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First-principles calculations of lithium ordering and phase stability on LixNiO2

M. E. Arroyo y de Dompablo, A. Van der Ven, and G. Ceder
Department of Material Science and Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 021

~Received 4 March 2002; published 30 August 2002!

The phase diagram of LixNiO2 (0,x,1) is calculated using a combination of first-principles energy
methods and Monte Carlo simulations. The energy dependence of the Li-vacancy configurational disorder is
parametrized with a cluster expansion. At room temperature ordered LixNiO2 phases appear in the phase
diagram atx51/4, 1/3, 2/5, 1/2, and 3/4. The predicted lithium-vacancy ordering atx51/4 and 1/3 are in good
agreement with experiments, while for the other phases no detailed experimental evidence has been reported.
We predict a previously undetected phase atx52/5 to dominate the phase diagram at low lithium content. The
stability of ordered LixNiO2 structures is determined by short-ranged repulsive in-plane Li-Li interactions and
long-range attractive interplane Li-Li interactions. These attractive interplane Li-Li interactions are due to the
Jahn-Teller activity of Ni13 ions. As a result, LixNiO2 behaves fundamentally different from LixCoO2 even
though their host structures are identical and Co and Ni have similar ionic sizes.
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I. INTRODUCTION

Layered LiMO2 compounds are considered as ideal el
trode materials in lithium batteries, due to their high ene
density. Among these compounds LiCoO2 and
LiCo12xNixO2 are currently used in commercial lithium
batteries.1 However the use of LiNiO2 has been claimed to
have cost and toxicity advantages.2 Because of the potentia
application of LiNiO2, a considerable interest has been d
voted to understanding its electrochemical properties and
phase transformations that occur as a function of lithi
content.

LiCoO2 has been studied thoroughly with experiments3,4

as well as first-principles computations.5 For this system,
theory and experiment are in remarkable agreement, and
computational investigation even predicted a phase at
lithium compositions.5 In this paper we present first
principles calculation on LixNiO2 and compare the results t
experimental information. These results will demonstr
that the peculiar electronic structure of Ni13 makes LiNiO2
behave fundamentally different from isostructural LiCoO2,
even though Co and Ni have similar ionic sizes.

LiNiO2 is isostructural witha-NaFeO2, having an or-
dered rock salt structure in which alternate layers of Li1 and
Ni13 ions occupy octahedral sites within the fcc oxide arra7

~see Fig. 1!. Trivalent nickel with an electronic configuratio
(t2g)6(eg)1 is a potential Jahn-Teller active ion. Howeve
LiNiO2 adopts rhombohedral symmetry in the space gro
R3̄m at any temperature,8 with Li in 3a, Ni in 3b and O in
6c sites. During the cycling of a lithium cell the lithium ion
are reversibly removed from and reinserted into this struc
creating or annihilating vacancies within the lithium plane
These vacancies can organize to form ordered lithiu
vacancy structures on a triangular lattice of sites, or they
indirectly drive electronic transitions as in the case
LiCoO2.5,6 The sequence of phase transitions that occurs
ing the lithium intercalation and deintercalation in LixNiO2 is
still unclear. Initial studies indicated that lithium could b
deintercalated from LiNiO2 without changing the rhombohe
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dral symmetry.9–12 This single-phase picture has been su
planted, and lithium extraction from LiNiO2 is believed to
take place through four single-phase regions: rhombohe
1, monoclinic, rhombohedral 2, and rhombohedral 3,13–17

though some discrepancies still exist.18 Figure 2 shows some
of the different phase diagrams that have been propo
based on electrochemical data and x-ray diffract
studies.2,14,15,17 In the range 0.75,x,1 the rhombohedra
symmetry of the starting compound is maintained. Betwe

FIG. 1. ~a! Schematic representation of the LiNiO2 structure.
The oxygen ions form a close-packed array, with Ni13 and Li1 ions
alternating in the~111! planes. The triangles indicate Li ions whic
are at the extension of the Ni-O bond from the central Ni ion. Fill
circles indicate other lithium ions.~b! Projection of the structure
onto the basal plane showing two planes of lithium ions,A andB,
and the interplane LiA-LiB interactions through the central Ni ion a
dashed lines.
©2002 The American Physical Society12-1
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Li0.5NiO2 and Li0.75NiO2 a monoclinic region has bee
found, although some controversy exists regarding the ac
nature and stability range of this monoclinic phase. For co
positions below Li0.3NiO2 a rhombohedral symmetry i
stable, but with a drastic change of cell parameters that lim
the reversible intercalation domain to the ran
0.3,x,1.13,19 As observed in Fig. 2, three two-phase r
gions have been detected, indicating that transformat
take place through first-order transitions. Ordered structu
have been proposed at Li0.25NiO2,15,17 Li 0.33NiO2,17

