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IN HONOR OF PROFESSOR PAUL HAGENMULLER ON THE OCCASION OF HIS 80TH BIRTHDAY
In this paper, a newly developed idea for direct fabrication of
double oxide 5lms on various substrates, the 99dual anode sys-
tem,:: is described. Films of LiCoO2 were directly fabricated on
Pt, Ni, and graphite substrates by a hydrothermal+electrochemi-
cal method at 125+1753C for 2 hours in a 6ow cell using a cobalt
metal anode as a cobalt ion source and a 4M LiOH aqueous
solution as a lithium source, without any subsequent 5ring or
annealing. The target substrate (Pt, Ni, or graphite) was also
connected to the anode in the dual anode system. The addition of
an oxidant, H2O2, in the 6owing LiOH solution has produced
LiCoO2 5lms in a short reaction time of 2 h using the 6ow cell.
The H2O2 seems to accelerate the oxidation of Co21 into Co31 in
cobalt species during the reactions, dissolution+oxidation+pre-
cipitation. The thickness and the microstructure of the 5lms
could be controlled. In optimum conditions, the 5lm consisting of
plate-like LiCoO2 crystals at most a few micrometers thick
could be obtained. Micro-Raman and X-ray di4raction studies
demonstrated that increasing the fabrication temperature pro-
duces a phase change in LiCoO2 from spinel to hexagonal. Spinel
phase LiCoO2 is obtained around 1253C and hexagonal phase
appears above 1253C. Above 1503C, the redissolution rate of
formed crystals seems to dominate the formation of crystals;
thus the grain size decreases with increasing temperature. ( 2001

Elsevier Science

INTRODUCTION

Lithium transition metal double oxides with layered or
spinel structures are e$cient as cathode materials for lith-
ium rechargeable batteries. Among these layered and spinel
structure materials, LiCoO

2
compounds are regarded as the

most promising because of their high energy density and
high recycle ability (1}8). However, with increasing con-
sumption demand on the battery, several problems have
occurred. Nowadays, one of the most important problems
in industry is the environmental impact of high energy
consumption and/or toxic waste from fabrication processes
(9, 10). In general, the production of cathode electrodes
needs several complicated multistep procedures. For
example, in LiCoO

2
"lm fabrication by classical solid-state
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reaction, the "rst step is the synthesis of the powder, then
shape formation and last "xation on the substrate. They can
also be fabricated directly by CVD or PVD, but these methods
require more energy than conventional solid-state reaction
(9). Since these methods not only need complicated proce-
dure but also need high temperatures or high energies, it is
di$cult to regard them as environmentally friendly method.
Compared to such physical methods, direct "lm formation
from an aqueous solution is thought to be simpler and more
economical and requires much less energy consumption
(9, 10). From this point of view, our group has demonstrated
the utility of soft solution processing (11}18), which is de-
"ned as environmentally friendly processing to fabricate
a variety of functional solid materials in particular shapes,
sizes, locations, etc., using (aqueous) solutions. Recently, we
reported the successful fabrication of electrochemically
active LiMO

2
(M"Ni, Co) "lms in a single synthetic step

by electrochemical and/or hydrothermal methods without
any "ring or annealing (19}23). In addition, we have suc-
ceeded in producing a lithium cobalt oxide "lm even at
room temperature (24). However, solution methods using
hydrothermal}electrochemical reactions require particular
conditions. For example, Co substrate is needed for LiCoO

2
"lms and Ni substrate for LiNiO

2
.

In the present study, we have succeeded in fabricating
LiCoO

2
"lms on various substrates (Pt, Ni, and graphite)

for the "rst time by developing a &&Dual Anode System''.
Formation and growth mechanism, phase and microstruc-
tural changes of LiCoO

2
"lms have also been studied.

EXPERIMENTAL PROCEDURE

(1) Flow Cell for Hydrothermal}Electrochemical Synthesis

All the experiments have been accomplished in the hand-
made #ow cell for hydrothermal}electrochemical synthesis,
which is schematically shown in Fig. 1. Details of the #ow
cell have been reported in our previous paper (25). Solution
can be pumped from the container(s) to the #ow cell at
a #ow rate of 0.1}50 ml/min. Our #ow system can operate at
up to 2003C, which is an adequate temperature even for



FIG. 1. Schematics of the #ow cell system for hydrothermal}electro-
chemical reactions.

