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LiGayCo12yO2 solid solutions with a layered crystal structure (0 ¡ y v 0.75) were prepared under high-

pressure (3 GPa) at 850 uC using a piston–cylinder type apparatus. This is in contrast to the solubility of Ga in

the layered LiCoO2 structure at atmospheric pressure, which is strongly limited, and reaches a maximum value

of y ~ 0.1 at 700 uC. The structure of Ga substituted LiCoO2 is characterized by XRD analysis and IR

spectroscopy. It has been found that Ga substitutes for Co in the CoO2 layer (3a site), while Li and O are in

their normal positions (3b and 6c, respectively). The progressive replacement of Co by Ga leads to a linear

increase in the mean M–O bond distance and to a smooth decrease in frequency of the main vibration of the

GayCo12yO2 layer, thus indicating a random Co/Ga distribution. The electrochemical performance of

LiGayCo12yO2 as a cathode material in lithium ion cells has been evaluated in potentiostatic and galvanostatic

experiments. The de-intercalation voltage of the LiGayCo12yO2 solid solutions increases and the reversible

capacity decreases with increasing gallium content.

Introduction

The use of LiCoO2 oxides as an advanced cathode material in
lithium-ion batteries has motivated numerous studies on their
solid state chemistry.1–4 Recently, replacement of Co by non-
transition metal ions (such as B, Mg, Al etc.) has been found to
have a significant effect on the electrochemical behavior of
substituted LiCoO2.5–16 Since non-transition metal ions do not
participate in the electrochemical reaction, the original specific
capacity of substituted LiCoO2 is lower than that of pure
LiCoO2. However, the main features of the doped materials are
an improved thermal stability in the delithiated state and a low
capacity fade when cycled to high potentials.

The interplay between the geometric and electronic structure
of elements determines the formation of LiMyCo12yO2 solid
solutions. For example, Mg and B dopants display a limited
solubility in LiCoO2 (upto 10 and 5%, respectively), while the
aptitude of LiCoO2 to dissolve Al reaches up to 80%.6–8,16

However, an improved cycling stability has been found for
LiCoO2 doped with B and Mg,6–9 while Al doping has a
negative effect on the capacity retention of LiCoO2.10–15 The
most important feature of Al dopants is the increased potential
for Li extraction as compared with pure LiCoO2.12–14 Using ab
initio calculations based on the ultrasoft-pseudopotential
method, it has been predicted that lithium intercalation/de-
intercalation will take place with the participation of oxygen
rather than cobalt.10

Following these considerations, one can expect changes in
the crystal chemistry and electrochemistry of LiCoO2 when Co
is partially replaced by the larger Ga. LiCoO2 displays an
ordered rock-salt structure, in which Co and Li separately
occupy the two octahedral positions in the (111) cubic planes
(3a and 3b sites), thus leading to the formation of distinct LiO2

and CoO2 layers (R3̄m space group).17 A similar crystal
structure has been found for a-LiGaO2 by Marezio and
Remeika.18 However, the layered modification of LiGaO2 can

only be obtained at high pressures (3 GPa, 850 uC). At atmos-
pheric pressure, the stable structural modification of LiGaO2 is
the c-form where Li and Ga occupy tetrahedral sites.19 There is
also a third structural modification of LiGaO2, which is an
intermediate product of the pressure-induced transformation
of the c- into the a-form (1.8 GPa and 420 uC). To the best of
our knowledge, there are no data on the synthesis of LiGay-
Co12yO2 solid solutions having a layered crystal structure.

In the present work, data on the formation of a solid solution
of LiCoO2 with LiGaO2 under high pressure are provided. The
structure and electrochemistry of Ga-substituted LiCoO2 are
characterized by XRD analysis, IR spectroscopy and galvano-
static/potentiostatic experiments.

Experimental

Acetate hydroxide precursors were used for the preparation of
the Ga-substituted oxides. Ga2O3 (Fluka) was dispersed in a
LiOH solution under continuous stirring for 1 d at 50 uC. After
that, Co(CH3COO)2?4H2O (Fluka) was added to the suspen-
sion. The ratio between the components was as follows: Li/
(Co 1 Ga) ~ 1.02 and Ga/(Co 1 Ga) ~ y, 0 ¡ y ¡1. After
ageing for 1 d, the acetate hydroxide precipitates were cooled to
room temperature, then frozen instantly with liquid nitrogen,
and dried under vacuum (20–30 mbar) at 220 uC with an
Alpha-Crist freeze-dryer (Germany). After drying, the solid
residues were decomposed by heating from room temperature
to 600 uC with a heating rate of 1u min21 for 5 h. Samples were
then synthesised at 850 uC at 3 GPa for 5 to 15 h. The Ga-
substituted oxides thus prepared were olive-green coloured.
For the sake of comparison, some experiments were carried out
under atmospheric pressure at 600 and 700 uC for 24 h in air.