Li 0.5NiO2,15,17,19,20 Li 0.63NiO2,17,20 and Li0.75NiO2,15,17,20

though experimental evidence has been reported onlyx
51/4, 1/3, and Li0.63NiO2.17,20

A clear understanding of this compound is complicated
the excess Ni that is always present in the prepared mate
Hence the compound is more accurately denoted
Li12zNi11zO2.2,7 The excess nickel replaces Li ions in th
3a sites and has valence 21. The real formula of the com
pound should therefore be expressed
@Li12zNiz

12#3a@Ni12z
13 Niz

12#3b@O2#6c .21 Several investiga-
tions have indicated that Ni21 ions in the 3a sites strongly
affect the voltage profile and reversibility of the intercalati
reaction.2,15–17,22–24

As first-principles calculations yield detailed informatio
about relative stability and local structure as a function
composition, they may be useful to further clarify the pha
diagram of LixNiO2. First principles refers to the use o
quantum mechanics to determine the structure and electr
properties of materials. In recent years first-principles me
ods have been successfully used to study cathode mate
for rechargeable lithium batteries.5,6,25–29Through a combi-
nation of first-principles total-energy calculations and sta
tical mechanics we obtain the phase stability of LixNiO2 as a
function of concentration and temperature. In Secs. III A a
III B we calculate the total energy of a set of LixNiO2 struc-
tures at 0 K to determine the ground states and the rela
energy differences between structures. In Sec. III C
ground states are discussed and some rationalization of
stability is attempted. In Sec. III D we construct and calcul
a free-energy model to determine the phase stability at n
zero temperature. This free-energy model also enables u

FIG. 2. Phase diagrams proposed from experimental stud
taken from Refs. 14, 15, and 17. The results from this work are
shown for comparison. White and gray areas, respectively, de
single- and two-phase regions.
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predict the voltage profile of a Li//LiNiO2 cell, which is
compared to the experimental voltage-composition curve
Sec. III E.

II. METHOD

The theoretical background to obtain a phase diagr
from first-principles calculations can be found in some of o
previous work,5,6 so it is only briefly summarized in this
paper. The methodology followed in this work is similar
that used for LixCoO2,5 although the local Jahn-Teller~JT!
distortion in LixNiO2 adds some subtle complexities. Th
formalism consists of three parts.

~i! First-principles total-energy calculations of differe
ordered arrangements of lithium ions and vacancies wit
the NiO2 host are performed.

~ii ! These energies are then used to parametrize a clu
expansion that describes the energy of LixNiO2 in terms of
an Ising-like Hamiltonian. A well-converged cluster expa
sion enables an accurate and rapid extrapolation of the
energy of any lithium-vacancy configuration from the firs
principles energy values calculated in the first step.

~iii ! The cluster expansion is then used in Monte Ca
simulations to calculate thermodynamic properties and e
librium phase boundaries.

To calculate the total energy of ordered LixNiO2 struc-
tures we use theab initio pseudopotential method as imple
mented in the Viennaab initio simulation package
~VASP!.30,31 This method solves the Kohn-Sham equatio
within the local-density approximation~LDA ! or the gener-
alized gradient approximation~GGA! using ultrasoft pseudo
potentials. In previous work32,33 we found the use of GGA,
rather than LDA, to be essential for correctly reproducing
Jahn-Teller distortion in Mn13 compounds. Since Ni13 is
potentially Jahn-Teller active, all calculations in this wo
were performed within the generalized gradient approxim
tion. A plane-wave basis set with a kinetic-energy cutoff
400 eV was used. The reciprocal space sampling was d
with a 63636 k-point grid for structures containing 2
LiNiO2 f.u., and a 43434 or 23232 k-point grid for
larger supercells so as to approximately keep the abso
k-point density constant. Relaxation was allowed and the
nal energies of the optimized geometries were recalcula
so as to correct for changes in the plane-wave basis du
relaxation.

To obtain a good cluster expansion it is critical that o
finds the lowest energy for a given Li-vacancy ordering.
most systems it suffices to relax the structure consistent w
the symmetry imposed by the Li-vacancy ordering in t
host. If spontaneous symmetry breaking that is not due
Li-vacancy ordering can occur, such symmetry reduct
needs to be explicitly allowed for. In LixNiO2 the symmetry
can be reduced by collective JT distortions that are indep
dent of the symmetry reduction by Li-vacancy ordering.
investigate this effect we will report on two sets of resul
one where the symmetry of the initial host is taken as rho
bohedral and which may or may not allow for JT distortio
depending on the symmetry of the Li-vacancy ordering, a
another one where the symmetry of the initial host is taken
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o
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FIRST-PRINCIPLES CALCULATIONS OF LITHIUM . . . PHYSICAL REVIEW B66, 064112 ~2002!
monoclinic so that JT distortions are always possible. A cl
ter expansion was fitted to the calculated energies. Statis
significance of this fit was ensured with the cross-validat
technique. A detailed description of this method is repor
in Ref. 34. The cluster expansion was then implemented
Monte Carlo simulations in the grand canonical ensemble
study the thermodynamics of Li and vacancy ordering
Li xNiO2, we used a Monte Carlo cell containing 540
LiNiO2 unit cells. At each temperature and chemical pot
tial, at least 2000 Monte Carlo passes per lattice sites w
performed after which sampling occurred over a minimum
4000 Monte Carlo passes.

