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Advanced simulation techniques are used to provide atomic-scale insight into the surface structures
and crystal morphologies of the lithium battery cathode material LiFePO,. Relaxed surface structures
and energies are reported for 19 low index planes. The calculated equilibrium morphology takes on
a rounded, isometric appearance, with {010}, {201}, {011}, and {100} faces prominent. Almost all of
the low energy surfaces are lithium-deficient relative to the bulk lattice, requiring Li vacancies at the
surface. The calculated growth morphology exhibits the {010}, {100} and {101} faces, with an
elongated hexagonal prism-like shape; this morphology is more consistent with experimentally
observed LiFePO, particles. The exposure of the (010) surface in our calculated equilibrium and
growth morphologies is significant since it is normal to the most facile pathway for lithium ion
conduction (along the [010] channel), and hence important for the reversible insertion/de-insertion of
lithium ions. SEM images of plate-like crystallites from hydrothermal synthesis are also simulated by

our methods, and exhibit large (010) faces.

1. Introduction

In the field of lithium battery research, there is tremendous
activity devoted to finding alternatives to cobalt-oxide-based
cathodes, particularly for potential use in large-scale applica-
tions (such as hybrid electric vehicles).! The olivine-structured
orthophosphate LiFePO, has become a highly promising
cathode material for use in lithium ion batteries because of its
high operating voltage (~3.5 V vs. Li/Li*) and large theoretical
gravimetric capacity (~170 mAh g'), as well as its low cost,
non-toxicity and safety advantages.> One impediment to the
wider use of LiFePO,, however, is its low intrinsic conductiv-
ity.*” Various approaches have been used to overcome this
obstacle, such as preparation of LiFePOs—carbon conductive
composites,** ! formation of metal phosphide networks,'* addi-
tion of supervalent cations'® and reduction of particle size.'*'®

The formation of LiFePOy4 particles of sub-micron or nano-
metre size is thought to enhance electrochemical performance
by reducing the transport path lengths of lithium ions and
electrons. In addition, decreasing the crystallite size is important
for the electrode—electrolyte interface, and may also reduce the
mechanical lattice strain upon lithium (de)insertion.'*'® A range
of synthesis techniques have been used, e.g., solid-state reac-
tion*' and hydrothermal methods,'*'*2**! leading to a variety
of particle morphologies and size distributions. Studies of the
surface chemistry of these systems have been carried out, for
example, using Mossbauer and X-ray photoelectron spectros-
copy,'®*** and electron microscopy.'*?°
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It is clear that morphological control of nanocrystalline mate-
rials is becoming increasingly important, as many of the proper-
ties are highly shape and size dependent.™!” Given the
importance of surface structure and (nano)particle morphology
on the properties of LiFePO,, knowledge of these features on
the atomic level would provide valuable information for under-
standing electrochemical mechanisms. The variety of synthesis
techniques, however, makes it difficult to extract such fundamen-
tal detail or identify distinct surface planes by experiment alone.
We have therefore carried out a computer simulation study using
well-established atomistic methods to examine surface structures
and crystal morphologies of LiFePO4. Such methods are well-
suited to treating the long-range relaxation at complex surfaces,
and allow us to examine a large number of surface planes and
terminations at the atomic level. This work extends our previous
simulation study of LiFePO,, where we examined its bulk defect
and lithium transport properties; we found that Li-Fe anti-site
disorder is the lowest energy intrinsic defect, and that dopant
incorporation of supervalent cations (e.g., Ti**, Nb’*) was
energetically unfavourable.?*

Here we report a detailed examination of the energetics and
structures of a range of surfaces of LiFePOy, from which crystal
morphologies are constructed. Where possible, the results are
compared with experimental data including electron micro-
graphs of hydrothermally prepared crystals. The present study
forms part of the continuing effort to improve our understanding
of the structure-property relationships and, ultimately, the
morphological control of LiFePO, (nano)particles for lithium
battery applications.

2. Simulation methods

The simulation techniques used in this study are based upon
effective energy minimization procedures modified to treat
two-dimensional systems. Such techniques have been used
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Fig. 1 Unit cell of LiFePO, viewed down (a) a axis, (b) b axis, and (¢) ¢
axis. Li*: small spheres; Fe®": large spheres; PO,*~: tetrahedra (nb. ion
sizes not to scale).

successfully to examine surfaces of a variety of other binary and
ternary oxides.**?¢ Since these methods have been discussed in
detail in earlier reviews,>?¢ only the main aspects are outlined
here.