High-pressure synthesis was carried out in a 1/2 inch end-
loaded piston–cylinder apparatus at the Bayerisches Geoinstitut.
Samples were encapsulated in 1 cm long, 5 mm diameter
welded Pt capsules. The capsules were surrounded by a
pyrophyllite sample holder and inserted into talc–Pyrex cells
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with a tapered graphite resistance heater. Pressure was
calibrated against the quartz–coesite and kyanite–sillimanite
transitions, as well as the melting point of diopside. The
temperature was measured with a Pt90Rh10–Pt thermocouple.
Experiments were performed using the ‘‘hot-piston in’’
technique. In this method, the pressure is increased to
approximately 10% below the final run pressure, then the
temperature is increased to the desired run temperature, and
finally, the pressure is increased to the final value. The samples
were quenched isobarically by turning off the power whilst
maintaining a pressure within 0.02 GPa of the run pressure.
Quench rates were of the order of 75 uC s21.

X-ray phase analysis was carried out on a D5000-Siemens
diffractometer using Cu Ka radiation. X-ray powder diffrac-
tion for Rietveld refinement was performed with a STOE Stadi/
P diffractometer, Co Ka1 radiation, with a Si internal standard.
The scan range 10 ¡ 2h¡ 110 in a step increment of 0.02u was
utilized. The computer program FULLPROF was used for the
calculation.20 The diffractometer point zero, Lorentzian/
Gaussian fraction of the pseudo-Voigt peak function, scale
factor, lattice constants (a and c), oxygen parameter (z),
thermal factors for 3a, 3b and 6c positions, halfwidth
parameters, preferred orientation and asymmetry parameters
were refined. The refinement model considers two phases: (i) a
layered phase (R3̄m space group and atomic positions 3a
(0,0,0); 3b (0,0,0.5) and 6c (0,0,z)); (ii) an impurity phase of
cubic spinel (Fd3m space group and atomic positions 8a (0,0,0);

16d (5
8,

5
8,

5
8) and 32e (#0.389, #0.389, #0.389)). To gain

stability during the two-phase refinement, a Ga/(Co 1 Ga)
ratio imposed by the chemical composition of the precursors
was used: LiGayCo12yO2 and Gay’Co32y’O4, respectively.
Subsequently, the cationic occupancy factors were refined
taking into account that the total occupancies of the 3a and 3b
sites are equal to unity.

The infrared spectra were recorded on a NICOLET
AVATAR-320 spectrometer in KBr pellets.

Electrochemical experiments were carried out in Swagelok-
type cells using a MacPile system in galvanostatic and
potentiostatic mode. The positive electrode was formed by
active material (85%), Carbon Black and graphite (10%), and
PVDF (5%). The negative electrode was Li. The electrolyte was
LiPF6 dissolved in EC : DEC supplied by Merck, which
soaked Whatman and Celgard separators. Cells were made
in a dry box with Ar atmosphere containing less than 1 ppm of
oxygen and water. In order to normalize the potentiostatic
results, the current intensities are expressed as mA g21 of
electrode active material.

Results and discussions

Structural characterization of LiGayCo12yO2

XRD patterns demonstrate that the high-pressure synthesis
yielded Ga-substituted LiCoO2 oxides with a layered crystal
structure up to y ~ 0.75 (Figs. 1, 2). However, an impurity

Fig. 1 XRD patterns of LiGayCo12yO2 synthesised at high pressure (Co Ka1-radiation). The difference between the observed and calculated profiles
is plotted. Bragg reflections for layered LiGayCo12yO2, impurity spinel phases and Si standard are indicated. The inset presents the XRD patterns of
the composition with y ~ 0.75 obtained at 3 GPa and of c-LiGaO2 obtained at atmospheric pressure (Cu Ka radiation is used).
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phase having a spinel composition has been detected for all
samples studied and its amount varies between 1 and 5 wt.%
(Table 1). The weight fraction of this impurity spinel phase
decreases with pressure (from 3 to 0.5 GPa), as well as with
increasing Li/Co ratio in the precursor (from 1.02 to 1.10). By
increasing the Ga content up to y ~ 0.25, the spinel lattice
parameter increases, after which a slight decrease in a is
observed. Since CoO and Ga2O3 form a normal spinel,
CoGa2O4 (a ~ 8.325 Å, JCPDS Powder Diffraction File 11-
0698), the observed changes in the spinel lattice parameter
indicate incorporation of Ga into the Co3O4 spinel. An
accurate determination of the Ga/Co ratio in the spinel phases
is obscure due to their low percentage abundance. It is not clear
why this impurity spinel phase has been formed since, at
atmospheric pressure, the LiCo-precursors give a LiCoO2

