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Abstract

We have studied the preparation of LiCoO, powder using the metallo-organic decomposition (MOD) route in air. Cobalt and lithium
2-ethylhexanoate were obtained from hydroxides and 2-ethylhexanoic acid. TG/DTA and XRD techniques were used to study the steps of
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formation of well-organized LiCoO, (R-3m). The MOD route produced LiCoO, (R-3m) at 700 °C with specific surface area 1.7 m~ g~ and
grain size distribution dsp = 24 um. The electrochemical response of MOD LiCoO, powder was tested by cyclic voltammetry and discharge/
charge cycles in a composite electrode. The MOD method yields LiCoO, agglomerated particles with size distribution and porosity that

facilitate lithium diffusion in the composite electrode.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The synthesis method of lithiated metal oxides used in
Li-ion batteries has a fundamental role in electrochemical
performance. The choice of starting materials and the pre-
paration conditions can determine the grain size distribution,
morphology and purity of materials; features that have a
strong influence in Li-ion battery performance (capacity
fade, rate of charge/discharge).

The high temperature HT-LiCoO, compound is a p-
semiconductor oxide that has been widely studied because
of its role in the lithium ion battery [1-19]. The reversible
specific capacity of HT-LiCoO, is about 145 mAh g~ ' and
its the specific energy ca. 1070 Whkg™' based on an
average discharge voltage of 3.9 V. The main precursors
employed in the HT-LiCoO, synthesis have been cobalt and
lithium nitrate, carbonate, acetate or hydroxide. Several
preparation routes have been developed and studied using
these precursors associated sometimes with chelating agents
for production of HT-LiCoO, [3-5,9,20-35]. All these
studies have shown that the precursors have a great influence
on the temperature and time of sintering, grain size distribu-
tion, aggregation and morphology of HT-LiCoO, particles.
For example, methods like decomposition of hydroxides
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[25], Pechini [27], electrostatic spray [30], sol-gel [31] and
hydrothermal conditions [32] are able to provide well-
ordered LiCoO, grains at temperatures and reaction times
lower than the carbonate method. Preparation of LiCoO, at
300 °C has been achieved from hydroxide mixture and at
400 °C from either cobalt nitrate [33] or Co acetate [34].

The MOD route is another method that can be used to
produce oxides. It has been particularly useful in the proces-
sing of ferroelectric and electro-optic thin films [35-37], but
not for the synthesis of the Li oxide materials such as
LiCo0O,. In this paper, we study the MOD method for the
synthesis of HT-LiCoO, using metallo-organic precursors
obtained from hydroxides and 2-ethylhexanoic acid. The
main characterization techniques were TGA/DTA, XRD,
BET, cyclic voltammetry and charge/discharge galvano-
static. The electrochemical quality of oxide was investigated
using composite electrodes. It was found that MOD
HT-LiCoO, fired at 700 °C is adequate for the preparation
of a composite electrode with high lithium diffusion. This
high lithium diffusion was attributed to porosity in the MOD
HT-LiCoO, agglomerate particles.

2. Experimental
Lithium and cobalt 2-ethylhexanoate were obtained from

the acid-base reaction between 2-ethylhexanoic acid (Alfa-
Aesar, (CH3(CH;)3(C,H5)COOH), 99.9%)) and lithium or
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cobalt hydroxides (Fluka, Li(OH)-H,O, 99% and Alpha-
Aesar, Co(OH),, 99%). The reaction nCH;(CH,);(C,H5)-
COOH + M(OH)n — [CH; (CH2)3(C2H5)COO}HM + nH,0
was carried out under reflux conditions (room atmosphere)
at 110 °C for 4 h. The molar proportion of acid and base
dissolved in THF was 2:1 for the [CH5(CH,)3(C,Hs)-
COO0],Co*" and 1:1 for the [CH5(CH,)3(C,Hs)COO]JLi'™
salts. All metallo-organic compounds were dried under
vacuum (9.5 x 10* Pa) at 80 °C.

To study the preparation of MOD HT-LiCoO, in air the
lithium and cobalt 2-ethylhexanoate salts were mixed in molar
proportions of 2:1. The solvent used to mix the two metallo-
organic compounds was tetrahydrofuran (THF). The crucible
used in the sintering of the HT-LiCoO, and for successive
heating of the metallo-organo solution, was alumina. An
excess of lithium salt was used because of evaporation of
the lithium salts and its reaction with the alumina crucible.

