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First-principles study of surface properties of LiFePO,: Surface energy, structure, Wulff shape,

and surface redox potential

L. Wang, F. Zhou, Y. S. Meng, and G. Ceder*

Department of Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

(Received 16 March 2007; revised manuscript received 4 August 2007; published 26 October 2007)

Using first-principles calculations within the generalized gradient approximation (GGA)+ U framework, we
investigate several surface properties of olivine structure LiFePO,. Calculated surface energies and surface
redox potentials are found to be very anisotropic. Low-energy surfaces are in the [1 0 0], [0 1 0], [0 1 1],
[10 1], and [2 O 1] orientations of the orthorhombic structure. We find that the coordination loss of Fe atoms
on the surface is energetically more unfavorable than for Li, and generally a low-energy surface has fewer
Fe-O bonds affected by the surface cut. Conversely, undercoordinated Li on the surface are somehow beneficial
to reduce the energy of a surface except for the twofold coordinated Li. With the calculated surface energies,
we provide the thermodynamic equilibrium shape of the LiFePO, crystal through a Wulff construction. The
two low-energy surfaces (0 1 0) and (2 0 1) dominate in the Wulff shape and make up almost 85% of the
surface area. Similar calculations for FePO, indicate a very low energy for the (0 1 0) surface of FePOy. This
result suggests that surface chemistry can induce a change in the aspect ratio of the Wulff shape. Surface redox
potentials for the extraction and insertion of Li from various surfaces are also investigated in this work. The Li
redox potential for the (0 1 0) surface is calculated to be 2.95 V, which is significantly lower than the bulk
value of 3.55 V. For several other surfaces the Li extraction potential is above the bulk potential. We also
develop a simple model that can be used to predict surface energies based on the change in the coordination of

Fe and Li.
DOI: 10.1103/PhysRevB.76.165435

I. INTRODUCTION

LiFePO, has appeared as a promising cathode material for
high-power rechargeable lithium-ion batteries, but much of
its unusual phase behavior and transport properties remain to
be understood. The orthorhombic olivine structure of
LiFePO, has a space group of Pnma and is rather anisotropic
in many of its properties. Maxisch et al.! calculated the elas-
tic moduli for LiFePO, and the delithiated FePO, form of it,
and found significant variations along the three orthorhombic
directions. Due to the nature of the olivine crystal structure,
the variation in the transport properties is even more signifi-
cant. The ab initio study of Morgan et al. indicated that while
Li* mobility is high in the tunnels along the [0 1 0] direction,
Li* hopping between tunnels is very unlikely.? Similar con-
clusions were reached by Islam et al wusing potential
models.> Recently, transport measurements on single crystal-
line LiFePO, have also become available.* Early in the de-
velopment of LiFePO,, it was thought that the material’s
charge/discharge rate was limited by electronic transport,
leading to the development of doping’ and carbon coating
techniques®® to improve the apparently low electronic con-
ductivity of the material. It has also been suggested that the
transport limitations can be overcome by using small
particles.®® Recently, fairly good electrochemical perfor-
mance has been achieved without the use of carbon coating
by reducing particle size to about 140 nm.'?

However, given the anisotropic nature of the material,
control of particle shape may be as important as average size
control. This has stimulated research in new synthesis routes
for LiFePO,. Starting with the pioneering work of Whitting-
ham’s group'"!> and more recently work by other research
groups,'371® well crystallized particles of LiFePO, can be
formed via a hydrothermal approach. More interestingly,
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several studies reported platelet shape LiFePO, crystals in
the hydrothermal synthesis.!""'” Electron microscopy studies
by Richardson et al.'® showed that the large facet of the
platelike crystals is the (0 1 0) surface. Given the one-
dimensional Li diffusion path along the [0 1 O] direction,
Richardson et al.'® further suggested that the use of thin,
unagglomerated particles with large (010) surface area would
increase the active area and decrease the diffusion distances
for Li ions. For a crystal in its thermodynamic equilibrium
shape, the relative area of each facet on a particle depends on
its surface energy. In the case of plate-type LiFePO,, a pref-
erence of the (0 1 0) facet on the crystal implies that the
(0 1 0) surface is thermodynamically favored over other fac-
ets. The objective of this paper is to investigate the surface
energy, structure, and redox potential of important facets.

First-principles investigations of surfaces and the calcula-
tions of surface energies are well-established for metal
oxides.'"?* Our studies start from stoichiometric surfaces of
LiFePO,. Once the surface energies are calculated, the ther-
modynamic equilibrium shape of a crystal can be determined
through the Wulff construction (explained in the next
section).?* For the thermodynamically stable facets in the
Waulff shape, we further calculate the surface redox potentials
as the average energy (per formula unit of Li) to extract
(insert) Li from (into) the outermost layer of a given surface.
We find somewhat surprisingly that on some surfaces the
redox potential is above the bulk value, while on others it is
below, indicating that Li extraction/insertion may occur in a
nontrivial manner, inconsistent with a core-shell model of
delithiation.

