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Structural changes accompanying the electrochemical Li dein-
tercalation of Li,_,NiO, and Li,_,CoO, were studied by the
transmission X-ray absorption fine structure (XAFS) technique
using an in situ X-ray cell of original design. Our results revealed
that the Jahn—Teller distortion of the Ni—O octahedra found in
LiNiO, decreased as the Li ion was removed from the cathode.
The observed X-ray absorption near-edge structures (XANES)
of Li;_.NiO, and Li;_,CoO, as a function of x are consistent
with the phase transitions found by powder-diffraction studies.
The Ni—O, Co-0O, and Ni-Ni interatomic distances decreased
almost linearly as the Li content decreased to x = 0.8, while the
Co—Co distance slightly decreased to x = (.5 and increased up to
x = 0.8. The local distortion of NiO4 octahedra also decrease
with increasing y in a Li(Ni;_,, Co,)O, solid solution. © 1998

Academic Press
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1. INTRODUCTION

There is a strong demand for long-life rechargeable batte-
ries for use in mobile electronic appliances such as com-
puters and video cameras. LiCoQO; is currently used as the
cathode material for secondary lithium batteries because Li
can be electrochemically deintercalated to form Li; - ,CoO»
(1). There has been an extensive search for electrode mater-
ials other than LiCoO-, however, due to the high cost of Co
(2—4). LiNiO; is a promising potential electrode material,
although complicated phase transitions in Li; - NiO, dur-
ing the charge—discharge process (5, 6) require a detailed
structural characterization.

LiNiO; is isostructural with LiCoO,, which crystallizes
with a rhombohedral layered rock-salt structure (5, 6).
Metal ions occupy the octahedral sites of a cubic close-
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packed network of oxygen ions to form alternate ordered
layers of Li and Ni ions parallel to the (111) plane of the
cubic rock-salt structure. Rougier et al. have reported for
the first time the presence of an NiOg distortion (two Ni—O
bond lengths: four bonds at 1.91 A and two at 2.09 &) in
LiNiO, due to the local Jahn-Teller effect of the Ni®** ion
based on an XAFS analysis (7). Crystallographically, the Ni
atom is located at the 3b site of the R3m lattice with six
oxygen atoms at equal Ni—O distances. Therefore, the dis-
tortion should not occur at long range and cannot be
detected by conventional diffraction techniques. XAFS,
therefore, is the most suitable technique for examining
structural variations in the transition metal atoms during
the charge—discharge process. The Li ion is deintercalated
from LiNiO, during the charge process and is intercalated
during the discharge process. The present study was con-
ducted to reveal variations in the local structure of the Ni
and Co atoms in Li; - .NiO, and Li; - .CoO, as a function
of Li content by an in situ XAFS technique.

2. EXPERIMENTAL

LiNiO, was prepared by reacting stoichiometric amounts
of LiIOH-H,O with Ni(OH), at 650°C in air for 3 h.
LiCoO, was obtained by heating Li,CO3; and Co;0, in air
at 900°C for 3 h. Starting materials of the synthesis of
a LiNi,Co; _,0, solid solution with various y values were
prepared by the coprecipitation method by adding 1 M
NaOH solution to a solution of Ni(NOj3),-6H,O and
Co(NO3), -6H,0 in stoichiometric proportions. The pre-
cipitate was filtered and dried overnight in an electric drying
oven at 120°C. Li,CO5; was then added to the precipitate
and they were thoroughly mixed with an agate motor.
Li; - (Niy 5Co.5)O, was synthesized by heating the mix-
ture in air for 48 h at 750°C. The electrochemical cell used
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for the in situ XAFS measurement was composed of Kapton
windows, a cathode material on aluminum foil, a lithium
metal anode, and a 1 M electrolyte solution of LiBF, in
propylene carbonate and ethylene carbonate. The Li ion
was electrochemically deintercalated from LiNiO, and
LiCoO, by charging the cell at a constant voltage for
30 min, then keeping it at rest for 1 h. The cell was then
placed on the optical bench of a conventional XAFS station
(BL-7C, Photon Factory, KEK, Tsukuba, Japan). Samples
for non-in-situ measurements were prepared by mixing the
powder samples with a BN powder to form disks. A Si(111)
double-crystal monochromator was used and the intensities
of incident and transmitted X-rays were measured by ioniz-
ation chambers at room temperature. The data were ana-
lyzed by conventional methods, including background
subtraction using the Victreen function, extraction of
EXAFS (extended X-ray absorption fine structure) oscilla-
tion y(k) by the cubic spline technique, Fourier transform,
and Fourier filtering followed by a curve-fitting analysis
using REX2 data analysis software (8). A theoretical simula-
tion was performed using FEFF6 (9).