Thermogravimetric/differential thermal analysis (TGA/
DTA) was performed in synthetic air for the two precursors
and its mixture (heating rate 10 °C min~') using a TA

6 T T T T T T T T T
|- 4100
a4 A)
N 80
_|
o)
460 2
3
QO
(2]
40 o
1Y R
420
-8 0

T T T T T T T T T
0 200 400 600 800 1000
Temperature (°C)

Instruments (model SDT-2960 Simultaneous Analyser).
XRD patterns were collected using a SIEMENS D5005
diffractometer (Cu Ko radiation, graphite monochromator,
range 15-75°, steps of 0.02°, and 8 s/step). The grain size
distribution was measured using a particle size analyzer
(Mastersize 2000). The specific surface area was measured
by the Brunauer—Emmett-Teller (BET) method with N,
(NOVA 1200).

The LiCoO, electrochemical response, was obtained
using composite electrodes (8 mm diameter) at room tem-
perature. Composite electrodes were prepared with poly(-
vinylidene fluoride) binder (Solvay, 12 wt.%), carbon
(Ketjen Black, MMB, 18 wt.%) and graphite (Fluka,
3 wt.%) and LiCoO, sintering at 700 °C (8 h in air). For
complete mixing of active material, binder and carbon we
used acetone and ultrasonic agitation. The binder was pre-
viously dissolved in acetone and then the carbon and active
material were added to the polymeric solution, respectively.
The slurry obtained was spread on Al foil and after solvent
evaporation at atmosphere the electrode foil was hot pressed
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Fig. 1. TG/DTA curves for the lithium 2-ethylhexanoate (A), cobalt 2-ethylhexanoate (B) and its mixture (C).
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(1.0 x 107 Pa, 120 °C). Before assembly of the electroche-
mical cell in a dry-box (with Ar—H,0 <3 ppm), the electro-
des were heated at 120 °C under vacuum for complete
removal of solvent and H,O traces. The electrolyte used
in the electrochemical characterization was a 1.0 mol. L™"
solution of LiPFg in dimethyl carbonate, diethyl carbonate,
propylene carbonate (Selectipur—3:1:1 w/w). The cell was
sealed with O-rings and it was used as separators (Celgard-
Hoeschst Celanese 2400) between the electrodes. The refer-
ence and auxiliary electrodes were lithium foil (Aldrich).
The discharge/charge cycles were controlled by a potentio-
stat/galvanostat-MacPile and the voltammetry was carried
out using a PAR 362.

3. Results and discussion

Fig. 1 shows TGA/DTA curves collected for the lithium 2-
ethylhexanoate (Fig. 1A), cobalt 2-ethylhexanoate (Fig. 1B)
and salts mixture (Fig. 1C) utilized to synthesise the
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Fig. 2. (A) XRD patterns collected at room temperature for successive
heatings in air (rate 5°C min~', 3 h for each heating) for the metallo-
organic mixture. Labels indicate the oxide phases: () LT-Li,CoO,, (O)
C0304, (1) CoO and (#) Li,CO5; (B) XRD pattern of LiCoO, obtained
from MO mixture calcined at 700 °C in air (8 h).

LiCo0O,. All curves present several steps of weight loss with
peaks in the DTA curve. These thermal events have been
identified by characterization of the intermediates obtained
at different temperatures using X-ray diffraction.

For the lithium 2-ethylhexanoate the steps from ambient
temperature to 250 °C are associated with weight loss of
about 45% that is due to evaporation of THF solvent and
possible dehydration of the precursor. These processes are
accompanied by overlapping endothermic effects at 129 and
240 °C on the DTA curve (Fig. 1A). The steps from 240 to
500 °C are ascribed to the decomposition of the organic
chain of 2-ethylhexanoate. The total weight loss in this range
of temperatures associated with an exothermic process (310,
340 and 461 °C) was 34%. This value is in agreement with
theoretical weigh loss that is 35%, while the small loss at
500 °C is due to the reaction of residual carboxilate groups
(COOLi). The residual carboxilate groups react with air
producing CO, and Li,COj; (checked by XRD spectrum
collected for lithium precursor heated at 500 °C). Fig. 1
reveals the formation of a eutectic mixture Li,COs3/Li,0O.
The small endothermic peak at 710 °C is the fusion point of
Li,CO;5 (beginning of decomposition of Li,COs5 in Li,0).