III. RESULTS

A. Host structures and symmetry

LiNiO2, as LiCoO2, crystallizes in a layered host structu
where the oxygen slabs have anABCABCstacking sequence
This host is denoted by O3. The layered structure of LiCo2
is retained upon lithium deintercalation, but in LixCoO2 at
low lithium concentrations, different oxygen stackings of t
type ABAB (x50) andABABCACABCBC(0,x,0.3) are
found.35,36 These hosts have been denoted as O1 and H
respectively, H1-3 being a hybrid of the O1 and O3 pha
Fully delithiated CoO2 is stable in the O1 host, where th
Li-O octahedra share faces with the Co-O octahed
whereas in the O3 host they share edges. As Li fills the s
of CoO2, the O3 host becomes more stable than the O1 h
since the former phase minimizes the repulsion between
Li and the Co ions. In the Li12z2xNi11zO2 system, a recen
x-ray-diffraction study of highly delithiated samples has a
shown the formation of the O1 host structure near the N2
composition.37 This only happens when the amount of ex
Ni ions in the interslab space is small,z,0.07. We have
calculated the relative stability of NiO2 within the O1 and
O3 hosts and found the O1 host structure to be 7 meV
below that of the O3 host structure. However, this ene
difference between the O1 and O3 hosts is small in comp
son with the 40 meV/f.u. calculated for CoO2.5 The different
relative stabilities of the O1 and O3 hosts in the two syste
is likely connected to the electronic nature of the transit
metal. Co14 has a (t2g)5 configuration and Ni14 a (t2g)6

configuration. Complete filling of thet2g orbitals in NiO2
may make it less conducive to covalent bond formation w
oxygen and therefore reduce the relative stability of the
stacking sequence with respect to that of the O3 host. In
present work we have limited the study of LixNiO2 to the O3
host structure. Because of the potential Jahn-Teller acti
of Ni13 ions, the symmetry of LixNiO2 can be reduced by a
collective Jahn-Teller distortion, independently of the sy
metry reduction by Li-vacancy ordering. Therefore we ha
considered results from two different sets of energy calcu
tions.

~i! Energies of ordered structures whereby the symm
of the host is taken as rhombohedral. Hence the symmetr
the ordered Li-vacancy superstructure is necessarily a
group of theR3̄m group. Depending on the particular L
vacancy ordering, this subgroup symmetry may or may
allow Jahn-Teller distortions.
06411
-
al

n
d
in
o

-
re
f

-3,
.

a,
es
st,
he

u.
y
ri-

s
n

h
1
e

ty

-
e
-

ry
of
b-

t

~ii ! Energies of ordered structures whereby the symme
of the host is taken as monoclinicC2/m. Since in this case
the symmetry of the ordered Li-vacancy superstructure
subgroup ofC2/m, a collective Jahn-Teller distortion is a
ways possible. Due to the monoclinic symmetry breaking
C2/m, most Li-vacancy ordering in the rhombohedral ho
have two distinct Li-vacancy orderings in the monoclin
host. The two ordered states differ by their orientation w
respect to the monoclinic axis.

Since all the possibilities of~i! are included in~ii !, start-
ing from the monoclinic host, in principle, always give th
lowest energy. The latter energy may be equal to the ene
derived form of the rhombohedral host if no JT distortio
occurs. We found that at low lithium concentrationsx
,0.4) there was no energy difference between ordered c
figurations relaxed from the monoclinic or rhombohed
host, consistent with the idea that the low number of Ni13

ions cannot create a collective JT distortion unless the s
metry is already broken by the Li-vacancy ordering. Ho
ever at higher lithium concentrations the situation is mo
complex. Figure 3 shows the formation energy of seve
Li xNiO2 ordered structures withx50.5 @Fig. 3~a!# and x
50.75 @Fig. 3~b!#. Filled black circles and open diamond
indicate Li configurations obtained fromr -LiNiO2 and
m-LiNiO2, respectively. Arrows connect structures with t
same Li-vacancy ordering but different host symmetry.
illustrated in Fig. 3, any of ther -Li xNiO2 ordered structures
splits into two different structures when the symmetry of t
host isC2/m. For the same Li-vacancy ordering the energy
lower within the monoclinic host~open diamonds! than
within the rhombohedral host~filled circles!. For instance,
the energy of the most stable Li0.75NiO2 structure within the
rhombohedral host is lowered by 15 meV in the monoclin
host. In Fig. 3 it can also be seen thatm-Li xNiO2 structures
with the same Li-vacancy ordering, but oriented differen