II. METHODOLOGY

All total energies in this work are calculated using the
generalized gradient approximation (GGA) to the density
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functional theory (DFT). The projected augmented wave®

(PAW) method is used, as implemented in the Vienna ab
initio simulation package (VASP).?® An energy cutoff of
400 eV and appropriate k-point meshes are chosen to ensure
that the total energies are converged within 3 meV per for-
mula unit of LiFePO,. Electron correlation within the d
states significantly affects the electronic structure and ener-
getic properties of transition metal oxides.”’*! The GGA
+U approach®>33 is used to accurately calculate the surface
redox potentials and to guarantee that the excess holes or
electrons are properly localized. For details about the imple-
mentation of the GGA+U approach within a PAW frame-
work, the readers can refer to the work of Bengone et al.>*
Quantitative results in the GGA+U method are known to
depend on the value of U and the choice of the expression
for the double-counting term. The value of U depends on the
valence state of the transition-metal ion and crystal
environment.?®33 In this work, we choose a J value of 1 eV
and a U value of 5.3 eV, which is the average of the self-
consistently calculated U values for Fe’* (U=4.7 eV in
LiFePO,) and Fe** (U=5.9 eV for FePO,).”® We found the
values of the surface energies to vary less than 3% as the U
value decreases from 5.3 to 4.7 eV. The appropriateness of
different double counting schemes has been discussed in Ref.
36. While for moderately correlated system it is still not clear
how to capture best the double counting energy, there is little
ambiguity as to the appropriateness of GGA+U for insula-
tors with strong localization,® as is the case in Li, FePO,. We
employ the “fully localized” double counting scheme as pre-
sented by Liechtenstein et al.3” Previous GGA+U calcula-
tions on LiFePO, indicate that this U parameter and double
counting scheme provide for good agreement with experi-
ment. The detailed discussions can be found in Refs. 27 and
28. A ferromagnetic high-spin Fe state is assumed. The bulk
LiFePO, (FePO,) is paramagnetic at room temperature® and
the energetic effects of the magnetic ordering are small.*

The lattice parameters of the relaxed bulk LiFePO, struc-
ture are a=10.4363 A, b=6.0491 A, ¢=4.7546 A, in good
agreement with experiments.3® Figure 1 shows the crystal
structure of bulk LiFePO, after relaxation. The initial unre-
laxed surface structures are carved out of the fully relaxed
bulk crystal. In principle, a surface with a given Miller index
can terminate anywhere along the direction of surface nor-
mal. However, in this study we only consider stoichiometric
surfaces for the investigation of surface energies. Under this
assumption, the candidate planes for surface terminations are
limited. For example, to create a stoichiometric (1 0 0) sur-
face, the possible termination planes are (0.5,y,z) and
(0.25,y,z) (expressed in fractional coordinates for the unit
cell setting in Fig. 1). Other terminations in this orientation
will create either a nonstoichiometric surface, or a surface
that is equivalent to any of the two mentioned above. For
atoms that lie on the cutting plane, the following principles
have been additionally adopted.

(1) The PO, tetrahedron is always preserved if the surface
termination cuts through it, and a corrugated surface may be
created. As shown in Fig. 1(a), the tentative termination
plane (0.5,y,z) for the (1 0 0) surface would cut through the
highly covalent P-O bonds and create a surface with the un-
dercoordinated P being exposed on top of the surface. Our
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FIG. 1. (Color online) Relaxed crystal structure of bulk
LiFePO, and possible planes for surface terminations in two orien-
tations. Panel (a) shows for the (1 0 0) surface the two possible cuts
containing points (0.25,y,z) and (0.5,y,z), respectively. Panel (b)
shows for the (0 1 0) surface the two termination planes (x,0.25,z)
and (x,0.5,7), respectively.

calculations suggest that such a surface has a very high sur-
face energy. Thus, in practice a neighboring Fe atom is left
undercoordinated in order to keep the PO, tetrahedron intact.

(2) For an ionic or partially ionic crystal, it is known that
a charged surface with a perpendicular dipole moment will
induce a polarizing electric field throughout the crystal, re-
sulting in a very large surface energy.** Hence, all the sur-
faces studied in this work are “type II” or “type III”” surfaces
according to the classification by Tasker,*” with a vanishing
dipole in the direction of the surface normal.

(3) The ion coordination loss at the surface should be
minimized. This rule is practically useful as various stoichio-
metric surface configurations can be created at the termina-
tion plane. The stable surfaces are expected to have low ion
coordination loss.

