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Abstract A review is presented on the extensive work
carried out during the last 30 years on layered oxides
structurally related to LiCoO, and LiNiO,. The studies
considered here range from the structural and chemical
characterization of the layered solids to the detailed
evaluation of their aptitude towards lithium deinterca-
lation-intercalation reactions, which form the basis of
their successful application in rechargeable battery
technology. The different challenges remaining in this
area, such as the development of advanced preparation
procedures and the optimization of the electrochemical
performance by controlled changes in composition,
structure, and particle morphology, are discussed.
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Introduction

The demands for advanced energy storage systems have
stimulated extensive research directed toward the re-
placement of lead and cadmium by other metallic ele-
ments which are environmentally less aggressive and
provide high-energy-density batteries. The advantages of
using the lightest metal, lithium, as the negative elec-
trode was demonstrated earlier by the low weights and
high cell voltages obtained. Moreover, the search for
rechargeable lithium anode cells was facilitated by the
reversible insertion of lithium found in many intercala-
tion host lattices, which makes these solids suitable as
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active cathode materials. In this way, lithium intercala-
tion compounds and reactions have attracted the interest
of many researchers since the early 1970s. As a result of
this extensive research, several commercial products
emerged in the field of both primary and rechargeable
systems. The initial success of the rechargeable products
was soon overshadowed by problems associated with the
poor reconstruction of the topography of metal surfaces
on cycling. The metal ions deposited on the surface of
the metal electrode during cell charge are at sites dif-
ferent to those from which they are released during cell
discharge. Subsequently, the growth of lithium dendrites
may take place on prolonged cycling, which results in
poor cycleability and possible internal short-circuits.
This problem has also limited the applicability of other
less electropositive metals — such as zinc — in recharge-
able systems. However, the problem with lithium is
probably more dramatic as a consequence of the
exothermic reaction with hydrogen release that may
have explosive results. More recently, a substantial
improvement in the performance of lithium rechargeable
batteries was achieved by the application of the “lithi-
um-ion” concept, which can be considered as a modifi-
cation of a ‘“‘rocking-chair” system, such as those
previously reported in the literature [1-3]. In these
batteries, both active electrode materials intercalate
lithium reversibly and the back-and-forth motion of
lithium ions from one intercalation host to the other
takes place during cell charge and discharge.

For the negative electrode, much work has been
carried out in order to obtain high-performance inter-
calation materials with low potential, as referred to the
lithium electrode. Many forms of natural and artificial
carbon with controlled texture, composition, and crys-
tallinity have been examined for these purposes, and are
used in the pioneering lithium-ion systems. More re-
cently, new materials such as glassy tin oxides [4] and
metal alloys [5] are alternative and promising options.

Concerning the cathode material in lithium-ion bat-
teries, success is restricted until now to lithium interca-
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lation compounds of one of the following two groups of
solids: the layered compounds Li;_ MO, M = Co, Ni)
and the three-dimensional spinel structure compound
Li; 4+ Mn,Oy4 [1, 5-7]. The advantage of these solids
arises from the easy preparation of the oxide cathodes,
which can be manipulated and combined directly with
the anode material in a discharged state with low risk.
Using this advantage, Sony introduced in 1990 the first
commercial lithium rechargeable battery, in which the
active electrode materials are layered LiCoO, and
graphite [8]:

LiCoO;(cathode) + [1Cg(anode)

charge
=——Li,_,CoO;(cathode)

discharge

+ Li,Cq(anode)

(1)

In the last decade, extensive research has been devoted
to the performance of lithium rechargeable batteries. It
was established that the main operating problem arises
from the thermal instability and capacity drop, which
result from irreversible structural and morphological
changes in the electrode materials during consecutive
charge-discharge cycles. To solve this problem, efforts
are mainly focused on the solid state chemistry and
electrochemistry of lithium transition metal oxides, i.e. to
modify the electrochemical properties by variations in
composition, cation distribution, crystallinity, texture,
etc., that can be achieved by controlling the synthesis
conditions or by different pre-treatments of these
“standard” compounds, as described below.

Structure and electrochemistry of LiNi0, and LiCo0,
Li;—Ni; 4,0,

The crystal structure of LiNiO, was first described by
Dyer et al. [9] as belonging to the cesium dichloroiodide,
CsClLI, type. The crystals were found to be rho-
mbohedral, space group D3, — R3m. By using hexagonal
axes, the wunit cell parameters «=2.878 A and
¢=14.19 A were reported and the atoms were distrib-
uted in the following sets of equivalent positions: nickel
atoms in 3a sites (0, 0, 0), lithium in 3b (0, 0, 1/2), and
oxygen in 6¢ (0, 0, z)(0, 0, —z) with z=0.25 (Fig. 1). The
structure can also be regarded as a cubic close packing
of oxygen ions, in which the (111) planes of octahedral
interstices are filled in an ordered sequence by alternat-
ing layers of Ni and Li atoms, i.e., similar to «-NaFeO,.
The resulting value of ¢/a=4.93 is slightly higher than
the value expected for a perfect cubic close packing ar-
rangement (c/a=2V6=4.90). The difficulties in the
preparation of stoichiometric LiNiO, were reported a
few years later by Goodenough et al. [10]. In that study,
two different composition regions were found in the
Li, Ni,_, O, solid solutions. For x<0.6, the disordered

rock-salt type, Fm3m, structure prevails, while the lithi-
um content in the 0.6 < x < 1.0 range allowed the for-
mation of the layered R3m structure of a-NaFeO,. A
third region was examined by Bronger et al. [11], who
found a monoclinic structure for x>1.3. Later, the
cation distribution of the non-stoichiometric solid
Li;_Ni;; O, was further studied by Rietveld analysis
of X-ray diffraction data [12]. It was found that the
occupancy of 3a and 3b sites by Ni and Li atoms ap-
proached as x increased, leading to a statistical distri-
bution for x > 0.4. In a detailed study of the catalytic
properties of the Lig4sNig [,Nid%O oxide by Pickering
et al. [13], the usefulness of the Rietveld refinement to
assess the cation distribution in these solids was em-
phasized. Two models are used to describe the cation
distribution in Li;_Ni;+,0, [10, 12, 14, 15]. Ac-
cording to one of the models, the nickel in excess of
the stoichiometric amount occupies the free sites in the
LiO, layers, to give [Li;_NiJ[Ni]JO, [14, 15], whereas
according to the other model a partial mixing of
lithium and nickel in the “‘alien” layers (Li in NiO;
and Ni in LiO, layers, respectively) occurs, giving
[Li;_ _sNi, 1 s][Nij_sLis]O; [12, 14, 15]. In the case of
almost stoichiometric Li;_,Ni; 1 ,O,, the first model is
considered to be more reliable [16]. Nevertheless, some
cation mixing (J is about 5%) has been reported for
oxides with x =0.04 [15]. Owing to the small scattering
factor of Li, the X-ray diffraction (XRD) method does
not enable us to specify the reactions of intrinsic disor-
der in nearly stoichiometric Li;_,Ni;; ,O,. In this re-
spect, electron paramagnetic resonance (EPR) of Ni*™"
can be used as a valuable tool for studying the reactions
of intrinsic disorder in Li;_,Ni; ;+ O, [17].