FIG. 3. Calculated formation energy of LixNiO2 at ~a! x50.5
and ~b! x50.75. Filled circles denote structures calculated in s
groups of the rhombohedral LiNiO2 symmetry, and open diamond
indicate structures in subgroups of the monoclinic host. Orde
structures with the same lithium-vacancy arrangement but diffe
host symmetry are connected by arrows. The space group o
final relaxed structure is also given.
2-3
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ARROYO Y DE DOMPABLO, VAN DER VEN, AND CEDER PHYSICAL REVIEW B66, 064112 ~2002!
along the monoclinic axis, have energies as different as
meV. The final symmetry of the relaxed structures is a
indicated in Fig. 3. Notice that the symmetry ofr -Li xNiO2
structures is in most cases monoclinic, whereas the LixNiO2
structures in the monoclinic host can lower their symmetry
triclinic.

From this section we conclude that the lowest energy
a given Li-vacancy ordering is acquired by relaxing fro
a monoclinic host, where the symmetry can be reduced
collective JT distortions, and not merely by the Li-vacan
ordering.

B. Formation energies and cluster expansion

The total energy of 100 LixNiO2 structures was calculate
at values ofx51/5, 1/4, 2/7, 1/3, 2/5, 1/2, 3/5, 2/3, 3/4, 4/
and 5/6. Many different lithium-vacancy arrangements w
considered at most lithium concentrations. The structu
that are actually stable at low temperature out of this la
set can be found by constructing the convex hull of the f
mation energies. We define the formation energy for a gi
Li-vacancy distribution with compositionx as

D fE5E2xELiNiO2
2~12x!ENiO2

, ~1!

where E is the total energy of the configuration p
Li xh12xNiO2 formula unit,ELiNiO2

is the energy of LiNiO2

in the monoclinic host, and ENiO2
is the energy of NiO2 in the

monoclinic host.
The formation energies of the LixNiO2 structures are plot-

ted in Fig. 4. The numerical error in the energy is abou
meV, as estimated by performing convergence tests of
calculated total energyE with respect to thek-space grid and
the basis set cutoff energy, and it is unrelated to any phys
errors that may occur from the GGA approximation in t
density functional theory. It can be observed in Fig. 4 that
the LixNiO2 structures considered have negative format
energy, indicating that they are stable with respect to ph
separation into LiNiO2 and NiO2. This is a sign of repulsive
Li-Li interactions and indicates that Li-vacancy ordering w

FIG. 4. Calculated formation energies of ordered LixNiO2 struc-
tures as a function of the lithium concentration.
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occur. In Fig. 4 it can also be seen that at a given lithiu
concentration the formation energy of different LixNiO2
structures is quite similar in many cases. This indicates
the Li ions do not interact strongly but are screened by
local oxygen environment. This characteristic was also
ticed in the study of LixCoO2.5 Charge transfer and screenin
in layered LiMO2 compounds have been treated in detail
Refs. 5, 38 and 39.

The formation energies of LixNiO2 allow us to determine
the ground-state energy vs composition curve~convex hull!,
which is drawn in Fig. 4. The convex hull is the set of t
lines that connects all the lowest-energy ordered pha
When the energy of a particular ordered structure is abov
tie line, it is unstable with respect to a mixture of the tw
structures that define the end points of the tie line. The c
vex hull can be viewed as the free energy at 0 K where
entropy is absent. It, therefore, determines phase stabilit
zero temperature. This curve has several vertices at w
characteristic ordered structures of lithium ions and vac
cies appear. In LixNiO2, ground states occur atx51/4, 1/3,
2/5, 1/2, 3/5, 3/4, and 5/6.

To study the Li-vacancy ordering at nonzero temperat
one has to account for entropy, the most important of wh
is configurational entropy due to Li-vacancy substitution
exchanges. Thermal equilibration of the Li-vacancy arran
ment can be achieved by Monte Carlo simulations on
appropriate lattice model Hamiltonian40,41 through a proce-
dure that is well established.42 The lithium-vacancy arrange
ment in a particular structure is represented by occupa
variabless i , which are defined on the lattice at all possib
sites where Li ions can sit (s i511/21 when the site is
occupied/vacant!. The energy of LixNiO2 is then expanded in
polynomialsfa of these occupation variabless i :

E5V01(
a

Vafa . ~2!

