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h i g h l i g h t s

< Defect chemistry at high temperatures in layered LiMO2 is revealed.
< Antisite transition-metal ions are major defects in LiCoO2 and LiNiO2.
< Oxygen vacancy is major defect in Li(Li1/3Mn2/3)O2.
< Defect concentration is sensitive to synthesis conditions for LiNiO2.
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a b s t r a c t

Defect chemistry at high temperatures in layered lithium transition-metal oxides of LiCoO2, LiNiO2, and
Li(Li1/3Mn2/3)O2 is investigated on the basis of first-principles calculations. The antisite transition-metal
ions are the major defects in LiCoO2 and LiNiO2. However, the easy formation of the electron defect in
LiNiO2 leads to the preferential valence state of NiLi0 and thus to the P�1=2

O2
dependence of the defect

concentration on the oxygen partial pressure. On the other hand, the formation of the electron defect as
the accompaniment of the antisite cobalt ion in LiCoO2 leads to the preferential valence state of CoLi

þ and
the P�1=4

O2
dependence. The defect concentration is, therefore, more sensitive to the synthesis conditions

for LiNiO2 than that for LiCoO2. Li(Li1/3Mn2/3)O2 with low defect concentrations can be easily synthesized
at ambient oxygen partial pressures, although the concentration of the oxygen vacancy increases as
oxygen partial presure decreases. The defect chemistry based on the first-principles calculations can
provide quantitative information on the characteristics of electrode active materials as well as guides to
their optimum synthesis conditions.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Various lithium transition-metal oxides are examined as active
materials of positive electrodes for lithium-ion batteries. Most of
them are synthesized by solid-state reaction processes [1]. Point
defects are formed at high temperatures in such synthesis pro-
cesses, and some of themmay remain in the samples owing to their
slow diffusion at low temperatures. The residual defects are the
cause of many properties of actual electrode active materials. For
instance, LiNiO2 always has excess nickel, and the excess nickel ion
exists as an antisite defect at the lithium site. Although the amount

of excess nickel should be small to obtain a large rechargeable ca-
pacity, which is an advantage of LiNiO2 over LiCoO2, the amount of
the excess nickel is dependent on the synthesis conditions [2e4].
Therefore, knowledge of defect chemistry in electrode active ma-
terials at high temperatures is essential to optimize their synthesis
conditions, and thus to improve performance of lithium-ion
batteries.

Despite the importance of inquiry into defect chemistry in
electrode active materials, it is difficult to accurately determine
defect concentrations in lithium transition-metal oxides. Therefore,
investigation on the defect chemistry based on theoretical calcu-
lations is expected. For this purpose, first-principles calculations
based on density functional theory (DFT) is promising with con-
sideration of chemical conditions and variety of valences of point
defects [5]. The formation energies of the point defects that lead to
nonstoichiometry are dependent on chemical conditions such as
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oxygen partial pressure. Thus, the consideration of the chemical
conditions is required for the evaluation of the defect concentra-
tions. As transition-metal species can have variety of valences,
point defects in transition-metal oxides may also have various va-
lences. Hence, an electron defect, a hole defect, and point defects
with different valences should be taken into account for evaluation
of the defect concentrations.

We herein report an investigation of the defect chemistry at
high temperatures in lithium transition-metal oxides of LiMO2
(M ¼ Co, Ni, and Li1/3Mn2/3) with an a-NaFeO2-type layered
structure based on systematic first-principles calculations. LiCoO2
has the regular a-NaFeO2-type structure. LiNiO2 exhibits Jahn-Teller
distortion, which causes a distortion from a rhombohedral lattice of
the regular a-NaFeO2-type to a monoclinic lattice [6]. Li(Li1/3Mn2/3)
O2 exhibit a [O3 � O3]R30� superlattice in the (Li1/3Mn2/3) layers.
We give and discuss the equilibrium concentrations of the point
defects in these oxides at high temperatures and various oxygen
partial pressures.

2. Calculation method

The formation energy of defect X at site A in valence state q is
defined as

Df E
�
Xq
A

� ¼ EDFT
�
Xq
A

�� EDFTðbulkÞ �
X
i

Dnimi þ q 3F ; (1)

where EDFT(XA
q
) and EDFT(bulk) are the energies of supercells

obtained by DFT calculations with and without the defect XA
q
,

respectively. Dni is the change in the number of atoms of species i,
which has been added (Dni > 0) or removed (Dni < 0). mi is the
atomic chemical potential of species i. 3F is the Fermi energy. Note
that EDFT(XA

q
) and EDFT(bulk) are, in principle, Gibbs free energies.