The candidate planes for surface terminations can also be
narrowed down by applying the third rule described above.
For example, for the (0 1 0) surface, the cut at plane
(x,0.5,z) in Fig. 1(b) would have two Fe-O bonds and three
Li-O bonds cut per a X ¢ unit surface area. However, if the
surface terminates at plane (x,0.25,z) in Fig. 1(b), the coor-
dination number loss would further increase to five Fe-O
bonds and three Li-O bonds on the same surface area. Thus,
a surface terminating at plane (x,0.5,z) is expected to give a
lower surface energy than the one at plane (x,0.25,z). For
several orientations it is not possible to predetermine which
of the different surface configurations will be lower in en-
ergy. For example, surface (1 0 0) has one Fe-O bond and
three Li-O bonds (per surface area of b X ¢) broken if cut at
plane (0.5,y,z) in Fig. 1(a). Conversely, it would have three
broken Fe-O bonds and no broken Li-O bond on the same
surface area if cleaving at plane (0.25,y,z) in Fig. 1(a).
Therefore, multiple termination possibilities are calculated
for those directions where possible.
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TABLE I. Surface energies of LiFePO, in seven low-index directions together with values for (2 0 1) and

(30 1) surfaces.

Orientation (100) (010) (001)

(101)

(011) (110) (111) (201) (301)

¥(J/m?) 0.66 0.64 0.97 0.62

0.76 1.30 0.85 0.52 0.62

For each possible surface termination, the surface is then
simulated using the slab technique, in which a set of infinite
layers separated by vacuum layers are repeated periodically
along the surface normal. We have chosen our slabs such that
the two sides of it are symmetrically equivalent and can
be mapped into each other by an inversion, mirror or glide
type of symmetry operation in the middle of the slab. This
is possible for LiFePO, due to the particular space group of
P2,/n2;/m2,/a (the full convention). In the olivine crystal
structure, positions with inversion symmetry are 4a sites
[(0, 0, 0), (0.5, 0, 0.5), (0, 0.5, 0), (0.5, 0.5, 0.5)] and 4b sites
[(0, 0, 0.5), (0.5, 0, 0), (0, 0.5, 0.5), (0.5, 0.5, 0)]. Moreover,
there are mirror and glide symmetries perpendicular to the
three principal axes of the orthorhombic unit cell. In Ref. 20
and Refs. 41-49, where the slab model is employed to in-
vestigate surface properties with ab initio methods, readers
can find more examples of using symmetry of underlying
crystal structure to ensure that the stoichometric surfaces on
each side of the slab give the same structure configuration
and energy.

In our study, lattice parameters of the supercell (including
slab and vacuum) are fixed and only atoms near the surface
are allowed to relax until forces are smaller than 0.03 eV/A.
The inner part of the slab is frozen at bulk positions to simu-
late the bulk of this material. The thicknesses of vacuum,
slab and free relaxation layer are all varied to obtain a sur-
face energy in the given direction converged to within 5% of
the calculated value.

The equilibrium shape of a crystal is related to the surface
energies through the Wulff construction.?* A polar plot of the
surface energy can be constructed by drawing along each
crystallographic orientation n a vector whose norm equals
the surface energy in this direction. A plane perpendicular to
each vector is then drawn passing through the endpoint of
the vector. The inner envelope of all these planes forms the
Waulff construction and only planes that are part of the Wulff
shape are thermodynamically stable.

II1. RESULTS
A. Surface energies

Surface energies are calculated by taking the difference
between the energy of our slab and the same amount of
(Li)FePO, formula units in the bulk, divided by the surface
area of the slab (including both sides of the slab):

ES - l’lEb

oS (1)

"y=
Here, E, is the total energy per formula unit of bulk
LiFePO,. E, is the total energy of the given supercell con-
taining n formula units of LiFePO,. § is the base area of the

supercell. In this section, only the surface energies for the
most stable configurations are reported. Surface energies for
the high energy cuts are reported in the next section.

To test convergence, we examined how the calculated sur-
face energies vary with respect to the thickness of the
vacuum layer. A vacuum layer of 10 A is found to be enough
to remove any spurious interaction between the periodically
repeated slabs in the direction of surface normal. We also
investigated how the calculated surface energies vary with
respect to the thickness of the slab and relaxation layer. Re-
sults from these convergence tests for each surface are pro-
vided in the next section together with a discussion on the
surface relaxations.

