applied in the ac plane. The application of
biaxial strain in directions different from the ac plane is pre-
dicted to be unfavourable for the intercalation properties of
olivine-type materials since it is expected to increase the
amount of anti-site defects in the system (Fig. S3-ESI†).

4. Conclusions

The effect of lattice strain on the ion conduction properties of
olivine-type cathode materials for lithium- and sodium-ion
batteries has been investigated using atomistic simulation
techniques. Compressive or tensile strain is not found to affect
the dimensionality of ion transport in either LiFePO4 or
NaFePO4, which remains 1D. More importantly, the Li+ and Na+

migration barriers along the [010] direction decrease signi-
cantly when tensile strain is applied in the ac plane. It is pre-
dicted that this decrease in activation energy corresponds to
a striking enhancement in ionic conductivity at room temper-
ature. The highly positive effect of tensile strain on alkali-ion
diffusion is conrmed through the use of molecular dynamics
simulations. Tensile strain is also predicted to reduce the
binding energies of blocking anti-site defects, and slightly
increase their formation energy (especially for NaFePO4). These
results suggest that tensile strain applied perpendicularly to the
alkali-ion migration channels will improve the intercalation
properties of olivine-type cathode materials.
This journal is © The Royal Society of Chemistry 2016
We recognise that interface effects (e.g. dislocations, grain
boundaries and space charge regions) may inuence the effec-
tive enhancement. Despite the technical challenges, related
experimental work on epitaxial thin-lm fabrication and their
electrical characterisation would be extremely interesting.

In general, the intriguing results reported here suggest that
lattice strain can lead to signicant enhancements in ionic
conduction and rate performance of Li- and Na-ion cathode
materials. Such insights provide a framework for the future
design and optimization of high-rate cathodes, and are also
relevant to the development of thin-lm solid-state batteries.
Indeed, one of the aims of this work is to stimulate further
studies on strain effects in related battery materials.
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