Equation~2! is usually referred to as a cluster expansion.41,42

The functionfa is defined as a product of occupation va
abless is jsk , where the indicesi, j, k correspond to a col-
lection of sites that form a clustera, such as a pair cluster
triplet cluster, etc.V0 andVa are called the effective cluster
interactions~ECI! and are constant. The ECI are merely e
pansion coefficients describing the dependence of the en
of the crystal on the Li-vacancy configurations and are
termined by fitting the calculated energy of the ordered str
tures to Eq.~2!. A subset of the 100 calculated energies in t
monoclinic host were used to determine the ECI of Eq.~2!.
Our experience indicates that in this system better clu
expansions are obtained by using small and simple clus
and structures. For this reason only structures with up to f
LiNiO2 unit cells were used in the fit. A cluster expansio
with rhombohedral symmetry was used. As noted earl
most ordered lithium-vacancy arrangements within
rhombohedral NiO2 host have two crystallographically dis
tinct variants within the monoclinic host. Of each of the tw
distinct variants within the monoclinic host, we used th
with the lowest energy in the fit of the ECI. This reduces t
number of structures considered in the fit from 100 to 3
2-4
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and the cluster expansion was finally performed over 31
ferent lithium-vacancy configurations. The resulting clus
expansion contains eight pairs and four triplets. The ro
mean-square~rms! difference between the 31 formation e
ergy values used in the cluster expansion and the corresp
ing values as calculated with the cluster expansion
'6 meV. For the remaining six Li-vacancy configuratio
not included in the inversion, the rms difference betwe
their energies as calculated with the pseudopotential me
and as predicted by the cluster expansion is 8 meV. W
considering those critical structures containing more th
four unit cells, as some of the detected ground states, the
difference is still below 10 meV, consistent with a calculat
cross validation score of 9 meV. Cross-validation scores a
measure of the accuracy of the cluster expansion in pred
ing the energy of structures not used in the fit.34

Figure 5 shows the ECI used in the cluster expansion
well as their value. The upper panel corresponds to in-pl
lithium interactions, the middle panel shows interactions
tween two consecutive planes of lithium ions, and the bott
panel shows the three-body interactions. Positive interact
indicate Li-Li repulsion, whereas negative values indicate
effective attraction. The in-plane interactions@Fig. 5~a!# are

FIG. 5. In-plane pairs~a!, interplane pairs~b!, and triplets~c!
used in the cluster expansion. The triangular lattice denotes th
sites within a single plane, while the unfilled circles denote
projection of an adjacent Li plane. The value of the interaction
given in meV. Negative three-body interactions indicate an effec
interaction that is attractive between Li ions.
06411
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repulsive and decaying with distance. The significant
crease in going from the first neighbors to the next neighb
indicates again a very strong screening in these structur

In Li xNiO2 structures, different Li planes are far apart
they are separated by O-Ni-O slabs. The ECI correspond
to clusters connecting different lithium planes are theref
expected to be weak. Indeed this is observed in Fig. 5~b! for
the interaction between a lithium ion and its closest neigh
in the next plane. Since interactions between lithium ions
one plane and the first neighbor in the next plane are wea
is expected that interactions with further neighbors would
even weaker, as found in LixCoO2.5 Contrary to this, in
Li xNiO2 non-negligible attractive interactions exist betwe
Li ions in different planes. In previous work33 we explained
this interaction through the coupling of the Li ions with th
JT distortion of Ni31 centers. In particular, the interactio
with value 22.4 meV in Fig. 5~b! is between Li ions that
are on the extensions of linear O-Ni-O bonds. A better
scription of this interplane Li-Li interaction can be seen
Fig. 1, where the Li ions interacting in different planes (A
and B) are denoted by triangles. These lithium ions for
180° LiA-O-Ni-O-LiB configurations, which have bee
treated in detail in Ref. 33. This Li-Li interaction is attractiv
as the presence of Li ions on both ends of this O-Ni-O s
ment significantly lowers the presence of the filled Ni31 eg
orbital and enhances the JT activity. These interplane in
actions turn out to be crucial for stabilizing some of t
ordered ground states in the phase diagram.

C. Ground states in LixNiO2

Figure 6 shows the ground-state Li-vacancy arran
ments. Two successive planes of lithium ions are sho
with large and small filled black circles, respectively. F
these structures, the approximate charge around each N
has been calculated by integrating the unpaired electron
sity within a sphere of a radius 1.5 Å centered at the differ
Ni sites.33 These charges have been rounded off to13, 14,
and 13.5, depending on which of the three formal valen
states is closest to the integration result. In Fig. 6, Ni13 ions
are indicated by dark gray circles, Ni13.5 ions by light gray
circles, and Ni14 ions by white circles. For clarity only the
Ni ions in one unit cell are shown.

