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Single crystals of the lithium nickel dioxide compound
Li;—.Ni+.0; with z=0.075 have been successfully synthesized
by a flux method for the first time. A single-crystal X-ray
diffraction study confirmed trigonal symmetry, R3m space
group, and the lattice parameters «=2.8899(13)A and
¢ =14.1938(17) A. The cation distribution in Lio.0,sNi; 47502 was
determined to be (Li0,744Ni0,256)3a [Lio,]s]Nio,sw]y,Oz With a ﬁnal
R value of 2.68% using 202 independent observed reflections. The
relationships between cation distributions and structural para-
meters for Li;—.Ni;.;O, compounds have been summarized and
discussed using the 37 reported structural data. The magnetiz-
ation measurements of the present single crystal samples con-
firmed the history dependence of temperature versus M/H
maximum at about 60 K. © 2001 Academic Press

Key Words: lithinm battery; crystal growth; two-dimensional
triangular lattice; single-crystal X-ray structure analysis.

INTRODUCTION

Lithium nickel dioxide with the a-NaFeQO: structure,
LiNiO2, was reported for the first time by Dyer et al. (1).
This material can be considered as the end member (z = 0)
of the Lii -zNi1 +:0; solid solution system (2, 3). In the ideal
crystal structure of LiNiO» with R3m space group, alternate
layers of lithium and nickel occupy the octahedral voids of
a cubic close-packed (ccp) oxygen arrangement making
up the two-dimensional triangular lattice, as illustrated in
Fig. 1. It is well established that the stoichiometric LiNiO>
compound is very difficult to obtain, because the high-
temperature treatment of LiNiO> leads to decomposition
from LiNiO2 to Lii-:Nij+:O2 solid solution compounds
with the partially disordered o-NaFeO: structure (4).

Since Hirakawa et al. (5) first pointed out that LiNiO3 is
suitable as a model of an S = 4 antiferromagnetic triangular
lattice with an Ising-like anisotropy, a wide variety of
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magnetic behaviors have been reported for LiNiO, and the
solid solution Li;_.Ni;;.0, (0 <z < 1) with different
chemical compositions and cation distributions (6-8). Re-
cently, the solid state chemistry of Li; _.Ni; . ,O, has been
intensively investigated, since this compound and its deriva-
tives are used as the positive electrode materials in low-cost
and high-energy-density rechargeable lithium batteries
(4,9-12). Battery capacity is very sensitive to any departure
from the ideal LiNiO, stoichiometry, so numerous studies
have been devoted to understand the relationship between
various synthetic conditions and nonstoichiometry in
Li; - Ni; .0, (13-15). Using these well-characterized pow-
der samples, the intrinsic magnetic properties have been
clarified for Li;_.Ni;,,0, (16-20), and for LiNiO, as
a physical realization of a quantum spin-orbital liquid
(21-23).

Single crystal specimens are needed to clarify the precise
crystal structure and intrinsic physical property of LiNiO,
and Li; _,Ni, ;,0,, but such single crystals have not yet
been synthesized. In the present study, we report single
crystal synthesis and X-ray structure refinement of the first
single crystal of Li; _,Ni; 4 ,O,. We will also summarize the
relationships between the cation distributions and the struc-
tural parameters for the Li; _,Ni; ;,0, compounds using
the 37 reported structural data.

EXPERIMENTAL

Single crystals were grown by a flux growth method using
a vertical resistance furnace. The as-prepared LiNiO, pow-
der (Nippon Chemical Industrial Co., Ltd., Japan) was
mixed with Li,O, (99.9%) and LiCl (99.9%) to form flux
material in the nominal weight ratio of LiNiO,:Li,O,:
LiCl = 1:4:4. The mixture was heated to 1173 K for 10 h in
a gold crucible, gradually cooled to 873 K at a rate of 3 K/h,
and then cooled naturally. The eutectic melting point of the
optimal flux composition was estimated to be about 780 K.
The products were easily separated from the frozen
Li-O-Cl system flux in air because of the deliquescence of
the flux material. Black, triangular platelet single crystals of
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FIG. 1. Ideal ordered rocksalt structure of LiNiO,, drawn with
DIAMOND (27).

about 0.5x0.5x0.2mm> at maximum were obtained, as
shown in Fig. 2.

