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Abstract. The perovskite-type composite metal oxide LaCoOj3 was firstly used as an electrode material in recharge-
able lithium cells. X-ray diffraction (XRD), scanning electron microscopy (SEM) and extended X-ray absorption
fine structure (EXAFS) were employed to analyze the structures of synthesized and discharged LaCoO3 samples.
Cyclic voltammetry and galvanostatic cell cycling were used to characterize the electrochemical performance of
LaCoOs/Li cells. A stable reversible capacity from 110 to 130 mAh/g during up to 50 cycles can be achieved.
Based on the analyses of ex-situ XRD and EXAFS of the lithiated/delithiated LaCoOj3 electrode, a three-step

electrochemical reaction mechanism was proposed.
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1. Introduction

During the last two decades, a number of electrode
materials with different mechanisms of lithium inser-
tion and extraction have been developed for lithium-
ion batteries. In these materials, graphite is currently
used as the state-of-the-art anode material in commer-
cial lithium-ion batteries. Their reaction mechanism
is reversible insertion and extraction of lithium in a
host structure. Nevertheless, in order to find more ad-
vanced electrode materials, many research groups are
still searching for alternative anode materials systems
that can ensure the cells maintain their high capac-
ity and mechanical integrity over long time charge-
discharge cycling.

Inrecent years, there has been an increasing interest
in the use of metal oxides as the anode electrode for
lithium ion batteries. Idota et al. [1] reported a new
high capacity anode material that consists of tin-based
amorphous oxides. The lithium reaction mechanism
relies on the formation of Li—Sn alloys. Similarly, Li
et al. [2] studied a high capacity anode material SnO,
with nanostructure. This nanostructured SnO,-based
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electrode has extraordinary rate capabilities and can
deliver very high capacities (e.g., 700 mAh/g at 8C
rate) over as many as 1400 cycles. The lithium reaction
mechanism also relies on the formation of Li—Sn alloys.

Poizot et al. [3] reported that an electrode made of
nanoparticles of transition metal oxides (MO, where
M is Co, Ni, Cu or Fe) demonstrates a good electro-
chemical reversible capacity. Wang et al. [4, 5] also
investigated a series of cobalt oxides as anode materi-
als. All these cobalt oxides demonstrated fairly good
electrochemical properties as lithium storage materials
in Li-ion batteries. A displacement mechanism based
on the formation and decomposition of Li, O, with con-
current reduction and oxidation of metal nanoparticles
was proposed. It is different from the conventional in-
tercalation mechanism as for LiCoO, and graphite, and
may lead to the discovery of new electrodes.

Up to now, most of the studies on this new type of
electrode material have been concentrated on mono-
metal oxides although a few binary metal oxides such
as CoSnOj [6], NiCo,04 [7] and CaSnO;3; [8] were
also investigated. In this paper we report another bi-
nary metal oxide, perovskite-type LaCoO3, as a possi-
ble anode material for lithium-ion batteries. Because
LaCoOs; and its Sr-doped derivatives are very good
mixed conductors of electrons and oxide ions [9, 10],
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it is interesting to study the mixed conduction of elec-
tron and lithium ion in this material. Furthermore, as
an anode material in a lithium cell, the electrochemi-
cal reaction pathways during charge-discharge process
must be clarified.

2. Experimental

Lanthanum cobaltite LaCoO3 powder was synthesized
by the pyrolysis of a polymerizable complex (PC) [11]
based on the Pechini-type reaction route. Starting mate-
rial for the PC method was lanthanum oxide (99.99%),
cobalt nitrate (analytically pure), citric acid (analyt-
ically pure) and ethylene glycol (analytically pure).
La(NO3); solution was obtained by dissolving Lay O3
in HNOj solution. Citric acid (CA) was dissolved in
deionized water then stoichiometric La(NOj); solu-
tion and Co(NO3), were added into it. The mixture
was magnetically stirred at 60°C for 2 h in order to ob-
tain in the solution stable metal-CA complexes. When
a clear pink solution was thus obtained, ethylene gly-
col (EG) was added to this solution. The solution thus
obtained was continuously stirred with a magnetic stir-
rer at 90°C for 10 h to obtain a viscous mass. Then
the polymeric resin was heated at 400°C to decompose
the polymer. The product after the decomposition was
slightly ground into powder that was then calcined at
900°C for 10 h. Thus obtained powder was pressed into
pellets and sintered at 1100°C for 10 h. Then the sin-
tered pellets were ground into fine powder for making
electrode.

