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The expansion of batteries into electric vehicle and grid storage applications has driven the development of

new battery materials and chemistries, such as olivine phosphate cathodes and sodium-ion batteries. Here

we present atomistic simulations of the surfaces of olivine-structured NaFePO, as a sodium-ion battery

cathode, and discuss differences in its morphology compared to the lithium analogue LiFePO,4 The

calculated equilibrium morphology is mostly isometric in appearance, with (010), (201) and (011) faces

Received 29th May 2014,
Accepted 1st September 2014

DOI: 10.1039/c4cp02356k

dominant. Exposure of the (010) surface is vital because it is normal to the one-dimensional ion-conduction
pathway. Platelet and cube-like shapes observed by previous microscopy studies are reproduced by
adjusting surface energies. The results indicate that a variety of (nano)particle morphologies can be

achieved by tuning surface stabilities, which depend on synthesis methods and solvent conditions, and will
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1. Introduction

Lithium-ion batteries based on the LiCoO, cathode and graphite
anode dominate energy storage in portable electronics. However,
alternative cathodes are being sought for large-scale applications
such as electric vehicles and grid storage." Olivine-structured
LiFePO, has shown great success and is now produced commer-
cially; it is stable to high temperatures and contains environmentally
benign, inexpensive elements.”

Lithium conduction in LiFePO, is one-dimensional along
[010] channels,>® which could be blocked by Fe/Li antisite
defects with low formation energies.”** Reducing particle sizes
to the nanometre scale counteracts this by reducing migration
path lengths.">"* The most desirable morphologies are platelet-
shaped with a large (010) face bounded by thin edge surfaces.*
The large exposed (010) surface allows easy diffusion of Li" into and
out of the channels, and the thinness of the platelets reduces the
ion-diffusion distance and the impact of an antisite defect blocking
any given channel. Numerous studies on LiFePO, have shown that
such plate-like particles and other nanostructures can be created by
various hydrothermal and solvothermal routes.'* >

Sodium-ion batteries were long overshadowed by the high
performance of the lithium-ion battery, but have returned to
prominence in applications more sensitive to cost issues and
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be important in optimising electrochemical performance.

less demanding in energy and power density, for example grid
storage.”*' Many sodium-ion battery materials are sodium
analogues of lithium-ion materials, including the olivine-structured
NaFePO,.>>™

Olivine-structured LiFePO, and NaFePO, both have high
voltages versus the alkali metal, 3.5 V and 2.8 V, respectively,
and comparable theoretical specific capacities of 1770 mA h g™*
and 154 mA h g%, respectively.*>****3° However, NaFePO, does
not support high charge/discharge rates; at low rates of C/20 or
C/10, the capacity reaches 100 mA h g~ '.**>° Tripathi et al.
have suggested that the Na-ion migration energy in NaFePO,
is lower than the Li-ion migration energy in LiFePO,, but the
Na/Fe antisite defect is even lower in energy than the Li/Fe
defect, implying a greater concentration and therefore more
blocked diffusion channels.*®

Given that the impact of these antisite defects is controlled
by the number and length of the channels, it is important to
understand the particle morphologies of NaFePO,. In this
study, the structures and energies of the surfaces of olivine-
structured NaFePO, were calculated and used to predict the
equilibrium particle morphology. By contrasting these results
with those for LiFePO,, the influence of using sodium in place
of lithium was assessed.

These results are of particular importance given that olivine-
structured NaFePO, is metastable with respect to maricite-
structured NaFePO,, a material which is essentially electrochemically
inactive.>®** To date, olivine-structured NaFePO, has been
synthesised by the chemical or electrochemical delithiation of
LiFePO, to FePQ,, followed by electrochemical sodiation.**>3%*!
The resulting NaFePO, particles retain the LiFePO, morphology.
Our results should therefore indicate whether directly-synthesised
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olivine NaFePO, nanoparticles would have superior properties
to those created by electrochemical substitution of Na* for Li".