3. RESULTS AND DISCUSSION

The Ni and Co K-edge XANES spectra of Li; - \NiO,
and Li; _,CoO, measured as a function of x are shown in
Figs. 1a and 1b, respectively. The Li concentrations (x) were
calculated from the known cathode masses and the total
charge. From the edge structure it can be seen that as the Li
ion is deintercalated, the Ni K-edge of Li; _ NiO, shifts to
the higher energy side (Fig. 1a), indicating that Ni®* is
oxidized to Ni**. A steady shift in the spectrum begins
when x exceeds 0.13. According to the in situ X-ray diffrac-
tion analysis (5), the original trigonal H1 phase and the new
monoclinic M phase coexist in the region 0.15 < x < 0.25,
which is consistent with the starting point of the edge shift of
Li; -, NiO, (Fig. 1a). On the other hand, the XANES spec-
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trum of Li; - .CoO, begins to shift when x exceeds 0.15, and
a clear change in the spectral shape can be observed at
x = 0.35 (Fig. 1b). The in situ X-ray diffraction analysis of
Li; - ,CoO, revealed a first-order transition in the region
0.07 < x < 0.25 (10) which corresponds to the clear change
in shape seen in the XANES spectra. Thus, we found that
the spectral changes of LiNiO, are different from those of
LiCoO, during Li deintercalation. It appears that this dein-
tercalation deforms the electronic structure of the Co atom
more significantly than that of the Ni atom. It can be
presumed that the Li deintercalation causes a simple vari-
ation in the Ni—O distance of the NiOg octahedra in the
latter phase.

Fourier transforms (FT) of k3-weighted Ni and Co K-
edge EXAFS oscillation as a function of x are given in Figs.
2a and 2b, respectively. The FT provides information re-
garding many coordination shells. The first peak at around
1.5Ain F ig. 2a corresponds to a Ni—O interaction in the
first coordination sphere. The second peak at around 2.4 A
represents a Ni—Ni interaction in the second coordination
sphere, with some contribution from the Ni—Li interaction,
although this contribution is practically negligible because
of the small backscattering amplitude of the Li atom.
Similarly, the first and second peaks in Fig. 2b represent
Co-O and Co—Co interactions, respectively. A simulated
FT pattern was calculated with the FEFF6 code (9) for the
R3m model (model 1 in Fig. 3) with Li at (0, 0, 0), Ni(Co) at
(0,0, 1/2) and oxygen at (0, 0, 0.241) and this was compared
with the calculated patterns for the imaginary monoclinic
C2 model (10), yielding a distorted NiOg octahedron with
several (2 4+ 4) Ni-O distances (models 2—4). The FT pat-
tern for model 1 and that of LiCoO, in Fig. 2b correspon-
ded reasonably well except for the intensities of the peaks
beyond 3 A. Accordingly, it appears that the peaks at 4.6
and 5.4 A in Figs. 2 and 3 are mainly due to metal-metal
interactions, and a significant focusing effect from multiple
scattering can be observed in the latter peak. On the other
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Ni K-edge and Co K-edge XANES spectra of (a) Li; - NiO, and (b) Li; - ,CoO, as a function of x.
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FIG.2. The Fourier transforms of the Ni K-edge and Co K-edge EXAFS spectra of (a) Li; - ,NiO, and (b) Li; - ,CoO, as a function of x. The Fourier

transforms are not corrected for the phase shifts.