The compositions of the products obtained at dif-
ferent sintering temperature were characterized by X-
ray diffraction (XRD) (Philips X’Pert PRO SUPER,
CuKo radiation). The microstructure of the materials
was evaluated by scanning electron microscopy (SEM).

The electrochemical performance of LaCoOs as
an electrode was measured using two-electrode coin
cells (CR2032) of the Li|IM LiPF¢(EC:DEC =
1:1)|LaCoO3. The LaCoO; electrode laminate was
prepared as 14 mm diameter pellets by casting a
slurry consisting of 84 wt% active oxide, 8 wt%
poly(vinylidene fluoride) (PVDF) binder, and 8 wt%
carbon black onto a copper foil. Celgard 2400 microp-
orous polypropylene membrane was used as separator.
These cells were cycled galvanostatically between 0
and 3 V at room temperature on a multi-channel
battery test system (NEWARE BTS-610) to ana-
lyze the electrochemical response. Cyclic voltamme-

try (CV) was also performed to determine the char-
acteristics of the lithium reaction with the LaCoOj;
electrodes.

The evolution of the crystalline structure of the elec-
trode material during cycling was determined by means
of an ex-situ X-ray diffraction (XRD). The assembled
coin cells were firstly discharged to different stages on
the battery test system and then were opened in the
glove box. The partially lithiated electrode pellet was
washed with diethyl carbonate (DEC) and then was
sealed in thin, transparent polyethylene bags respec-
tively after drying.

Extended X-ray absorption fine structure (EXAFS)
was adopted to study the local structure of the final lithi-
ated products. The EXAFS data were collected from
the XAFS station of National Synchrotron Radiation
Laboratory. LaCoOj3 electrode was discharged to 0 V
and treated with the same way as ex-situ XRD. Then
the Co K-edge spectra and La Lyj-edge spectra of the
final lithiated products were respectively obtained on
the XAFS station. Co K -edge spectra of LaCoQj3 pris-
tine powders and La Lyjj-edge spectra of La, O3 pristine
powders were also obtained to compare with the spectra
of the final lithiated products.

To investigate more details of the lithiated and
delithiated structural and morphological changes, we
also studied LaCoOs-based electrodes after full lithi-
ated by means of a field emission scanning electron mi-
croscope. After fully discharged in the first cycle, the
coin cell was disassembled and the working LaCoO;
electrode was washed with diethyl carbonate (DEC) in
the glove box. Then the electrode was used for SEM
examination.

3. Results and Discussion
3.1.  Structural Analyses of LaCoO; Powders

Figure 1 shows the XRD patterns of lanthanum cobalt
oxide sintered at 900 and 1100°C. A single perovskite-
type hexagonal phase of LaCoO; with a rhomb-
centered lattice [12] is obtained already at 900°C, but
further sintering at 1100°C leads to a more crystal-
lized structure. In fact, this hexagonal phase can be
regarded as a rhombohedral structure with a small
distortion. For the 1100°C-sintered powder, the lat-
tice parameters derived from a Rietveld refinement are
a = 5.3742 4+ 0.0002 A, « = 60.82 & 0.01°. The
average crystallite size of this powder is calculated to
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Fig. 1. XRD patterns of LaCoO3 powders sintered at 900 and 1100°C in air.

be about 40 nm by the Scherrer equation [13]. Due
probably to the differences in the extent of crystal dis-
tortion and in the preferential orientations of the lattice
planes resulted from different sintering temperatures,
the relative intensities of the diffraction lines for the
900°C-sintered powder (pattern 1 in Fig. 1) show slight
differences compared with that of the 1100°C-sintered
powder (pattern 2 in Fig. 1). Nevertheless, the average

crystallite size of the 900°C-sintered powder is smaller,
as evidenced by its broader diffraction peaks.