The calculated surface energies for seven low-index sur-
faces are summarized in Table I. Among the seven low-index
orientations, surface (0 1 0), (1 0 0), and (1 0 1) have the
lowest energies. While it is not practical to study all high-
index surfaces, several surfaces that potentially have low en-
ergies are studied in this work. Based on the calculated sur-
face energies in low-index orientations and noting that
surface (1 0 1) has the lowest energy among the nonprincipal
directions, we also investigated the (2 0 1) and (3 0 1) sur-
faces, which are indeed calculated to be low energy surfaces.
Although one can argue that other high-index surfaces may
influence the thermodynamic stability of the nine surfaces
studied here, as we discuss later, the crystal morphology is
not significantly modified by including more high-index sur-
faces.

B. Surface relaxations

To investigate how the surface energy relates to the sur-
face structure, we will show the relaxed surface structures in
this section and provide the displacements of undercoordi-
nated ions on the surfaces. Energetics for the high-energy
terminations in each orientation are also provided.

1. The (1 0 0) surface

We find that the low-energy cut in this direction termi-
nates at point (0, 0, 0) [a plane symmetrically equivalent to
plane (0.5,y,z) in Fig. 1(a)]. A slab of 11.3 A with a relax-
ation layer of 3.9 A is sufficient to get a converged surface
energy. The surface termination cuts through the LiOg octa-
hedra and one vertex of the PO, tetrahedra. As mentioned in
the methodology section, we keep the PO, tetrahedra intact
because of the strong covalent P-O bonds, consequently, the
nearby FeOgy octahedra are cut instead. In the original unre-
laxed structure, the Li(;y on the surface are threefold coordi-
nated by oxygen, and fivefold coordinated Fe(;) are buried
farther below the surface. The relaxed structure is shown in
Fig. 2 and the detailed relaxations are provided in Table II.
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FIG. 2. (Color online) The relaxed surface structure of (1 0 0)
surface. Color setting for the Li, Fe, and P atoms is the same as in
Fig. 1. Oxygen atoms are shown as red. The undercoordinated ions
are labeled. The dotted lines mean that the two atoms Li(l) and O(' 1)
are probably not bonded because of the large distance between
them.
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Note that while the displacements given here are absolute
values, they can also be considered relative to the bulk, as
the unit cell does not move as a whole because the atoms
3 A below the surface undergo only minor displacements.
The Li(;) atom relaxes most. It is originally coordinated with

O(), O(), and O3 (see Fig. 2) but relaxes toward the two-
fold “bridging” O(’l) atom in the neighboring row of O atoms,
and loses its bonding with O(3). The distance between Li,)
and O(’l) is about 2.9 A, which is much larger than the aver-
age bond length of 1.85 A for Li(;)-O(yy and Li(;)-O(,) bonds
on the surface. Therefore, we consider the Li(,) to be twofold
coordinated after the relaxations. The fivefold Fe(,) lies well

beneath the surface and its relaxation is negligibly small. We
also studied another possible surface cut in the (1 0 0) direc-
tion which terminates at point (0.25, 0, 0) [see plane
(0.25,y,z7) in Fig. 1(a)]. This surface cut leaves the threefold

coordinated Fe atoms directly exposed on the surface, and is

TABLE II. Relaxations (displacements Au, Av, and Aw are in A) of undercoordinated Li, Fe, and O atoms on the nine surfaces. Only
displacements larger than 0.1 A are provided. The directions of the u, v, and w axes are consistent with the axes shown in Figs. 2-10, e.g.,
the u, v, and w axes for the (1 0 0) surface lie along the [0 1 0], [0 0 1], [1 0 0] directions, respectively, as shown in Fig. 2. Atom labels also

refer to Figs. 2-10.

Surface Label Coord. Au  Av  Aw Surface Label Coord. Au  Av  Aw Surface Label Coord. Au Av  Aw

(100) Li(;, 2 147017 061  (011)  Lij, 3 -037 -157 -012 (101)  Lij, 3 -017 029 -032
Fe( 5 -0.14 0.08 -0.08 Li) 4 -0.10 0.51  0.02 Lip 3 -0.10 021 -0.42
Py 4 -0.14 -0.13 0.09 Ligs 5 -005 -034 -0.10 Fey) 4 -0.02 0.00 -0.32
Oy 2 -003 -029 0.12 Fe( 4 -0.02 -021 -0.46 O 2 0.04 016 -0.04
O 3 -008 -0.13 001 Fe( 4 005 031 -047 Ow 3 -0.04 0.14 -0.06
O 3 -0.21 -0.19 0.16 (o7 1 —-0.08 -0.25 0.00 O 3 0.04 —0.11 —0.04
O 3 -020 -0.13 -0.05 O 2 -014 009 001 (110)  Liy 4 0.16 295 -0.19