Chemical analyses of selected single crystals were carried
out by using SEM-EDX (JEOL JSM-5400) and inductively
coupled plasma (ICP) spectroscopy. EDX analysis showed
that the crystals were free from gold contamination from the
crucible. The chemical formula, analyzed by ICP using the
pulverized sample (about 30 mg), was Lij ¢Ni; {O,, which is
consistent with the result of the present structure refine-
ment.

Three single crystal specimens were carefully examined
with an X-ray precession camera (MoKe radiation) in order
to check on crystal quality and to determine the lattice
parameters, systematic extinctions, and possible superstruc-
tures. We could not find any superstructures, and success-
fully indexed to the trigonal lattice, space group R3m. The
determined lattice parameters for three specimens were in
good agreement with each other within the experimental
error. This fact suggested the chemical homogeneity of the
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single crystal products under the present crystal growth
conditions.

A small crystal, 0.03 x 0.03 x 0.02 mm? in size, was used
for the intensity data collection. A summary of experimental
and crystallographic data is given in Table 1. The intensity
data were collected in the 20— scan mode at a scan rate of
1.0°/min at 300 K on the four-circle diffractometer (operat-
ing conditions: 50kV, 250 mA) using graphite-mono-
chromatized MoKu radiation (4 = 0.71073A). A total of
1778 reflections were measured within the limit of
20 < 110°, and the averaged 202 independent reflections
(Rie = 6.23%) were used for structure refinement. Absorp-
tion and extinction corrections were performed. All calcu-
lations were carried out using the Xtal3.7 program (24).

In the structure analysis that followed, we adopted the
space group of highest symmetry, R3m, which had been
confirmed by successful refinement. The refinement was
initiated with the atomic coordinates of Li at the 3a (0,0, 0)
site, Ni at the 3b (0,0,%) site, and O at the 6¢ (0,0, z) site.
Further site population refinements were applied using
the three structural models shown in Table 2. These
results clearly indicate that the Li and Ni atoms are located
in both of the 3a and 3b sites, and the cation distribution
in the present single crystal is (Lig.744Nig.256)3a
[Lig.181Nig.810]3,05. A difference Fourier synthesis, using
the final atomic parameters, showed no significant residual
peak. Finally, the structure was refined to R = 2.68% and
WR = 2.04% for 202 reflections, with a shift/error for all 11
parameters of less than 0.001.

The temperature dependence of the magnetization of the
present single crystals was measured using a SQUID mag-
netometer (Quantum Design) in a temperature range from
4.5K to 300 K at applied fields of 20 and 100 Oe.

FIG. 2. SEM photograph of an Lij ¢,5Ni; o750, single crystal.
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TABLE 1
Summary of Experimental and Crystallographic Data

Chemical formula Lig.025Niy 0750,
Temperature (K) 300

Wavelength (A) 0.71073
Crystal system Trigonal
Space group R3m
Lattice parameters

a (A) 2.8899(13)

c(A) 14.1938(17)

v (A% 102.66(9)

VA 3

D, (g/cm?) 4913
Crystal size (mm) 0.03 x0.03 x 0.02
Maximum 20 (°) 110

Absorption correction
Transmission factors

Gaussian integration

Min. 0.676
Max. 0.845
Measured reflections 1778

Independent reflections 202 (R;; = 6.23%)
Number of variables 11
Final goodness of fit 1.605
Final residuals R =2.68%

WR =2.04% [w = 1/6°F]
Extinction parameter g 0.0037(12) x 10*
Largest difference Fourier peak and

hole (¢/A?) 1.55and —4.33

RESULTS AND DISCUSSION
Crystal Structure

A summary of the fundamental crystallographic data is
given in Table 1. Final structural parameters and selected
bond distances and angles are given in Tables 3 and 4,
respectively.

The structure refinement revealed that the chemical com-
position of the present single crystal was Lig.9,5Nij 07505,
which corresponded to Li; - Ni; ;,0, with z = 0.075. The
cation distribution in the present Lig 9,5Ni; o750, was de-
termined to be (Lig.744Nio.256)34[Lio.181Nio.810]3502. The
refined oxygen coordination parameter is z(O) = 0.24420(10),
which is slightly shifted from 0.24111(16) in the
Lig.996Niq 0030, polycrystalline sample (4) to the ideal oxy-
gen packing value of 0.25. This fact is explained by the
partial disordering of the cation distribution between the 3a