Figure 2 shows the SEM images of LaCoO; sin-
tered at 900 and 1100°C. Obviously, the particle size
increases from about 0.6 um at 900°C to 1.2 um at
1100°C. Comparing the smoothness of the particle
surface, one can see the increased crystallinity of the
1100°C-sintered powder.

Fig. 2. SEM images of LaCoOs3 powders sintered at 900 and 1100°C in air. (a) LaCoO3 powders sintered at 900°C with the magnification of
8000. (b) LaCoO3 powders sintered at 1100°C with the magnification of 8000.
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Fig. 3. Cyclic voltammograms of LaCoO3 electrodes in Li-ion cells. The scanning rate is 0.2 mV/s. The voltage ranges from 3 Vto O V.

3.2.  Electrochemical Properties of LaCoO;
as Anode Material

The cyclic voltammograms of a LaCoOs/Li cell are
presented in Fig. 3. In the first discharge process when
lithium is inserted two reduction steps in the potential
range of 0-3 V versus Li/Lit* are found, the first with
a peak potential at 0.93 V and the second with the on-
set potential at 0.7 V. Also, two broad oxidation peaks
around 1.0 V and 2.0 V can be discerned when lithium
is extracted in the first charge process. In the follow-
ing cycles there exist two reduction peaks in 1.1 V,
0.7 V during the lithium insertion process, and again
two broad oxidation peaks at 1.0 V and 2.0 V during
the lithium extraction process.

The small reduction peak at 0.93 V in the first dis-
charge process should be related to the formation of
the SEI film (solid electrolyte interface) on the surface
of the electrode because a passivation film is inevitably
formed due to the decomposition of the organic elec-
trolyte [5]. The huge reduction step with the onset po-
tential at 0.7 V should be related to the reaction of
LaCoOj3; with Li. The two reduction peaks at 1.1 V and
0.7 V in the subsequent cycles indicate the reduction
process must proceed in two consecutive steps during
lithium insertion.

The voltage profile of a LaCoOs/Li cell in the
discharge curves (Fig. 4) shows the electrochemical
charge-discharge behavior between 0-3 V. It is clear
that an irreversible reaction occurs during the first dis-
charge process. When discharged, the potential of the

LaCoOs; electrode rapidly drops to less than 1.0 V and
then continuously decreases down to the cut-off volt-
age of 0 V. The LaCoOj; (sintered at 1100°C) elec-
trode has a large irreversible capacity during the first
cycle, which is similar to the behavior of CoO elec-
trode [4]. After the first cycle the LaCoOj3 (sintered at
1100°C) electrode sustains stable cycleability. It has
a reversible capacity of 110 mAh/g after 25 cycles
(shown in Fig. 5). Similarly, a large irreversible capac-
ity is also present for the LaCoOj electrode with the
900°C-sintered powders, but the reversible capacity is
130 mAh/g.

3.3.  Reaction Mechanism of LaCoO3 with Lithium
in Li-ion Cells

Based on the cyclic voltammograms (Fig. 3) and the
voltage profiles (Fig. 4) of the LaCoO3/Li cell, in the
first discharge process LaCoO3; begins to react with
lithium at about 0.7 V. The specific capacity of the
0.7 V plateau (Fig. 4) is about 110 mAh/g, correspond-
ing to the consumption of one mole of lithium (1 Li)
per mole of LaCoQO3. About two moles of lithium (2 Li)
(corresponding to about 220 mAh/g capacity) are con-
sumed in the rest of reduction reaction. Thus, overall
three moles of lithium (3 Li) are inserted into one mole
of LaCoOj in the first discharge process. In the subse-
quent cycles, only about 110 mAh/g is reversible. This
suggests that the reduction of LaCoQOj3 with Li is only
partially reversible. Ex-situ X-ray diffraction patterns
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Fig. 4. The charge-discharge curves of the electrode LaCoO3/Li cell. The charge-discharge was operated in the voltage range between 3.0 and
0V at the current density of 0.1 mA/cm?, the cycle numbers are indicated. The LaCoO3 was sintered at 1100°C.
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Fig. 5. Specific capacity as a function of cycle number for LaCoO3(1100°C)/Li cells and LaCoO3(900°C)/Li cells. The charge-discharge was
operated in the voltage range between 3.0 and 0 V at the current density of 0.1 mA/cm?, the cycle numbers are indicated.