(010) Li( 3 -0.07 -0.35 -0.09 O 3 0.03 0.14 -0.05 Fe() 3 -0.50 -0.83 -0.48
Fe() 5 023  0.06 —-0.09 Os) 3 0.02 —0.14 -0.07 Fe(y) 5 0.26 032 —0.03
Fe () 5 019 -0.12 -008 (301)  Liy 4 -011 -0.05 0.0 P 4 015 -0.07 0.07
P 4 0.18 —0.15 0.07 Li, 4 0.11 —0.05 0.00 O 2 —0.05 038 —0.04
O 3 0.04 -0.19 -0.07 Liz  405) -019 -021 003 O 3 0.06 -0.02 -0.16
0p) 2 0.28 _040 -0.12 Lig, 405) 019 —020 002 Op) 3 0.05 -0.04 0.5
(o 3 032 —0.11 029 Fe;, 5 0.00 —0.17 -0.07 O 3 0.17  —0.02 0.10
O 3 0.17  -0.19 -0.09 Fey 4 000 -014 -012 (1) Lig, 3 -0016 049 —049

(0o1) Li() 3 0.07 0.02 -0.37 Fe(3 5 -0.01 025 0.10 Lig, 4 -0.10 000 -0.34
Lip, 5 -017 002 —0.14 Fe, 5 0.00 006 —0.11 Lig 5 -0.22 -0.15 -0.36
Lig) 5 024 —0.04 -0.11 P 4 001 -0.18 0.9 Fe(;, 3 —0.02 001 _045
Fe;) 3 0.07 -0.03 -0.49 P 4 0.00 0.16 0.04 Fe( 4 -0.02 0.0 -0.73
Fe 5 0.00 -0.13 0.04 O 1 0.00 -0.41 —-0.06 P 4 -0.18 -0.15 -0.12
P 4 0.05 -0.12 0.07 Op 3 0.0l -0.16 -0.02 O 2 021 -0.10 -0.17
O 3 0.07  0.00 -0.13 Og) 3 -003 -0.14 -0.02 O 3 -0.16 024 —0.14

(201) Li( 3 0.14  -046 -0.14 O 2 0.00 0.15 -0.08 Og) 2 -0.39 -0.38 -0.22
Lip, 5(4)  -017 -0.15 -0.04 O 3 0.00 024 —0.10 O 2 -0.04 022 —031
Ligp 5@ 015 -0.13 -0.05 O 3@ 002 015 —0.02 O 3 0.05 —0.10 -021
Fe() 4 0.01 -0.18 -0.21 Oug 3@ -002 015 -0.02 O 3 -0.17 001 -033
Fe 5 -002 -003 -0.15 (o 3 —0.10 0.08 —0.16
O 2 -0.04 -0.15 0.09 O 3 0.00 —0.04 =025
O 3 0.03 -0.20 -0.01
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FIG. 3. (Color online) The relaxed surface structure of (0 1 0)
surface.

calculated to have a somewhat higher surface energy of
0.73 J/m?.

2. The (0 1 0) surface

The low-energy surface is found to terminate at point
(0, 0, 0) [a plane equivalent to plane (x,0.5,z) in Fig. 1(b)]
with a surface energy calculated to be 0.64 J/m?, compared
with the much higher value of 1.21 J/m? if the surface is
terminated at point (0, 0.25, 0) [see plane (x,0.25,z7) in Fig.
1(b)]. A slab of 12.1 A with a relaxation layer of 3.3 A is
sufficient to get a converged surface energy for the low en-
ergy termination. The low energy termination in this direc-
tion cuts through the LiOg octahedra but only cuts the top
of the FeOgq octahedra, leaving threefold Li and fivefold Fe
exposed on the surface. The relaxed structure of the low-
energy termination is shown in Fig. 3 and the relaxations are
provided in Table II. The threefold Li(;) is drawn toward one
of three nearest-neighbor oxygen atom Oy so that the length
of the Li(;)-O(;y bond decreases from 2.227 A t02.027 A af-
ter the relaxations. The length of the bond between the five-
fold Fe(;y and twofold Oy drops from 2.274 A to 2.076 A
because of the displacement of O, in the direction of
[-1 0 0]. The distance between the fivefold Fe(,) and three-
fold Oy is also reduced from 2.276 A t02.100 A because
of the displacement of Fe,) in the direction of [0 0 1].