On the other hand, the X-ray absorption spectros-
copy techniques have been used as a powerful tool to
obtain detailed information about the electronic struc-
ture and local environment of nickel atoms in the

Fig. 1 Schematic representation of the layered structure of LiMO,.
Only 3a transition metal atoms (black spheres) and 3b lithium ions
(white spheres) are fully displayed. One LiOg and one MOg
representative octahedra are also included



structure of lithium nickel oxides. Pickering et al. [18]
studied Li,Ni;_,O (0 £ x £ 0.4) compounds using Ni K-
edge X-ray absorption fine structure (XAFS) spectros-
copy. Extended XAFS (EXAFS) data showed two
different Ni-O bond lengths (2.07 A and 1.94 A) with
proportions varying with x. The systematic trends in X-
ray absorption near-edge structure (XANES) data were
interpreted in terms of a model in which the holes
introduced by lithium ions reside predominantly on
nickel atoms, consistent with an increasing nickel oxi-
dation state with x rather than an increasing oxygen
oxidation state from O®~ to O™. Irrespective of the fact
that lithium nickel oxides are considered as model sys-
tems in solid state physics, the electronic structure of
these systems is still in controversial discussion [19].
EPR measurements of LiNiO, give direct evidence for
the appearance of low-spin Ni** ions [20, 21], while the
data on high-energy electron spectroscopy can be in-
terpreted in terms of holes in the O 2p band [22, 23]. The
ionic model of localized electron states with a 3d char-
acter is consistent with electric and magnetic measure-
ments [10, 24-26], but cannot explain the absence of
cooperative Jahn-Teller distortion in LiNiO,. Chadwick
et al. [27, 28] studied the cooperative Jahn-Teller dis-
tortion of Ni** ions in LiNiO, by EXAFS. It has been
found that the local NiOg octahedron is distorted, pos-
sessing two long (2.09 A) and four short (1.91 A) Ni-O
distances. Since the oxy-redox properties of Lij_,.
Ni; 1 O, are comprehensible in the framework of Ni® " /
Ni*" couples, it is widely accepted to use the ionic model
with localized Ni*" states for explanation of the elec-
trochemical properties of lithium nickel oxide systems
[1-3, 6, 7].

Lithium has been extracted (deintercalated) from
LiNiO, by both chemical and electrochemical proce-
dures. The electrochemical behavior of LiNiO, elec-
trodes has been examined in detail by different authors
by differential chronopotentiometry [29, 30] and cyclic
voltammetry techniques [16, 31-36]. Thus, it is known
that LiNiO, can be oxidized to Lig ¢sNiO, without the
destruction of its core structure [29]. The retention of the
layered character of the structure is assumed to be
achieved by partial migration of nickel ions from the
NiO, layers to the depleted LiO, layers. After initial
interpretations based on a single-phase process, it is now
firmly established that lithium extraction from LiNiO,
takes place through three coexisting-phase regions [29,
30, 34] (Fig. 2). These regions are the result of three first-
order transformations: hexagonal to monoclinic,
monoclinic to hexagonal, and hexagonal to hexagonal
[29]. The structural relationships between the hexagonal
and monoclinic (C2/m, similar to NaNiO,) phases is
given by: ay,=V3a,, bn=an, cm=cp/(3 sin f), f=
180—tan ™" (cp/N3ay).

In addition, the non-stoichiometry of Li;_Ni; O,
was shown to have a direct effect on the charge profile
and reversibility of the intercalation reaction [16, 34] as
the impurity Ni*" ions are known to deteriorate the
electrochemical properties of Li;_Ni; O, (Fig. 3).
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Fig. 2 Schematic representation of the structural changes during
lithium extraction from LiNiO, and LiCoO,. H and M denote the
hexagonal and monoclinic structure, respectively

Arai et al. [34] observed four steep peaks in incremental
capacity plots of a nearly stoichiometric sample
(x=0.005), prepared by using an excess of lithium, while
larger x values did not allow their observation.

On the other hand, it was recently shown that the
shape of the charge-discharge profile changes signifi-
cantly with the recording rate [31]. While the first cycle
of the voltammetry of LiNiO, electrodes recorded at
30 mV/h which was reported by Broussely et al. [31]
showed a profile which is highly coincident with the
differential chronopotentiograms in previous work [29,
30], the different current peaks were not resolved in the
cyclic voltammograms recorded at 300 mV/h. More-
over, the cell capacity showed a marked decrease on
increasing the scan rate (see Fig. 3). Thus, a discharge
capacity of 210 mAh/g for the first cycle was found by
using 10 mV/h, while ca. 60 mAh/g was the first cycle
discharge value observed at 100 mV/h. However, the
capacity retention was close to 100% even at the higher
scan rate after the fourth cycle.

In addition, Broussely et al. [31] reported that the
profile of the second cycle does not coincide with that
observed during the first charge-discharge voltammo-
gram for a scan rate of 300 mV/h. This result contrasts
with the dx/dV plots reported by Li et al. [30], in which
several consecutive 100 h rate cycles were shown to give
similar profiles. At the same time, lithium nickelate
displays a greater loss in capacity after the first charge-
discharge cycle (see Fig. 3) compared with the consec-
utive cycles: about 40 mAh/g is lost after the first cycle
[37, 38].