of the LaCoQOs electrodes (with the 1100°C-sintered
powder) after different extents of lithiation were ac-
quired and are shown in Fig. 6, in which the main
diffraction peaks from the copper substrate can be iden-
tified. Besides, two weak and broad peaks at about 32
and 47°, which correspond to the two strongest peaks
of LaCoOs3, can be discerned from these patterns. This

result demonstrates that although a very small amount
of LaCoQ;s is still present after lithiation, most of the
LaCoOs loses crystallinity upon cycling and the elec-
trochemically formed lithiated products are in the form
of nano-particles or amorphous structure.

The results of EXAFS analysis of the final lithi-
ated products and LaCoOj pristine powder are shown
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Fig. 6. Ex-situ X-ray diffraction of LaCoOj electrode in different lithiated/delithiated stages in the first cycle. (a) discharged to 0.3 V (b)
discharged to 0 V (c) charged to 2.0 V. The LaCoOs3 was sintered at 1100°C.
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Fig. 8. The typical SEM mircographs of the original LaCoOj3 (sintered at 1100°C) powder and LaCoO3(1100°C) electrode after full discharged.
(a) original LaCoO3 powder sintered at 1100°C with the magnification of 8000. (b) LaCoO3 (1100°C) electrode with the magnification of 20000.

in Fig. 7. Figure 7(a) shows the Co-edge spectra for
the final lithiated products and LaCoOs pristine pow-
der. It can be seen that in LaCoO; pristine powder
there are Co—O bond and Co—La bond, but in the final
lithiated products only Co—Co bond exists. This re-
sult shows that when LaCoOj electrode is discharged
to 0 V, the product is metallic Co rather than cobalt
oxide. On the other hand, the possibility of forming
metallic La should be clarified. Figure 7(b) shows the
La-edge spectra for the final lithiated products and
La,0O; pristine powder. Obviously, only La—O bond
rather than La—La bond exists in the reduction prod-
uct. It is noticed that the position of the main peak
shifts a little from that of the LayO; sample. Such
a shift can be attributed to the differences in mea-
surement conditions and the degree of disorder of
the samples. Thus, the product is La,O3 not metallic
La.

Figure 8(a) shows the morphology of the initial elec-
trode that indicates that initial LaCoO3; powders con-
sist of well-crystallized particles having dimensions of
about 1 um. When LaCoOs is fully reduced by lithium,
the image (Fig. 8(b)) shows a complete disintegration
of the starting 1 um particles into 50-100 nm nano-
particles. This discharged process can be described
as an electrochemical milling process, which makes
the whole morphology of the electrode become amor-
phous. Thus, the fully reduced product must form a
nano-particle matrix.

Poizot et al. [3] proposed the reaction mechanism of
cobalt oxide with lithium in Li-ion cells as a displacive

redox reaction:
CoO + 2Li «— Co + LinO

In this reversible reaction the reaction of Li,O
with Co to form CoO and Li is thermodynamically
impossible because Li, O is electrochemically inactive.
The extraction of Li from Li,O is thermodynamically
impossible. However, they argued that the chemi-
cal and physical phenomena are strongly affected
when dealing with nano-sized materials. Since the
electrochemically formed Li,O and Co are nano-
particles in nature, the electrochemically driven size
confinement of the metal particles is thus believed
to enhance their electrochemical activity towards the
formation/decomposition of Li,O.

Choi et al. [14] studied electrochemical insertion-
extration of lithium into CoO with X-ray absortion
spectroscopy (XAS) in the first cycle. The formula
Li,CoO was proposed. From his study Li,CoO should
be seen as the intermediate product when lithium is
inserted into CoO.