3. The (0 0 1) surface

In this direction, the low energy surface cut is found to
terminate at point (0, 0, 0) and the surface energy is calcu-
lated to be 0.97 J/m?. Another possible cut terminates at
point (0, 0, 0.25) but results in a slightly higher surface en-
ergy of 1.02 J/m?. For the low-energy termination, the re-
laxed structure is shown in Fig. 4 and the relaxations are
given in Table II. A slab of 11.8 A with a relaxation layer of
3.0 A is used. The low energy termination cuts through the
centers of FeOg4 octahedra and LiOg tetrahedra, so threefold
Fe(;) and threefold Li(;) are exposed on the surface. The sur-
face would also cut through the caps of the PO, tetrahedra,
however, the P tetrahedron is preserved by leaving the Fe

and Li atoms in the layer immediately beneath undercoordi-
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[001]

FIG. 4. (Color online) The relaxed surface structure of (0 0 1)
surface.

nated. Therefore, the Fe(,), Li;) and Lig are all fivefold
coordinated. The P(;)-O(;y bond sticks out in the direction of
surface normal. Numbers for the (0 O 1) surface in Table II
suggest that the dominating relaxations are the inward dis-
placements of the Li(;y and Fe()).

4. The (0 1 1) surface

The low-energy surface cut is found to terminate at point
(0, 0, 0) with a calculated surface energy of 0.76 J/m?. A
slab of 7.5 A with a relaxation layer of 2.5 A is sufficient.
Another possible cut terminates at point (0, 0.5, 0) but pro-
vides a much higher surface energy of 1.50 J/m?. For the
low-energy termination, the relaxed structure is shown in
Fig. 5 and the relaxations are given in Table II. We can see
that the surface cut runs through the centers of FeOg tetrahe-
dra and LiOg tetrahedra leaving the Fe(;) and Fe(,) fourfold
coordinated and the Li(;y threefold coordinated on the sur-
face. The surface plane also cuts a cap of another LiOgq tet-
rahedron which is not on the outermost surface, so Li(,) and
Lis) are left fivefold coordinated near the top surface. Num-
bers for the (0 1 1) surface in Table II suggest that the three-
fold Li(;) undergoes a substantial displacement in the [1 0 0]
direction. The distances between Li(, and the nearest-
neighbor Fe atoms Fe(;y and Fe(y) are increased from 3.548
and 3.310 A, to 4.431 and 5.214 A, respectively. These in-
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FIG. 5. (Color online) The relaxed surface structure of (0 1 1)
surface.
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FIG. 6. (Color online) The relaxed surface structure of (1 0 1)
surface.

creased separations between undercoordinated Li and Fe
may be because the electrostatic repulsion between them is
less effectively screened on the surface. There are substantial
inward displacements for the threefold Fe(;) and Fe(,. For
the fivefold Li(,, the displacement along the direction of
[-1 0 0] increases the distance between Li(;, and O, from
2.228 t0 2.617 A. Therefore, we consider that the Li ) is not
bonded with O(;) any more after the relaxations and effec-
tively becomes fourfold coordinated.

5. The (1 0 1) surface

We find that the low-energy cut for the (1 0 1) surface
terminates at the point (0, 0, 0) with a calculated surface
energy of 0.62J/m2 A slab of 9.7 A with a relaxation
layer of 2.6 A is sufficient. Another cut terminates at point
(0, 0, 0.5) but provides a much higher energy of 1.35 J/m?.
The relaxed structure of the low-energy termination is shown
in Fig. 6 and the relaxations are given in Table II. The sur-
face cuts through the Fe and Li octahedra, and leaves three-
fold Li(;y and Li(y) together with fivefold Fe;) and fourfold
Fe(;) on the surface. The dominating relaxations are the in-
ward displacements of the threefold Li(y), Li(y), and the four-
fold Fe(). The fivefold Fe(;) undergoes minor relaxations
compared to other undercoordinated atoms on the surface.

6. The (1 1 0) surface

There are two possible cutting options for the (1 1 0)
surface: one terminates at point (0, 0, 0) and the other termi-
nates at point (0.5, 0, 0). Note that there is mirror symmetry
located at (x,1/4,z), and n glide symmetry perpendicular
to the a axis located at (1/4,y,z). Points (x,1-x,z) are
therefore symmetrically equivalent to points (x,x—1/2,z)
through mirror symmetry, and further equivalent to points
(1/2=x,x,z+1/2) through the n glide symmetry. Hence, the
two cuts actually provide the same surface structure. A slab
of 10.5 A with a relaxation layer of 3.2 A is used. The re-
laxed structure of (1 1 0) surface is shown in Fig. 7 and the
relaxations are given in Table II. The most significant relax-
ation is the displacement of fourfold Li(y in the [1-1 0]
direction. The distance between Li(;y and Fe() is increased
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FIG. 7. (Color online) The relaxed surface structure of (1 1 0)
surface.

from 3.309 to 5.068 A after relaxation. This is again because
of the strong electrostatic repulsion between Li(;) and Fe).