For the cobalt 2-ethylhexanoate from ambient tempera-
ture to 183 °C, evaporation of residual THF (an endothermic
event) corresponds to a weight loss of about 25%. The
decomposition of the carboxilate group (two steps, exother-
mic) occurs in the temperature range between 183 and
240 °C producing CO,, Co304 and CoO (Fig. 2). The weight
loss in this range was 15%, a value that is in agreement with
the theoretical calculation, i.e. 16%. As in the case of
Fig. 1A, Fig. 1B had also one intense exothermic peak.
However, this exothermic peak (range 240-331 °C) is due to
the decomposition of residual organic chains. This reaction
accounts for 40% of weight loss and the precursor is
completely converted to Coz04.

Fig. 1C shows the TGA/DTA curves of the mixture of
cobalt and lithium in a molar proportion of 1:2. The weight
loss of metallo-organic (MO) precursor mixture occurs in
three steps, at 21-310, 310-515 and 515-596 °C, and ter-
minates at 596 °C. The weight loss in these steps corre-
sponds to the removal of water, THF (endothermic region of
Fig. 1C), combustion of organic phase and formation of
oxides. As in the Fig. 1A, the TGA/DTA curves of mixture
contain also the endothermic peak at 710 °C the fusion point
of Li,COj;. The Fig. 2A shows the X-ray diffraction (XRD)
patterns of product resulting from heatings of a mixture of
cobalt and lithium 2-ethylhexanoate at temperatures where
we observed more intense exothermic peaks. In the first
exothermic peak (320 °C) the oxide phases observed are the
low temperature LT-Li,CoO, [38], Co304, CoO and Li,COs;.
The next exothermic peaks were associated with the increas-
ing LT-Li,CoO, phase (415, 520 °C) and also the beginning
of a phase transition LT-LiCoO, — HT-LiCoO, (600 °C).
The Bragg intensity of the (0 0 3) line increased and there
was splitting between the (0 0 6)/(1 02) and (10 8)/(1 10)
lines (Fig. 2B).
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Fig. 3. Voltammogram (scan-rate 0.2 mV s~ ') and specific capacity vs. cycle number (charge/discharge 0.1 mA cm?) of the composite electrode prepared
with MOD HT-LiCoO,. The cut-off voltage limit in both experiments was 3.0-4.3 V.

These results suggest that the MOD method allows the
preparation of HT-LiCoO, at a in lower synthesis tempera-
ture and shorter times than the solid-state reaction where the
calcination temperature is usually 800-1000 °C. This
occurs because for the MOD route, the mixture of precur-
sors is homogeneous an atomic scale. Besides the MO
precursors can provide a mixture with high viscosity—a
property that is expected to minimize the cation segregation.
For the MOD route utilized in the preparation of HT-
LiCoO,, the precursors are completely soluble in THF.
The formation of lithium and cobalt carbonates nanoparti-
cles at a very low temperature is expected. The transition
metal carbonates decompose easily to metallic oxides and
CO, at a temperature lower than 320 °C. Furthermore, the
diffusion length of the lithium and cobalt salt particles
(oxides and/or carbonates) is very short, such that the system
reaches thermodynamic equilibrium quickly after the
organic radicals are pyrolyzed. This condition favors the
formation of well crystalline HT-LiCoO,. In fact, the Fig. 2B
shows that the calcination of an MO mixture at 700 °C
for sufficient time (8 h) yields 1.4 g of HT-LiCoO, with
full crystallinity. For this HT-LiCoO, (700 °C) was evalu-
ated the grains size distribution djp = 7.3 pm, dsp = 24 pm

and doy = 61 pm. The specific surface area was 1.7 m? g_l,

total pore volume 1.4 x 1073 cm’® g~ and cell parameters
a=281Aand c = 14.05 A (space group R-3m).

The electrochemical quality of MOD HT-LiCoO, cal-
cined at 700 °C without post treatments (sieving, grinding,
rinsing to remove the carbonate) was probed by using cyclic
voltammetry and charge/discharge cycles. Fig. 3 shows the
voltammogram and specific capacity versus cycle number
(inset figure) of MOD HT-LiCoO, composite electrode
between voltage limits where the structural alterations
and electrolyte does not affect the reversible capacity of
the electrode at room temperature.

The voltammogram (Fig. 3) shows during first insertion/
deinsertion cycles, the two anodic (3.99, 4.19 V) and catho-
dic peaks (4.15, 3.84 V) and a small shoulder (4.04 V) in the
cathodic scan. With increasing intercalation cycles, the
intensity of these oxi-reduction peaks decrease, but they
remain in the same position and very well defined at a scan-
rate 0.2 mV s~ .