The techniques are based on the Born model of ionic solids,
with the interactions between pairs of ions described by analyti-
cal forms consisting of a long-range Coulombic term plus
a short-range term that takes into account both Pauli repulsion
and attractive van der Waals interactions. A set of interatomic
potential and shell model parameters, developed in our previous
study,?* accurately reproduces the orthorhombic structure of
bulk LiFePOy, (space group Pnma) (Fig. 1) and these parameters
are again used in this study. A three-body term was also included
to take account of the angle-dependent nature of the PO, tetra-
hedral units. Similar potential models have been found to work
well for compounds such as aluminophosphates®” and olivine
silicates,?® in which there is a significant degree of covalency.

All the potential parameters used in this study are listed in our
earlier paper on bulk defects and dopants in LiFePO,,** and are
included as supplementary information.t The calculated unit cell
parameters using this potential model compare well with neutron
diffraction data,? as shown in Table 1.

Surface structures and energies of a wide range of low index
surfaces of LiFePO, were calculated using the GULP code.*®
For surface calculations, GULP applies planar 2D periodic
boundary conditions to a block of crystal parallel to the plane
of interest. The block is split into two regions; atoms of the upper
region (region 1) are relaxed explicitly to mechanical equilibrium
using efficient minimization algorithms, while those in the lower
region (region 2) are held fixed at their equilibrium bulk positions.
Region 1 consists of the surface plane and several layers further
into the crystal down to region 2. The depths of the surface
regions were chosen to be large enough to ensure full relaxation
of the surface ions (approximately 200 to 500 ions) and conver-
gence of the surface energy. In this way, the LiFePO, surfaces
are not considered as simple terminations of the bulk lattice. A

Table 1 Comparison of calculated and experimental unit cell parame-
ters of LiFePOy,

Parameter Calc./A Exp.®/A A/A

a 10.3713 10.3377 0.0336
b 6.0216 6.0112 0.0104
¢ 4.6695 4.6950 —0.0255

recent study of nine low index surfaces based on electronic struc-
ture methods has also been reported.** However, our potential-
based methods allow a larger number of particles and surfaces
to be treated, ensuring the results are independent of model
size, and are thus well suited to these kinds of complex structures.

According to the classification of Tasker,* ‘as-cut’ surfaces
can be one of three structural types, which are normally referred
to as Types I, I and III. Type I surfaces are formed from layers
containing a charge-neutral combination of cations and anions,
and thus have no net dipole perpendicular to the surface plane.
For Type II surfaces, a finite group of atomic layers parallel to
the surface form a charge-neutral, repeated unit with no net
dipole normal to the surface normal. For Type III surfaces, by
contrast, irrespective of where the crystal is cut (referred to as
its “shift”), a dipole moment always exists perpendicular to the
surface plane; in this case, convergent surface energies can only
be obtained if the surface layer is reconstructed in some way to
remove the dipole moment. This usually involves removing a
suitable number of ions from one side of the crystal to the other
in order to make the crystal slab symmetric about its midpoint.

Once the surface-containing crystal has been constructed, the
surface energy, Egurface» can be calculated both before and after
energy minimization according to

Es — Ep
Esurface - T (1)
where Eg is the energy of the surface-containing region, Ejp is the
energy of the corresponding number of ions in the bulk crystal,
and A is the surface (cross-sectional) area.

Two methods are commonly used to predict the morphology of
a crystal from its crystal structure and surface energies. The first is
based on the notion, initially expounded by Gibbs,** that for
a crystal in equilibrium with its surroundings the net surface
energy must be minimal for a given volume. This “equilibrium”
morphology is obtained by constructing a three-dimensional
Wulff plot, in which the distance to the central point {Ak/} from
the origin is taken to be proportional to the surface energy.

