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Pristine Li,_.Ni;, O, (z=0.02, 0.07, and 0.25) and deinter-
calated Li,Ni; (O, (x =0.82 and 0.63) phases were character-
ized by neutron diffraction. In all cases, the amount of nickel in
the lithium sites was found to be identical to that deduced from
X-ray diffraction experiments. The sensitivity of the neutron
studies allowed us to show that no lithium ions are in the
NiQ, slabs for z=10.02 and 0.07. A Li/Ni mixing appears
only for the most lithium-deficient phase leading to
the [Liy73Nig27]35[NipegLigo2]3.0> cationic distribution for the
Liy7sNi; 250, phase. Determination of the anisotropic atomic
displacement parameters confirms the results previously ob-
tained from EXAFS data. The structural characterization of
partially deintercalated phases was in good agreement with the
XRD analysis. However, in the case of Lij4;Ni;20,, it gave
evidence for the presence of a small amount of rhombohedral
phase due to fluctuations in the composition of the starting
material. © 2001 Academic Press

Key Words: lithium nickelate; neutron diffraction; electrode
materials; lithium batteries; intercalation.

INTRODUCTION

The Li;_.Ni;,0, series (0 <z < 1) were extensively
studied in order to describe the evolution of the cationic
distribution when lithium is progressively substituted for
nickel (1-5). It is well known that a rhombohedral distortion
of the cubic cell symmetry, observed for NiO, occurs for
z < 0.4 due to the progressive ordering of the lithium and
nickel ions into alternate (111) planes of the cubic cell (1, 6).
For the ideal LiNiO, composition, the cationic distribution
is expected to be perfectly ordered and the structure of the
material can be described as a packing of NiO, slabs separ-
ated by lithium layers (Fig. 1). The 2D structural character
of the Li; - Ni; ;+.O, phases (z — 0) allows one to use these
materials as positive electrodes of lithium-ion batteries,
since lithium ions can be reversibly intercalated and deinter-
calated within the structure (7-12).

'To whom correspondence should be addressed. E-mail: Delmas@
icmcb.u-bordeaux.fr.
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If, for strongly lithium-deficient Li; — ,Ni; +,O, (z > 0.20)
phases, it is generally agreed that a partial Li/Ni cation
mixing occurs between the slabs and the interslab spaces, for
materials closer to the ideal stoichiometry (z — 0), some
discrepancies remain to describe the distribution of the
lithium and nickel ions within the structure. Indeed, two
different structural hypotheses were previously assumed:
either a cationic disorder only exits in the lithium layers
resulting from the presence of the extra-nickel ions in the
interslab spaces, or a cationic mixing occurs between the
slabs and the interslab spaces implying the presence of
lithium ions in the nickel layers and vice versa. One can
think that these confusions are most likely linked to the use
of X-ray diffraction for structural characterization (4,5,
13-17). Indeed, Rietveld refinement of the X-ray diffraction
patterns allows the determination, in a very accurate way, of
the amount of extra-nickel ions present in the interslab
spaces, but it does not allow the detection of a small amount
of lithium ions in the nickel layers, due to the low scattering
power of lithium compared to that of nickel.

As a result of the difference between the coherent scatter-
ing lengths of lithium and nickel (b(Li) = — 0.19 10~ % cm,
b(Ni) = 1.03 10~ '? cm), neutron diffraction appears to be
a powerful technique clarifying such structural details. In-
deed, Reimers et al. (15) reported neutron diffraction study
for a set of samples obtained in various synthesis conditions.
For the best material, they found a cationic distribution
close to [Lig.97Nig.03]35[Ni]3,0,. Kanno et al. (13) re-
ported a neutron diffraction study of a lithium nickel oxide
very close to the ideal stoichiometry and found a small
negative amount of Li in the Ni,y, site. Therefore, they fixed
the Ni occupancy in the slab to be unity. Pickering et al. (3)
carried out a neutron diffraction analysis of high lithium-
deficient Li; - ,Ni;;,O, phases (0.20 < z < 0.36) and con-
firmed that when the departure from stoichiometry is large,
a Li/Ni mixing exits between the slabs and the interslab
spaces. Nevertheless, for intermediate departures from
stoichiometry, one question remains opened: are there lith-
ium ions in the nickel sites? This point is worth clarifying
not only for the crystallographic point of view, but also for
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the application in lithium batteries. Indeed, if some Li* ions
are present in the nickel layers, these ions will be removed
during the deintercalation process, leading to the existence
of vacancies in the nickel planes, which were recently shown
to imply an increase of the ay,., cell parameter and to play an
important role on the capacity stability upon cycling (18).

In this paper, we report the structural characterization by
neutron diffraction of Li; - ,Ni; ;. .,O, phases with intermedi-
ate compositions (z = 0.02, 0.07, 0.25) in order to accurately
determine their cationic distribution. In addition, we
describe a detailed structural characterization by neutron
diffraction of some deintercalated LiNi; 7,0, phases
synthesized by electrochemical deintercalation from
Lig.0gNij 0,0;.