Based on the results of above ex-situ XRD, EXAFS
and SEM studies on the lithiation and delithiation of
LaCoO; as well as the reaction mechanism of cobalt
oxide with lithium in Li-ion cells, we propose following
mechanism for the reactions of LaCoO3 with lithium
in an electrochemical cell:

1 1
LaCoO3; + Li — ELiQO + ELa203 + CoO (1)
CoO + 2Li < Co + Li,O 2)
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When the cell is discharged, reaction (1) is thermo-
dynamically feasible and thereby expected so that CoO
is produced. The lithium insertion is accompanied by
the formation of clusters and the decreasing size of the
particles. Then reaction (2) is also feasible according
to Poizot et al. [3]. Since after reaction (2) the Co nano-
particles are dispersed in a lithia (Li;O) matrix, with
the Li, O + nano-particles being surrounded by a solid
electrolyte interface, the reaction (2) can be reversible
to some extent so that the LaCoOj3 electrode displays
a certain reversible capacity. It can be understood that
the displacive redox reaction (2) must take place at
the interface between the Co particles and the Li,O
“separation layer”. During the charge step, the outer
portion of the Co particles is oxidized into CoO, form-
ing a CoO(shell)/Co(core) structure. The further oxida-
tion should involve in the diffusion of oxygen from the
CoO surface to Co core through the CoO shell. Since
the CoO is not a good oxygen conducting material,
the rate of this process would be eventually kinetically
controlled. The depth of the oxygen diffusion must be
dependent on the current density and the size of the
core-shell structure. Hence, with the decreasing of the
particle size with cell cycling, the electrochemical ac-
tivity of Li,O is enhanced.

Reaction (2) may be described as the following two-
step reactions according to Choi et al.’s study [14]:

CoO + yLi — Li,CoO(0 < y < 1) 3)
Li,CoO + (2 — y)Li — Li,O + Co @)

This two-step reaction is consistent with the two
reduction/oxidation peaks observed on the CV curves
for the subsequent cycles (Fig. 3). A change in the slope
on the voltage profile for the second discharge process
can be also seen at about 0.8 V (Fig. 4). Nevertheless,
this slope change is hardly observed in the subsequent
cycles. Based on Choi et al’s very detailed EXAFS
study, the y value is determined to be between 0.78 and
1.32 [14]. However, the exact value seems not match
with their electrochemical measurements.

The above reaction mechanism differs from the clas-
sical mechanisms, which are based either on reversible
insertion/extraction of lithium into host structure or on
lithium alloying reactions. This proposed mechanism
can interpret the CV curves, the voltage profiles and
the irreversible capacity for LaCoO; electrode. When
the coin cell is cycled, in the first discharged process
reaction (1) firstly takes place and the particle size

is decreased which accelerates the processing of re-
action (2). In the following cycles only reaction (2)
is reversible. Therefore, the first discharge process is
different from the subsequent discharge process. The
large irreversible capacity of the first cycle includes
not only the lithium consumed in the formation of
SEI film but also the lithium consumed in reaction
(1).

If this electrochemical milling process and the core-
shell structure are the reason for the reversible reaction,
the reversible capacity should be dependent on the crys-
tallinity and microstructure of the initial LaCoO3 mate-
rial. To study this we compare the cycling results of two
cells with LaCoOs sintered at 900 and 1100°C as the
electrodes. As already shown in Fig. 2, the morphol-
ogy of LaCoQj sintered at 900°C has a less crystallinity
than the LaCoOs sintered at 1100°C and its particle size
is smaller than the 1100°C-sintered LaCoQOj3. From the
capacity data of these two cells (Fig. 5), we can see
that the LaCoO3 (900°C) has a higher reversible ca-
pacity than LaCoO;3 (1100°C). This reflects again that
the smaller the core-shell structure is, the greater the
reversible capacity can be achieved.

4. Conclusions

LaCoOs; powders were prepared by a polymerizable
complex (PC) route. Its electrochemical performances
as a possible electrode material in lithium battery were
investigated. After the first discharged process it has
a certain reversible capacity. Depending on the sinter-
ing temperature, this reversible capacity is about 130
mAh/g for 900°C and 110 mAh/g for 1100°C. From the
ex-situ XRD, EXAFS and SEM of lithiated/delithiated
LaCoOj; electrode, a reaction mechanism of LaCoOs3
with lithium involving the production of La,O3 and
CoO0 as the imtermediate products is proposed. Further-
more, we use a CoO(shell)/Co(core) model to explain
the reversible capacity as a function of initial LaCoO;
particle size.
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