FIG. 2. Schematics of electrodes in the #ow cell for hydrothermal}
electrochemical reactions (a); dual- anode unit of Co and target (Pt, Ni)
electrode (b).
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industrial applications of hydrothermal synthesis. The tem-
perature is detected by a chromel}alumel thermocouple just
below the substrate and controlled by changing the input
power of the heater. Electrochemical conditions are control-
led in a range determined by our potentiostat/galvanostat
equipment (Kikusui Electronics Corp., Japan).

(2) Preparation of LiCoO
2
¹hin Films

H
2
O

2
-added 4 M LiOH solution has been used in the

#ow cell with dual anode system in the fabrication of lithium
cobalt oxide "lms on various substrates. Reagent grade
LiOH)H

2
O (Wako Pure Chemical Industries Ltd., Japan)

and polished cobalt plate (purity 99.5%, Nilaco Corp.,
Japan) were used as sources of lithium and cobalt, respec-
tively. The washed platinum, nickel, and graphite plates
(Nilaco Corp., Japan) were used as a target substrate in the
&&dual anode system.'' The arrangement of the dual anode
system in the #ow cell is shown in Fig. 2. The cobalt plate is
connected to the positive electrode (anode) and the body of
#ow sell connected to the negative electrode (cathode). The
target substrate was also connected to anode with a Ti foil
of 50 lm thickness as the spacer. In all experiments, gal-
vanostatic conditions with constant current densities of
1 mA/cm2 were applied. Appropriate quantities of LiOH
were dissolved in distilled water to yield 4 M solutions.
During the experiments, the 30% H

2
O

2
solution was con-

stantly added as an oxidant to the LiOH solution at 1 ml/h.
Experiments have been carried out for 2 h at 125, 150, and
1753C. The circulation of the solution was assisted by
a high-pressure pump with a #ow rate of 5 ml/min under
open #ow. The pressure in the #ow cell was kept at 2 MPa
by a needle valve attached at the output pipe of the #ow cell.

(3) Characterization

The crystals formed in the "lm structure were character-
ized by an X-ray di!ractometer (Model MXP3VA, MAC
Science Co., Tokyo) with CuKa radiation at 40 kV and
40 mA. Surface morphologies of the "lms were observed
using scanning electron microscope (SEM) (S-4500, Hitachi,
Tokyo). Film thickness and "lm surface morphology were
also examined using a "eld emission scanning electron
microscope (Model S-4500, Hitachi, Tokyo). Raman scat-
tering spectra excited with the 514.5-nm line of an Ar laser
with power 5 mW were detected at room temperature. The
laser beam was focused on a 1-lm diameter circle on the
"lm surface with a microscopic objective lens. The scattered
light was analyzed with a triple spectrometer (Model
T64000, Jobin Yvon/Atago Bussan, Tokyo) and detected
using a liquid-nitrogen-cooled CCD detector.

RESULTS AND DISCUSSION

As reported in our previous papers (20}23), LiCoO
2
"lms

could be fabricated directly on a Co substrate by the hy-
drothermal}electrochemical method at 100}2003C for
around 20 hours in LiOH solution. In the present study we
combined two new techniques: one is the use of the #ow cell
to add oxidant (H

2
O

2
) constantly into the reactant solution

and the other is the dual anode system for direct fabrication
of LiCoO

2
"lms on various substrates. They make it

possible to decrease reaction time down to 3 h for direct
preparation of LiCoO

2
"lms and also to deposit the "lms

directly on various substrates. The e!ect of the oxidant on



FIG. 3. The SEM cross-sectional view of the "lm on the platinum
substrate prepared by hydrothermal}electrochemical methods at 1503C
for 2 h.
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the formation and microstructural control of LiCoO
2
"lms

are reported in another paper (26). Similar treatment with
cobalt and target metal electrodes in the dual anode system
led to the formation of apparent black "lms on the target
electrode (Pt, Ni, and graphite).

The surface morphology, crystal phase, crystallinity, and
phase purity of prepared "lms were subsequently con"rmed
by SEM observation, X-ray di!raction (XRD) analysis, and
Raman scattering spectroscopy, respectively. The SEM
cross-sectional view of the prepared "lm (Fig. 3) directly
con"rms "lm formation on the platinum substrate with
thickness of about 5 lm. As shown in Fig. 4, the surface
morphology of fabricated "lms on the platinum substrate
was obviously changed by the fabrication temperatures. It is
clear from those pictures that grain size initially increases
and then decreases with increasing temperature. At 1503C,
the LiCoO

2
crystals showed a maximum size of about

2}3 lm in diameter. The LiCoO
2
"lm has also been fab-

ricated on an Ni substrate using the same conditions at
1503C. The formed "lm consists of hexagonal-plate-shaped
LiCoO

