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a  b  s  t  r  a  c  t

Spinel  Li4Ti5O12 thin  films  were  prepared  by  a mist  CVD  process,  using  an  aqueous  solution  of  lithium
nitrate  and  a water-soluble  titanium  lactate  complex  as  the source  of  Li and Ti,  respectively.  In  this  process,
mist particles  ultrasonically  atomized  from  a source  aqueous  solution  were  transferred  by  nitrogen  gas
to a heating  substrate  to prepare  thin  films.  Scanning  electron  microscopy  observation  showed  that  thin
vailable online 26 November 2014

eywords:
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films  obtained  by  this  process  were  dense  and smooth,  and  thin  films  with  a thickness  of  about  500  nm
were  obtained.  In the  X-ray  diffraction  analysis,  formation  of  Li4Ti5O12 spinel  phase  was  confirmed  in
the  obtained  thin  film  sintered  at 700 ◦C  for 4  h.  The  cell  with  the  thin  films  as  an  electrode  exhibited  a
capacity  of  about  110  mAh  g−1, and  the  cell  showed  good  cycling  performance  during  10  cycles.

© 2014  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by

ithium ion batteries

. Introduction

In the last few years, an interest has developed in the thin-
lm microbattery for use in micropower sources for RF-IC tags,
mart cards, medical devices, microelectric mechanical systems,
ireless sensors and so on [1]. For the fabrication of thin film

atteries, physical vapor (PVD) processes, such as sputtering and
ulsed laser deposition (PLD) process, have been used [1–7].
olution processes like sol–gel process have also been proposed
o prepare electrode and electrolyte thin film for lithium ion
attery materials [8,9]. Solution processes contribute to system
implicity, low-cost deposition and large area coating. In addi-
ion, chemical compositions of thin films can be easily controlled,
nd rather thick films are easily obtained. Thus, the solution
rocesses are very attractive for the development of thin film bat-
eries.

From the viewpoint of the load to the environment, an aqueous
olution process is more favorable. A “mist CVD process” is known
o be a thin film formation process using aqueous solution [10]. In
his process, aqueous solution of starting materials is ultrasonically
∗ Corresponding author. Present address: Faculty of Engineering, Hokkaido Uni-
ersity, Sapporo, Hokkaido 060-8628, Japan. Tel.: +81 11 706 6572;
ax: +81 11 706 6572.

E-mail address: tadanaga@eng.hokudai.ac.jp (K. Tadanaga).
Peer review under responsibility of The Ceramic Society of Japan and the Korean

eramic Society.

187-0764 © 2014 The Ceramic Society of Japan and the Korean Ceramic Society. Produc
ttp://dx.doi.org/10.1016/j.jascer.2014.11.003
Elsevier  B.V.  All  rights  reserved.

atomized to form mist particles with a size of about 3 �m,  and mists
are transferred by a carrier gas to the substrate to form thin films
[10,11]. This process is carried out at atmospheric conditions, and
aqueous solutions can be used for the source. Thus, this process
possesses advantages of safety, cost-effectiveness, light load to the
environment, multiplicity of applying to a lot of materials. In our
previous study, we showed that spinel LiMn2O4 thin films were
successfully prepared as cathode material for lithium ion battery
by the mist CVD process [11].

On the other hand, spinel Li4Ti5O12 has been very impor-
tant negative electrode materials for lithium ion batteries because
of the several advantages such as good cycle performance, no
volume change during the charge–discharge and its excellent
reversibility with a theoretical specific capacity of 175 mAh  g−1