monophase only. However, the important consequence from
these results is a constancy in unit cell parameters of the main
LiCoO2 phase irrespective of the pressure and the initial Li/Co
ratio used. It appears that the solubility of Ga in LiGay-
Co12yO2 is lower than y ~ 0.75 (Fig. 1). Contrary to the high-
pressure synthesis, the incorporation of Ga into the layered
structure of LiCoO2 at atmospheric pressure is strongly limited
and depends on the preparation temperature: at 600 and 700 uC

the Ga solubility reaches up to y v 0.25 and 0.10, respectively.
This means that Ga-rich oxides obtained under high pressures
are metastable phases and, during reheating in air, dissociate to
Ga-poor LiCoO2 and orthorhombic c-LiGaO2.

One reason for the stabilization of the layered structure of
LiCoO2 is the difference in size between Li1 and Co31; 0.76
and 0.54 Å, respectively. The incorporation of Ga into LiCoO2

produces a linear expansion of the unit cell dimension
(Vegard’s behaviour), in accordance with the higher ionic
radius of Ga31 as compared to that of Co31, 0.62 Å (Fig. 2).
The c/a ratio, which gives the extent of the trigonal distortion,
remains nearly unchanged for compositions with yv 0.5, after
which a slight decrease in c/a is observed. Hence, a layered
crystal framework is preserved for LiGayCo12yO2 with y v

0.75 irrespective of the fact that the larger Ga replaces the
smaller Co. According to the structural refinement (Table 1),
Ga substitutes for Co in the CoO2 layer (3a site), while Li and
O are in their normal positions (3b and 6c, respectively). The
refined occupancy factors for the 3a site are given in Table 1.
The progressive replacement of Co by Ga causes a linear
increase in the mean M–O bond distance, indicating a random
Co/Ga distribution (Table 1). On the other hand, the Li–O
bond distance displays a uniform increase upon Ga substitu-
tion, which is a consequence of the different extent of trigonal
distortion of the layered structure for LiCoO2 and LiGaO2.

An IR spectroscopic study of LiGayCo12yO2 gives addi-
tional information on the GayCo12yO2 layer formation.
According to the factor group analysis, the active IR modes
for the trigonal structure are four, including the stretching and
bending vibrations of MO6 octahedra.21–22 Since metal
octahedra in the layer share a common edge, the observed
frequencies can be related to the whole vibration of the layer,
not to a single M–O bond.21 The difference in stretching forces
for Li and Co is the reason for the separation of the LiO2 and
Co/GaO2 vibrations (two-mode behaviour). As a result, the
predicted modes are doubled; in the 400–700 cm21 region there
are bands due to Co/GaO2 vibrations, whereas LiO2 vibrations
are within the region 200–400 cm21. Fig. 3 shows the IR
spectra of LiGayCo12yO2 in the 400–900 cm21 region, where
only the GayCo12yO2 vibrations are visible. To help under-
stand the effect of the impurity spinel phase on the IR spectra
of LiGayCo12yO2, some references for the IR spectra of
Co3O4 spinel and of layered LiCoO2 (obtained at normal
pressure) are presented in Fig. 3. The spinel phase is charac-
terized by two peaks at 565 and 660 cm21. The layered LiCoO2

phase exhibits three intense peaks at 517, 555 and 595 cm21

together with smaller features at 615 and 648 cm21. For Ga-
poor compositions, three main IR bands can be distinguished,
while for the Ga-rich compositions the IR bands are broken
into several components. Irrespective of the different IR
profiles observed for Ga-poor and Ga-rich compositions, the
change in position of the most intense IR component seems to
be consistent with the expansion of the cell dimension caused
by the progressive replacement of Co by Ga. This enables one
to associate the most intense IR band with the stretching
vibration of MO6 octahedra. Fig. 2 gives the dependence of the

Fig. 2 Unit cell parameters and the most intense IR band vs. Ga
content for LiGayCo12yO2 solid solutions synthesised under high and
atmospheric pressure. The diamond label at y~ 0.75 indicates that the
galium content was taken from the precursor composition. Square
labels correspond to the data from refs. 21 and 22.