The in-plane ordering of the ground states atx51/4, 1/3,
and 3/4 is rather common on a triangular lattice.6,43,44These
types of arrangements are expected when Li-Li repulsive
teractions dominate6 and indeed these structures were a
found as lowest-energy configurations in LixCoO2 in the O3
host, although only Li0.33CoO2 was stable up to room
temperature.5 At x51/2 the most frequent ordering consis
of alternate rows of lithium and vacancies,6,44 a structure
found from experiments and calculations in Li0.5CoO2

3,5

However, Li0.5NiO2 has a different ground state, 13 me
more stable than the ordering exhibited by Li0.5CoO2. The
Li-vacancy distribution in Li0.4NiO2 agrees with that de-
scribed by Kaburagi and Kanamori an enumeration of p
sible ground-state ordering on the triangular lattice at t
composition.44 Remarkably, this ordered phase has not be
considered in any of the previous work on the LiNiO2 sys-
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tem. To our knowledge the ordered superstructures we fo
as ground states at Li0.5NiO2 and Li0.6NiO2 have never been
reported before in any other physical or theoretical syst
Notice that the supercells in these peculiar cases are rel
In Li0.4NiO2, nearest-neighbor lithium dimers line up to for
‘‘dimer rows.’’ By half filling the sites in between the two
parallel rows Li0.5NiO2 is obtained, whereas Li0.6NiO2 cor-
responds to the complete filling of the sites in between t
parallel rows. The double rowed dimers seem to be the st
unit of these structures as is also evident from the large
bility of the Li0.4NiO2 structure.

For a given in-plane lithium-vacancy ordering, adjace
Li planes can stack in different ways. In systems where
terplane Li-Li interactions are weak the energy differen
between distinct stacking sequences is small. But in the c
of Li xNiO2, where strong Jahn-Teller induced interplanar
teractions have been documented,33 particular stacking se
quences may be favored. Figure 6 shows for each struc
the most stable stacking. As in Ref. 33, we find that at e
composition the lowest-energy structure has Li-Li orh-h

FIG. 6. Lowest-energy lithium-vacancy arrangements
Li xNiO2 at x values of 1/4, 1/3, 2/5, 1/2, 3/5, and 3/4. The big bla
circles denote the in-plane lithium orderings and the small bl
circles designate the positions of the Li ions in the adjacent pla
Dashed line indicates the 180 Li-O-Ni13-O-Li configurations. Ni13

ions are indicated by dark gray circles, Ni13.5 ions by light gray
circles, and Ni14 ions by white circles.
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pairs along the O-Ni13-O extensions, but never a Li-h pair.
These LiA-O-Ni13-O-LiB complexes are shown by the dotte
lines in Fig. 6. This is consistent with the attractive intera
tions observed in the cluster expansion along this direct
The result of the charge integrations around Ni ions, sho
in Fig. 6, indicates clearly that distinct valence states of
Ni ions exist in partially delithiated materials. This is unlik
Li xCoO2 where the effective charge on the transition meta
delocalized over all Co ions and the material is meta
when enough Li is removed.5,33 In the low-energy configu-
rations the unit cell for Ni-charge ordering is always equiv
lent to the lithium-vacancy ordering, another indication th
there is a strong codependence between the Li-vacancy
figuration and Ni13-Ni14 ordering.

It can be seen in Fig. 6 that forx.0.4, Ni14 ions occupy
sites fully coordinated by lithium ions. This is a very sym
metrical environment favorable for a nonactive JT ion, su
as Ni14. The effect of this can be seen in the neare
neighbor triplet interaction@210.7 meV in Fig. 5~c!# which
is strongly attractive, weakening the effect of the neare
neighbor repulsion. Based on electrostatic considerations
would expect the nearest neighbors of Ni14 to be Li vacan-
cies. However, as was explained in Ref. 33, the occupiedeg
orbital in Ni13 favors a Li ion in the second neighbor pos
tion, along the extension of theeg(Ni)-p(O) orbital. This
tends to force Li ions into a nearest-neighbor position
Ni14. The interactions on Fig. 5 are a good example to de
onstrate that many physical effects, other than electrosta
contribute to the effective Li-Li interactions. While in
Li xCoO2 the interactions display typical electrostat
behavior,5 with strong screening by oxygen, in LixNiO2 the
interactions are much more influenced by the charge dis
bution and electronic structure of Ni.

D. Phase diagram

The phase diagram of LixNiO2 is determined by Monte
Carlo simulation on the cluster expansion of Fig. 5. By in
grating the chemical potential, the free energy as a func
of the lithium concentration can be determined. In this s
tion we present the calculated phase diagram of stoic
metric LixNiO2. In addition, knowledge of the chemical po
tential allows a calculated voltage composition to
compared with the experimental curve~Sec. III E!.