High temperature and low temperature LiCoO,

Two years after the nickel analogue, the structure of
LiCoO, was described by Johnston et al. [39]. The
structure was reported to be equivalent to that of Li-
NiO; by replacing Ni atoms by Co. The hexagonal unit
cell parameters were now a=2.8166 A, ¢=14.052 A,
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Fig. 3 Step potential electrochemical spectroscopy of lithium cells
using a nearly stoichiometric LiNiO, sample obtained at 700 °C
from citrate precursors. Arrows show the changes induced in the
spectra lower left corner by recording the second cycle; upper right
corner increasing the preparation temperature with a higher
departure from the 1:1:2 stoichiometry; lower right corner increasing
the scanning rate

c¢/a=4.989, and the fractional coordinate of oxygen was
z=0.26 [40] (Fig. 1). The trigonal distortion of the cubic
lattice for LiCoO; is higher than that of LiNiO,, which
is a result from the electronic structure of low-spin
Co™ (1§,) and low-spin Ni’* (t§,e}) ions. In contrast to
LiNiO,, there is no doubt about the electronic structure
of LiCoO,: localized low-spin Co>” states with a con-
siderable covalent mixing account for the electronic
structure of LiCoO, [41, 42]. When LiCoO, is synthe-
sized at 400 °C, a structurally different powdered solid is
formed [43-51]. This is referred to as the low-tempera-
ture (LT) modification in contrast to the rhombohedral
high-temperature (HT) solid. About 6% of the cobalt
ions are located in the lithium layers of the LT modifi-
cation, as described from refinement of the powder
neutron diffraction data [45]. The products of lithium
extraction from this modification were also examined by
X-ray and neutron diffraction [44]. A spinel-related
model was proposed for Li,CoO, (1 = x > 0.5), in which
up to 80% of the remaining lithium could be located in
tetrahedral sites [44]. Nevertheless, the refinement of the
diffraction data of these solids in both a R3m layered
structure and a Fd3m spinel-type structure was found to
give comparable fits to the data [48].

LT-LiCoO, samples prepared at 400 °C were recently
studied by ®’Li magic angle spinning (MAS) NMR [52].
Only a single peak at —1 ppm was observed, which
showed a slightly broader signal compared to the ma-
terials obtained at higher temperatures. This was

considered to be indicative of a larger structural disor-
der, but only in the second coordination sphere of lith-
ium. Thus, all lithium ions were considered to be in
octahedral sites and the structure of the LT oxide was
described as an ordered cubic rock-salt structure instead
of the description based on the spinel structure. In an
attempt to obtain Li, +,Co0O,, Carewska et al. [52] ex-
amined both °Li and 7Li NMR spectra of the material
obtained using excess lithium. The results showed that
only a small fraction of the excess lithium enters inter-
stitial sites of the structure in close proximity to the
paramagnetic Co” " ions.

The electrochemical lithium extraction-insertion
process into HT-LiCoO, has been examined in detail by
different authors, using high-precision voltage mea-
surements as well as in situ XRD facilities [53-55]. The
discharge curve of a HT sample prepared at 850 °C is
shown in Fig. 4a. The main oxidation effect is observed
for x values in the 0.75-0.95 range, leading to a current
maximum in the I/V curve and a plateau in the V/x
profile. These effects have been ascribed to the coexis-
tence of a pristine LiCoO, phase with deintercalated
solid, as a result of a first-order phase transition. A
significant expansion of the hexagonal unit cell param-
eter ¢ is observed in the deintercalated solid obtained for
a low extent of cell charge. The expansion is due to
increasing repulsion between the negatively charged
Co0O, layers as lithium is removed from the interlayer
space. For higher voltages, two low-intensity current
peaks occur at 4.05 V and 4.20 V, if the voltammogram
is recorded at 25 °C. Reimers and Dahn [53] showed
that the position of these peaks changes with the re-
cording temperature. On increasing the temperature,
both signals coalesce, while above 60 °C both are ab-
sent. These results have been interpreted in terms of an
order-disorder phase transition involving the formation
of a monoclinic ordered modification for the Liy sCoO,
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Fig. 4 Left: Normalized intensity versus voltage; right: voltage versus
composition plots obtained by step potential electrochemical spec-
troscopy of lithium cells using different LiCoO, samples as the
cathode: a high temperature (HT) LiCoO,, b low temperature
LiCo0O,, ¢ boron-doped (5 at%) HT-LiCoO, sample

composition and further reconversion to the rho-
mbohedral phase for higher potentials. The relationships
between the hexagonal and monoclinic unit cell pa-
rameters are close to am=3ap, b= dan, ¢m=cy, and
p=90°. The discharge characteristics of Liy4Co0O,
electrodes agree well with the good reversibility of the
different phase transitions.

Until very recently, the stability of the deintercalated
solid was thought to decrease monotonously for lithium
extraction down to x values below 0.4. Mizushima et al.
[56] explained the observed initial loss of stability as a
result of the loss of binding lithium ions, while Reimers
and Dahn [53] proposed an explanation of this phe-
nomenon by assuming the destruction of the lattice on
increasing the amount of the unstable Co*" ions. Later,
Ohzuku and Ueda [54] reported the formation of a
monoclinic phase for LijpgsCoO,. Recently, Tarascon
et al. [55] have claimed the preparation of the fully de-
intercalated solid. The hexagonal Ol modification
(a=2.822 A, c=4.29 A) was obtained by avoiding lig-
uid electrolytes in dry plastic lithium-ion cells. In this
way, 95% of lithium could be reinserted in this solid.
Recently, a direct correlation has been established be-
tween the large anisotropic changes in the structure and
the electrochemical grinding for HT-LiCoO, occurring
during electrochemical lithium extraction [57]. The
changes in lattice dimensions during the extraction-in-
sertion processes induce internal strains due to the mis-
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match between the zones with a different degree of
intercalation in the solid [57]. These in turn lead to a
highly stressed solid that develops cracks followed by
particle fragmentation which destroy the crystallinity of
the solid matrix and hence impair the cycleability of the
cell [57]. In order to preserve good cycling performance
for HT-LiCoO,, the cycling of the practical cell proceeds
over the composition range from Liy sCoO, to LiCoO,
[58].

The kinetics of lithium intercalation into LiCoO,
have been studied by different authors [38, 59, 60]. Both
potentiostatic and galvanostatic intermittent titration
procedures have been used as raw data in these studies.
The divergences found in the values obtained using each
approach are indicative of the difficulties of obtaining
accurate data using methods which are usually devel-
oped for single-phase solid-solution systems, owing to
the different phase transitions discussed above.

