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bstract

Indium oxide (In2O3) coating on Pt, as an electrode of thin film lithium battery was carried out by using cathodic electrochemical synthesis in
n2(SO4)3 aqueous solution and subsequently annealing at 400 ◦C. The coated specimens were characterized by X-ray photoelectron spectroscopy
XPS) for chemical bonding, X-ray diffraction (XRD) for crystal structure, scanning electron microscopy (SEM) for surface morphology, cyclic
oltammetry (CV) for electrochemical properties, and charging/discharging test for capacity variations. The In2O3 coating film composed of nano-
ized particles about 40 nm revealing porous structure was used as the anode of a lithium battery. During discharging, six lithium ions were firstly
eacted with In2O3 to form Li2O and In, and finally the Li4.33In phase was formed between 0.7 and 0.2 V, revealing the finer particles size about
5 nm. The reverse reaction was a removal of Li+ from Li In phase at different oxidative potentials, and the rates of which were controlled by the
4.33

hermodynamics state initially and diffusion rate finally. Therefore, the total capacity was increased with decreasing current density. However, the
ell delivering a stable and reversible capacity of 195 mAh g−1 between 1.2 and 0.2 V at 50 �A cm−2 may provide a choice of negative electrode
pplied in thin film lithium batteries.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Thin film battery markets are anticipated to reach 11 bil-
ion dollars by 2012 [1], and a lot of studies were devoted on
he research of thin film battery recently [2–8]. In general, the
hysical vapor deposition (PVD) was usually to use to construct
hin film cathode, anode, and electrolyte [9–11]. However, the
eposited rate and equipments were too slow and expensive to
educe the production cost of the thin film batteries. Although
he sol–gel coating is a potential route, the repeated procedures
o coat and pre-sinter in order to achieve the appropriate thick-
ess were unfavorable for manufacturing thin film electrode,
specially for the solid-state electrolyte [12]. On the other hand,

he electrochemical method was increasingly being used for the
reparation of oxide thin films [13], because the coating time was
horter than that sputtering. Straightforwardly the electrolytic
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oating would be a convenient technology to prepare oxide thin
lm for lithium battery applications [14–18].

For the safety issue, the development of other anodes has been
nvestigated to replace lithium metal, and the reaction mech-
nisms with lithium have become a major topic in the area
f the energy storage. Among anodes, metal oxides should be
aid much attention, especially for In2O3 due to its applications
xtensively. Li et al. [19] reported the reaction of In2O3 pre-
ared by coating mixed-slurries with lithium was similar to the
eport of SnO2 by Courtney and Dahn [20]. Firstly, the In2O3 was
ecomposed into Li2O and Indium, and secondly three potential
lateaus of Li–In appeared (Li0.86In, Li1.74In, Li2.08In, Li2.67In).
owever, Vaughey et al. [21] pointed out five compositions

xisted in Li–In systems, namely, LiIn, Li5In4, Li3In2, Li2In,
i13In3. Also, Zhou et al. [22] revealed the different results

nstead of the classical alloying reaction between In2O3 and

ithium.

Despite huge specific capacities of In2O3 with lithium, it
eems that the electrochemical performances of material are
trongly influenced by its microstructure and composition. As

mailto:skyen@dragon.nuch.edu.tw
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result, the electrochemical lithium insertion/extraction prop-
rties of both In2O3 and In should be still further investigated.
n this study, In2O3 films obtained by electrochemical deposi-
ion [23] as anodes without any binders and carbon blacks can
e helpful to optimize the design of electrodes with improved
ycling behavior compared to conventional material. In addition,
he electrochemical characterization, structure, composition,
nd morphology were investigated by cyclic voltammetry (CV),
harging/discharging tests, X-ray diffraction (XRD), field-
mission scanning electron microscopy (FE-SEM), and X-ray
hotoelectron spectroscopy (XPS).