2. Methods

The overall methodology used in this work has been described in
detail in previous publications.”®*>*® Potentials-based methods
of this type have been applied successfully to a wide range of
oxide and phosphate surfaces, including those of lithium battery
materials.*®

The materials were described by the Born model, in which
the Coulomb interaction between ions was supplemented by a
Buckingham potential, which includes terms for both Pauli
repulsion and attractive van der Waals interactions. The anions
and iron cations were allowed to polarise through the addition of a
shell model. A three-body term was also included to take account of
the angle-dependent nature of the PO,>~ tetrahedral units.

The set of interatomic potential and shell model parameters
developed in our previous LiFePO, study accurately reproduces
the orthorhombic structure of bulk LiFePO, (space group
Pnma), and the corresponding Fe, P, and O parameters were
carried into this study. For NaFePO,, an Na-O Buckingham
potential was fitted to the experimental NaFePO, olivine structure
reported by Moreau et al.** The potential parameters are provided
as ESIf (Table S1).

To model surfaces, 2D periodic boundary conditions were
applied to a slab of crystal running parallel to the plane of
interest. The surfaces were not considered as simple terminations
of the bulk lattice. Instead, the slab was split into two regions;
atoms of the upper region (region 1) were relaxed to mechanical
equilibrium, while those in the lower region (region 2) were held
fixed at their bulk positions. The sizes of the two regions were
converged with respect to relaxation of the surface ions and the
surface energy (approximately 200 to 500 ions).

The METADISE package®” was used for bulk and surface
energy calculations, and VESTA*® for visualizing the resulting
structures. The advantage of interatomic potential methods has
been demonstrated here by the large number of different surface
planes and terminations that can be examined individually,
quickly and efficiently.

3. Results and discussion
3.1. Bulk crystal properties and surface structures

The potentials developed for this study accurately reproduce the bulk
crystal structures of LiFePO, and NaFePO,. A comparison between
the calculated unit-cell parameters using our potentials and those
determined by experiment are given in Table 1. Similarly, Table 2
compares representative bond lengths in the two materials. The
calculated unit cell parameters deviate from the experimental values
by at most 0.09 A, and in most cases by much less; Na-O, Fe-O, and
P-O bond lengths have mean deviations of less than 0.004 A,
0.036 A, and 0.015 A, respectively. Reproduction of the relatively
complex structure gives us confidence that the interatomic potential
model can be used reliably in subsequent surface calculations.
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Table 1 Comparison of calculated and experimental unit cell parameters
of NaFePO4 and LiFePO4

NaFePO, LiFePO,
Parameter Calc./A Expt.>*/A Calc./A Expt.**/A
a 10.3164 10.4063 10.3713 10.3377
b 6.1638 6.2187 6.0216 6.0112
c 4.9263 4.9569 4.6695 4.6950

Table 2 Comparison of calculated and experimental mean bond lengths
of NaFePO, and LiFePO,4

NaFePO, LiFePO,

Bond Cale./A Expt.*/A Bond Calc./A Expt.*’/A
Na-O 2.348 2.344 Li-O 2.176 2.151
Fe-O 2.149 2.185 Fe-O 2.139 2.157
P-O 1.552 1.537 P-O 1.552 1.545

For each material, nineteen possible unique surfaces with
indexes less than or equal to two were investigated. For each
surface, all possible terminations were evaluated with the
constraint that they were stoichiometric, had zero dipole
moment normal to the surface (reconstructing the surface if
necessary), and the phosphorus-oxygen bonds were kept intact
(due to the high bond energy). The energy of the most stable
termination of each surface is reported in Table 3. Note that the
energies, and their ranking after relaxation, are quite different
from those before relaxation (Table S2, ESIt), demonstrating
that simple bulk terminations are poor models for surface
behaviour.