On the other hand, the electrochemical properties of
LT-LiCoO, have also been investigated, irrespective of
the lower potential and poorer reversibility found for
this modification [45, 46, 48, 61, 62]. The intensity versus
voltage curve (Fig. 4b) shows that the charge and dis-
charge peaks are located at 3.77 V and 3.44 V for LT-
LiCoO,, respectively. These divergences from the HT
modification were first reported by Gummow et al. [45,
46] and the corresponding plateaus were also detected by
Rossen et al. [48]. However, some divergences in the
interpretation of these effects can be found in the liter-
ature. Chronologically, the first hypothesis proposed
was that the charge plateau corresponded to the coex-
istence of layered LT-LiCoO, and spinel Liy sCoO, [45].
An alternative interpretation was proposed [48] by as-
cribing the effect to the coexistence between spinel LT-
LiCoO, and spinel LigsCo0,. A two-step extraction
process of lithium from the octahedral sites was pro-
posed during charge [46], while the insertion of lithium
into tetrahedral and octahedral sites of a non-idealized
spinel-type structure was assumed to take place at 3.7 V
and 3.2 V, respectively, during cell discharge. Recently,
Pereira-Ramos et al. [62] demonstrated from XRD data
that a single-phase process describes accurately the
charge process for LT-LiCoO, all along the lithium
composition range 0.5 < x < 1. Moreover, the limited
expansion suffered by lithium extraction agrees well with
the model proposed in which impurity Co® " replace Li*
ions and vice versa. This should avoid a large expansion
such as that found in HT-LiCoO,. Nevertheless, the
larger difference between charge and discharge voltages
of LT samples compared with HT samples may be in-
dicative of a different reaction during discharge that
could lead to the formation of different phases [62]. The
differences found with HT electrodes were ascribed to
the presence of ¥4 Co atoms replacing Li atoms and vice
versa, which interrupted the diffusion pathway for Li"
ions, leading to lower chemical diffusion coefficients.
Charged HT cathodes with Li;_,CoO, compositions
(x=0.1, 0.4, and 0.6) were recently studied by lithium-7
NMR and EPR [63]. EPR signals due to spins localized
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on the Co ions were observed. These spins resulted in
dramatic chemical shifts and line broadening. To our
knowledge, no spectroscopy data have been reported to
assess the local structure of LT-LiCoO, electrodes and
the changes induced by the deintercalation/intercalation
process that could explain the differences in the elec-
trochemical behavior of both modifications.

Li;_»(Ni;_,Co, )1, ,0> solid solutions

Summarizing the electrochemical data on LiCoO, and
LiNiO,, it appears that LiCoO, is more suitable as a
cathode material in a lithium-ion cell. Irrespective of the
fact that LiNiO, is cheaper and exhibits a slightly higher
reversible capacity than LiCoQO,, the dramatic sensitivity
of the electrochemical properties of LiNiO, on the
preparation procedure restricts its utilization. To opti-
mize the electrochemical behavior of LiCoO, and Li-
NiO,, LiNi;_,Co,0, solid solutions have been
systematically investigated.

The preparation and characterization of homoge-
neous LiNi;_,Co,0, compounds (0 <y < 1) were first
reported by Ohzuku et al. [64] and studied in detail by
Delmas and Saadoune [65]. The rhombohedral R3m
structure was observed in the complete composition in-
terval. On increasing y, an almost linear decrease in the
hexagonal unit cell dimensions was observed, while ¢/a
increased. Up to 0.6 lithium could be deintercalated
between 3.5V and 4.0 V in lithium cells [64-67]. The
stabilization of the layered crystal structure of LiNiO,
by cobalt substitution was reported by Zhecheva and
Stoyanova [68], who found that on increasing the y value
in Li,(Ni;_,Co,),-,0, solid solutions the nonstoichio-
metry parameter x reached values close to unity.

Further insight into the structure of the solid solu-
tions was reported by Ohzuku et al. [69], who showed by

magnetic susceptibility measurements that LiNi_,
Co,0, consists of low-spin states of Co’*(t§,e}) and

Ni** (t§,el). A detailed electrochemical study on the
rhombohedral phase with LiNi;;»Co,,0, stoichiometry
and a,=2.84 /OX, c,=14.1 A unit cell parameters was
later reported by Ueda and Ohzuku [70]. The solid was
obtained by reacting mixtures of the carbonates of the
three elements in exact proportions at 900 °C. Lithium
cells using this solid as the active cathode material
showed a reversible oxidation at about 3.5 V, which was
accompanied by an almost linear increase of the ¢ unit
cell parameter as a function of x in Li;_Ni; »,Co,,0, up
to ca. 0.5. Changes in the slope of the OCV (Open
Circuit Voltage) curves at x=1/3 and 1/4 were inter-
preted as a lithium ordering process.

The structure of LiNi;_,Co,0, was further examined
by Delmas et al. [71, 72] by using °Li and "Li NMR.
From these studies it was demonstrated that microhet-
erogeneities at the length scale of the chemical bond
were present in the lattice of LiNi;_,Co,0, solid solu-
tions. A tendency to depart from a random Ni/Co dis-

tribution in the Ni;_,Co,O, layers by the formation of
cobalt clusters was shown from the NMR spectra.
Later, Ni*" EPR measurements were used to investi-
gate the electronic structure and ion distribution of
Lil_X(Niy COl_y)] +x02 ()/:013 and 0.8 < y < 10) solid
solutions obtained between 450 °C and 800 °C by
Stoyanova et al. [73]. From the analysis of the EPR
linewidth for LiNi;_,Co,0, solid solutions, information
has been extracted on the Ni** /Co® " short-range order
in the Ni,Co;_,O, layers, which expands up to a dis-
tance of 2a [73]. Furthermore, changes in the intensity
ratio of Ni*" EPR signals with g=2.142 and 2.137,
which are assigned to isolated and non-isolated Ni**
ions, respectively (Fig. 5), show that a transition from a
non-random to a random Ni/Co distribution in the
Ni,Co,_,0, slabs occurs between 650 °C and 750 °C.
The changes in the intensity ratio obtained from the
signals of the °Li MAS NMR spectra at 0 and —15 ppm
(Fig. 5), assigned to the appearance of {Li(Co3Cos)"
(Co3Co3)""} and {Li(Co3Cos3)"(Ni;Cos)™} configura-
tions, respectively, are in good agreement with this
interpretation [73].

Saadoune and Delmas [74] have revised the conduc-
tion properties and electrochemical performance of Li-
Ni;_,Co,0; solid solutions. According to this report,
pristine cobalt-rich compositions show a lower con-
ductivity than Ni-rich compositions, but increase the
conductivity on deintercalation by a direct Co-Co con-
duction process via the t,-t, orbitals.

