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Centimetre-size single crystals of LiCoO, were successfully grown using a floating-zone method
associated with an image furnace. A high-pressure oxygen atmosphere and a relatively small growth
speed were found necessary to prevent the formation of impurity phases in the grown crystal. A single
crystal with a reduced amount of lithium was obtained by means of the chemical de-lithiation process
using as grown LiCoO, single crystal as the starting material. Growth conditions together with magnetic
and structural properties of these crystals are discussed here.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Alkaline layered cobalt oxides (A,CoO;) have been intensively
studied because of their complex structural features [1], interesting
physical properties, for instance metallic state [2], large thermo-
electric power [3,4] or superconductivity for Na derivative [5],
as well as their considerable technological significance as positive
electrode material in lithium-ion batteries [6-11]. Recently it has
been shown that this family of compounds could be used for non-
volatile memory inscription implying ion-migration processes [12].
High temperature synthesised LiCoO, adopts a layered rock salt
structure with trigonal symmetry, and spacegroup R -3 m, con-
sisting of CoO,, layers of face sharing octahedra [8,13]. The lithium
atoms are located at the octahedral sites between the CoO, layers.
After delithiation, lithium-deficient compounds LiyCoO, can be
obtained [14-16]; this phase belongs to the same space group. It
has also been found that the end member of these compounds,
Co0,, can be obtained by electrochemical de-intercalation [17-19].
An extensive review of the synthesis methods, defects and physical
properties of Li,CoO, was published by Antolini [20].

Magnetic measurements indicate that, for stoichiometric
LiCoO,, Co>* ions are in a low spin configuration and no magnetic
transition was observed. On the other hand, for nonstoichiometric
compounds (x < 1), the magnetic measurements show a magnetic
transition below 175 K [21,22].
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Small LiCoO, single crystals have been previously obtained using
the flux technique [23,24]. Studies of the anisotropic properties of
these compounds require sizeable single crystals and this led us to
investigate the growth of larger dimension crystals. In this work, we
present the floating zone (FZ) method for growing LiCoO, single
crystals as well as their structures and properties.

2. Experimental procedure

Single-phase polycrystalline samples of LiCoO, were prepared by
the standard solid-state reaction route using commercially available
Li,CO3 and Co304 (Alfa Aesar, 99.7% purity) powders. Stoichiometric
amounts of the starting powders were mixed and calcined at 950 °C
for 16 h in air. The samples were re-ground and mixed with
additional Li,CO5 (Table 1), which was added to compensate for
the expected evaporation of lithium in the single crystal growth
procedure. The feed material for the single crystal growth process
was prepared in the form of cylindrical rods, of about 6 mm in
diameter and 7 cm in length, by isostatically compressing the
powder under 2500 bar. The rods were subsequently sintered at
1050 °C for 16 h in air. The single crystal growth experiments were
carried out using the FZ technique in an optical image furnace
(Crystal System Inc.,, Japan) equipped with four 300 W halogen
lamps, under a high pressure of oxygen (Table 1).

Several different techniques were used to characterise the grown
single crystal of LiCoO, and single crystals obtained after Li de-
intercalation. Powder X-ray diffraction was done on a Philips PW
3710 diffractometer for checking the phase purity. The orientation of
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Table 1
Example conditions used to prepare single crystal sample of
LiCoO».
Material Lithium Atmosphere Growth rate
excess (%) (atm/03) (mm/h)
LiCoO, 0 9 -
LiCoO, 10 9 -
LiCoO, 20 9 -
LiCoO, 50 7 2
LiCoO, 75 7 2
LiCoO, 100 8-9 2
LiCoO, 100 8-9 5
LiCoO, 100 8-9 5and 3