The second method for simulating crystal morphologies is
based on Hartman-Perdok theory,** which attempts to take
into account the kinetic factors influencing crystal growth by
using the attachment energy of each crystal plane, rather than
its equilibrium surface energy. The attachment energy is defined
as the energy per formula unit released when a new slice of depth
dyi 1s attached to the crystal face, and is assumed to be propor-
tional to the growth rate by a layer-by-layer mechanism. Thus
surfaces with attachment energies smaller in magnitude will
have slower growth rates and be morphologically important.
The attachment energy can be expressed as

Ecrystal - Eslice
e 2
. @

Eatach =

where Ecysal is the energy of the crystal, Eg;.. is the energy
between all the ions within slice 4k/, and n is the number of
formula units per slice. We assume all surfaces form below their
critical roughening temperature, and are thus crystallographi-
cally flat. A crystal morphology derived by this method is termed
the “growth” morphology. (Further details on surface construc-
tion and periodic bond chains, as defined by Hartman—Perdok
theory, are given as supplementary information.t)
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These surface simulation methods have been used to explore
crystal morphologies of many inorganic solids,®3%3¢ with the
calculated morphologies frequently according well with observa-
tion, providing support for the general validity of the methodology.

3. Results and discussion
3.1 Surface structures

LiFePOy crystallizes in space group Prma, with each orthorhom-
bic unit cell containing four formula units. Each PO, tetrahedron
is surrounded by four FeOg¢ octahedra (three corner-sharing and
one edge-sharing), with lithium ions occupying the large open
channels running parallel to the b axis (Fig. 1). Surface structures
and energies were examined for all crystal orientations with
indices less than or equal to two, giving a total of nineteen differ-
ent crystal orientations examined in detail on the atomic level.
Phosphate groups were kept intact for all slices to ensure charge
neutrality and zero net dipole perpendicular to the surface, and
also because breaking up the strongly bonded phosphate tetrahe-
dra would undoubtedly decrease the stability of the surface.

Compared to close-packed binary oxides, LiFePO, has a
relatively low packing efficiency of 68.3%, and this is reflected
in the “openness” of the structure, particularly with respect to
low index surfaces, which consequently have low 2D area densi-
ties. Stable slices can only be formed when all three moieties (Li*,
Fe* and PO,*) are present in stoichiometric ratios, meaning
that no Type I surfaces can be formed (as defined in section 2).
The disproportionate size of the phosphate unit compared to
the other two ions means that all surfaces are necessarily uneven
on the atomic scale.

For most Type III surfaces such as (010), the outermost layer
initially contained two Li ions, so that the dipole could be
cancelled by moving one of these ions to the opposite end of
the crystal slab before minimization. The outer layer therefore
intrinsically contains 50% Li vacancies relative to the bulk.
Generally it was found that surfaces are more stable when the
Li vacancies formed by reconstruction are arranged in a zig-zag
pattern down the short axis, rather than in a straight or linear
configuration. A zig-zag arrangement places the vacancies as far
apart as possible within the constraints of the crystal symmetry.

The surface energies, attachment energies and d-spacings for
the lowest energy crystal slices for each orientation are listed in
Table 2. The majority of the surfaces undergo considerable
decreases in surface energy, typically 50~80%, resulting in
increased stability of the terminating layers even when there is only
a small distortion of the surface structure. It is also important to
note that the relative order of the surface energies of some crystal
orientations changes upon relaxation. This shows the importance
of relaxation at the crystal surface, and indicates that the relative
surface energies cannot be reliably predicted assuming the crystal
to be a rigid, unrelaxed termination of the bulk lattice.

In the majority of cases, the lowest energy termination (usually
in terms of both surface energy and attachment energy) is found
for Type III surfaces. Only for {110}, {121} and {221} do Type
II surfaces have significantly lower energies than their Type III
counterparts. This suggests most surfaces will be depleted in Li
relative to the bulk lattice, even in the fully lithiated LiFePOy,
compound.