The effect of temperature and composition on the
electrochemical behavior of Li;_«(Ni,Coj_,); +,O>
(»=0.88 and 0.13) solid solutions obtained in the 450—
800 °C temperature range was recently studied by Al-
cantara et al. [75] using step potential electrochemical
spectroscopy. It was shown that the intensity versus
voltage curves for cobalt-rich compositions display two
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well-defined signals during cell charging, which are lo-
cated at ca. 3.6 V and 3.9 V. The low-voltage signal is
due to nickel oxidation. For samples prepared below
750 °C, the first step of the deintercalation from the
pseudo-spinel phase contributes to this effect, while the
second is responsible for the 3.9 V peak. For samples
above 650 °C, the single-phase extraction preserves the
trigonal lattice up to 4.2 V with a marked increase in the
c¢/a ratio. For Ni-rich compositions, cell performance is
poor for samples prepared below 750 °C. However, the
sample prepared at 750 °C shows reversible extraction
by a single-phase mechanism and a simple voltammo-
gram, which differs markedly from the LiNiO, elec-
trodes. Ex situ EPR of Ni®* ions in the electrodes after
the first cycle reveals a better recovery of the oxidation
state of metal ions for the nickel-rich composition at
750 °C [75].

Advanced preparative procedures of LiNiO, and LiCo0,

It is well known that the electrochemical performance of
oxide materials is concurrently affected by three basic
parameters: composition, structure, and morphology.
These properties are affected by the preparation proce-
dure used to obtain the powdered solids as active elec-
trode materials. Thus, a great deal of effort has been
devoted to the development of alternative chemical
routes for the preparation of LiCoO, and LiNiO,.
Particularly, the soft-chemistry techniques for materials
design enable the preparation of ultrafine materials with
homogeneous composition and particle morphology,
which are useful as high-rate electrodes that show good
cycling behavior at high charge/discharge rates. This
advantage makes the soft-chemistry methods very suit-
able for industrial scale-up.

To prepare both novel and previously known mate-
rials with controlled compositions, structure, and mor-
phology, various low-temperature techniques have been
developed [76-78]. Summarizing the literature data on
the low-temperature preparation of LiCoO, and Li-
NiQ,, three variants of the soft-chemistry methods may
be pointed out: (1) sol-gel processes; (2) metal-inorganic/
organic precursors; and (3) ion-exchange reactions.

In basic media, layered LiCoO, has successfully been
prepared by a sol-gel method using an aqueous solution
of Li-Co acetates, followed by heat treatment at 500 °C
[79]. This method allows preparation of LiCoO, as a
bulk material or as thick films. Recently, Oh et al. [80]
have elaborated a sol-gel method for the preparation of
ultrafine LiCoO, and monodisperse LiNiO, [81], where
poly(acrylic acid) and poly(vinylbutyral) serve as che-
lating agents. Layered LiCoO, powders can be obtained
when the gel precursor is heated at 550 °C, while a
temperature of 750 °C is required for the preparation of
layered LiNiO,.

Hydrolysis of Co'" coordination compounds with
LiOH yields different phases in the Li-Co-O system [82].
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The hydrolysis of Co(NH\g)gJr gives mixtures of LiCoO,
and HCoO, as ultrafine particles. A high [OH]/[Li "]
ratio resulted in a higher HCoO, content. Attempts were
also made to prepare lithiated phases by the hydrolysis of
Co(acac); suspensions, where acac is acetylacetonate.
The product of this reaction yielded exclusively Co(OH),.

Spinel-related LiCoO, has been synthesized by a so-
lution technique, according to which lithium and am-
monium hydroxide react with an aqueous cobalt nitrate
solution to form hydroxide-nitrate precursors [50]. The
precursors thus prepared were heat treated at tempera-
tures as low as 300 °C.

Taking into account the present low-temperature
techniques for material design, it seems that the organic
polyfunctional acids should have great potential in the
preparation of ultrafine layered LiCoO, and LiNiO,.
The complexation between Co/Ni and the organic acids
via functional groups allows researchers to obtain and
modify the metal-organic precursors at a molecular
level. Thermal heating of organic acid complexes (such
as malic and succinic acids) of Li/Co at 900 °C in air
yields well-crystallized, layered LiCoO, [83]. Recently,
Yazami et al. [84] have elaborated a new synthetic
method of high surface area LiCoO, powders, charac-
terized by a layered crystal structure. This method
consists of thermal decomposition of an intimate mix-
ture of lithium acetate and cobalt acetate at 550 °C
under air for at least 2 h. LiCoO, thus prepared shows
higher performance in terms of cell capacity compared
with the high-temperature analogues [84]. On increasing
the intensity of the current passing through the cell, the
decrease in cathode utilization is less marked for LT
samples. Thus, LT electrodes show higher capacities
than HT electrodes at high current intensities. This effect
has been explained in terms of a quick electrode polar-
ization in the HT electrode, owing to the increased
lithium-ion concentration gradient, as a result of the
lower active surface area.

Based on the precursor method, the synthesis of Li-
CoO, using electrostatic spray pyrolysis [85], chemical
vapor deposition [85], physical vapor deposition [86—89],
spray pyrolysis [86, 90-92], radiofrequency magnetron
sputtering [92], and a spray-coating process [93], fol-
lowed by some post-annealing to form the layered
structure, have been reported for the production of thin
film electrodes.

The citrate precursor method was successfully used in
the preparation of finely dispersive layered LiCoO, and
LiNiO, [17, 94-95]. This method consists of the thermal
decomposition of Li-Co/Ni citrates. Citric acid acting as
a chelating agent was used to mix Li and Co/Ni at an
atomic scale in the precursors. Freeze drying [17, 95] or
ethanol dehydration [94] of lithium-cobalt/nickel-or-
ganic acid solutions (pH =7) yield homogeneous Li-Co/
Ni citrate precursors, where Co>" or Ni*" ions are
complexed by citric acid via hydroxy and carboxylate
groups and Li™ ions serve as counter ions.