the grown crystals was determined by the Lailie back reflection
diffraction technique. The structure determination was carried on a
Kappa APPEX II Bruker single crystal X-ray diffractometer using
monochromatised Mo Ko radiation (A=0.71073 A). The data were
corrected for Lorentz, polarisation and absorption effects. The struc-
tures were solved by direct methods using SHELXS-97 and refined
against F? by full-matrix least-square techniques using SHELXL-97
[25] with anisotropic displacement parameters for all atoms. All
calculations were performed using the crystallographic software
package WINGX [26]. The magnetisation studies of the LiCoO, and
Lig63C00, single crystals were carried out as a function of tempera-
ture and applied field using a SQUID magnetometer (Quantum
Design). Seebeck coefficients were measured using a DC differential
technique, obtained with gradients up to 0.2 K/min, in a laboratory
made closed cycle cryostat system from about 30 K to 300 K. AC and
DC resistivities were measured on thin crystal platelets, in ab plane,
from 77 K to 400K using a four probes method by applying AC
(measurement at 71 Hz) or DC currents from 50 to 250 nA using an
SRS830 lock-in amplifier or a Keithley 2182 nanovoltmeter,
respectively.

3. Results and discussion

In order to obtain centimetre-size single crystals of LiCoO,, we
optimised the growth parameters (atmosphere, pressure, growth
speed and the feed rod composition) in the image furnace. Several
single crystal growth experiments, under different conditions, were
carried out. In Table 1, we present relevant experiments for
different values of the O, pressure, the growth speed and the
composition of the feed rod. Preliminary experiments, the first line
in Table 1, indicated that an excess of lithium was required (strong
evaporation during fusion and instability of the molten zone). For
the subsequent growth experiments the feed rods had 10%-20%
excess of lithium. Even in these cases the molten zone could not be
stabilised, probably because the lithium excess was not sufficient.
In the following experiments we used feed rods prepared with up
to 100% lithium excess and growth speeds of 2-5 mm/h, under a
pressure of about 8-9 atm of oxygen. Higher speed seems to be
more adapted for the stabilisation of the molten zone in these
conditions. The best results were obtained by starting with a
growth speed of 5 mmy/h, and after the molten zone was stabilised
the growth speed was reduced to 3 mm/h. The resulting crystals
had typically 10 cm length but only about 2 cm length of the as
grown crystal is of single phase with hexagonal structure and no
impurities or inclusions. Fig. 1 shows a 2 cm length of the crystal
cut from the as grown crystal ingot. Electron microscopy images of
sections cut at the end of the crystal do not show the presence of
secondary phases. Crystals are black and cleave very easily per-
pendicular to the [00 1] direction, which is perpendicular to the
growth direction. This is the same direction growth as the one

Fig. 1. A piece of an as grown single crystal of LiCoO,.

Table 2

Structural parameters for LiyCoO, (x=1 and 0.63). Space group R -3 m. Atomic
positions: Co: 3b (00 0.5); Li: 3a (000); O: 6¢ (002).

Formula LiCoO, Lip.63C00;
Fw 97.87 95.16

alA] 2.81280(10) 2.80760(10)
c[A] 14.0272(9) 14.2129(8)
174 [A3] 96.112(8) 97.025(7)
2 [A] 0.71075 0.71075
T[K] 280 280

V4 3 3

Crystal size mm® 0.316 x 0.276 x 0.153 0.800 x 0.340 x 0.140
Peaica [g cm 7] 5.073 4,886
u(Mogo) [mm~1] 12.727 12.603

0 range [deg., min.-max.] 4.36-47.26 4.30-48.00
No. of data collected 1448 1378

No. of unique data 140 133

R (int) 0.0325 0.1164

No. of variable parameters 9 10

No. of obs. refl.? 140 132

R obs., all® 0.0511 0.0493

Ry, obs., all® 0.1276 0.1238

S 1.031 1177
(4/0)max 0.000 0.001

X (occupation of Li) 1 0.61(16)

z (position of O (00 z) 0.7604(3) 0.7630(3)

2 Data with F, > 40(F,).
® R=3|[Fo|-|Fel |1 |Fol-

€ Rw=[Cw(|F3|-|F2| [ w|F3|2]" 2.

observed for NayCoO, crystals [27]. We could obtain cleaved pieces
of single crystals of 20 x 4 x 3 mm>,
After successful single-crystal growth of LiCoO,, several single

crystals with lower concentrations of lithium were obtained by
chemical de-intercalation of lithium ions by mixing pristine
LiCoO, single-crystals with excess Brp (Li:Br 40 times in molar
ratio) dissolved in dry acetonitrile. After 7 days of stirring, the
obtained sample was washed with acetonitrile several times and
stored in a dessicator.