Table 2 Calculated properties of low index surfaces of LiFePO,

Surface energy,

Tasker Eqyiface/I m™2 Attachment

surface  d-spacing, energy,
Plane  type dpidl A Unrelaxed  Relaxed  E,qaen/J m2
(001) III 2.33 2.40 1.11 —11.18
(010) 10 3.01 1.64 0.72 —5.74
(100)  1II 5.19 2.12 0.87 -3.39
(o11) 11 3.69 2.55 0.75 —6.43
012) 11 1.09 4.50 1.02 -27.31
021) 1 1.27 2.41 0.82 —18.03
(ro1) 11 4.26 1.65 0.88 —3.42
(102) 1 2.28 3.29 1.15 —19.85
(110 1 2.60 3.62 0.92 —16.25
(111 1 3.48 2.94 0.89 —5.34
(112) 111 2.13 2.57 0.88 —16.81
(1200 11 1.45 3.53 0.86 —17.43
(121) 1 2.46 2.44 0.94 —11.27
(122) 111 1.82 2.65 0.80 —-14.17
(201) 11 3.47 1.37 0.71 —4.27
(210) 10 393 2.61 0.90 —5.55
211y 11 3.01 2.51 0.80 —8.60
(212) 11 2.01 2.26 0.86 —11.60
221) 1 2.27 2.52 0.79 —10.69

The lowest surface energies in Table 2 are found for (010),
(011) and (201) surfaces, whereas the lowest attachment energies
are found for (010), (100), (101) and (201). The low energy (010),
(100), (101) and (201) surfaces are presented in more detail in
Fig. 2-4 by way of example. In each case the terminating layer
contains all three moieties (Li, Fe and PO,).

The (010) surface is of particular interest because it lies normal
to the direction of the most facile pathway for Li* conduction®**”
(Fig. 2). Our previous simulation study* found that Li ion trans-
port is one-dimensional along the [010] channel, with the Li ions
following a non-linear curved trajectory between adjacent Li
sites. Although blocking electrode measurements over a narrow
temperature range by Amin ez al.*® found that lithium ion diffu-
sion in single crystals of LiFePO,4 appears to be two-dimensional,
this is not consistent with the above-mentioned theoretical
calculations,?*” or indeed the strongly anisotropic nature of

OD o |}
qo do
R <
QO 40
op o p

Fig. 2 Side view of the relaxed (010) surface, showing tilting of the PO,
tetrahedron near the Li* vacancy (open square) in the topmost layer. The
sinusoidal Li* migration path (dotted line) identified from previous
work?* lies normal to the surface plane. Li*: small spheres; Fe**: large
spheres.

(010)
surface
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the orthorhombic structure. It is worth noting that tracer diffu-
sion studies of olivine-structured Fe,SiO,4 found Fe ion transport
to be anisotropic.*

The low surface and attachment energies obtained suggest
(010) will be prominent in the crystal morphology, which may
help expedite the reversible Li* intercalation process. The (010)
surface is also important in relation to studies of the LiFePO4—
FePO, two-phase boundary interface; for example, high-
resolution electron energy loss spectroscopy by Laffont et al.*®
revealed that the phase transition occurs by successive emptying
(or filling) of the Li* channels along the bp,,,, axis, while TEM
studies by Chen ez al.*! found that phase separation occurs along
the b p,,yn, direction with fully lithiated LiFePO,4 forming on (010)
surfaces.

The relaxed (010) structure, which is Li* deficient in the termi-
nating layer, is illustrated from different viewpoints in Fig. 2
(side) and 3 (above), and like most other surfaces examined
has an uneven topology. The low density of the structure, in
which the oxygen sublattice is not densely packed, means that
no significant rumpling occurs; the simulations find only a small
rotation or twisting of the phosphate tetrahedron neighbouring
the Li vacancy. The outermost Li ion displaces the most, moving
towards the neighbouring phosphate group (Fig. 3). Further-
more, this Li* ion is three-coordinated, compared to six-fold
coordination in the bulk, with the Li-O bond lengths contracted
by 0.1-0.15 A. The Fe ions in the top layer, which are not as
exposed as the Li ions, have their coordination reduced from
six to five, with little change in the Fe-O bond lengths.

Fig. 3 shows the simulated upper layers of the (010) surface
viewed from above, with the Li channels visible between phos-
phate tetrahedra. Li transfer between the electrode and electro-
lyte in a lithium battery should be optimal through this surface
because the channels are perpendicular to the terminating plane,
with the Li ions presented with the widest “diffusion window”
through which to leave/enter the structure.