Previous characterizations by extended X-ray absorption
fine structure (EXAFS) performed on two Li;_.Ni;,,0,
phases (z = 0.02 and 0.10) showed the local distortion of the
Ni"Og4 octahedra due to the Jahn-Teller effect of the Ni**
ions in the low spin state (t5e') (17, 19-21). Due to the high
quality of the neutron diffraction data, the anisotropic
atomic displacement parameters can be determined for the
oxygen and nickel ions, in the 6¢ and 3a sites, respectively, in
order to describe the atomic displacements in the slabs and
to confirm the EXAFS results. Therefore, in this paper, we
report and discuss the results obtained for the anisotropic
displacement parameters for both nickel and oxygen.

EXPERIMENTAL

Three lithium nickelate samples Li; - Ni; .0, (z =0,
0.07, 0.25) were prepared by reacting a mixture of Li,O and
NiO. In all cases, an excess of lithium oxide (5%) was used
in order to compensate for lithium loss during the calcina-
tion process. Powders were finely ground with a mortar and
pestle within a dry box to form a homogeneous mixture,
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which was heated at 600°C for 10 h and at 700°C for 15 h
under dry oxygen. An intermediate grinding was realized
between the two high-temperature thermal treatments. The
composition of the LiNiO, phase was previously deter-
mined by an X-ray analysis (22): 2% of extra-nickel ions
were found in the interslab spaces. In this paper, this mater-
ial will be designed by the formula deduced from the X-ray
diffraction study: Liy ¢gNiy ¢,0,. The Lig g,Ni; 9,0, and
Lij ¢3Ni; 0,0, delithiated phases were obtained by electro-
chemical lithium deintercalation from Lig 9gNi; ¢,0,, fol-
lowing the electrochemical process described in (20).

Neutron diffraction data were recorded on the high-
resolution powder diffractometer D2B of Institut Laue-
Langevin (ILL), Grenoble (France) with the 1.593 A
wavelength. For Li; - ,Ni; +.O, (z =0.02, 0.07, and 0.25),
the diffraction patterns were collected at ambient temper-
ature from 0° to 162° (20) with a 0.05° step and a total
counting time of 5 h. All the structures were determined by
Rietveld refinement of the neutron diffraction patterns using
the FULLPROF program (23).

RESULTS AND DISCUSSION

Neutron Diffraction Study of the Layered
Li,_.Ni,, O, Samples

Description of the Refinement Method

For all the structural refinements, a corrective term was
used to take the sample absorption into account. The refine-
ments were carried out assuming the layered LiNiO, struc-
ture in the space group R 3 m. For the starting model, it was
assumed that the 3a (0, 0, 0) site was only occupied by nickel
ions, the 3b (0, 0, 3) site by a mixture of Li and Ni ions in the
ratio (1 — z)/z, and the 6¢ (0, 0, z,,) site by O (z,, = 0.25)
(Fig. 1).

In a first step, the scale factor, cell parameters, zero shift,
profile parameters, and position of oxygen z,, were refined,
constraining the isotropic atomic displacement parameter
B, related to each site to be equal to 0.4 A% This apparent-
ly quite arbitrary value results from our experience in neu-
tron diffraction in these layered materials. It is only used in
the beginning of the refinement and is afterward refined.
Then, the amount z of extra-nickel ions present in the
lithium site was precisely refined constraining the total
occupancy of the 3b site to be equal to unity. In a third step,
the degree of cationic disordering between the 3a and 3b
sites was evaluated, allowing the exchange of a fraction (J) of
Lilocated in the 3b site for a fraction (0) of Ni located in the
3a site. This leads to the occupancies

e for the 3b site: (1 —z — ) Li and (z + d) Ni,

e for the 3a site: (1 — J) Ni and 0 Li,
and therefore to the general cationic distribution

[Li; - .- NiZs 513 [Nif- NiZ- ;Li5]13,0,.
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The starting exchange parameter é was first assumed to be
equal to zero (hypothesis of a perfect Li/Ni ordering) and
then to be (1 — z)/2 (hypothesis of a total Li/Ni disordering)
in order to check that the refinement leads to the same final
value, whatever the starting hypothesis. At the fourth step,
all parameters were simultaneously refined; in this case the
isotropic atomic displacement parameters B;,, were inde-
pendently refined for the 3a, 3b, and 6c sites. No divergence
of the structural and profile parameters were observed in
these refinements. Finally, anisotropic atomic displacement
parameters were considered for the oxygen and nickel sites.
The f;; anisotropic coefficients were refined, taking into
account the unit cell symmetry and their relation to the
B, parameters. Then, the U;; coefficient values, necessary to
the description of the anisotropic atomic displacements
around the crystallographic positions, were determined
from the f;; coefficients.