Single-crystal X-ray diffraction measurements were performed
on thin specimens obtained by cleaving the as grown crystal as
well as the de-intercalated one. The temperature of the crystal
during data acquisition was maintained at 280K under dry
nitrogen atmosphere in order to prevent the degradation of the
cleaved surface. Structural parameters for the two single crystals
(LiCoO, and Lipg3C00,), determined by the least-square refine-
ment, are given in Table 2. After the lithium de-intercalation the
crystal structure remained hexagonal as for the parent LiCoO,
crystal; this structure is presented in Fig. 2. Lattice parameters are
slightly smaller than those found for powder samples of similar
compositions [13,15] but in very good agreement with previous
data on single crystals [16]. The ¢ parameter value increases with
reduction in the lithium quantity in Ligs3C00, while the lattice
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Fig. 2. Crystal structure of LiCoO,.

parameter a shows an opposite variation. This is consistent with
the removal of lithium from LiCoO, which leads to an increase
of the spacing between layers due to repulsive forces between
negatively charged oxygen ions. This, in consequence, results
in expansion of the structure in the direction parallel to the
c-axis [28]. The observed slight decrease in the a lattice parameter
can be explained by the oxidation of the Co>* ions and formation
of smaller Co** ions.

Magnetisation measurements on the crystals were done in two
orientations relative to the applied field: (i) perpendicular to the
c-axis and (ii) parallel to the c-axis. The temperature dependence
for the two directions for the LiCoO, and Lip 63C00, single crystals
under an applied field of 1000 Oe is shown in Fig. 3.

The magnetisation measurements are very sensitive to the
presence of magnetic impurities like Co304 and CoO, which
exhibit anti-ferromagnetic transitions at 40 K and 290 K, respec-
tively. No such magnetic transition was observed in these
samples. For the two single crystals the magnetisation curves as
functions of temperature showed a Curie-Weiss behaviour, inde-
pendent of the orientation relative to the magnetic field. For both
samples the measurements with the field in ab-plane showed a
slight anomaly at around 170 K, see the inset in Fig. 3, similar to
the one observed previously at 175K in polycrystalline LiCoO,
[29]. A deviation from the Curie-Weiss behaviour was found
below 50 K, which may be due to the impurities or due to the
magnetic correlations manifesting below this temperature. The
Yo» Meft and Ocy obtained from a Curie-Weiss fit with and
without a temperature independent term (o) of the y data, fitted
in the temperature range 150 K-300 K, are shown in Table 3.

The experimental magnetic moments for both crystals are
slightly higher than the expected values (0 and 1.22 for the two
compositions, respectively). The fit considering temperature inde-
pendent paramagnetism gave values closer, but a little larger,
than the expected values, particularly for an S=0 stoichiometric
LiCoO, compound. A very small decrease of the stoichiometry
may explain the increase of the effective moment [30]. It has been
shown recently that the “real” stoichiometry of the Li sample
might be difficult to control [31]. Another possible origin of this
magnetic behaviour is a charge disproportion of Co>* ions into
Co?* and Co*™* ions [30] or the existence of defects or unusual
spin state of the cobalt ions as in the case of layered cobaltate
Na,CoO, [28]. A recent report indicated that additional defects
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Fig. 3. Temperature dependence of DC magnetisation in the ab-plane and along
the c-axis for LiCoO, (a) and Lip3C00, (b) single crystals samples under an
applied field of 1000 Oe.

Table 3
Magnetic parameters for Li,CoO, crystals, with applied field parallel and perpen-
dicular to the c-axis, fitted with and without a TIP parameter fit.