TABLE 2
Three Structure Refinement Models and Their R Values
Model Refined cation distribution Composition R WwR
I (LiO.760Ni0.240)3a[Li0.240Ni0.760]3h02 LlNlOZ 332 223
1T (Li0.744Ni0,256)3u[Li0.1SlNiO,B19]31)02 LiO.QZSNi1.07502 268 204
I (Lig.602Nig.308)34[Nil3,0; Lip 692Nij 3080, 4.28 329
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TABLE 3
Atomic Coordinates, Equivalent Isotropic Displacement Para-
meter U,,, and Site Occupancy Factor g for Liyg5sNiy¢750:

Atom Position  x y z U., g

Lil 3a 0 0 0 0.0072(2)  0.744(4)
Nil 3a 0 0 0 =U,(Lil) =1-—g(Lil)
Li2 3b 0 0 3 0.00556(9) 0.181(10)
Ni2 3b 0 0 1 =U,(Li2) =1-—g(Li2)
(0] 6¢ 0 0 0.24420(10) 0.0157(4) 1

and the 3b sites in Li; _ ;Ni; , ,O,. Indeed, the difference in
the metal-oxygen M;,~O (2.0939(11)A) and M;,-O
(1.9987(9)A) bond distances is smaller than those in more
stoichiometric compounds, e.g., in Liy g96Nij 00502 (4)
(M3,~O, 2.1154(14)A; M;,—O, 1.9692(12)A). The lattice
parameters and the cation distribution in the present
Lip.925Ni; 0750, are highly consistent with those in the
Lip oNi; O, powder sample (lattice parameters:
a=2.8874A, c = 142214 A; structural formula
(Lio.g7Nio.13)34[Lio.03Nig.07]3,0,) reported by Gummow
and Thackeray (25).

Relationships between Cation Distributions
and Structural Parameters

There are presently many structural reports for the non-
stoichiometric Li; - ,Ni; +,O, compounds. Most of them
consider only additional Ni atoms at the 3a site, as shown in
Fig. 3b. The corresponding structural formula is expressed
as (Li; - \Niy)3,[Ni]5,0, (z = x). However, some reports
(25,26) suggest the cation substitution for both the 3a and
3b sites with the structural formula (Li;_ Ni,)s,
[Li,Ni; -, 13,05 (z = x — y) (Fig. 3c), such as in the case of
the present structure analysis. To clarify the relationships
between cation distributions and structural parameters, we
have summarized the 37 structural data, reported by Picker-
ing et al. (26), Gummow and Thackeray (25), Reimers et al.
(13), Kanno et al. (4), Hirano et al. (14), Rougier et al. (15),
and the present single crystal study.

TABLE 4
Selected Bond Distances (A) and Angles (°)

M ;,~O Octahedron

(Li, Ni}-O 2.0939(11) O-(Li,Ni)-O 87.27(4)
0-0 2.8899(13) O—(Li, Ni)-O’ 92.73(4)
0-0' 3.0308(18)

M ;,-O Octahedron
(Li, Ni)-O 1.9987(9) O-(Li,Ni)-O 92.59(4)
0-0 2.8899(13) O-(Li, Ni)-O’ 87.41(4)
0-0O' 2.7620(17)
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FIG. 3. Three cation distribution models for Li; —.Niy , O, compounds: (a) ideal (Li)3,[Ni]3,0, (z = 0), (b) (Liy - ,Ni,)3,[Ni]3,0, (z = x), and (c)
(Lij - <Niy)3,[Li,Ni; -, ]3,05 (z = x — y). The black and gray octahedra correspond to NiOg and LiOg, respectively.

Figure 4 shows the relationship between the axial ratio
¢/a and the z(O) parameter for oxygen atoms. As can be seen
from this figure, we can classify these data in two main
structural groups. One group (structure I) has the structural
formula (Li; - (Ni,)3,[Ni]3;,0,, which means that some of
the Li atoms at the 3a site are replaced by Ni atoms and
only Ni atoms occupy the 3b site (Fig. 3b). The other group
(structure II) has the disordered structural formula
(Li; - ¢Ni)34[Li,Ni; -, ]13,05, which means that both the 3a
and 3b sites are occupied by Li and Ni atoms (Fig. 3c). These
structure groups can be divided by the c¢/a value of 4.915, as
shown in Fig. 4.