Between 400 and 600 °C the thermal decomposition
of freeze-dried or ethanol-dehydrated Li-Co citrate
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precursors yields LiCoO, with a layered and pseudo-
spinel structure through a complex exothermal effect
(Fig. 6). The proportion between both modifications of
LiCoOQ, is dependent on: (1) the Co/organic acid ratio;
(2) the concentration of the freeze-dried solution; and (3)
the heating rate [94, 95]. These products contain negli-
gible amounts of residual carbon (about 0.02 wt%).
With the metal citrate method, we did not succeed in
preparing single-phase LiCoO, with a pseudo-spinel
structure [95]. At 400 °C the most defectless layered
LiCoO,, consisting of hexagonal individual particles
with dimensions of 80-120 nm, is a product of the bis-
citrate (NH,4);LiCo(CsHs0~), decomposition at a slow
heating rate [94, 95]. This product can be annealed up to
800 °C without marked structural changes. The LiCoO,
powder was used as the active cathode material in lith-
ium cells. Cyclic voltammograms showed little changes
with synthesis temperature in the main cathodic and
anodic peaks. For ultrafine layered LiCoO, and LiCoO,
obtained by solid state reaction at high-temperatures
(850 °C), the deintercalation and intercalation reactions
proceed in the 3.95-3.99 and 3.86-3.88 voltage intervals,
respectively. The loss of cell capacity is limited in elec-
trodes prepared at 400 °C [94, 95].

A lithium nickel citrate, LiNi(C¢gHs07) - x H>O, is a
very appropriate precursor for the preparation of nearly
stoichiometric submicron Li;_ Ni;;,0, (x £0.05)
within the temperature range 700-800 °C [17]. Using
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Fig. 6 Differential scanning calorimetry curves of lithium cobalt
bis (citrate) (a) and lithium cobalt citrate (b), prepared by freeze
drying of solutions with 0.05 M Co (solid line) and 0.5 M Co
(dotted line). The dashed line corresponds to the ethanol dehydrated
samples

EPR of low-spin Ni*", it was shown that the cation
distribution in Li;_Ni; O, depends on the synthesis
temperature: the lower synthesis temperatures (700 °C)
suppress the reactions of intrinsic disorder in the layers.
The LiNiO, powder was used as the active cathode
material in lithium cells. The cyclic voltammograms
using the cathode material prepared by thermal de-
composition of the non-crystalline products of freeze-
dried citrate solutions showed several current peaks
during the first cycle, resulting from the formation of the
intermediate phases usually found in quasi-stoichio-
metric LiNiO,. Such behavior is clearly ascribable to a
highly stoichiometric material, irrespective of the fact
that no lithium excess was required during the prepa-
ration. This gives additional interest to the metal/
organic precursor method in the lithium-nickel oxide
system to obtain almost stoichiometric LiNiO; with high
electrochemical performance. After the almost complete
extraction of lithium, further cycles reveal a significant
loss of capacity and changes in the number of current
peaks as a result of the changes induced in the structure
of the solid. EPR data on cycled LiNiO, show partial
migration of Ni from 3a (nickel layers) to 3b sites
(lithium layers) [17].

The ion exchange reaction provides a new opportu-
nity for the synthesis of active cathode materials [96-98].
The structural relationships between LiCoO, and
HCoO, were recently used as an interesting tool in the
low-temperature preparation of LiCoO, by Tarascon
et al. [97]. A complete conversion to the LiCoO, phase
was achieved by the ion exchange reaction between
CoOOH and an excess of LIOH - H,O carried out at
160 °C and an air pressure of 60 bar for 2 days. From
coupled transmission electron microscopy and XRD
studies, Tarascon et al. [97] concluded that the reaction
occurs by surface H/Li* exchange and is accompanied
by a progressive breaking of the particles owing to an
interfacial collapse phenomenon. The LiCoO, powders
obtained by this procedure were contaminated by car-
bonates. Heating these powders at moderate tempera-
tures of ca. 250 °C was effective in removing the
contaminant species and drastically improving their
electrochemical cycling properties. The same ion ex-
change reaction was successfully applied to the synthesis
of LiNiO, [98]. By controlling the ion-exchange pa-
rameters, layered LiMO, products can be prepared that
exhibit electrochemical performance comparable to that
of high-temperature phases.

lon exchange and chemical deintercalation of LiNiO,
and LiCo0,

The effect of acid treatment on alkali metal-transition
metal oxides may be classified as alkali ion extraction
and proton exchange. Additional divergences in the
chemical behavior of lithium cobaltate and nickelate
result from their behavior in protonic acid media.



Chemical deintercalation in LiNiO,

As early as 1954, Dyer et al. [9] observed that HCI
treatment of LiNiO, resulted in a partial dissolution,
accompanied by Cl, release. This process was studied by
Morales et al. [12] in 1990, who showed that the room
temperature treatment of Li;_,Ni;; O, powders with
aqueous HCI did not induce a Li"/H™" exchange pro-
cess. Instead, a chemical deintercalation reaction takes
place by which Ni** disproportionates, according to the
following reaction:

(1 —x+ y)Lil—xNiH—xOZ(S) + 4yH+(aq)
— (1 —x)Lil,x,yNi1+X02(S)
+ y(1 4+ x)Ni*"(aq) + 2y(1 — x)Li*(aq)
+ 2yH,0(¢) (2)

The partial dissolution of the oxide occurred simulta-
neously by a parallel reaction with Cl, release, according
to:

2Li;_¢Ni;,05(s) + 2(1 — x)Cl™(aq) + 8H* (aq)
— 2(1 +x)Ni*"(aq) + 2(1—x)Li*(aq) 4+ (1— x)Cly(g)
+ 4H,0(¢) (3)

Cation distribution in the chemically deintercalated
oxide samples was found to be similar to the distribution
observed in electrochemically deintercalated LiNiO, [49,
99, 100]. Moreover, it was recently found that the
monoclinic distortion resulting in LiNiO, charged elec-
trodes is also present after chemical deintercalation [99].
The solid shows a_C2/m structure (a =~ 4.95A,
b~282A, c~504A, f~109.2° [99]). In addition,
the room-temperature single-line EPR spectra of nearly
stoichiometric LiNiO, with g=2.137 changes to
g=2.195 in the monoclinic form [99]. This effect is a
consequence of the decreasing covalent character of the
Ni-O bond on deintercalation. Also, the linear depen-
dence of the EPR linewidth with the registration tem-
perature is preserved on deintercalation, although the
slope of the line decreases after extraction of up to 0.2 Li
per mol. These changes are due to the structural modi-
fication of the solid as well as to the replacement of Ni**
by diamagnetic low-spin Ni** ions. For non-stoic-
hiometric Li;_Ni;+,O,, it has been found that the
short-range and long-range cation orders specify their
behavior toward acids, as was discussed above for the
electrochemical performance [101]. For Li;_Ni;4 O,
with 0.6 < x < 0.9, where a partial cation order oc-
curs, acids remove lithium ions and statistically distrib-
uted impurity nickel ions from the LiO, layers, but do
not attack Ni*" and Ni*", which are segregated in the
neighboring (111) cubic planes [101].