Structural Characterization

A Rietveld refinement of the neutron diffraction patterns
collected at 300 K for Li; _.Ni; ;,0, (z =0.02, 0.07, and
0.25) was performed. For Lij 93Niy (7O, the results of the
refinement and the conditions of the data acquisition are
given in detail in Tables 1 and 2. The main structural
parameters and the cationic distribution are reported in
Table 3 for the three phases. For Lij 93Ni; (705, a compari-

TABLE 1

Constraints
n(Li;) + n(Ni;) =1
n(Ni,) + n(Liy) =1
B(Li;) = B(Ni;) B(Niy) = B(Li,)

Li0,93Ni1.0702
Space Group: R-3m
her = 2.8803(2) A
Chex = 14.204(1) A

Atoms Site Wyckoff positions Bi,, (A%) Occupancy
Li, 3b 0.000 0.000  0.500 0.9(10) 0.93(1)
Ni; 3b 0.000 0.000  0.500 0.9(10) 0.07(1)
Ni, 3a 0.000 0.000  0.000 0.7(1) 1.00(1)
Li, 3a 0.000 0.000  0.000 0.7(1) 0.00(1)
o 6¢ 0.000 0.000  0.2578(5) 1.1(2) 2.000
Conditions of the run

Temperature 300 K

Angular range 0° <20 <162°

Step scan increment (26) 0.05°

Zero point (20) 0.050(5)

Number of fitted parameters 20

Profile parameters
Function profile: Pseudo-Voigt PV=yL+(1-nG
Eta n = 0.34(4)

Halfwidth parameters U =0.12(1)
V = —0.16(3)
W =0.17(1)

Note. Conventional Rietveld R factors for points with Bragg contribu-
tion: Ry, = 12.4%; Ry = 3.27%.
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TABLE 2
Atoms Site Uj,(A%)  Uy,(A%)  Usy(A%)  U,(A%) U4A%) Uyy(A?)
Ni, 3a 0.009(2) 0.009(2) 0.009(3) 0.004(2) 0 0
(0] 6¢c 0.017(4) 0.017(4) 0.007(3) 0.008(4) 0 0

Note. Conventional Rietveld R factors for points with Bragg contribution:
R, =12.0%; Ry = 3.17%.

son between the experimental and the calculated neutron
diffraction patterns is given in Fig. 2: the small difference
shows the good agreement achieved by the fit. For
Liy 0gNi; 0,0, and Liy 75Niq ,50,, the quality of the Riet-
veld refinements are very similar, as demonstrated by the
small values obtained for the reliability factors (Table 3).

Effect of the sample composition on the cationic distribution.
In all cases, the compositions deduced from the Rietveld
refinements are found to be in good agreement with the
nominal formula. For Liy 9gNi; ¢,O,, the neutron diffrac-
tion study leads to the same amount of nickel ions in the
lithium sites as the amount deduced from previous X-ray
diffraction analysis (z = 0.02) (22). No lithium ion is detec-
ted in the nickel sites for LipogNij 0,0, and
Lig.93Ni;y 07,0,, since the ¢ exchange parameter is found to
be equal to 0 in both cases. This study undoubtedly shows
that slightly lithium-deficient Li;_,Ni;;,0, phases
(z £0.07) do not exhibit any cationic mixing between the
lithium and the nickel sites but only a statistical distribution
of extra-nickel ions in the lithium sites. These results are in
good agreement with the previous neutron diffraction stud-
ies realized by Kanno et al. on a quasi-2D lithium nickel
oxide, for which no lithium ion was detected in the nickel
sites (13).

In contrast, for Liy ;5Ni; 5505, a very small Li/Ni mixing
(0 ~ 0.02) is observed between the lithium and the nickel
sites. This result is in good agreement with the results
reported by Pickering et al. on more strongly lithium-
deficient Li;_,Ni;,0O, materials (0.20 <z <0.36) (3).
These authors found very weak Li/Ni mixings of about
1 and 4% for the Liy goNiy 500, and Lig 7oNi; 300, com-
positions respectively, while a significant amount of lithium
ions (11%) was detected in the nickel layers for Lig ga
Ni; 360, (3). A neutron diffraction study of an Lig.gq
Ni; 190, phase synthesized at 800°C in air for 3 h led
Gummow and Thackeray (24) to propose the cationic distri-
bution [Lig g7Nig.13]35[ Nig.97L10.03]13402. The degree of
disordering in this compound is rather high compared to
our results and those of Pickering et al. (3), but it shows that
a larger Li/Ni mixing occurs when the thermal treatment is
realized at higher temperature. Indeed, for an Lig ¢
Ni; ,4,0, composition prepared at 950°C in O,, Rougier
et al. (22) found from an X-ray diffraction study, the follow-
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TABLE 3
Nominal formula @y (A) Che(A) Zox z 5 Cationic distribution R,(%) Ry(%)
LiNiO, 28768(1)  14.1892(5)  0.2582(2) 0.022(4) 0.002(4) [Lio.osNio 02155 Ni1 1502 10.2 274
LioosNij0s0,  2.8803(2)  14.204(1) 0.2578(5) 0.07(1) 0.00(1) [Lio.o3Nio.07]35[Ni1 1505 12.0 3.17
Lio-sNij 250,  2.8958(1)  14.245(5) 0.2561(4) 0.250(5) 0.021(5)  [Lio.73Nio 27155 Nio.ogLio.02]3.0,  12.4 275