The preferred surface terminations were classified by the
scheme of Tasker® into type II surfaces with zero net dipole
moment, and type III surfaces with a nonzero net dipole
moment in their ‘as-cut’ forms. The type III terminations were
reconstructed to eliminate the dipole moment, in most cases by
transfer of one or two alkali metal ions to the opposite face of
the slab (introducing a surface vacancy). Unlike LiFePO,, many

Table 3 Energies of low-index surfaces of NaFePO,4 after relaxation

Surface Tasker type Surface energy, Esy/] m >
(010) I 0.52
(110) I 0.54
(221) I 0.58
(120) I 0.59
(021) 11 0.62
(201) I 0.63
(211) I 0.63
(011) I 0.64
(210) I 0.68
(111) I 0.68
(100) M1 0.68
(101) il 0.74
(121) 1 0.70
(212) il 0.75
(012) 11 0.77
(112) I 0.79
(122) | 0.81
(102) I 0.82
(001) 11 0.90
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of the low-energy surfaces of NaFePO, are type II rather than
type III (Table S3, ESIT).

In general, the surface terminations are atomically rough
owing to the presence of intact phosphate tetrahedra. Upon
relaxation the framework of FeOg octahedra and PO, tetrahedra
remains quite rigid and the polyhedra only move slightly,
normal to the surface: Fe>" moves on the order of 0.2 A into
the bulk and PO, groups move on the order of 0.2 A out of the
bulk. By contrast the alkali metal cations relax quite freely.
Lithium ions relax into the bulk and sodium ions out of the
bulk by 0.1-0.5 A. The alkali cations in most cases move across
the surface towards undercoordinated surface PO, groups and
away from undercoordinated Fe**-centred polyhedra (FeO,,
FeOs, etc.).

Having described the general trends in surface structure and
relaxation, in the following subsections we describe the surface
structures that are prominent in the simulated morphology of
NaFePO,.

(010) surface. The (010) surface is the most important in
these cathode materials, as the plane is normal to the b-axis
conduction channel. This surface is one of the lowest energy
faces in both LiFePO, and NaFePO, (Table 3), meaning that the
ends of b-axis channels will contribute to a large part of the
surface area of both morphologies, which is desirable for good
performance. As a type III termination is favoured, there is a Li
or Na vacancy at the end of the b-axis channel (Fig. 1), as well as
ion relaxation at the surface (Fig. 2).

Our previous studies™" found that Na*- and Li*-ion transport
is one-dimensional along the b-axis channel in the olivine
structure, with the Na" and Li" ions following a curved trajectory
between adjacent Na" and Li" sites, respectively, (Fig. 1).

Tripathi et al*® used potentials-based methods to investigate
Na'-ion conduction behaviour of olivines NaMPO, (M = Fe and
Mn); the activation energy for Na'-ion conduction in NaFePO,
along the 1D channels in the bulk crystal was reported to be
slightly lower than for Li-ion migration in LiFePO,.>® Their
results reveal the crucial importance of the volume-expansion-
induced strain during Na® (de)intercalation, which is greater
with Na* than Li" for steric reasons, suggesting that materials
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Fig. 1 Schematic side view of the (010) surface of NaFePO,, showing the
sinusoidal Na*-migration path (dotted line) to the Na* vacancy (open
square), identified from earlier work,*® normal to the surface plane. Na*:
green; Fe?*: brown spheres; PO,: purple tetrahedra.
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Fig. 2 Relaxed (010) surface of NaFePOy, in (a) side view and (b) top view.
Note relaxation of the undercoordinated Na* at the end of the b-axis
channel in top view. Na*: green; Fe?*: brown; P: purple tetrahedra; O: red.

with a high volume difference between the end-member phases
will lead to poor rate capability and faster capacity fade.

We note that Vujkovic et al.** have detected faster diffusion
of sodium in comparison to lithium from impedance measure-
ments, although Zhu et al.** have reported the opposite result.
In addition, Casas-Cabanas et al>> have reported sodium
insertion into FePO, via an intermediate phase of approximate
composition Na,;FePO, (with Na'/vacancy ordering), which
may buffer the internal stresses.