Figure 5 shows a relationship between the c/a ratio and
Ni occupancy at the 3a site. The c/a values decrease linearly
together with increasing Ni content at the 3a site, toward

the value of 2\/6 for ideal cubic closest packing. This figure

0.250 { ' ' . i : i s -
O (L Ni) N0,
<& (LiuNi‘)k[LivNi‘_,]&O;, {¥=0.01)
0.248 1 o (L, Ni), LN, 1,0, 4
] 4 This Study
* Ideal Cubic Close-Packed Structure
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FIG. 4. Relationship between the axial ratio ¢/a and the z-parameter
for oxygen atoms using the 37 reported structural data for Li; _ Ni;;.O,.

indicates that the lithium replacement at the 3b site takes
place only in the substitutional range of x > 0.25 in
(Lll —xNix)3a[Lini1 —y]3b02-

A relationship between the z(O) parameter for oxygen
atoms and Li occupancy at the 3b site is shown in Fig. 6.
The lithium replacement at the 3b site suddenly starts from
z(0) = 0.243 and rapidly progresses. The present single-
crystal structural data has the replacement value of
y = 0.181 in (Li; - \Ni,)3,[Li,Ni; _,]3,0,. From these struc-
tural considerations, we can roughly estimate the structural
parameters, i.e., z(O) parameter for oxygen atoms (Fig. 4),
and site population parameters x and y in
(Li; - xNiy)3,[LiyNiy -, 13,0, (Figs. 5 and 6), using the c/a
value of the lithium nickel dioxide Li;_,Ni;,,O, com-
pounds.

T T T L v T o T
4.94 o (L, Ni),INil,0,
O (Li Ni)JLiNi, 1,0, (¥<0.01)
< O (Li,Ni),JLiNi 1,0,
4.93 - A This Study
o * Ideal NaCl Structure
o4 O
o 492 0 .
3 .
4.91 ‘ i
it *
= . T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5

Ni occupancy at 3a site

FIG.5. Relationship between the axial ratio ¢/a and the Ni occupancy
at the 3a site.
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FIG. 6. Relationship between the z-parameter for oxygen atoms and
the Li occupancy at the 3b site.

Magnetic Property

Magnetization (M) was measured as a function of temper-
ature at fixed fields using the present Lig ¢,5Niq 0750,
single crystal samples. Figure 7 shows a typical temperature
dependence from 4.5 K to 300 K at 20 Oe. The open and
filled marks correspond to measurements on field cooling
and measurements on heating after zero-field cooling, re-
spectively. The history dependence of temperature versus
M/H maximum at about 60 K was clearly observed. Similar
features were observed previously in the polycrystalline
samples of Li; _ Ni; 1,0, with z = 0.12 (16, 17) and z = 0.08

3 . .
A A AA
2_
=
g
=
g
L
A A A A
0 T T T ......,M
10' 10 10°

Temperature (K)

FIG.7. Temperature dependence of the magnetization for
Lig.955Niy 0750, single crystals measured at H = 20 Oe after zero-field
cooling (filled) and on-field cooling (open), respectively. The inset is a restyl-
ing with a linear temperature scale and a logarithmic M/H scale.
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(20,21). The predicted chemical composition based on
the magnetization measurements was consistent with the
result gained with the present structure refinement of
Li; - Ni; 4.0, with z = 0.075.

It should be noted that the history dependence of a devi-
ation from the Curie-Weiss law can be clearly seen between
150 K and 220 K at 20 Oe in Fig. 7, while the measurement
at H = 100 Oe does not show any hysteresis above 120 K.
Further precise magnetic properties of the present single
crystal samples are now being examined.

CONCLUSION

We have succeeded for the first time in growing single
crystals of the lithium nickel dioxide Li; -.Ni; .0, with
z =0.075. The structure refinement by the single-crystal
X-ray diffraction method revealed the cation distribution
in the present compound of (Lig 744Nig.256)34
[Lig.181Nig.810]3,05. In order to clarify the intrinsic mag-
netism in LiNiO,, it is important to synthesize more
stoichiometric single crystal samples. However, it is very
difficult to obtain the “perfectly stoichiometric LiNiO,,”
even in the case of the powder samples (4), where the
ordering of lithium and nickel atoms into alternate (111)
planes of the cubic close-packed oxygen arrangement is
essentially perfect (Fig. 1). A key in the synthesis of more
stoichiometric single crystals is lowering the synthetic tem-
peratures. A further study of single crystal synthesis by
a modified flux method is now in progress.
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