ing cationic distribution: [Lig ¢6Nig.34]35[Nig.00Lio.10]3a
O,. Therefore, comparison of our results with those of
Gummow and Thackeray confirms that the preparation
conditions and the history of the thermal treatments can
strongly influence the composition and the cationic distri-
bution of the lithium nickel oxides.

Evolution of the structural parameters with the sample
composition. Figure 3 shows the variation of the hexagonal
cell parameters and of the interatomic distances with the
amount z of extra-nickel ions in the Li; - ,Ni; ;,O, phases
(z=0.02, 0.07, 0.25). The slab thickness Snio,) and the
interslab thickness 1o, are defined as Swio, = (2/3 —
2Z0x)Chex anNd I(1i0,) = (Chex/3) — Sinio,- The data obtained
by Pickering et al. (3) for z =0.20, 0.306, 0.36 are also
reported in Fig. 3.

As previously established, the existence of z extra-nickel
ions in the lithium sites coupled with the lithium deficiency
requires the presence of 2z Ni** ions and (1 — z) Ni** ions
in the structure. The steric considerations (r3; = 0.56 A,
% =0.69 A, r;, =0.74 A (25)) imply that divalent nickel
ions are situated in the interslab spaces. These various

points and the possible existence of an Li/Ni exchange
between the 3a and 3b sites lead to the general cationic
distribution for Li; _ ,Ni; ,,O,:

[Ll 1-z— (3NiIzI+ 6] SbENilln— zNiIzI— 6Li5:| 3a02 .

As shown in Table 3, 6 < z. Therefore, the above charge
distribution can be considered likely.

The evolution of the structural parameters vs z is in good
agreement with the results reported previously (3, 13, 22)
and is strongly related to the cationic distribution of the
materials described above. Indeed, from steric consider-
ations, the presence of an increasing amount of divalent
nickel ions within the NiO, slabs is responsible for the
increase of the a,., parameter (Ni-Ni intraslab distance), of
the average Ni-O distance, and of the slab thickness
S~io, When z increases. The same steric effects coupled with
the strong electrostatic interactions between the divalent
nickel cations and the oxygen ions explain the decrease of
the average Li-O distance and of the I 0, interslab space
thickness when the amount z of Ni** ions in the lithium
sites increases. The increase with z of the ¢, distance shows

I(counts) ] )
L'o.gaN'1.o702

b L.{ JLU Lﬁh LJJU.
‘\ :L‘ ll l ‘:‘A‘I ot AAI‘ ‘Il [ I | (i} I

r AN e Ll wor N ¥ MM

| N 1 . 1 1 | L ] " 1 1 I 1 ]
20 40 60 80 100 120 140 160

26 (°)

FIG. 2. Comparison of the experimental (—@—) (4 = 1.593 A) and calculated (—) neutron diffraction patterns for Lig ¢3Ni; 070,; the difference

between the experimental and the calculated patterns is also reported.
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FIG. 3. Variation vs z of the cell parameters, the c/a ratio, the position of the oxygen atom (z,,), the Ni-O and Li-O distances and of the slab and
interslab thicknesses for the Li; _.Ni, .0, phases: z = 0.02, 0.07, and 0.25 (@). The data for z = 0.20, 0.306, 0.36 ({J) are taken from (3).

that the variation of the slab thickness is the prevailing
effect.

A Li/Ni exchange between the 3a and 3b sites should tend
to accentuate these evolutions, i.e., to shorten the average
Li;;—O distance and to lengthen the average Nij,—O dis-
tance. The increase of the S0, slab thickness and the
decrease of the [0, interslab thickness with z (Fig. 3) lead
to a decrease of the anisotropy of the structure, which
therefore favors an Li/Ni exchange in the 3b and 3a sites
when z > 0.20. Besides, the increasing Li/Ni mixing with z is
consistent with the decrease of the z., and ¢/a values to 0.25
and 4.90, respectively, which are those obtained for a cubic
symmetry characterized by a random Li/Ni distribution in
the octahedral sites (Fig. 3).