. Experimental

.1. Cathodic deposition

In order to obtain In2O3 coating, the cathodic deposition of
n(OH)3 coatings on platinum were first carried out in aerated
.01 M In2(SO4)3·9H2O aqueous solution for 1200 s, at −1.2 V
Ag/AgCl) by using an EG&G Princeton Applied Research
73A Potentiostat, and subsequently annealed at 400 ◦C for 1
. The detailed cathodic reactions during deposition have been
eported in the previous paper [23].
.2. XRD and SEM

The crystal structures of the as-deposited and post-annealed
lms in various heating conditions were analyzed by X-ray

b
a
f
u

ig. 1. Cross-sectional view (a), surface morphology of the In2O3 coated specimen a
00,000×, respectively.
Sources 175 (2008) 897–902

iffraction (XRD) in a MAC MO3X-HF diffractometer, with Cu
� radiation (λ = 1.5418), 2θ in the range 20–43◦, at a scanning

ate of 1◦ min−1, a voltage of 40 kV, and a current of 30 mA. The
urface morphology and cross-sectional view of the deposited
pecimens were observed by field-emission scanning electron
icroscopy (JEOL JSM-6700F Japan).

.3. XPS

X-ray photoelectron spectroscopy (XPS) measurements were
erformed on an ESCA PHI 1600 system with an operating
ressure of 1 × 10−8 Torr using nonmonochromatized Mg K�
adiation as the excitation source. Peaks were recorded with
onstant step energy of 0.2 eV, and pass energy of 29.35 eV.
o correct possible charge-up of the films by X-ray irradia-

ion, the binding energy was calibrated using C 1s spectrum
f hydrocarbon that remained in the XPS analysis chamber as a
ontaminant.

.4. Electrochemical characterization

For the electrochemical measurements, two-electrode and
hree-electrode cells were employed with In2O3 coated spec-
men, as the working electrode and two lithium thin foils as

oth the reference and counter electrodes. Prior to fabrication,
ll In2O3 coated specimens prepared by annealing at 400 ◦C
or 1 h, were further dried for at least 12 h at 80 ◦C in a vac-
um oven. The electrolyte consisted of 1 M LiClO4 dissolved in

nnealed at 400 ◦C (b) 500× and (c) 200,000×, and after the first discharge (d)
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nonaqueous solution of propylene carbonate. The cells were
ssembled in an argon-filled glove box. First cyclic voltammetric
CV) measurement was carried out between 0.2 and 2.2 V (vs.
i/Li+) and the subsequent nine cycles between 0.2 and 1.2 V

vs. Li/Li+) at a scanning rate of 0.5 mV s−1 on an EG&G model
73 potentiostat/galvanostat. The charge–discharge measure-
ent was performed at a current density of 50 and 5 �A cm−2,

espectively, on a Maccor series 2000 battery tester.

. Results and discussion

.1. Surface morphology

The previous paper has indicated that the as-coated film was
n(OH)3, transformed into InOOH at 300 ◦C and finally con-
ensed into In2O3 [23]. From cross-sectional view, the thickness
f electrolytic In2O3 coated film was about 1.0 �m as shown in
ig. 1(a), and there was a good interface between the coating and

he substrate as shown in (b). Particles tended to agglomerate to
orm porous layer and exhibited a uniform distribution in terms
f particle size about 20–50 nm, as shown in Fig. 1(c).

.2. Electrochemical properties

The first CV diagram (Fig. 2) of the In2O3 cathode, which was
ecorded at a scanning rate of 0.5 mV s−1 between 2.2 and 0.2 V,
hows three current peaks at 1.2, 0.8, and 0.48 V during discharg-
ng, and the other three peaks at 0.65, 1.05, and 1.70 V during
harging. Three corresponding discharging plateaus were also
ound in the constant current chronopotentiometry, as shown in

ig. 3. For the first reaction, six lithium ions with oxygen bound

o In, as shown in Fig. 3 plateaus I and II. In other words,

Li+ + 6e− + In2O3 → 3Li2O + 2In (1)

ig. 2. The first cyclic voltammogram of the In2O3 film annealed at 400 ◦C in
iquid electrolyte cells, at a scanning rate of 0.5 mV s−1 between 2.2 and 0.2 V
Li/Li+), and the subsequent nine cycles between 1.2 and 0.2 V (Li/Li+).
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ig. 3. The first charge/discharge curve of the In2O3 film annealed at 400 ◦C
n liquid electrolyte cells between 3.23 and 0.2 V (Li/Li+) at a charge/discharge
ate of 50 �A cm−2 (solid line) and 5 �A cm−2 (dash line), respectively.