The structures of (100), (101) and (201) surfaces in Fig. 4
contain the same components (Li*, Fe** and PO,*~ moieties) as
the (010) surface, also with 50% Li vacancies in the top layer,
but these are arranged in very different ways, resulting in structur-
ally distinct surface topologies. Although the calculated energies

Fig. 3 Topmost two layers of the (010) surface viewed from above,
showing zigzag arrangement of outermost Li* ions. Li*: green; Fe**:
blue; P**: purple; O*: red. The small phosphorus ions lie enclosed at
the centres of the oxygen tetrahedra.
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Fig. 4 Side views of relaxed (a) (101), (b) (100), and (c) (201) surfaces of
LiFePO,. In (a) and (c) Li ions and Li vacancies alternate into the page.
Some tilting of the phosphate groups in the surface layers is evident for
(101). Li*: small spheres; Fe**: large spheres; open squares: Li vacancies.
Growth slices are demarcated by dotted-dashed lines.

are similar, the alignments of the different moieties, particularly
the Li ions, will likely result in very different insertion and
extraction characteristics for these surfaces compared with (010).

3.2 Calculated and experimental crystal morphologies

As with most materials, direct comparison of surface energies
with experiment is not possible for LiFePO, because of the
lack of corresponding data. Nevertheless, the crystal morphol-
ogy is one indirect measure which can be predicted from the
surface and attachment energies (using the methods outlined in
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section 2) that can be compared with crystalline (nano)particles
observed by electron microscopy. The simulation approach has
been applied successfully to the prediction of crystal morphol-
ogies of a wide variety of solids such as calcite,?® apatite phos-
phates, anatase TiO,,%¢ and La,NiO4.**

Fig. 5 (a) shows the equilibrium crystal morphology calculated
using the lowest surface energies after energy minimization.
After relaxation, the range of surface energies narrows signifi-
cantly, so that most surfaces have similarly low energies. This
can be rationalised as being a result of the topology and ionic
moieties at the surfaces being very similar. Consequently, the
equilibrium morphology takes on a more rounded, isometric
appearance, with {010}, {201}, {011}, and {100} faces promi-
nent (in the absence of water, additives or coating layers). For
nano-sized or smaller crystals, where rearrangement of the crys-
tal at each stage of the growth is possible, a morphology close to
the equilibrium form might be expected.

Fig. 5 (b) shows the calculated growth morphology, which is
terminated by {010}, {100} and {101} faces. These dominant
faces are expected to play a significant role in the electrochemical
and surface exchange properties of the material. The crystal
shape is anisotropic, with an elongated hexagonal prism-like
habit capped by {010} faces; this morphology is similar to
SEM images by Franger ef al.,' illustrated in Fig. 6.

A range of synthesis techniques and conditions have been used
to prepare LiFePO, experimentally, producing a variety of
particle morphologies and size distributions as reported in the
literature. For example, crystallites have been observed in the
shape of hexagonal- or diamond-type platelets,'*?® rectangular
prisms,?® rods and block shapes;'* some of these are represented
schematically in Fig. 6. The precise surface planes are not easily
assigned from experiment, however, particularly given the small

(a)

(b)

Fig. 5 Theoretical crystal morphologies of LiFePOy; (a) equilibrium
morphology from relaxed surface energies, and (b) growth morphology
from attachment energies.

Fig. 6 Schematic diagrams of observed crystal morphologies of
LiFePO, produced under different experimental conditions; (a) hexago-
nal platelet,"*** (b) rectangular prism,"* and (c) block-shape.**

sizes of the particles in crystallite agglomerates, and atomic level
detail is difficult to obtain.

Chen et al* have investigated the LiFePO, to FePO,4 phase
transition in hydrothermally grown hexagonal “plate-like” crys-
tals using electron microscopy. Their TEM analysis® revealed
the large faces of these particles to lie normal to the b axis,
with the long axis parallel to c. Ellis et al.** have also produced
uniformly “diamond-shaped” and plate-like prismatic particles
by hydrothermal solution, and X-ray diffraction also found the
larger particles to be dominated by the (010) surface. By varying
the concentration of the solvent and synthesis temperature,
however, they were able to prepare particles varying in size from
nanometres to microns. In the well-defined particles, {010}
surfaces constitute roughly 80% of a particle’s surface area.