[7,12,13]. This material was successfully used as the negative elec-
trode coupled with high potential positive electrode materials
(LiMn2O4 or LiCoO2) to provide a cell with an operating volt-
age of about 2.5 V [13,14]. Thin film of spinel Li4Ti5O12 is also
very attractive for all-solid-state thin film batteries. Preparation
of Li4Ti5O12 thin films by a sol–gel process has been reported
with different approaches. For example, Rho and Kanamura [9]
have reported the preparation of rather thick Li4Ti5O12 films
using Ti- and Li alkoxides with poly(vinylpyrrolidone), and Haetge
et al. [15] have reported the preparation of mesoporous Li4Ti5O12

thin films using Ti-alkoxide, lithium acetate and poly(ethylene-
co-butylene)-block-poly(ethylene oxide) diblock copolymer. We
have also reported the preparation of Li4Ti5O12 thin films by a
sol–gel process using titanium isopropoxide and lithium acetate

tion and hosting by Elsevier B.V. All rights reserved.
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s precursors [16,17], and effects of Li/Ti ratio [16] or the thermal
reatment [17], on the phase composition, structure and electro-
hemical behavior, were studied. Nevertheless, development of an
queous solution process for the preparation of Li4Ti5O12 thin films
s still important, because an aqueous solution process possesses
dvantages of safety, cost-effectiveness, and light load to the envi-
onment.

In the present study, Li4Ti5O12 thin films were prepared by the
ist CVD process using aqueous solution of starting materials, and

he electrochemical behavior of the obtained Li4Ti5O12 thin films
n Au substrate was examined.

. Experimental procedure

Li4Ti5O12 electrode thin films were prepared by the mist
VD process, using the precursor aqueous solution, on a sil-

ca glass or Au plate. It has been reported that TiO2 (anatase)
lectrode thin films can be prepared from aqueous solution of
eroxo-titanium complex as a precursor solution by using a spray
yrolysis process [18]. In this study, titanium(IV)bis(ammonium

actato)dihydroxide (Aldrich, 50 wt.% solution in water) was used
s the water soluble starting material. Aqueous solution of 0.02 M
ithium nitrate (Wako Chemicals, Japan) and 0.025 M the titanium
actate complex was used as the source of Li and Ti, respec-
ively. The solution was ultrasonically atomized, and the mist

articles including Li and Ti precursor with the water solvent
ere transferred onto a heated substrate through a linear shaped
ozzle by N2 carrier gas at a flow rate of 8 L min−1 (the appa-
atus was provided by TOUKI Co. Ltd., Japan). The substrate was

Fig. 2. SEM images of the as-prepared film with the substrate temperature of 400 ◦
Fig. 1. Thickness of deposited Li2O–TiO2 system films on quartz substrate versus
number of scan at 400 ◦C.

placed on a heating stage, and the temperature of the stage was
400 ◦C. The distance between the substrate and the nozzle was
about 1 mm.  The stage was scanned at a speed of 0.05 mm s−1,
and the scanning process was repeated for 10–96 times. The
obtained thin films were further heat-treated at 700 ◦C for 1 or
4 h.

The film surface was  examined using a scanning electron
microscopy (SEM, JSM-5300, JEOL). X-ray diffraction (XRD) pat-
terns were recorded using an X-ray diffractometer (XRD-6000,
Shimadzu) with Cu K� radiation.

Electrochemical behavior of the Li4Ti5O12 thin film prepared on

Au substrate was  examined by a three-electrode beaker cell using
Li as the counter and reference electrodes, and 1 M LiPF6 in a mixed
solvent of EC and DEC as liquid electrolyte.

C, and that of the films obtained by the heat treatment at 700 ◦C for 1 or 4 h.
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ig. 3. XRD patterns of the as-prepared film with the substrate temperature of
00 ◦C, and that of the films obtained by the heat treatment at 700 ◦C for 1 or 4 h.

. Results and discussion

Fig. 1 shows the relation between the film thickness and scan
imes with stage temperature of 400 ◦C. Thickness of the film
ncreases with an increase in the scans, and was about 1.6 �m after
6 scans. Deposition time for 24 scans was about 80 min, and the
hickness of the film after 24 scans was about 500 nm.  Thus, the
eposition rate of the mist CVD process at this condition is esti-
ated to be about 6.3 nm min−1.
Fig. 2 portrays SEM images of the as-prepared film with the sub-

trate temperature of 400 ◦C (a and b), and that of the films obtained
y the sintering at 700 ◦C for 1 h (c and d) and 4 h (e and f). The
EM observation of the cross-section of the films revealed that the
hin films were dense. On the surfaces, string-like structures were
bserved. Formation of these string-like structures suggests that
olymerized precursors were partly formed on the surface of the
ists before drying, and such precursors were deposited on the

lm surface. In the surface and cross-section images, the growth
n the grain sizes was observed by sintering at 700 ◦C, from several
ens of nanometers in the 1 h-sintered samples to a few hundreds
f nanometers in the 4 h-sintered samples.