Relation between the anisotropic oxygen displacement and
the material composition. As shown for Lij ¢3Niy ¢,0, in
Table 2, the refinement of the neutron diffraction pattern,
considering an anisotropic displacement of the nickel and
oxygen atoms in the 3a and 6c¢ sites, respectively, leads to
a slight improvement of the refinement through a small
decrease of the reliability factors. Table 4 gives the final
U;; anisotropic displacement parameters related to the Ni
(3a) and O (6¢) sites for the Li; - ,Ni; +,O, phases (z = 0.02,
0.07, and 0.25). In the rhombohedral lattice mode of the
trigonal symmetry, only the U;; and Us; parameters can be
considered. The U;(O) (respectively, U;;(Ni)) parameter
describes the probability of displacement for the oxygen
atoms (respectively, the nickel atoms) around their crystal-

lographic position in the (a, b),., plane parallel to the slab.
The Us;5(0) (respectively, Us3(Ni)) parameter corresponds
to the probability of displacement of the atoms in the
Chex direction perpendicular to the slab. In Table 4, we
have also specified the U, {/Us; ratio in order to describe
the anisotropic character of atomic displacement in a more
convenient way.

The results clearly show that the structure of the three
lithium nickel oxides is characterized by:

— a quasi-isotropic displacement of the nickel ions, since
Uy1(Ni)/Us3(Ni) = 1 for Lig.0gNij 0,05 and Lig o3Nij 070,
and is slightly smaller than 1 for Lijy ;5Ni; 5505,

— a preferential displacement of the oxygen ions in the
(a, b)nex plane parallel to the slab rather than in the ¢y
direction perpendicular to the slab, since U;{(O)/U;3(O)
>1 in all cases. In addition, the anisotropy of the oxygen
displacement increases with the departure from stoichio-
metry z.

TABLE 4

Formula from

Rietveld refinement  Lig ogNij 0205 Lig.o3Niy 07O,  Lig.75Nij 550,

U1 L(Ni) (A2) 0.006(1) 0.009(2) 0.008(2)
Us5(Ni) (A2) 0.006(1) 0.009(3) 0.011(3)
U,,(0) (A% 0.012(2) 0.017(4) 0.018(5)
U;5(0) (A2 0.008(1) 0.007(3) 0.005(5)
U, 1(Ni)/Uss( Nl) 1 1 0.73

U, 1(0)/Us5(0) 1.5 243 3.6
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FIG. 4. Schematic representation of the oxygen displacements in the
(a, b)nex plane parallel to the slab, due to the Jahn-Teller effect of the
trivalent nickel ions in the low spin state tSe!. The oxygen motion occurs
indifferently in the three equivalent directions of the triangular lattice.

An EXAFS study by Rougier et al. (17) on Lig 9gNiq .0,
gave evidence for the local distortion of the NiOg octahedra
due to a noncooperative Jahn-Teller effect of the trivalent
nickel ions in the low spin state tSe', which entails the
formation of two long Ni-O bonds (2.08 A) and four short
bonds (1.92 A). In NaNiO,, the Jahn-Teller effect leads
to a cooperative monoclinic distortion resulting in the
oxygen sheets gliding in the (@, b) plane. In the case of
Lig.9gNij 92,0,, due to the noncooperative character of the
Jahn-Teller effect, this distortion occurs statistically along
3 equivalent directions in the (a, b) plane as shown in Fig. 4.
Therefore, one can consider that the Jahn-Teller effect leads
to an isotropic oxygen displacement in directions parallel
with the slab planes. The results of the neutron diffraction
study clearly confirm those of the EXAFS study for
Liy 9gNi; .05, since the observed anisotropic displacement
of the oxygen ions must be related to the Jahn-Teller effect
of the Ni'" ions. Note that this material is very close to the
ideal stoichiometry, contrary to the other materials which
are studied in the following.

A previous EXAFS study showed that, in the Lig.gq
Ni; 100, phase, all the Ni™Og octahedra are distorted since
the localization of the divalent nickel ions of the slab in the
vicinity of the divalent nickel ions of the interslab space, for
charge compensation, prevents the existence of a significant
hopping between the divalent and trivalent nickel ions,
which would have inhibited the Jahn-Teller distortion of
one part of the trivalent nickel ions (20). Moreover, the
presence of a significant amount of divalent nickel ions in
the slabs tends to distort locally the lattice, since the six
oxygen anions which surround each Ni** ion are displaced
from their ideal position, as shown in Fig. 5, leading to six
long Ni-O bonds per Ni?*. The effect of this local distortion
on the neighboring Ni™Oy octahedra is difficult to analyze,
but qualitatively the presence of an increasing amount of
large-size divalent nickel ions tends to displace more and
more the oxygen anions from the average position found in
the structural refinement. Therefore, the higher values of the
U.1(0)/U;5(0) ratio found for Lij ¢3Niy 7O, and Lig 55
Ni; ,50, in comparison to the LigggNij 0,0, ratio
(Table 4) result from the additive contributions due to the
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Jahn-Teller effect and of the oxygen displacement around
the divalent nickel ions. The value of the U;;(Ni)/Uj3(Ni)
ratio smaller than 1 for the Li, ;5Ni; ,50, phase shows that
in this case, the nickel ions are preferentially displaced along
the ¢y« direction. One can assume that the presence of
a large amount of Ni*" ions in the lithium sites leads to
local nickel ion displacements along this axis in order to
accommodate the steric and electrostatic effects.