Fig. 7 shows our reproduction of the plate-like morphology,
which is directly compared with SEM images of crystallites
prepared hyrdothermally as described by Chen et al.*® According
to our morphology, in order for the {010} surfaces to dominate,
the attachment energy (or surface energy in the case of particles
at equilibrium) of the {010} layers must be at least three times

(b)

(010)

(101)

Fig. 7 Calculated and experimental plate-like morphologies of
LiFePO,4. (a) SEM micrograph of non-coated LiFePO, crystallites
from hydrothermal synthesis; (b) simulated morphology obtained using
faces identified from TEM.*
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smaller than that of the next most stable surface, {100}. The
exposure of the (010) surface is important, since as already noted
(Fig. 2), it is normal to the most facile pathway for lithium ion
migration,* and hence electrochemically active. The thinness
of the plate-like morphologies in the [010] direction should
reduce the transport path length of lithium ions, and thus may
enhance the rate capability of a cathode prepared from such
a material.

As the (010) surface is perpendicular to the direction of
diffusion of the Li ions, it is likely that the lithium content at
the surface (through intercalation and de-intercalation) has
a powerful influence on the surface energies, and hence morphol-
ogy; this necessarily involves the change in charge state and
electronic density of the Fe ions from Fe?* to Fe** and vice versa.
As discussed by Woensdregt,* the charge state at the surface can
have a profound effect on the energies of the faces, and hence the
overall crystal morphology.

In practice, the growth rate is also controlled by many external
factors, such as temperature, solvent effects, and molecules
adsorbed at the surface. This explains the wide variety of
morphologies observed experimentally, and warrants further
investigation. Indeed, one of the aims of this study is to encour-
age further work in this area using surface sensitive techniques.
Effects of water adsorption constitute a substantial and complex
investigation for the large number of surface planes we have
modelled; this is currently work in progress.

4. Conclusions

Advanced simulation techniques have been used to provide
atomic-scale detail of the surface structures and crystal morphol-
ogies of the LiFePOy lithium battery material, which are relevant
to its electrochemical behaviour. Where possible, the results were
compared with electron microscopy images of experimentally
prepared crystals. The main points can be summarized as follows:

(1) Relaxed surface structures and energies were calculated for
19 low index planes of LiFePO,. The surface structures exhibit
a complex, uneven topology on account of the different sizes
of the three constituent moieties, Li*, Fe** and PO,*. The
majority of the surfaces undergo considerable relaxation, which
confirms that the surface chemistry and electrochemical activity
cannot be reliably predicted by assuming rigid, unrelaxed termi-
nations of the bulk lattice.

(2) The calculated equilibrium morphology of LiFePO, takes
on a rounded, isometric appearance, with {010}, {201}, {011},
and {100} faces prominent. Almost all of the low energy surfaces
are lithium-deficient relative to the bulk lattice, requiring
Li vacancies at the surface; this may become increasingly impor-
tant for Li intercalation with decreasing size of the crystalline
particles.

(3) The calculated growth morphology is terminated by {010},
{100} and {101} faces, which are expected to play a significant
role in the electrochemical properties of the material. The crystal
shape is anisotropic, with an elongated hexagonal prism-like
shape capped by {010} faces; this morphology is consistent
with some SEM images of pure LiFePO,, although different
synthesis routes have produced a variety of crystallite morphol-
ogies such as hexagonal-type platelets, rectangular prisms and
block-type shapes.

(4) The (010) surface is prominent in both calculated equilib-
rium and growth morphologies. The exposure of the (010)
surface is significant since it is normal to the most facile pathway
for lithium ion conduction (along the [010] channel), and hence
important for the reversible insertion/de-insertion of lithium
ions. The (010) surface may also be important in relation to
studies of the LiFePO4~FePO4 boundary interface and warrants
further investigation.

(5) SEM images of plate-like crystallites of uncoated LiFePO,
from hydrothermal synthesis exhibiting large (010) faces have
been reproduced by our methods for direct comparison. The
thinness of the plate-like morphologies parallel to the bp,,,.
axis requires the (010) surface to be significantly lower in energy
than the other surfaces. This reduction in diffusion path length
of lithium ions is expected to enhance the electrochemical perfor-
mance of a cathode prepared from such a material.
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