2
crystals, a few lm in diameter (Fig. 5). The XRD

patterns of fabricated "lms on platinum substrates with
various temperatures are shown in Fig. 6. The presence of
the peak near 193 (003) in the XRD patterns directly indi-
cates the formation of polycrystalline LiCoO

2
"lm on the

substrate. The "lm fabricated at 1503C seems to have higher
thickness and/or crystallinity than the others because the
XRD peaks are strongest. This also corresponds to the
results of the SEM observations mentioned above. This
FIG. 4. The SEM images of the LiCoO
2
"lms fabricated on platinum substra
phenomenon can be explained by the balance of nucleation
rate, growth rate, and redissolution rate of crystals in the
solution. Generally, both the growth rate and the solubility
of the crystal increase with increasing temperature. Under
our fabrication conditions below 1503C, for which the crys-
tal grain size increases with increasing temperature, the
te by hydrothermal}electrochemical methods at 125, 150, and 1753C for 2 h.



FIG. 5. The SEM images of the untreated nickel surface and the LiCoO
2
"lms fabricated on nickel substrate by hydrothermal}electrochemical

methods at 1503C for 2 h.
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growth rate seems to dominate over the nucleation rate. In
other words, we can consider two temperature domains. In
the "rst one, up to 1503C, the crystal growth rate increases
with the temperature. Thus, well-crystallized LiCoO

2
can be

formed around 1503C. In the second one, above 1503C, the
increased redissolution rate of formed crystal probably
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FIG. 6. X-ray di!raction patterns of LiCoO
2
"lms fabricated on plati-

num substrate by hydrothermal}electrochemical methods at 125, 150, and
1753C for 2 h.
dominates, leading to a decrease in the grain size of LiCoO
2

crystals with increasing temperature. An opposite phenom-
enon was observed in our previous study of temperature
dependence of the BaTiO

3
"lm on titanium substrate (17).

This di!erence can be explained by the solubilities of those
crystals under certain conditions of hydrothermal solution.
BaTiO

3
has less solubility in the operating conditions, thus

its deposition on the other substrates is more di$cult than
that of LiCoO

2
. The present study also shows that fabrica-

tion temperature may allow the phase control in the "lms.
It is widely known that LiCoO

2
has three structural

phases, hexagonal with R31 m space group, spinel with Fd3m
and cubic with Fm3m (27}31). Among these, the spinel and
hexagonal phases are well known to exhibit electrochemical
activity. Generally, the spinel Fd3m phase is synthesized
around 4003C and the layered hexagonal one R31 m is ob-
served at higher temperatures ('8003C) (32, 33). However,
identi"cation of each phase is di$cult using only XRD
analysis because the XRD patterns of those phases are quite
similar. Raman spectroscopy allows the distinction between
di!erent coordination sites, which produce di!erent Raman
active vibration modes. The group theoretical analysis
based on their point groups predicts di!erent vibration
modes. The irreducible representations for optical vibration
modes in layered hexagonal LiCoO

2
are !

7*"
."! (Li)#

! (Co)#! (O)!!
53!/4

."A
1g(R )#Eg(R )#2A

2u
( IR)

#2E
u
(IR), where R and IR indicate Raman and IR active

modes, respectively, predicting two Raman active modes
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FIG. 7. Raman scattering spectra of LiCoO
2
"lms fabricated on plati-

num substrate by hydrothermal}electrochemical methods at 125, 150, and
1753C for 2 h.
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FIG. 8. Raman scattering spectra of LiCoO
2
"lms fabricated on nickel

substrate by hydrothermal}electrochemical methods at 1503C for 2 h.

368 WATANABE ET AL.
(34}37). It has been noted that the Raman active A
1g and

Eg modes do not originate from Li and Co; that is, only the
oxygen atoms vibrate in these modes. On the other hand,
the irreducible representations for cubic spinel-type LiCoO

2
are !

7*"
."!(Li)#!(Co)#!(O)!!

53!/4
."A

1g(R)#Eg(R)
#F

1g (N)#2F
2g (R)#3A

2u
(N)#3E

u
(N)#5F

1u
(IR)#3F

2u
(N), where N means that the vibrational modes are neither
Raman nor IR active, resulting in four Raman active modes
(34}37). Therefore, two A

1g and Eg modes are Raman active
in layered LiCoO

2
, which can be represented as A

1g#

Eg#2A
2u
#2E

u
, but four A

1g , Eg , and 2F
2g modes are

Raman active in the spinel Li
1~x

CoO
2
, which can be repre-

sented as A
1g#Eg#2F

2g#5F
1u

(37).
As shown in Fig. 7, two strong Raman modes at around

486 and 596 cm~1 are observed for prepared LiCoO
2
"lms

with various temperatures on platinum substrates. The peak
positions of Raman scattering agree exactly with those of
the layered LiCoO