The thermal treatment of the acid-delithiated oxide
results in an irreversible transformation at ca. 200 °C
[12, 25, 102, 103]. The thermal transformation leads to a
cubic spinel phase (¢ = 8.08 A) with oxygen release. The
process is also similar to that found in the electro-
chemically deintercalated solid and leads to a poor
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performance of the lithium anode cells using the ther-
mally treated solid as the cathode material.

Proton exchange in LiCoO,

Li"/H" exchange was first studied by Fernandez et al.
[104]. The hydrothermal treatment of LiCoO, powders
with HCI solutions at 200 °C and autogenic pressure
yields the isostructural oxyhydroxide, according to the
biphasic ion-exchange reaction:

LiCoO;(s) + H"(aq) — HCoO,(s) + Li* (aq) (4)

According to Delaplane and Ibers [105] and Fern-
andez et al. [104, 106], the crystal structure of HCoO,
belongs to the trigonal R3m space group with cobalt in
3a, hydrogen in 3b, and oxygen in 6c¢ sites. A lower unit
cell parameter ¢ (13 A) and a larger zyxyeen parameter
(0.41) are found in cobalt oxyhydroxide compared with
LiCOOz.

At room temperature, acid acts toward layered Li-
CoO, not only as a delithiating agent but also as a
hydrolyzing agent, as a result of which a metastable
Li;_,H,CoO, phase is formed [107]. The chemical
composition of Li;_,_,H ,CoO, is specified by a com-
petition between lithium extraction and proton ex-
change, depending on the acid concentration and on the
degree of sample dissolution. These two competitive
reactions proceed without destruction of the structural
CoO, framework of parent LiCoO,.

Proton-exchanged HCoO, was found to be an effi-
cient anode material for the oxidation of hydrogen in a
solid oxide fuel cell [108].

Chemical deintercalation in LiNi,Co;_,0,

Acid treatment of LT-LiCoO, and LT-LiCo ¢Nig ;05 at
room temperature yields delithiated products having the
composition Liy4CoO, and Lip4CoggNig O, [44]. The
structure refinement of neutron diffraction data of LT-
Lig 4C00, gives evidence of a spinel-type structure. It
was assumed that LT-Lip4CoygNig 0, was a defect
spinel with spinel notation {Ligg[]g.2}ga[C0;.6Nig2
[o.2)16404. This spinel phase exhibits better reversibility
during lithium insertion/extraction compared to pristine
LT-LiCOO.gNiO'loz.

New layered materials in the Li-Ni-Co-O system have
been obtained by reaction of (Ni,Co_,);04
(0<y<0.2) and Ni,Co,_,0 (y =2 0.8) with LiOH be-
tween 450 °C and 850 °C [49]. As in the case of high-
temperature analogues, cobalt substitution for nickel
stabilizes the Ni ions and improves the two-dimension-
ality of the crystal lattice. Chemical deintercalation of
the ceramic oxides was carried out by hydrochloric acid
treatment. The layered structure is preserved and the
average oxidation state of the metal ions increases sig-
nificantly in the deintercalated products. For cobalt-rich
oxide the ion extraction is accompanied by partial
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Li"/H" exchange, especially for LT oxides. When acid
treatment of Li;_(Ni,Co;_}); + O, solid solutions pro-
ceeds at 0 °C, the ion exchange reactions are suppressed
and, as a result, very crystalline oxides Ligs(Ni,.
Coi-)1++0O2, which do not contain protons, are formed
[96}. During acid delithiation the oxidation of Ni*" to
Ni*" ions proceeds prior to the oxidation of Co®" to
Co*", as in the case of a non-aqueous electrolyte. Pris-
tine and acid delithiated oxides have been studied as
intercalation cathode materials in electrochemical test
cells using lithium anodes and with LiClO,4 as the elec-
trolyte [49, 99, 100]. The cells using delithiated products
showed an initial voltage in the 3.5-4 V range and could
be discharged without previous charge. Discharge-
charge cycles of lithium cells using acid delithiated
oxides as cathode materials show a significant
improvement of reversibility compared with the charge-
discharge cycles of the corresponding pristine samples.
The voltages were higher for Co-rich compositions [99,
100]. XRD analysis and IR spectroscopy show good
reversibility of lithium insertion and extraction by both
chemical and electrochemical procedures (Fig. 7) [49].

Introduction of other foreign atoms

As was discussed in the previous section, the capacity
drop on consecutive charge-discharge cycles is the main
operating problem associated with battery performance.
An effective way to improve the rechargeability of the
cathode material is to make its structure more flexible.
Following the materials chemistry rules, the structural
modification of solids can be achieved by doping with
foreign ions, which may not participate in the redox
processes.

Other transition metal atoms

Owing to the structural similarities of the O3 modifica-
tions of other lithium transition metal oxides, the syn-
thesis and performance of solids including other atoms
different to nickel and cobalt in their composition have
been reported. These include:

1. LiyMn Ni;_,O,: Rossen et al. [109] reported the
synthesis of solid solutions of the Li,Mn,Ni,_,O, series,
which were isostructural with LiNiO, in the 0 < y < 0.6
range and with x = 1. In order to obtain single-phase
products, it was necessary to use MnO as the source of
manganese with LiOH - H,O and NiO as the starting
reagents. The presence of mostly Mn®* was reported in
these solid solutions, although the occurrence of Mn**
for x>1 was also suggested. The capacity of lithium
cells using these materials as the cathode decreased as y
increased [109, 110]. This fact limits the potential ap-
plicability of these solids in lithium and lithium-ion cells
and was explained by the coupled effects of cation
mixing and the presence of Mn**. Later, Caurant et al.
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Fig. 7 X-ray powder diffraction data of Li;_(NiggoCo0¢.20)1+,O2
prepared at 850 °C: a initial sample, b acid-treated sample, ¢ after
discharge of the cell to 3 V, d after cell charge to 4 V

[111, 112] reported an alternative synthesis of the Li-
Ni.Mn;_.O, series (0.5 < z < 1) using a ‘“‘chimie do-
uce” procedure based on hydroxide: Ni(OH),
coprecipitation followed by drying and heating at
700 °C. The crystallinity and electrochemical behavior
were found to deteriorate with decreasing z, which was
interpreted similarly to Rossen et al. [109] as the oc-
currence of Mn*" ions.