Figure 7 shows the calculated equilibrium phase diagr
for Li xNiO2. The various ordered regions are shown in gr
and are separated by domains of two-phase coexiste
Hence, at room temperature all phase transitions detecte
this system are first order. The insets of Fig. 7 show
in-plane lithium-vacancy arrangement of the ordered sta
The phase diagram is only shown forT.250 K, as equilib-
rium was difficult to achieve in the Monte Carlo simulation
at low temperature. Several interesting observations are t
made about the calculated phase diagram. All ground st
from Fig. 4 appear in the phase diagram except for the
dered structures atx50.6 andx55/6 which disorder at low
temperature. Surprisingly, the structure atx50.4, with the
ordered Li-Li dumbbells dominates the phase diagram at
lithium concentration. The structures atx50.5 and 0.75 dis-

k
e.
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order around room temperature, though one could expec
order-disorder temperature to be overpredicted as in the
of Li xCoO2.5 The general increase of the order-disorder te
perature towards lower lithium concentration is due to
reduced charge on oxygen as Li is removed, which decre
the screening of the Li1-Li1 interaction.

The Monte Carlo simulation has also identified new str
tures. This is one of the advantages of the cluster expan
approach: once the cluster expansion is well parameter
using the energy of structures with small unit cells, the
ergy of any arrangement can be rapidly obtained. Hen
completely new structures can be predicted as ground st
Figure 7~b! shows two new LixNiO2 structures identified in
the Monte Carlo simulation, withx50.48 and 0.533, as wel
as the ground state for Li0.5NiO2. Due to the large size of the
Li0.48NiO2 and Li0.533NiO2 unit cells, their energy was no
calculated from first principles. In these structures of F
7~b!, lithium ions form nearest-neighbor triangles. It is like
that they surround the Ni41 ions in the structure. This area o
the phase diagram was not resolved in detail due to the
ficulty in obtaining well-equilibrated structures.

Experimentally, ordered LixNiO2 structures have been de
tected by selected area electron diffraction atx51/4 andx
51/3.17 The lithium-vacancy distributions proposed from e
periments in Li1/4NiO2 and Li1/3NiO2 agree with those
shown in Fig. 7. Electrochemical experiments also seem
suggest the presence of ordered Li1/2NiO2 and Li3/4NiO2 dur-

FIG. 7. ~a! Calculated phase diagram of LixNiO2. The gray areas
represent ordered LixNiO2 regions. The insets show the Li-vacanc
distribution in the ordered structures stable at room temperature~b!
Additional LixNiO2 ordered structures found in Monte Carlo sim
lation atx50.48 andx50.533, and the ground state atx50.5.
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ing the cycling of Li//LiNiO2 cells.15,19,45,46However, to our
knowledge, the specific nature of the Li ordering has n
been investigated at these compositions. Several aut
have speculated that in Li1/2NiO2, lithium and vacancies
should order in alternate rows, as was found
LiCoO2.15,19,20 It has been assumed that Li3/4NiO2 has the
same ordered structure as Li1/4NiO2 but with lithium and
vacancies exchanged.15,20,45Thus in Li1/2NiO2 and Li3/4NiO2
the calculated most stable Li-vacancy arrangement dif
from previously proposed~but not confirmed! models. Nev-
ertheless, the energy difference between the calcula
lowest-energy Li-vacancy distributions and those previou
proposed.15,19,20is small in Li3/4NiO2 ~4 meV!, and relatively
small in Li1/2NiO2 ~13 meV!. These small differences in en
ergy make it difficult to unambiguously decide which grou
state is stable. In order to discriminate between the two p
sibilities more detailed experimental data is required. E
dence of lithium ordering has also been found by selec
area electron diffraction~SAED! in Li0.63Ni1.02O2

20 The
SAED pattern can be interpreted with a 23232 superstruc-
ture of a monoclinic cell witha54.988 Å, b52.828 Å,
c55.069 Å, andb5109.75°.47 In the model proposed by
Pereset al.20 this superstructure is derived from the hyp
thetical ordered states atx50.5 and 0.75 by the half-filling
of the positions that are empty atx50.5 but filled at 0.75.
Hence the stoichiometry of this compound would
Li5/8NiO2. In the calculated phase diagram at that lithiu
concentration there is no ordered phase. Instead, a two-p
region is present where Li0.75NiO2 and a solid solution coex
ist. Within this picture, any evidence of ordering shou
come from the Li0.75NiO2 superstructure which has param
eters 2amxbm3cm andP-1 symmetry. This symmetry is in
consistent with the experimental electron-diffraction p
terns. Hence, for this region of the phase diagram th
seems to be clear discrepancy between calculated and ex
mental results.17,20 Calculations predict a strong ordere
phase atx50.4 with C2/m symmetry. Interestingly, the ex
istence of an ordered Li0.4NiO2 has not been considered i
the literature, although the experimental voltage-composit
curve@see Fig. 8~a!# exhibits a voltage step around that com
position. Powder x-ray-diffraction data taken
Li0.38Ni1.02O2 and Li0.4Ni1.008O2 reveal that this composition
corresponds to a single phase of monoclinic symmetry.48,49

Further experimental characterization in this area of
phase diagram is therefore desirable.