2
phase structure (35}37). No probable

side products, such as Li
2
CO

3
and Co(OH)

2
, have been

detected via Raman measurements. However, the Raman
spectra of the "lms obtained at a temperature higher than
1253C seems to include small amounts of spinel-structured
Li

1~x
CoO

2
phase, scattered at around 690 cm~1. The

spinel phase is considered to have less electrochemical acti-
vity than the hexagonal one in the "eld of lithium ion
battery electrodes. This therefore reveals the control of the
LiCoO

2
structural phase in the "lm through fabrication

temperature control. Raman spectra of the "lm fabricated
on Ni substrate by using same operating conditions at
1503C also agree with the spectra of the LiCoO

2
hexagonal

phase (Fig. 8).
Here we would like to propose the formation mechanism
of LiCoO

2
"lm in the present study, which seems to be

based on (a) dissolution, (b) oxidation, and (c) precipitation
mechanisms as follows:

(a) Electrochemical oxidation and dissolution of Co
anode:

Co#3OH~PHCoO~
2
#H

2
O#2e~, Co: 0P2` [1]

(b) Oxidation in the solution:

2HCoO~
2
#H

2
O

2
P2CoO~

2
#2H

2
O, Co: 2`P3` [2]

(c) Precipitation of LiCoO
2

on the target substrate
(Pt, Ni):

CoO~
2
#Li`PLiCoO

2
. [3]

According to the Pourbaix's diagram (38), HCoO~
2

ions
can be formed in the vicinity of the cobalt electrode in
alkaline solution by anodic oxidation of the Co plate as
described by Eq. (1). When the pH of the alkaline solution is
not high enough, the subreaction can proceed to form
cobalt hydroxide Co(OH)

2
as an impurity in the fabricated

"lms. In the second reaction stage, formed HCoO~
2

ion is
oxidized from Co2` to Co3` by reaction with H

2
O

2
in the

solution (2). The CoO~
2

ion generated by this reaction can
be delivered to the vicinity of the Co electrode of the target
substrate. Thus it reacts with surrounding Li` ion in Eq. (3).
As a result of this reaction, LiCoO

2
can nucleate both on
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the Co and on the target substrates. It grows to form
LiCoO

2
crystals, which might "nally cover the substrates as

a "lm. The driving force in the reaction of the dissolved
cobalt species is the high concentration of Li` in the solu-
tion under hydrothermal conditions. The subsequent step is
the heterogeneous nucleation and crystal growth of LiCoO

2
on the substrate surface to form a "lm under hydrothermal
conditions; these processes could be further accelerated at
a higher fabrication temperature. However, a fabrication
temperature around 1253C seems to provide an insu$cient
driving force in this system to produce completely cation-
ordered hexagonal LiCoO

2
, resulting in the formation of

a spinel phase where cation ordering is imperfect (39, 40). In
general, cation ordering needs a higher activation energy
than formation of the cation disordered phase, so that the
formation reaction of the hexagonal LiCoO

2
phase is cer-

tainly more di$cult than that for the spinel phase at a lower
temperature. Increasing the fabrication temperature pro-
vides a higher activation energy to form hexagonal LiCoO

2
.

Therefore, of particular interest in our observations is the
control of the phase selection of spinel or hexagonal
LiCoO

2
during the hydrothermal processing.

CONCLUSIONS

We have clearly shown the usefulness of the hydrother-
mal}electrochemical process for the direct fabrication of
LiCoO

2
"lms on Co, Pt, Ni, and graphite substrates at

100}1753C. Using a dual anode system with these target
substrates, a well-crystallized LiCoO

2
phase has been dir-

ectly deposited on the various substrates at low temperature
by soft solution processing for the "rst time. In this research,
we also succeeded in fabrication LiCoO

2
"lms in a shorter

reaction time (2 h) by using our #ow cell with continuously
added H

2
O

2
as an oxidant; that is, the oxidant in the

solution played an important role in accelerating the oxida-
tion reaction of Co2` ion to Co3` ion. The above results
suggests that the formation of LiCoO

2
"lms under our

hydrothermal conditions is based on the dissolution}oxida-
tion}precipitation mechanism. The subsequent step is the
heterogeneous nucleation and crystal growth of LiCoO

2
particles on the substrate. It is found that a fabrication
temperature of 1503C is the most adequate for the formation
of the LiCoO

2
hexagonal phase "lm under our experimental

conditions.
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