2. LiFe,Ni;_,O,: Rougier et al. [113] communicated
the synthesis of layered solids with the R3m structure for
LiFe,Ni;_, O, compositions with 0 < y <0.2. For iron-
rich compositions with y > 0.5 a second solid solution of
the cubic a-LiFeO, type was found, while for interme-
diate compositions (0.3 < y < 0.5) these authors found
the coexistence of cubic and hexagonal phases. Results
of Rietveld refinement were reported, from which a
cation distribution of the type [Lig.965Mo.035]135[Mo.965
Lig 035]320> was obtained for M =0.2Fe + 0.8Ni. Simul-
taneously, Reimers et al. [114] reported a detailed study
of these solids, in which the composition limits were in
good agreement with the results of Rougier et al. [113].
Electrochemical measurements carried out in Li/LiFe-
yNil-yO2 showed that the amount of lithium that could
be reversibly cycled decreased with y.

3. LiCr,Co,_,0,: Jones et al. [115] tested the possible
formation of LiCr,Co;_, O, and LiCr,Ni;_,O, solid
solutions. While attempts to obtain single-phase prod-
ucts were unsuccessful in the nickel case, Li,Cr,Co;_,0,
products were obtained by heating mixtures of LiCrO,
and LiCoO, in argon at 950 °C. Rietveld analysis of the
solid solutions revealed a smooth evolution of the



crystallographic parameters. Unfortunately, the revers-
ibility of the charging process decreased dramatically
with y [115].

p-Block elements
Boron-doped LiCoO,

Several patents have reported that batteries using B-
doped LiCoO, as the active cathode material have im-
proved charge-discharge cycle performance and long life
[116, 117].

XRD, °Li and ''B MAS NMR, IR, and EPR of low-
spin Ni** probes were used for the structural charac-
terization of boron-doped LiCoO, [118]. Up to 5 at%
boron additives were shown to dissolve in trigonal Li-
Co00,. The structure of the CoO, sandwiches remains
unaffected by this treatment. The boron environment
was assessed by spectroscopic analysis, which show a
distorted tetrahedral coordination. The boron-doped
LiCoO, samples were used as active electrode materials
in lithium cells. Step potential electrochemical spec-
troscopy (Fig. 4c) and galvanostatic cycling revealed
that boron dopants improve the reversibility of the
lithium deintercalation/intercalation process and favor
lattice adaptation to lithium order-disorder in the de-
pleted LiO, layers.

Aluminum

In principle, the possible replacement of nickel or co-
balt by aluminum in the layer of octahedral sites of
metal atoms of layered LiMO, oxides could be ex-
pected to be easy, as it exists in one crystalline modi-
fication of the mixed lithium aluminum oxide a-LiAlO,,
which 1is isostructural with other O3 LiMO, com-
pounds.

In order to improve the electrochemical properties of
LiNiO,, the formation of LiNiO,-LiAlO, solid solu-
tions was examined by Zhong and von Sacken [119] and
Ohzuku et al. [120, 121]. The synthesis of a single-phase
product with LiAl,Ni,_,O, composition in the complete
composition interval was carried out by heating a
mixture of LiNO;, NiCO;, and AI(OH); at 750 °C
under an oxygen stream [120]. The XRD characteriza-
tion of the solid with LiAl,,4Niz4O, stoichiometry
showed that it belongs to_the space group R3m, with
a=2.86 A and ¢=14.24 A in hexagonal setting. The
behavior of this solid in nonaqueous lithium cells was
also examined. LiAl;;4Niz 4O, was oxidized to Lij
Al 4Ni3 40, in the voltage range 3.5-4.8 V. XRD of the
charged electrodes obtained with different lithium con-
tents revealed that lithium extraction takes place re-
versibly by a single-phase mechanism involving the
expansion of the layer separation from 4.75 to 4.80 A.
A rechargeable capacity of ca. 150 mAh g' was re-
ported for this material.
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The preparation of solid solutions of the LiAlO,-Li-
CoO, system in the complete composition range has also
been reported [122]. Powder XRD gives direct infor-
mation about the partial substitution of Co by Al atoms,
together with a fractional occupancy of tetracoordinated
sites by aluminum atoms (Fig. 8). EPR of impurity Ni**
ions and °Li and >’Al MAS NMR spectroscopies were
used to assess the cation distribution.The °Li NMR
spectra show a single resonance of lithium ions at oc-
tahedral sites. >’Al NMR shows that the distribution of
Al atoms in tetrahedral and octahedral sites changes
with composition. EPR spectra show that Ni* " impurity
ions in the Al,Co,_,O; layers prefer mainly AI’" ions as
first neighbors. The potential applicability of these ma-
terials as intercalation electrodes was also evaluated in
lithium anode cells. Poor lithium ion diffusivity, result-
ing from the presence of aluminum in both tetrahedral
and octahedral sites, may limit the applicability of
LiAl,Co,_,0, cathodes. The partial substitution of Co
by Ni leads to an improvement of the electrochemical
performance. This effect is particularly evident by com-
paring the first charge-discharge cycle of the three
compositions collected in Fig. 9.

Other layered LiIMO, solids
Layered LiMnO,

Following the search for alternative materials that in-
tercalate lithium ions, the synthesis and electrochemical
performance of a new material, layered LiMnO,, was
recently reported [123]. The solid was obtained by ion
exchange and was found to be structurally analogous to
LiCoO,. The charge capacity of lithium cells using lay-
ered LiMnO, as the cathode material was found to be
ca. 270 mAh g~!, a value comparable in magnitude to
both LiCoO, and LiMn,O4. Up to now, however, cy-
cling properties are limited in this solid.
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The solid solution LiAl,Cr;_, O, was first synthesized
by Poeppelmeier and Thong [130] over the complete
range 0 < x < 1 by using boechmite as the alumina
source. The linear variation of the unit cell parameters
with the aluminum composition of the solid solution was
in agreement with Vegard’s law. For x>0.6, the -
LiAlIO, structure containing chromium in octahedral
sites was stabilized. Cation replacement of Li ™ with H™
in both «-LiAlO, and «-LiAl,.Cr;_,O, has also been
reported [131].
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