Neutron Diffraction Study of Deintercalated Li Ni, ,,0,
Phases (x = 0.82, 0.63)

Two delithiated Lig g,Ni; 9,0, and Liy 3Niy ¢,0,
phases synthesized by electrochemical deintercalation from
Liy ogNi; 0,0, were studied by neutron diffraction. The
first phase exhibits a lithium composition close to the lower
limit of the first rhombohedral solid solution, while the
second phase corresponds to an intermediate composition
of the monoclinic solid solution, which is observed in the
wide 0.50 < x < 0.75 composition range.

LiOASZNilAOZOZ

The structure of Liy g,Ni; 0,0, was refined in the R3m
space group, using the structural model of the pristine
material. The results of the refinement are given in Tables 5
and 6. Good agreement was obtained between the experi-
mental and the calculated patterns, as shown in Fig. 6. The
amount of extra-nickel ions in the lithium sites is the same
as that of the starting phase. A decrease of the ay., para-
meter and an increase of the ¢, parameter are observed
upon lithium deintercalation as the result of the nickel ions
oxidation and of the increase of the electrostatic repulsions
between the slabs with the creation of lithium vacancies in
the interslab space. The same steric and electrostatic effects
explain the decrease of the Syjo, slab thickness (from
2.123(6) A to 2.074(9) A) and the increase of the I, inter-
slab thickness (from 2.606(6) A to 2.672(9) A) upon lithium

FIG. 5. Schematic representation of the oxygen displacements in the
(@, b)nex plane parallel to the slab, due to the presence of one divalent nickel
ion in the lattice mainly occupied by trivalent nickel ones.
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TABLE 5 TABLE 6

Lig.g,Ni; 020, Constraints Atoms Site U,,(A%) U,,(A%) U,;3(A%) U,(AY) U,5(A?) U,y (A%

Space Group: R-3m n(Li;) = 0.82

ey = 2.86696(8) A n(Ni;) + n(Ni,) = 1.02 Ni,  3a 0009(1) 0009(1) 00062) 00051) 0 0

Chex = 14.2374(6) A B(Li,) = B(Ni,) o) 6c 00142) 00142) 0013(3) 0.0072) 0 0

. » ) )

Atoms Site Wyckoff positions By, (A%)  Occupancy Note. Conventional Rietveld R factors for points with Bragg contribution:
, R, = 8.84%; Ry = 2.91%.

Li; 3b 0.000 0.000  0.500 0.9(4) 0.82 r

Ni, 3b 0.000 0.000  0.500 0.9(4) 0.026(4)

Ni, 3a 0.000 0.000  0.000 0.7(1) 0.994(4)

o 6c 0000 0000 0.26053) 1.1(1) 2.000 Liy.9gNi; 02,0,, while the U;5(O), which is characteristic of

- atomic displacements perpendicular to the slab plane, has

Conditions of the run ionifi Vi d. An EXAFS dv sh d th .
Temperature 300 K significantly increased. An study showed the exist-
Angular range 0° <20 < 162° ence of short and long Ni-O bonds for this composition as
Step 0.05° in the Lig ¢3Niy 0,0, composition (26, 27). The ex situ study
Zero point 0.050(5) realized for the Lig ¢3Ni; 0,0, composition shows that if
Number of fitted parameters 20

Profile parameters

Function profile: Pseudo-Voigt PV=yL+(1—-n)G

Eta n =035Q2)

Halfwidth parameters U =0.153(7)
V= —0.192)
W = 0.174(7)

Note. Conventional Rietveld R factors for points with Bragg contribu-
tion: Ry, = 8.92%; Ry = 3.13%.

deintercalation from Li, ggNi; ¢,0,. Determination of the
U;; anisotropic displacement parameters (Table 6) gives
evidence for a quasi-isotropic displacement of O (6¢). The
U{1(O) value is close to that of the parent compound

almost all Ni'"" Oy octahedra are distorted at 77 K, only 70%
of them are distorted at room temperature due to electronic
hopping, which tends to kill the Jahn-Teller effect. To
explain the apparent discrepancy between the neutron dif-
fraction study and the EXAFS, one must consider the
cationic distribution at the atomic scale. In deintercaleted
materials, the lithium vacancies stay in the vicinity of the
oxidized cations for charge compensation; therefore, in
a layer structure there is a local tendency to decrease the
slab thickness and to increase the interslab distance. This
leads to local oxygen displacements perpendicular to the
slab plane and, therefore, to an increase of the U;3(O) factor,
which explains why a quasi-isotropic atomic displacement is
observed for O (6¢).