The calculated phase diagram corresponds to stoic
metric LiNiO2. However, in LiNiO2 some departure from
stoichiometry is unavoidable, and a compou
Li12zNi11zO2 is obtained.17,21,23 The excess Ni ions are
present in the interslab space in the form of Ni21 ions occu-
pying lithium positions. To charge compensate these io
zNi21 ions must also be present in the NiO2 layer. For small
values ofz the introduction of some disorder in LiNiO2 will
decrease the temperature of the order-disorder transiti
Hence, depending on the degree of disorder, at room t
perature not all the ground states predicted for LiNiO2 may
be detected in off-stoichiometric Li12zNi11zO2. At large
enough values ofz, the Ni21 ions statistically distributed
within the lithium sites could completely prevent any L
vacancy ordering, modifying substantially the calculat
2-7
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phase diagram. The disorder introduced by the Ni excess
also affect the phase transformations.

E. Voltage-composition curve

Monte Carlo simulations give the chemical potential a
function of concentration. The equilibrium potential of a
electrochemical lithium cell depends on the chemic
potential difference for lithium in the anode and cathode m
terials:

f~x!52@mLi
cathode~x!2mLi

anode~x!#/e, ~3!

where mLi is the lithium chemical potential in eV. If the
anode potential is taken as the standard chemical pote
for metallic lithium, the cell potential is simply given by th
negative of the chemical potential for lithium in the cathod
which is directly obtainable from the Monte Carlo simul
tion.

Though the voltage-composition curve contains the sa
information as the phase diagram, it allows a better comp

FIG. 8. Comparison between the~a! experimental and~b! cal-
culated voltage-composition curves of a Li//LiNiO2 cell. The ex-
perimental data are courtesy of Delmaset al. ~Ref. 17! and shows
both a charge and a discharge curve.
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son with the experimental data. Figure 8 shows the exp
mental and the calculated voltage-composition curve o
Li//LiNiO 2 cell at room temperature~experimental data from
Ref. 17!. The calculated voltage is about 0.5 V below t
experimental voltage, as is usual of voltages for lithium ce
calculated within LDA and GGA.26,32,38,39Nevertheless the
intercalation reaction mechanism is reflected in the shap
the voltage-composition curve. In the two-phase domains
cell voltage remains constant whereas the single-phase a
are characterized by continuous changes in the cell volta
These voltage changes are gradual in the solid solu
ranges and abrupt in the regions where the lithium ions or
The shape of the calculated voltage-composition curve@Fig.
8~b!# is very similar to the experimental one@Fig. 8~a!#,
though some discrepancy exists in the 0,x,0.4 region. In
the calculated data two ordered phases appear atx50.25 and
x51/3. This is in agreement with the electron-diffractio
study in Li0.28Ni1.02O2, which revealed the presence of o
dered Li0.25NiO2 and Li0.33NiO2 structures.17,48 Contrary to
this, in the experimental curve a unique voltage drop is
served aroundx'0.27, instead of the two voltage steps
x51/4 and 1/3. We believe that the experimental conditio
could hide the real equilibrium voltage drops resulting fro
the ordered phases Li0.25Ni1O2 and Li0.33NiO2. In fact, gal-
vanostatic cycling of a Li//LiNiO2 cell at a low rate (C/100)
has shown these two voltage steps.37

V. SUMMARY

We have performed a first-principles investigation
phase stability in LixNiO2 for 0,x,1. The most stable
lithium-vacancy arrangements for Li1/4NiO2 and Li1/3NiO2 in
the calculations agree with the experimental models base
electron-diffraction data. We, furthermore, predicted partic
lar ordered configurations at compositions Li3/4NiO2 and
Li1/2NiO2, where ordering has been postulated in the lite
ture but no experimental characterization has been
formed. In the region 0.5,x,0.75 first-principles calcula-
tions are inconsistent with the model proposed previously
explain the ordering found in a sample of nominal compo
tion Li0.63Ni1.02O2.20,47At Li 2/5NiO2, where ordering has no
previously been considered, we predict a very stable ph
with rows of nearest-neighbor Li-Li dumbbells.

The Li-vacancy ordering differs considerably betwe
LiCoO2 and LiNiO2. In LixCoO2 two ordered states atx
51/3 and 1/2 are predicted at room temperature. This si
tion contrasts with the calculated LixNiO2 phase diagram
where ordered states appear atx51/4, 1/3, 2/5, 1/2, and 3/4
in the O3 host near room temperature. In both LiCoO2 and
LiNiO2 we found strongly screened in-plane lithium-lithiu
interactions. However, unlike in LixCoO2, the stability of
ordered LixNiO2 structures is also determined by long-ran
attractive interplane lithium-lithium interactions, related
the charge distribution and electronic structure of Ni. The
fore, the driving force for the distinct Li-Li interaction, an
ultimately the different phase stability found in LixNiO2 and
Li xCoO2, is due to the electronic nature of the transitio
metal cations.
2-8
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