(110) surface. The (110) surface is a low energy surface for
NaFePO, but not LiFePO,. As this surface exposes the ends of
b-axis channels, and stabilising it relative to other faces reduces the
thickness in the b direction, its high stability in NaFePO, leads to an
improved morphology in terms of alkali-ion insertion and removal.

The improved stability is due to an unusual relaxation in the
uppermost part of the surface where a layer “slips” in the (110)
direction by 1.3 A (Fig. 3). This widens the normally small c-axis
channel in the structure, which now contains two sodium ions
separated by 4.4 A. Moving a layer in this way places a sodium
ion near the original position of an Fe ion, and vice versa.
However, this does not block Na migration down the b-axis
channel, and the expanded ¢ channel might even improve ion
conduction at the surface. By comparison, the same relaxation
in LiFePO, involves only small movements of the polyhedra.

(201) surface. The (201) surface (Fig. 4) is comparatively unstable
in NaFePO, due to competition from several low-energy type II

This journal is © the Owner Societies 2014
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Fig. 3 Side view of relaxed (110) surface of NaFePO,. Na*
brown; P: purple tetrahedra; O: red.

/

Fig. 4 Side view of relaxed (201) surface of NaFePO,. Na*: green; Fe®*:
brown; P: purple tetrahedra; O: red.

surfaces (Table 3); by contrast this surface is relatively low in
energy in LiFePO,. This surface is normal to (010), making it
one of the “edges” of the ideal plate-like morphology. Therefore
it is advantageous that this surface is relatively unstable, as it
will be less prominent in the NaFePO, morphology and lead to
wider, thinner particles.

3.2. Particle morphologies

As a result of the relative stabilisation of the (110) surface and
the destabilisation of the (201) surface, the equilibrium
NaFePO, morphology is thinner in the [010] direction and
broader in the other directions than the equilibrium LiFePO,
morphology (Fig. 5). This suggests that directly synthesised
NaFePO, should exhibit better electrochemical behaviour than
particles obtained by ion exchange, which retain the morphology of
LiFePO,. Given that NaFePO, forms antisite defects at lower
energies (ie., there will be a higher concentration for the same
conditions),*® control of particle morphology is important to offset
this disadvantage and improve the material’s performance.
Various synthesis techniques have been developed in the
search for high-performance nanoparticles of LiFePO,, with a wide
variety of structures being reported.*>* Some electron microscopy

This journal is © the Owner Societies 2014
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Fig. 5 Predicted equilibrium morphologies of NaFePOy (left) and LiFePO4
(right).

(a)

Fig. 6 A variety of LiFePO4 morphologies observed from experiment:
(@) hexagonal-prism-like,?® (b) diamond platelet,* (c) rhombic or cube-like.*°
(@ and c) Reprinted with permission from ref. 20; copyright 2011 American
Chemical Society. (b) Reprinted with permission from ref. 51; copyright 2006
The Electrochemical Society.

examples are shown in Fig. 6 from work of Lu et al.>® and Chen
et al® (also see Table S4, ESIf). These non-equilibrium
morphologies, showing hexagonal-prism, platelet and cube-like
shapes, indicate that the relative stabilities of the different facets
of the crystals have been altered, for example, by stabilisation of
the (010) face combined with destabilisation of (201).

By adjusting the surface energies of LiFePO, and NaFePO,
used in computing the Wulff plots of crystal shapes, it is
possible to estimate the amount of (de)stabilisation required
to create the desirable nanoplate morphology, as shown in
Fig. 7. From these diagrams it is clear that the platelike
morphology only becomes available when the (010) surface is
much more stable with respect to the other surfaces than it is at
equilibrium. This result suggests that the surface energy of the
(010) plane is greatly reduced (or the surface energies of the

Phys. Chem. Chem. Phys., 2014, 16, 21788-21794 | 21791
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Fig. 7 Variation in the equilibrium morphology of (a) NaFePO,4 and (b) LiFePO,4
with the (010) surface energy, all other surface energies being held constant.

other facets greatly increased) during synthetic routes to LiFePO,
nanoplates.