ccurred and accomplished at the end of 0.7 V. This argument
as also supported by XRD results, which revealed the diffrac-

ion peak of In metal as shown in Fig. 4(a). Besides, the particles
ere pulverized into the fine size (10–15 nm), as shown in
ig. 1(d). However, the peaks of Li2O were never found in XRD
ata. The amorphous structure of Li2O should be supposed, and
he similar results were also found in SnO2 and CoO [24,25].
his result was consistent with XPS spectra. The binding energy
f In 3d5/2 is at 444.5 eV as shown in Fig. 5(a), indicating the
n3+ bonding in In2O3. When discharging to 0.7 V, the electron
inding energy of In 3d5/2 shifts slightly to lower energy, mean-
ng a valence state change of In [26]. In the meanwhile, the
inding energy peak of lithium 1s appears at about 55.5 eV as
hown in Fig. 5(b), which can be assigned to amorphous Li2O.
ollowing plateaus I and II, it was the insertion of 8.66 lithium

ons into indium, as shown in Fig. 3 plateau III. The alloying of
ndium with lithium,

Li+ + ze− + In → LizIn (0 < z� 4.33) (2)

his reaction proceeded between 0.7 and 0.2 V. It was also sup-
orted by the XRD results, which revealed the diffraction peaks
f LizIn and the disappearance of In, as shown in Fig. 4(b).
imilarly, other reports under dynamic electrochemical condi-

ions [27,28] do not show the individual-phase differentiation so
learly. As a result, the total reaction combined with the reactions
1) and (2) on the first reduction was as follows:

4.66Li+ + 14.66e− + In2O3 → 3Li2O + 2Li4.33In (3)

he total specific capacity was 1415 mAh g−1 on the basis of the
eight gain (0.44 mg In2O3) to the total charge (2.24 C). On the
ther hand, the three oxidation peaks located around 0.65, 1.05,

nd 1.70 V were found in the cyclic voltammogram (Fig. 2).
owever, only five Li+ ion could be removed from 8.66Li+ in
i4.33In after charging to 3.23 V, as the solid line curve shown in
ig. 3 plateaus IV, V, and VI. The final phase after charged was
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Fig. 4. XRD diagrams of the In2O3 film annealed at 400 ◦C before discharging,
after discharging to (a) 0.7 V and (b) 0.2 V, subsequently charging to (c) 3.23 V at
a −2
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current density of 50 �A cm , and another charging from 0.2 V to (d) 3.23 V
t a lower current density of 5 �A cm−2. �, �, and � are the symbols of In2O3,
n, and LizIn phases, respectively.

ound to be In and Li4.33In, as shown in Fig. 4(c). Obviously,
he three oxidative peaks located 0.65, 1.05, and 1.70 V was not
ttributed to the reverse reactions of (2) and (1), respectively,
ut only to (2). The remained Li4.33In means that the reverse
eaction of (2) was not completed. Only 57.7% of Li4.33In was
eversed into In, according to the ratio of 5–8.66 lithium ions. If
7.7% of LizIn was accounted into the reverse reaction of (2),
he plateaus IV, V, and VI in Fig. 3, which are corresponding to
he oxidative peaks located at 0.65, 1.05, and 1.70 V, could be
resented by the following reactions, respectively

i4.33In → Li3.5In + 0.83Li+ + 0.83e− (4)
i3.5In → Li1.75In + 1.75Li+ + 1.75e− (5)

i1.75In → 1.75Li+ + 1.75e− + In (6)

o
(
s
r

ig. 5. XPS spectra of the In2O3 film electrode annealed at 400 ◦C before
ischarging (a), and after discharging to 0.7 V (b).

eactions (4)–(6) can be ascribed to the reversible reaction
mong lithium–indium alloys of different stoichiometry. In order
o understand the relationship between “plateau potential” and
in LizIn alloy, the phase diagrams [29] were very useful tools

or presenting and understanding thermodynamic information
n opposition to calculation by the use of thermodynamic prin-
iples [28]. Li3.5In in reaction (4) may be composed of Li4In
nd Li3In, and Li1.75In in reaction (5) of Li2In and LiIn [23].

hen the reaction rate in (4) is controlled by the diffusion rate
r thermodynamics state in the inner Li4.33In, reaction (5) sub-
equently proceeded for keeping constant current density, and
o did reaction (6) finally. This argument is supported by the
harging measurement carried out at a lower current density of
�A cm−2, as the dash line curve shown in Fig. 3. The 76% of
i4.33In was accounted into the reverse reaction of (2). Obvi-

usly, the reversibility and capacity of reactions (5) and (6)
plateaus V and VI) was increased with decreasing current den-
ity. This means that the diffusion rate of Li+ may control the
eaction rates of (5) and (6). When the applied current density
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ig. 6. The subsequent charge/discharge curves of the In2O3 film annealed at
00 ◦C in liquid electrolyte cells, at a charge/discharge rate of 50 �A cm−2

etween 1.2 and 0.2 V (Li/Li+).