The peaks in the voltammograms of lithium intercalation
electrodes are associated with different lithium occupation
sites and Li diffusion in the electrode. Alterations in the
position and profile of the peaks can be thus correlated with
structural modifications in the host and kinetics of intercala-
tion. For LiCoQ,, the two cathodic and anodic peaks detected
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are associated with reversible phase transitions. The difference
of potential peaks in the voltammogram is about 50 mV, a
value that is near a Nernstian reversible system. The reduction
in the intensity of the peaks indicates in this case a reduction in
the quantity of lithium inserted or deinserted in the active
compound HT-LiCoO,. For composite electrodes prepared
with LiCoQ; it is hard to observe the peaks in the voltammo-
gram of Fig. 2. Often anodic/cathodic peaks, as observed in
Fig. 2, are found only in LiCoO, thin film electrodes or in a
voltammogram of composite electrodes performed at lower
scan-rates (<0.1 mV sfl). Therefore, the voltammogram with
the scan-rate 0.2mV s~ ' is suggesting that the MOD HT-
LiCoO, powder is an agglomerate of particles that facilitate
lithium diffusion in the composite electrode.

Fig. 3 shows also the behavior of specific capacity in low
rate for cycles of charge/discharge of MOD HT-LiCoO,.
The curve was obtained at a rate C/5 using a current density
26 mA g~ '. The first cycle represents a capacity in first
charge of 129 mAh g~' (approximately x = 0.5 in Li;_,.
C00,), while the discharge capacity is 106 mAh g~'. With
increasing cycle number this irreversibility disappears, but
the reversible specific capacity decreases.

The grain size distribution and porosity of grains (meso-
pore, micropore, macropore) have an important role in the
performance of composite electrodes used in commercial
batteries. The dispersion of materials used in the preparation
of a composite electrode depends upon several parameters
(size distribution particle, shape, interaction forces, etc.) that
affect the mixing efficiency. The rate of charge/discharge
and the capacity fade of the composite electrode depend on
the mechanical stress of the electrode during polarization
that may reduce the ohmic contact of the electrode [39] and
the lithium diffusion when structural factors (phase transi-
tions, chemical decomposition, disorder, etc.) are excluded.
Capacity fade appears when the ohmic contacts between
grains become poor because of stress associated with Li
intercalation and polarization of electrode.

The high Li diffusion observed in Fig. 3 would thus be
associated with porosity in MOD HT-LiCoO, particle
agglomerates, possibley the shape of pores and/or the pre-
sence of micropores on surface that was not detected by the
desorption isotherm used by the BET equipment. The sig-
nificant volume contraction that is often observed in the
grains of thin films prepared with the MOD route might have
been the cause of this special porosity.

Voltammograms at the same scan-rate as Fig. 3 were also
performed for composite electrode, prepared under the same
conditions (binder, carbons, weigh proportion, hot press,
drying), but using a HT-LiCoO, with djp = 0.31 um,
dsp = 3.14 pm and doy = 6.30 pm, specific surface area
7.4m? g " and total pore volume 6.3 x 1073 cm® g~ !, Tt
was observed for this HT-LiCoO, only one broad anodic and
cathodic peak, instead of the two cathodic and anodic peaks
of Fig. 3. Details of preparation of this HT-LiCoO, with this
narrow grain size distribution and high surface area will be
published elsewhere.

Besides the encouraging result observed in the voltam-
mogram, the composite electrode prepared with micro
grains of MOD HT-LiCoO, yielded a large capacity fade
that was associated with losts of ohmic contact in the
electrode due the mechanical stress that is generated during
the polarization of electrode. This problem could be over-
come best with technical parameters used in the preparation
of the electrode composite [40].

4. Conclusions

The MOD route is an alternative method to obtain a well-
organized LiCoO, powder. MOD HT-LiCoO, can be
obtained at 700 °C and the MOD LT-LiCoO, at about
400 °C. The metallo-organic salts used were lithium and
cobalt 2-ethyl hexanoate that are stable at room condition.
To obtain this salts we used 2-ethyl hexanoic acid and
lithium cobalt hydroxides. With these precursors and the
solvent used we did not observe phase segregation. The
pollutant generated during the preparation of the oxide was
CO,. The electrochemical characterization suggests that
MOD HT-LiCoO, powder calcined at 700 °C consists of
aggregate particles that permit the preparation of composite
electrodes with facile lithium diffusion. The BET analysis
and the cyclic voltammetry technique have suggested that
this facile lithium diffusion might be associated with shape
and pore distribution in the grains. A further study in order to
investigate the shape and pore distribution is required. The
MOD route studied here can be easily extended to the
preparation of other lithiated oxides.
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