I(counts)
LI0.82N|1.0202
I;A 1\lH L l U‘ “ll:'\' ] I"I“Ili I\‘ \' | b :.l \'I ‘I' [
1 . 1 L 1 L 1 1 1 1 I 1 1 ]
20 40 60 80 100 120 140 160
26 (°)

FIG. 6. Comparison of the experimental (—@®—) (4 = 1.593 A) and calculated (—) neutron diffraction patterns for Lig ¢,Ni; 0,0,; the difference

between the experimental and the calculated patterns is also reported.
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Liy 63Ni1.0,0,

Lig ¢3Niy 0,0, corresponds to an intermediate composi-
tion in the monoclinic solid solution. The structure of this
phase was previously studied by Pérés et al. (20,27) by
X-ray diffraction, EXAFS, and electron diffraction. The
latter study showed that the driving force of the monoclinic
distortion is related to the existence of lithium/vacancy
orderings which take place within the interslab spaces, due
to a short-range in-plane repulsive interaction between lith-
ium ions. Analysis of the neutron diffraction pattern of
Lig.¢3Nij 020, does not show any additional diffraction
line related to the superstructure cell observed by electron
diffraction (27). This result was expected since simulations of
the neutron diffraction pattern for ordered Lij ¢3Nij 0,05
lead to very weak intensity for the superstructure lines.

A Rietveld refinement of the neutron diffraction pattern
was carried out in the C2/m monoclinic symmetry, with the
structural parameters deduced from X-ray diffraction analy-
sis (27). In this structural model, lithium and extra-nickel
ions are located in the 24 (0, 3, 3) site, nickel in the 2a (0, 0, 0)
site, and oxygen in the 4i (x,y, 0, z,,) site (with x., ~ 0.25 and
Zox ~ 0.75). The structure of the monoclinic phase is com-
pletely described with the determination of the oxygen
atomic position, the occupancy parameters, and the thermal
parameters. The structural parameters deduced from the
refinement are given in Table 7. They are very similar to
those deduced from the XRD study (27). Furthermore, the
refinement leads to the same amount of extra-nickel ions in
the lithium site as the pristine Lig ¢gNi; 9,O, phase. Satis-
factory reliability factors are obtained with this structural

POUILLERIE, SUARD, AND DELMAS

TABLE 7
Lig.63Niy 020,
Space Group: C2/m Constraints
Amon = 2.9894(5) A n(Li;) = 0.63
Bmon = 2.8247(3) A n(Niy) + n(Ni) =1
Cmon = 5.0656(6) A B(Li;) = B(Ni,)

B =109.816(8) A

Atoms Site Wyckoff positions Bis (A%)  Occupancy
Li, 2d 0.000  0.500  0.500 1.0(10) 0.63
Ni, 2d 0.000 0.500  0.500 1.0(10) 0.022(10)
Ni, 2a 0.000 0.000  0.000 0.5(1) 0.998(10)
(0] 6¢ 0.734(1) 0.000  0.211(1) 0.9(2) 2.000
Conditions of the run

Temperature 300 K

Angular range 0° <20 < 162°

Step 0.05°

Zero point 0.050(5)

Number of fitted parameters 22

Profile parameters

Function profile: Pseudo-Voigt PV=yL+(1—-nG

Eta n = 0.24(3)

Halfwidth parameters U =0.294)
V=-0.1703)
W =0.19(1)

Note. Conventional Rietveld R factors for points with Bragg contribu-
tion: Ry, = 11.2%; Ry = 4.92%.

hypothesis (R, = 12.5%, Ry = 4.70%) and relatively good
agreement is observed between the experimental and the
calculated patterns in Fig. 7. However, a careful comparison
of the experimental and calculated patterns in some angular

[(counts)
LI0.63N|1.0202
4 M LL———JKQJM——-J——MM«WANM—MH/\A
r R
1 N J L 1 1 1 L i 1 1 A 1 1 ]
20 40 60 80 100 120 140 160
20 (°)

FIG.7. Comparison of the experimental (—@—) (4 = 1.593 A) and calculated (—) neutron diffraction patterns for Lig ¢3Ni; 0,0,; the difference

between the experimental and the calculated patterns is also reported.
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FIG. 8. Parts of the neutron diffraction pattern of Lij ¢3Niy 0,0, (—
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@) in the (a) 37.5-52° (20) and (b) 59-73° (20) ranges (4 = 1.593 A). The pattern
was refined with the following structural hypotheses: one monoclinic phase (C2/m)
(R3m) (B); a mixture of one monoclinic phase and two thombohedral phases (R3m) (7). The difference between the experimental (—

(2); a mixture of one monoclinic phase and one rhombohedral phase
@) and the calculated

(—) patterns is reported for each case. The bars corresponds to the position of the calculated diffraction lines related to the various phases.