s decreased to the diffusion rate of Li+, the electrochemical
eaction of (5) and (6) is approaching to be totally reversible.
ompared with Fig. 4(c), much less Li4.33In was retained, as

hown in Fig. 4(d). However, reaction (4) (plateau IV) is inde-
endent of charging current density, but dependent on potential.
t is consistent with Nernstian equation, or thermodynamic con-
rol. In other words, the diffusion rate of Li+ in Li4.3In is much
aster than that in Li3.5In and Li1.75In. This is also the factor that
esulted in revealing one plateau (plateau III in Fig. 3) on the
ischarge process, whereas three plateaus (plateaus IV, V, and
I) on the charge process. In spite of the increasing removal

mounts of lithium with charging to higher voltage of 3.23 V,
he reversibility was decreased seriously due to grain growth of
n from 14 to 40 nm calculated by Fig. 4(a) and (c) according to
cherrer–Bragg equation

(nm) = 0.9λ

B cos θ

here B is the full-width at half-maximum (FWHM) of the
iffraction peak, λ the X-ray wavelength (nm) and θ is the
iffracting angle. As a result, the charging–discharging ranges
hould be controlled between 0.2 and 1.2 V in this study. The
resent results were different from the report by Fu et al.
22]. They indicated that the first discharging reaction was
n2O3 + 10Li+ + 10e− → 2Li2In + 3Li2O, and the subsequent
harging was partially reversible due to the decomposition of
i2O driven by nano-sized metal In (<6 nm). Revealing the dif-

erent reactions of In2O3 with lithium may be resulted from
ifferent particle size of In2O3 and/or In which were pre-
ared by different methods. In this study, this cell prepared by
lectrolytic deposition revealing the strong adhesion of active

aterials with the substrate (Fig. 1(b)) delivered a stable capac-

ty 195 mAh g−1, as shown in Fig. 6. Because the first discharge
ook a large ratio of time, only 10 cycles are shown here. No obvi-
us decreasing of capacity was found after 50 cycles. Also, the

c
s
1
n

ig. 7. The evolution of discharge capacity vs. the cycle number for the In2O3

lm annealed at 400 ◦C in liquid electrolyte cells at a charge/discharge rate of
0 �A cm−2 between 0.2 and 1.2 V (Li/Li+).

orphology and structure of electrode after tests were similar to
hose of the first discharging one at a fixed current density. The
ubsequent nine CV diagrams and capacities versus increasing
ycle number were also shown in Figs. 2 and 7, respectively. This
eans that reactions (4) and (5) are reversible for the 57.7% of
i4.33In in lithia matrix at current density of 50 �A cm−2 (0.1 C).

. Summary and conclusion

The electrolytic method has been successfully used to fabri-
ate the porous In2O3 thin films in a naturally aerated 0.01 M
n2(SO4)3 solution, for lithium ion battery electrodes. The elec-
rochemistry of In2O3 with lithium ion was expressed as follows:

Li+ + 6e− + In2O3 → 3Li2O + 2In (1)

nd

.33Li+ + 4.33e− + In → Li4.33In (2)

or discharging. Although the reverse reaction of (1) was not
ound in charging, the 57.7% of Li4.33In was accounted into the
everse reaction of (2) during charging. The details of reverse
eaction (2) contained

i4.33In → Li3.5In(Li4In + Li3In) + 0.83Li+ + 0.83e− (4)

i3.5In → Li1.75(Li2In + LiIn) + 1.75Li+ + 1.75e− (5)

nd

i1.75In → 1.75Li+ + 1.75e− + In (6)

he reaction state of (4) was controlled by thermodynamics
Nernstian equation) and the reaction rates of (5) and (6) were

ontrolled by the diffusion. Also, the Li–In2O3 cell delivering a
table capacity of 195 mAh g−1 in the potential range between
.2 and 0.2 V at 50 �A cm−2 may provide another choice of
egative electrode applied in thin film lithium batteries.
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