Table 1 Structural parameters determined from XRD pattern Rietveld refinement for LiGayCo12yO2 synthesised at high pressure (3 GPa)

y

Layered phase, R3̄m space group
Spinel phase,
Fd3m space group

a/Å
(¡ 0.00008)

c/Å
(¡ 0.0004)

z, oxygen
parameter

yrefined,
3a site Biso (3a)/Å2 RB (%)

Mean
M–O/Å Li–O/Å a ¡ 0.0001

Weight
fraction

0.0 2.81602 14.0535 0.2591(6) 0 0.44(8) 7.81 1.932 2.081 8.0819 0.041
0.10 2.82547 14.1060 0.2589(5) 0.106(9) 0.28(8) 7.46 1.940 2.087 8.1129 0.019
0.25 2.83854 14.1701 0.2594(3) 0.238(3) 0.32(6) 3.77 1.945 2.101 8.2585 0.019
0.50 2.85760 14.2558 0.2578(6) 0.518(9) 0.63(12) 7.43 1.970 2.100 8.2423 0.052
1.018 2.9113 14.466 0.2583 — — — 2.00 2.14
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most intense IR band on the Ga content in LiGayCo12yO2. It
appears that the band position decreases as the mean M–O
bond distance (determined by structural analysis, Table 1)
increases, thus supporting the isomorphic substitution of Co by
Ga in MO2 layers.

Electrochemical lithium de-intercalation from and intercalation
into LiGayCo12yO2

The ability of LiGayCo12yO2 to remove and insert lithium was
evaluated in potentiostatic and galvanostatic experiments. The
potentiostatic intermittent titration technique (PITT) results of
Li/LiCoO2 batteries are shown in Fig. 4. For pure LiCoO2

charged between 2.5 and 4.5 V, the highest reversible capacity
(138 mAh g21) is observed for a sample obtained at 3 GPa
using a Li/Co ratio equal to 1.10. The higher capacity observed
for Li1.1CoO2-30 as compared to LiCoO2-30 can be associated
with the lower content of the impurity spinel phase for the
former sample. In fact, the reversible capacities reported for
LiCoO2 are usually lower than 130 mAh g21. Regarding the
intensity vs. voltage curve, the main oxidation peak is observed
at ca. 4.1 V, and the main reduction peak at ca. 3.8 V. These
effects correspond to the redox couple Co31/Co41 and are
accompanied by a significant expansion of the c parameter
during lithium extraction.23 In the derivative curve of the
galvanostatic experiment at a C/50 rate (Fig. 5A), the curve
profile is similar to the PITT results. In addition, two small
peaks are observed at higher voltage that can be assigned to an
order–disorder transition of Li1 ions in the interlayer free of
‘‘alien’’ atoms.5 These results demonstrate a similar electro-
chemical behavior of LiCoO2 obtained at normal and at high
pressure. It appears that the impurity spinel phase does not

Fig. 3 IR spectra of LiGayCo12yO2 solid solutions synthesised under
high pressure. For the sake of comparison, the IR spectra of Co3O4

spinel and layered LiCoO2 are also given.

Fig. 4 PITT results for the first two charge (1, 2)/discharge(1’, 2’) cycles of Li/LiPF6/LixCoO2 batteries, using cathode materials obtained at high
pressure for: (a) Li1.1CoO2 at 3 GPa, (b) LiCoO2 at 3 GPa and (c) LiCoO2 at 0.5 GPa. Speed rate: 10 mV (0.1 h)21.
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contribute to the electrochemical performance of high-pressure
LiCoO2.