However, the entropy and volume terms can be disregarded for
solid phases. Under thermal equilibrium, the concentration of the
defect XA

q
at temperature T can be obtained as

C
�
Xq
A

� ¼ CðAAÞexp
 

� Df E
�
Xq
A

�
kBT

!
; (2)

where C(AA) and kB are the concentration of site A without any
defect and the Boltzmann constant, respectively. This estimation
scheme assumes no interaction between defects and homogeneous
distribution of the defects. The concentration is given per formula
unit, in units of 1/f.u., in this paper. In the present work, point
defects of vacancies (VLi, VM, and VO), interstitial cations (Lii andMi)
at the tetrahedral sites in the lithium layers, antisite cations (MLi
and LiM), an electron defect (e�), and a hole defect (hþ) were
examined.

To represent a chemical condition of the LiMO2 system under
thermal equilibrium, one internal parameter ( 3F) and four external
parameters (T, mLi, mM, and mO) exist. The Fermi energy was deter-
mined so that the system satisfied charge neutrality. Temperature
and oxygen partial pressure were used as variables in this inves-
tigation. The atomic chemical potential of oxygen at temperature T
and partial pressure PO2

is given as

mO ¼ 1
2
GO2

¼ 1
2

�
EDFTO2

þ
�
G0
O2
ðTÞ�G0

O2
ð0KÞ

�
þkBTln

�
PO2

P0

��
; (3)

where EDFTO2
is the energy of an O2 molecule obtained by DFT cal-

culation, corresponding to the Gibbs free energy at 0 K without the
zero-point energy. G0

O2
is the Gibbs free energy of the gaseous O2

phase under the standard pressure P0 as a function of temperature,
which is estimated by assuming the oxygen to be an ideal gas on the

basis of experimental results [7]. The existence of the LiMO2 phase
requires a constraint on the chemical condition as

mLi þ mM þ 2mO ¼ EDFTLiMO2
; (4)

where EDFTLiMO2
is the energy of LiMO2 obtained by DFT calculation.

With these conditions, a single variable remains. In this inves-
tigation, the atomic chemical potential of lithium was set to be
under equilibrium with Li2O as

2mLi þ mO ¼ EDFTLi2O; (5)

where EDFTLi2O
is the energy of Li2O obtained by DFT calculation. This

corresponds to setting the most lithium-rich condition during the
synthesis to minimize lithium deficiency in the samples.

The defect energies were calculated using 144-atom (Li36M36
O72) supercells constructed by the expansion of the a-NaFeO2-type
unit cell by 2O3 � 2O3 in the ab plane. Single defects were indi-
vidually introduced into the supercells. Lattice constants were fixed
at those of the pristine oxides. Atomic positions were optimized
until the residual forces became less than 0.02 eV Å�1. The elec-
trostatic potentials of the charged supercells were corrected so that
the electrostatic potentials at the farthest ions from the defects
were the same as those in the pristine crystals [5,8,9]. The DFT
calculations were performed using the plane-wave basis projected-
augmented-wave (PAW) method implemented in the VASP code
[10e12]. The plane-wave basis set was determined with a cutoff
energy of 500 eV. The integral in the reciprocal space was evaluated
by the Gaussian smearing technique with a smearing parameter of
0.1 eV and a 2 � 2 � 1 mesh. The exchange-correlation interaction
was treated by the generalized gradient approximation with the
Hubbard model correction (GGAþU) [13,14]. A U parameter of 5 eV
was commonly used for all the transition-metal species and va-
lences in the present work.

3. Results and discussion

Fig. 1(a) illustrates the equilibrium concentrations of the point
defects in LiCoO2 as a function of temperature and oxygen partial
pressure. Fig. 1(b)e(d) illustrate cross sections of Fig. 1(a) at
T ¼ 1100 K, PO2

¼ 0.2 atm, and PO2
¼ 10�6 atm, respectively. The

defect concentrations in the figures are the totals for each type of
defects summed over all possible valences. The dominant defect in
LiCoO2 is the antisite cobalt ion at the lithium site (CoLi). The oxygen
vacancy (VO) and the interstitial lithium ion (Lii) are the minor
defects at very high temperatures and low oxygen partial pressures.
The calculated electronic states indicate that the antisite cobalt ion
is in the divalent state with the high-spin configuration, whereas
the regular cobalt ion is in the trivalent state with the low-spin
configuration. The excess charge of the antisite cobalt ion is com-
pensated by an electron defect as a small polaron (another divalent
cobalt ion at the regular cobalt site).

Above 1000 K at 0.2 atm oxygen partial pressure, the electron
defect is formed as an accompaniment of the defect formation re-
action of the antisite cobalt ion as

LiCoO2/CoþLi þ e� þ Li2Oþ 1=2O2: (6)

Thus, the equilibrium concentrations of the antisite cobalt ion
and the electron defect have P�1=4

O2
dependences, as shown in

Fig. 1(b) at high oxygen partial pressures. At lower oxygen partial
pressures, the antisite cobalt ion tends to be associated with an
electron defect as the CoLi0 defect. Therefore, the total concentration
of the antisite cobalt ion (CoLiþ and CoLi0 ) becomes more than the
concentration of the electron defect as shown in Fig. 1(b) and (d).
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