Fig. 3 presents XRD patterns of the as-prepared film with the
ubstrate temperature of 400 ◦C, and that of the films obtained
y the sintering at 700 ◦C for 1 or 4 h. The halo pattern observed

n all the samples is background from the SiO2 glass substrate. In
he as-deposited film obtained at substrate temperature of 400 ◦C,
he precipitation of crystals was not confirmed, indicating that
he as-deposited film is amorphous. With a sintering at 700 ◦C,
i4Ti5O12 and very small amounts of TiO2 were observed. However,
he degree of crystallization in the films increased with an increase
n the sintering time, and Li4Ti5O12 single phase was obtained after
intering at 700 ◦C for 4 h. In lithium-containing oxides, loss of
ithium with a high temperature heat-treatment is often observed.
hus, a heat-treatment at rather low temperatures is preferred to
void the loss during heating. In the present process, Li4Ti5O12 sin-
le phase was obtained after sintering at 700 ◦C for 4 h, and this
ample was used for the electrochemical characterization.

Fig. 4 shows the charge–discharge curves of a cell with the thin
lm heat-treated at 700 ◦C for 4 h using 1 M LiPF6 in EC and DEC as
n electrolyte, up to the 10th cycle. The current density employed

n the present study was 0.01 mA  cm−2, and the cell was charged
p to 2 V, and discharged to 1 V. The observed cycling curves are
ypical for the Li4Ti5O12 electrode with a very flat plateau at 1.55 V.
s clarified already, this plateau is owing to the coexistence of two
Fig. 4. Charge–discharge curves of a cell using the Li4Ti5O12 thin film heat-treated
at  700 ◦C for 4 h, up to the 10th cycle.

active phases in the electrode, Li4Ti5O12 and Li7Ti5O12 [12]. The
electrochemical reaction can be written as:

Li4Ti5O12 + 3Li+ + 3e− → Li7Ti5O12 (1)

According to reaction (1), the Li4Ti5O12 has a theoretical capacity
of 175 mAh  g−1. The initial charge capacity was  about 110 mAh  g−1

in this study, and the cell showed good cycling performance dur-
ing 10 cycles. Discharge capacities of the thin films are rather small
compared with the theoretical charge storage capacity. Lack of crys-
tallinity, or lithium content, or poor electron conductivity can be a
reason for the small capacity.

In the present study, we have shown the performance of
Li4Ti5O12 thin film prepared by the mist-CVD process. The mist-
CVD process is shown to be effective to prepare an anode thin film
with good cycle performance. The mist-CVD process in the present
study only uses an aqueous solution of lithium nitrate and a tita-
nium lactate complex as a precursor solution. Since this process is
very simple, and can be conducted under the ambient atmosphere,
this process is expected to be easily applied for thin films of other
cathode, anode and electrolyte materials for lithium batteries.

4. Conclusions

We  demonstrated that Li4Ti5O12 thin films were prepared by
using so called the “mist CVD process”, employing the aqueous
solution of lithium nitrate and a water-soluble titanium lactate
complex, as the precursor solution. SEM observation revealed that
thin films obtained by this process were dense and smooth, and
thin films with a thickness of about 500 nm were obtained. In the
XRD measurement, precipitation of Li4Ti5O12 with spinel structure
was confirmed in the sintered at 700 ◦C film with substrate temper-
ature of 400 ◦C. The cell with the thin films obtained by sintering
at 700 ◦C for 4 h exhibited a capacity of about 110 mAh  g−1, and the
cell showed good cycling performance during 10 cycles.
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