hand, the Ni-O peak for LiNiO, in Fig. 2a is unexpectedly
smaller than Co-O peak in Fig. 2b and the M—O peak for
the model 1 (Fig. 3). The small peak for LiNiO, could be
ascribed to the Jahn-Teller distortion from the true oc-
tahedral coordination. The distorted (2 + 4) coordination
model with 20 at 1.906 and 40 at 2.002 A (model 3 in
Fig. 3) reproduces the experimental FT of LiNiO, in Fig. 2a,
which further supports our interpretation of the small peak
for LiNiO,. This apparent decrease in peak height results
from the counteractive photoelectron waves produced by
X-ray absorption. It is remarkable that the Ni—-O peak
height increases with the deintercalation of Li, whereas the
Co-O peak height remains almost constant (Fig.2). Low-
spin Ni*" is the d’ Jahn-Teller ion with an electronic
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FIG. 3. Simulated Fourier transforms for LiMO, (M = Ni, Co). The
difference between LiNiO, and LiCoO, is practically negligible in the
results. Model 1: R3m (space group) model with regular M—Og octahedra
with 60 at equal distance; Model 2: C2 (space group) model with distorted
octahedra with 20 at 1.927 and 40 at 1.991; Model 3: 20 at 1.906 and 40
at 2.002; Model 4: 20 at 1.865 and 40 at 2.025 A.

configuration of t,,%,". Deintercalation of Li oxidizes Ni**
to Ni**, resulting in a t,,%,° state with no Jahn-Teller
distortion. This is the first observation of a dynamic change
in Jahn—Teller effect during the deintercalation process. On
the other hand, the oxidation of Co®™" causes a removal of
the electron from a f,, orbital, not directed at the oxygens
and less involved in the metal-metal interaction. Moreover,
substituting Co for Ni in LiNiO, causes an increase in the
Ni—O peak heights (Fig 4). This phenomenon can also be
explained by the Jahn—Teller effect, with the substitution of
Co?*(d®) for Ni**(d”) possibly reducing the local distortion
of the Ni octahedra. The existence of a Jahn—Teller effect in
LiNiO, may account for the instability of LiNiO, as a cath-
ode material. It has been reported that partially substituting
Co for Ni improves the quality of a battery (11). The present
study has revealed that this Co substitution reduces the

Jahn-Teller effect.
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FIG. 4. The Fourier transforms of the Ni K-edge EXAFS spectra of
Li(Ni; - ,Co,)O, solid solutions as a function of y. The Fourier transforms
are not corrected for the phase shifts.
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FIG. 5. The metal-oxygen and metal-metal distance as a function of x obtained from the EXAFS analysis of (a) Li; - ,NiO, and (b) Li; - ,CoO,,
assuming a single metal-oxygen distance and a single metal-metal distance with a coordination number of 6. The linear lines were calculated for the

metal-metal distances by the least-squares fitting method.

The metal-oxygen and metal-metal distances were ana-
lyzed by Fourier filtering and a curve-fitting analysis of the
first and second shells in the FT (Fig. 2). The average Ni-O
(Co-0O) distance was calculated by assuming a single
metal-oxygen shell with coordination number 6, and the
Ni-Ni (Co—Co) distance was calculated by assuming
a single metal-metal distance with coordination number 6.
These results are plotted as a function of x in Figs. 5a and
5b. Both the Ni—O and Co—O bond distances exhibit a lin-
ear decrease with a decrease in the Li content. The increase
in the average positive charge of the metal atoms with Li
deintercalation accounts for the shortening of the
metal-oxygen distance. It is noteworthy that the Ni—Ni
distance decreased as much as 0.06 A with x, whereas the
decrease in the Co—Co distance was less significant, and the
distance actually increased from x = 0.5 to x = 0.8. These
metal-metal distances correspond to the a lattice parameter
of the trigonal R3m cell. It is found that the plots of the
Ni—Ni distances vs x can be fitted with two straight lines by
least-squares methods with a clear discontinuity at around
x = 0.25 (Fig. 5a). The in situ diffraction analysis of LiNiO,
disclosed a trigonal- (hexagonal-) to monoclinic transition
at around 0.25, and a variation of the lattice parameters
similar to Fig. 5a was reported (5). Similarly, the V shape
variation of the Co—Co distances in Fig. 5b is consistent
with that determined by the in situ diffraction analysis of
LiCoO, (12). The present results, including the XANES
features, indicate the consistency between our in situ XAFS
data and the diffraction data. Further analysis of the XAFS
data including quantitative evaluation of the Jahn—Teller
distortion of the metal-oxygen octahedra, which could not
be revealed by the diffraction technique, is now in progress.
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