7. The (1 1 1) surface

There are two types of cuts for the (1 1 1) surface, one
terminates at point (0, 0, 0) and the other terminates at point
(0.5, 0, 0). While the former termination cuts right through
the centers of PO, tetrahedra and creates a rather corrugated
surface in order to preserve the PO, tetrahedra, the latter
termination cuts right through centers of the LiOg and FeOgq
octahedra and creates a relatively flat surface. The surface
energies are calculated to be 0.91 J/m? for the former termi-
nation and 0.85 J/m? for the latter one. The low-energy cut
is shown in Fig. 8 and the relaxations are given in Table II. A
slab of 11.5 A with a relaxation layer of 3.2 A is used. Most
atoms on the surface undergo inward displacements except
for the P}y atom.

8. The (2 0 1) surface

We find that the low-energy cut for the (2 0 1) surface
terminates at the point (0, 0, 0) [also across the symmetri-
cally equivalent point (0.5, 0, 0)] with a calculated surface
energy of 0.52 J/m?. This is the lowest value of the surface
energies we found. To obtain a converged number, a slab of
10.9 A with a relaxation layer of 3.2 A is used. Another

FIG. 8. (Color online) The relaxed surface structure of (1 1 1)
surface.
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TABLE V. Calculated redox potentials for the extraction of Li
from five surfaces of LiFePO, as well as the bulk potential.

Orientation (100)  (010) (101) (011) (201) bulk

Voltage (V) 3.84 295 3.25 3.79 376  3.55

this delithiation process on the surface can be calculated as

_ G[(LiFePO,),] - G[(Li),_,,(FePO,),] N

m

w (L),
(4)

where G is the Gibbs free energy of the slab and u°(Li) is the
anode reference chemical potential for Li. Typically, the
Gibbs free energy can be replaced by the ground-state
energy.’! In this study, we calculate the Li redox potentials
only for the five surfaces that appear in our Wulff shape. In
practice, all the Li atoms on the top (and also symmetrically
equivalent Li atoms on the bottom) outermost layer of each
slab are extracted: that is, Li(;) and Li, (see Fig. 6) for the
(1 0 1) surface, and Li(;) (see Figs. 2, 3, 5, and 9) for the
other four surfaces. Therefore, the calculated surface redox
potentials should be interpreted as the average redox poten-
tials to extract/insert Li from/into the outermost layer of a
given surface. The results (see Table V) show that the redox
potentials for different surfaces range from 2.95 to 3.84 V,
compared with the calculated Li insertion/deinsertion redox
potential of 3.55 V in the bulk. Among these five surfaces,
the (0 1 0) direction has the lowest potential, indicating the
energetic preference of extracting Li from this surface.

IV. DISCUSSIONS

The surfaces we have investigated cut through LiO4 and
FeOyq tetrahedra, leaving undercoordinated Li and Fe ex-
posed on the surfaces. The energy of a surface can be low-
ered by increasing the bonding strength between the under-
coordinated cations and nearby O atoms. Typically, this bond
strengthening is observed as a shortened bond length after
surface relaxation on most surfaces we studied. The under-
coordinated Li atoms are most likely to undergo large in-
plane displacements on the surface. The coordination of Li())
(see Fig. 2) on the (I 0 0) surface is reduced from three
to two, and the fivefold coordinated Li,) (see Fig. 5) on the
(0 1 1) surface becomes fourfold coordinated after the relax-
ation. An extra Li-O bond is formed on the (1 1 0) surface
and increases the coordination of one Li (Li;) in Fig. 7) from
3 to 4. In contrast, the undercoordinated Fe atoms usually
lower their energies by inward displacements towards the
bulk.