Numerous studies on LiFePO, have shown that various
particle morphologies, especially the plate-like shapes, can be
prepared.’*>* Recent work of Zhao et al.>® reported synthesis of
single-crystalline LiFePO, nanosheets with highly exposed (010)
facets via solvothermal reaction and mechanical exfoliation; such
nanosheets provide large surface areas that allow carbon coating and
electrolyte penetration to improve electronic conductivity and
shorten the lithium-ion diffusion paths. Guo et al®' reported a
solvothermal route for synthesizing hierarchically-structured LiFePO,
samples, which were constructed from nanostructured platelets with
(010) facets exposed. Other recent studies® including work of
Ma et al*® and Wang et al."® have shown that particle morphologies
and the production of nanoplates are dependent on the solvent
(e.g., water, ethanol, ethylene glycol, glycerol).

QCv

05 04 03 03
(010) surface energy / J m*?

0.6 0.5 0.4 0.3

(201) surface energy / J m?
(b)
07 06 05 -

0.4
(010) and (201) surface energy / J m?

Fig. 8 Variation in the equilibrium morphology of (@) NaFePO,4 and (b) LiFePO,
with the (010) and (201) surface energies, all other surface energies being held
constant.
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In a similar approach to simulating the plate-like shape, the
rhombic or cube-like morphology (Fig. 6¢) can be achieved by further
stabilisation of both the (201) and (010) surfaces, as indicated in
Fig. 8. These shapes have been attributed to changes in the growth
rates of high-energy facets in the presence of ammonium ions.* It
appears on the basis of these investigations that increased stabilisa-
tion of already-low-energy surfaces could also be responsible.

It is apparent that a variety of particle morphologies can be
achieved by manipulating the stabilities of the surfaces expressed
in the equilibrium morphology. The strong dependence of the
particle morphology on synthesis method and solvent conditions
suggests such effects may be due to increased stability of the
surfaces following adsorption of extra-surface species (e.g:, solvent
molecules, hydroxyl ions). Preliminary analysis of other factors
such as the number of undercoordinated surface ions and the
dipoles at surfaces do not indicate any clear correlations, so that
further investigation is needed.

4. Conclusions

The surface structures and equilibrium morphology of olivine
NaFePO, have been computed and compared with those of
LiFePO,. Similar to LiFePQO,, the surface structures show an
uneven topology due to the different sizes of Na*, Fe*, and
PO,*~ moieties. The calculated equilibrium morphology of
NaFePO, has an isometric appearance, with several surfaces
expressed including (010), (201), (011) and (100).

Despite significant similarities, NaFePO, differs from LiFePO, in
the detail of its surface structures and their relative energies, such
that the equilibrium morphology is thinner in the b-axis direction.
This shorter diffusion path length for sodium ions is important for
the rate performance of such a cathode (nano)material.

The prominence of the (010) facet in the morphology is impor-
tant to the kinetics of Na* extraction/insertion in NaFePO,~FePO,,
because it is normal to the pathway for sodium-ion conduction.
Platelet particles (exhibiting large (010) faces) and cube-like shapes of
LiFePO, observed by electron microscopy have been reproduced by
our simulations. The thinness of the plate-like morphologies parallel
to the b axis requires the (010) surface to be significantly lower in
energy than the other surfaces.

The results presented here confirm that a variety of (nano)particle
morphologies can be achieved by tuning the surface stabilities,
which depend on the synthesis methods and solvent conditions.
Such information will be important in optimising the electro-
chemical performance of NaFePO, and LiFePO, cathode materials.
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