domains shows that the structural model does not perfectly
allow one to simulate the experimental pattern of Lig 63
Ni; ¢,0,. Indeed, a small discrepancy is in particular ob-
served in the 37-52° and 59-73° (20) ranges (Fig. 8a, and
8b,). In the former angular range, we can observe that the
diffraction line shape does not only correspond to the super-
position of the (202),,,, and (111),,,, diffraction lines: the full
pattern matching suggests the presence of at least one other
diffraction line located in an intermediate position (28). This
point was clearly found in our previous XRD studies of the
monoclinic solid solution for several compositions ranging
between x = 0.50 and 0.75, where a single phase was ex-
pected from the phase diagram. In all these experiments
a shoulder was systematically found between the (202),0n
and (111),,,, diffraction lines (29) and the full pattern match-
ing gives evidence of at least one diffraction line located
between these two monoclinic lines and attributed to
a rhombohedral phase ((104),.,). Note that the monoclinic
distortion leads to a splitting of the (104),., hexagonal line
into the (202),,0n and (111),,,, monoclinic lines. This result

gives evidence for the nonhomogeneity of the Liy ¢3Nij o2
O, sample resulting from a nonhomogeneity of the starting
intercalated material.

Rietveld refinement of the neutron diffraction pattern was
performed again assuming that the studied sample consists
of a mixture of the monoclinic phase and a small amount of
one rhombohedral phase with close cell parameters. During
this refinement, a small value was observed for the scale
factor related to the rhombohedral phase, which means that
no precise structural information could be reasonably de-
duced for this phase. Therefore, only its cell parameters were
independently refined. The diffraction line shape vs the 20
value was refined using the same pseudo-Voigt profile para-
meters and the same asymmetric parameters for the mon-
oclinic and the rhombohedral phases. As shown in Fig. 8a,
and 8by, a better agreement between the experimental and
calculated patterns is observed with this structural hypo-
thesis. This result is confirmed by the decrease of the R,,,
reliability factor from 12.5 to 11.2%. Nevertheless, the
refinement is not yet perfect. An improvement of the fit can
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be obtained using two extra-rhombohedral phases (Fig. 8a,
and 8b,). In this case, the R,,, value is equal to 9.52%. The
latter refinement does not allow one to determine the true
phase composition of the sample but only gives evidence for
its nonhomogeneity. One can expect that the material is
probably constituted by a mixture of the monoclinic phase
with a small amount of rhombohedral phases with very
close compositions, which explains why the experimental
pattern is not perfectly refined with the hypothesis of only
one additional rhombohedral phase.

As previously suggested (28), this behavior is expected to
be related to fluctuations in composition in the Lig gg
Niy ,0, starting material. Indeed, it is well known that the
composition of the Li; — \Ni; ,,O, phase is very sensitive to
the experimental conditions. During the synthesis, there is
a tendency to lose Li,O, therefore one can assume that the
composition is not exactly the same on the particle surface
and in the bulk. Due to fluctuations in the distribution of
the extra-nickel ions, the pristine material probably consists
of a mixture of numerous phases with very close stoichio-
metries and very close structural parameters, which cannot
be differentiated by the diffraction studies. When lithium
deintercalation occurs, different structural behaviors are
observed depending on the z value. The monoclinic solid
solution domain is observed for the most part for the crys-
tallites which are close to the ideal stoichiometry, while the
crystallites with a larger amount of extra-nickel ions in the
interslab space (>5% (30)) do not exhibit the monoclinic
distortion. This behavior explains why the problems of
nonhomogeneity have not been evidenced for Lig g,Ni; g5
O, but only for Ligy ¢3Ni; 9,0, by the neutron diffraction
study. These results are in good agreement with those re-
cently reported by (i) Croguennec et al. (31) who showed
that the fluctuations in composition of the starting material
also entail different structural behaviors, when almost all
the lithium ions are removed from LiNiO,, (ii) Reynaud
et al. (32) who showed that the 240 K anomaly in the mag-
netic properties of some LiNiO, samples are due to the
presence of macroscopic nickel-rich regions. This problem
of nonhomogeneity in lithium nickel oxide will be the
subject of a forthcoming paper.

CONCLUSION

The present neutron diffraction study shows that the
cationic distribution of the Li; - ,Ni; ;.O, phases (z = 0.02
and 0.07) is characterized by the presence of z nickel ions in
the lithium sites. There is no Li/Ni exchange between the
slabs and the interslab spaces. For these compositions, the
large Li* ions are destabilized in the small octahedral sites
of the NiO, slabs. For materials with larger departure from
stoichiometry, the presence of a larger amount of Ni** ions
in the slabs and in the interslab spaces leads to a decrease of
the interslab space distances and to an increase of the slab

POUILLERIE, SUARD, AND DELMAS

distances. The structure partially loses its anisotropy and
a small Li/Ni mixing occurs. Due to the instability of lith-
ium nickel oxide on the synthesis temperature, fluctuations
in composition occur. Upon deintercalation, depending on
the z value, a transition from the rhombohedral symmetry
to the monoclinic symmetry can occur or not. The presence
of a small amount of rhombohedral phases mixed with the
monoclinic phase for the Liy ¢3Ni; 9,0, composition em-
phasizes these fluctuations in stoichiometry.
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