Our simple model developed to fit the surface energy in
terms of coordination changes of Li and Fe shows that
coordination loss is energetically more unfavorable for Fe
atoms than it is for Li. Therefore, a low-energy surface gen-
erally has fewer Fe-O bonds affected by the surface cut. This
statement is verified by comparing the coordination change
per area for different surfaces. For example, the low-energy
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(0 1 0) surface has a Fe coordination number loss of about
4.0 bonds per nm?, compared with a value of about 6.3 bonds
per nm? for the high energy (0 0 1) surface. The surfaces that
leave threefold coordinated Fe exposed [e.g., the (0 0 1) and
(1 1 0) surfaces] are calculated to be high-energy surfaces.
The coordination based energy expansion in Eq. (2) also al-
lows us to deduce from the ab initio computations that the
energy to create undercoordinated Fe on the surface approxi-
mately scales with its degree of undercoordination. The dis-
placements for Fe on the surface are generally small, so that
the energy of a surface cannot be effectively lowered by the
local relaxations of the undercoordinated Fe atoms. Con-
versely, the undercoordinated Li can lower the energy of a
surface by more freely relaxing. This is partially reflected in
our fitting model where the undercoordinated Li atoms con-
tribute quite differently from the Fe to the surface energies.
Undercoordinated Li atoms on the surface are somehow ben-
eficial to reduce the energy of the surface cut, and the five-
fold Li is found to be the lowest-energy configuration on the
surface. This may be a reflection of the general fact that the
potential to extract Li from tetrahedral sites is higher than for
octahedral sites in bulk materials, as can be observed by
comparing Li voltages for spinels and layered oxides with
the same active redox couple.’? Therefore, it is not surprising
to see that undercoordinated Li has a negative energy contri-
bution to the surface energy in our model. All else being
equal, sixfold is not the preferred coordination for Li. The
importance of our fitting model for the surfaces of LiFePO,
also lies in its ability to predict the energetics of high-index
surfaces, which are computationally challenging in DFT. As
a test, the surface energy in the high-index [4 0 1] orientation
is calculated using both our fitting model and ab initio meth-
ods. For the unrelaxed (4 0 1) surface (with a base area of
131 A?), there are two threefold Fe ions, one fourfold Fe
ion, and two fivefold Fe ions, together with one threefold
Li ion and two fivefold Li ions. Applying the fitted param-
eters given in Table III, we predict the surface energy in the
[4 0 1] direction to be 1.29 J/m?, which is in good agree-
ment with the value of 1.15 J/m? calculated using the direct
ab initio approach, even though the latter value was not used
in the fit.

It is likely that the Wulff shape will vary somewhat with
chemical environment. Our calculations are for stoichio-
metric surfaces at zero K. In particular, environments that
cause partial oxidation of the surface could modify the Wulff
shape of the crystal. A hint of this can be observed by com-
paring the surface energies of FePO, (Table IV) with those
of LiFePO, (Table I). For FePO, the ratio of the (0 1 0)
surface energy to the surface energy of any of the facets
perpendicular to it [e.g., (2 0 1) surface] is much smaller
than for LiFePO,, indicating a more extreme aspect ratio for
the Wulff shape of FePO, with a larger contribution of the
(0 1 0) facet to total surface area. Note that oxidation (Li
removal) does not occur at the same potential for all sur-
faces, creating the possibility that under some conditions
several surfaces would be lithiated while others might be free
of Li. In addition, given the importance of oxygen coordina-
tion of the exposed cations for the surface energy, the adsorp-
tion of O-containing species (e.g., OH™ and H,0) is likely to
affect the surface energy in aqueous environments such as
hydrothermal synthesis.
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Finally, we believe that our calculations of surface redox
potentials can provide insights into the possible Li insertion/
deinsertion mechanisms, particularly for materials with small
particle size, where surface effects on the lithiation thermo-
dynamics are expected to be significant. The Li redox poten-
tial for the (0 1 0) surface is 2.95 V, significantly lower than
the calculated bulk value of 3.55 V. Spin density integrations
for the delithiated (0 1 0) surface further confirm that the
hole (Fe3*) created when the threefold Li (Li(;) in Fig. 3) is
extracted from the surface locates at the fivefold Fe (Fe(,) in
Fig. 3). On the (0 1 0) surface the threefold Li shares edges
with both the PO, tetrahedron and the capped FeOq octrahe-
dron (Fe(y) in Fig. 3). The edge-sharing between the threefold
Li and fivefold Fe further increases the energy of the three-
fold Li, and contributes to the decrease in the redox potential
for the (0 1 0) surface. We performed similar redox potential
calculations for the insertion of Li on the (0 1 0) surface of
FePO, and found it to be 2.95 V. Hence, we expect that for
a well-faceted LiFePO, particle, Li will be first extracted
from the (0 1 0) surface upon charging and inserted last upon
discharging. Furthermore, the same energetic considerations
suggest that in the discharging process, any Li on the (0 1 0)
surface would move deeper into the bulk where its potential
(energy) is higher (lower). Such a mechanism may be ben-
eficial for rapid discharge as the (0 1 0) direction is the only
direction along which Li can propagate into the bulk.”
Hence, any clearing of the surface upon charge and discharge
should facilitate Li motion across the surface layer.

Interestingly, the redox potential is not below the bulk
value for all surfaces. For three of the five surfaces in the
Waulff shape, the stronger Li binding caused by the underco-

PHYSICAL REVIEW B 76, 165435 (2007)

ordination does lead to a higher potential (Table V) than the
bulk, and hence the intuitive idea that ions at surfaces are
less strongly bound may have to be abandoned. These sur-
faces will be lithiated for most of the charge/discharge cycle
and may therefore form an obstacle to rapid Li insertion/
extraction from the particle.

Our results reveal the importance of controlling not only
the size of LiFePO, but also the morphology. Given the
highly anisotropic nature of this material, maximizing the
exposure of some surfaces over others may be very benefi-
cial for optimal rate capability.
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