%o (*10°) Ocw (K) Hefr exp (UB)

Hi@) Hle  Hl@)  Hlc Hi@)  H|c
LiCoO, - - ~131(2) —146(2) 084 090
LiggsC00s - - —1167(14) —2184(15) 2.36 2.77
LiCoO, 25(1)  42(2) —35(3) _53(4) 029 051
LigesCo0,  62(6)  79(4)  —854(0)  —1315(0) 139 135

and impurities are possible, not all of which are detectable by
laboratory X-ray diffraction, in “stoichiometric” LiCoO, [32].

A study of the magnetisation behaviour as a function of the
applied magnetic field was carried out at several temperatures
(2,30 and 50 K) and in an interval of applied magnetic field -5.5 T
to +5.5T. At high temperatures (30 K and 50 K) the magnetic
behaviour of the two samples is linear with the field, which is
typical of paramagnetic materials. At low temperatures (2 K) a
departure from the linearity is observed, which indicates the
presence of short-range ferromagnetic (or ferrimagnetic) interac-
tions (Fig. 4). The magnetisation behaviour in the single crystals
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Fig. 4. DC magnetisation loop curves versus magnetic field for (a) LiCoO, and
(b) Lip63C00, single-crystals.

of Li,CoO, under applied magnetic field is rather complex, similar
to that of Na,CoO, compounds [28,32,33].

Previously, the electrical resistivity was measured on a small
crystal grown by a flux method and an anisotropy of about 500 at
300 K was found [34]. We could not measure the resistivity of
these samples perpendicular to the ab-plane, probably because of
the fact that the crystal cleaves easily and sudden “jumps” in the
resistivity values are observed. This is also the case for other
layered materials; see for instance the case of Na,CoO, in Fig. 4 of
Ref. [27]. Resistivity in the ab-plane was measured by placing four
contacts on a platelet, whose thickness was estimated at about
10 um (or even less if there are no contacts between several
plates). As such resistivity is estimated just based on this
geometrical factor, but the trend is indicative of a semiconductor.
This curve is shown in the inset of Fig. 5. This result is close to the
previous experiments on powders of the same compositions
[15],where transport is thermally activated with a variation of
the activation energy with temperature.

For the as grown crystal, two pieces of a same crystal were cut
and the Seebeck coefficients’ functions versus temperature were
measured (Fig. 5). We observed a small difference between the
measurements perpendicular and parallel to the c-axis. We note a
feature appearing at about 160 K in the thermoelectric power for
the sample measured in the ab plane that might be related to the
one observed in the magnetic data shown in Fig. 3 and at 180 K
for the resistivity data shown in the inset of Fig. 5. These

100- S, LiCoO, single crystal
¥ o inab plane
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= 80+
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Fig. 5. Seebeck coefficient of LiCoO, single crystals along and perpendicular to the
c axis; inset: AC resistivity of thin platelets of LiCoO, in the ab-plane.

“features” are of unknown origin but might be related with
slipping of ab-planes during the measurement.

The values of the measured Seebeck -coefficient, around
100 pV/K at 300 K, are comparable with the value reported in
the literature for powders [15] or for the thin film samples of
LiyCoO,, whose thermoelectric factor increases with the lithium
content [35]. These values are consistent with the existence of
non-metallic state for high lithium content samples associated
with large thermoelectric factors and rather large resistivities
(of the order of Q2 m) contrary to the case of sodium-rich Na,CoO»,
where metallic-like states and large thermopower are coexistent
either because of spin entropy [36], electron correlations [37] or a
narrow band model [38]. We could not measure the transport
properties of de-intercalated crystals, which were too brittle.

4. Conclusions

Centimetre- size single crystals of LiCoO, were grown with a
floating zone image furnace. Lithium deficient singles crystals
were obtained by chemical de-intercalation. The single crystal
X-ray diffraction study confirmed the trigonal R -3 m space group
for both single crystals. The magnetic measurements as a function
of temperature show a Curie-Weiss behaviour for the two single
crystals and the value of the magnetic moment was found bigger
than the expected value. A weak ferromagnetic or ferrimagnetic
behaviour was found at low temperature, which indicates the
presence of short-range interactions. Anisotropic thermoelectric
power coefficients were determined.
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