By raising the upper voltage limit to 4.9 V, complete
extraction of Li from LiCoO2 is reached and the de-
intercalation curve shows a second peak at about 4.8 V
(Fig. 4c). After the discharge to 2.8 V, only one broad peak is

resolved during the intercalation of Li. The observed charge/
discharge curve profiles for high-pressure LiCoO2 resemble
that for LiCoO2 obtained under normal pressure.24–26 The
profile of the charge/discharge curve of LiCoO2 has been
shown to depend on the voltage range where lithium
intercalation/deintercalation takes place.24 The high voltage
plateau is thought to be due to a two-phase reaction with the
formation of %CoO2. The intercalation of Li into %CoO2

proceeds via several structural transformations, which are
irreversible and cause changes in the discharge curve pro-
file.24,25 By analogy, it seems that the same mechanism operates
for LiCoO2 obtained under high pressure (Fig. 4c). However,
in addition to internal stresses and ‘‘electrochemical grinding’’
at high voltage, a contribution from the electrolyte decom-
position to the loss of capacity upon cycling cannot be
discarded. From these results one may conclude that the
electrochemical properties of LiCoO2 obtained at high pressure
are close to that of LiCoO2 obtained at normal pressure.

The similar electrochemical performances of LiCoO2

obtained at normal and at high pressures allow us to outline
the effect of Ga on the lithium de-intercalation from and
intercalation into Ga-substituted oxides. Fig. 5B compares the
‘‘voltage vs. capacity’’ curves for the first charge of LiGayCo12y-
O2 solid solutions. One can see that the first voltage plateau at 4
V, observed for pure LiCoO2, becomes less pronounced upon
Ga doping. For samples charged to a close depth, it appears
that the voltage of the first charge increases with the amount of
Ga doping. For the LixAlyCo12yO2 system, this was
previously observed by Ceder et al.10 in open circuit conditions
in agreement with the predictions from ab initio calculations,
and also by Alcántara et al.11 Comparing the effect of Al and
Ga, one may conclude that the charge voltage increases more
rapidly for the Ga-substituted oxides. As a result of the
increased charge voltage, the first charge capacity decreases
upon Ga doping. When charging up to 5.1 V, the amount of
extracted lithium decreases from 0.72 to 0.50 with a Ga content
increasing from 0.10 to 0.25. During the first discharge up to
3.0 V, the subsequent lithium intercalation allows recovery of
nearly half of the de-intercalted lithium (Fig. 6). The capacity
retention decreases with Ga doping, similarly to the alumi-
nium-containing samples. This may originate from the
structural instability of Ga-substituted oxides caused most
probably by the tendency of Ga to adopt tetra-coordination at

Fig. 5 (A) Galvanostatic charge/discharge cycle at C/50 of a Li/LiPF6/
LixCoO2 battery using like cathode Li1.1CoO2 obtained at 3 GPa. The
corresponding derivative curve is shown as an inset. (B) Comparison of
voltage vs. capacity for the first potentiostatic charge of LiGay-
Co12yO2/LiPF6/Li batteries for (a) y ~ 0.05, (b) y ~ 0.10 and (c) y ~
0.25. Measurements were carried out at 10 mV (0.1 h)21 at room
temperature.

Fig. 6 First charge (1–3)/discharge(1’, 2’) PITT cycles of Li/LiPF6/LiGayCo12yO2 for (a) y ~ 0.05 and (b) y ~ 0.10.
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normal pressure. In addition, a new peak is observed at about
3.6 V in the first charge for the sample with y ~ 0.05 (Fig. 6).
The origin of this peak is not clear at present. Further studies
on the structural stability of LiGayCo12yO2 during lithium
de-intercalation/intercalation are in progress.

Conclusions

High-pressure synthesis yields LiGayCo12yO2 solid solutions
with a layered crystal structure up to y~ 0.75. At atmospheric
pressure, the incorporation of Ga into the layered structure of
LiCoO2 is strongly limited, with a maximum value of y ~ 0.10
at 700 uC. It is shown that the larger Ga substitutes for the
smaller Co in the CoO2 layer (3a site), while Li and O are in
their normal positions (3b and 6c, respectively). The progres-
sive replacement of Co by Ga causes a linear increase in the
mean M–O bond distance, indicating a random Co/Ga
distribution. On the other hand, the Li–O bond distance
displays a uniform increase with Ga substitution, which is a
consequence of the different extent of trigonal distortion of the
layered structures of LiCoO2 and LiGaO2. IR spectroscopy
study on LiGayCo12yO2 reveals that, between 400 and
700 cm21, the observed frequencies can be related to the vibra-
tion of the GayCo12yO2 layer. The position of the most intense
IR band decreases as the mean M–O bond distance increases,
thus supporting the isomorphic substitution of Ga for Co in
MO2 layers. Electrochemical examination shows identical elec-
trochemical behaviour for LiCoO2 obtained under atmospheric
and high pressure. The de-intercalation voltage of the
LiGayCo12yO2 solid solutions increases and the reversible
capacity decreases with increasing gallium content.
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