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Abstract : An improved liquid phase deposition
method is proposed for the preparation of titania films
with cohered particles. This method involves intro-
ducing micro-bubbles into the normal LPD process.
The micro-bubble plays a role in the film formation
process by not only preventing nucleation in the lat-
eral direction but also creating a hot spot by self-
crushing. This results in a rugged surface film with
cohered nanosized titania particles possessing ana-
tase crystallinity, even in the as-grown film. The low-
ering of the transition temperature from the anatase
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INTRODUCTION

Titania is well known as a harmless and chemi-
cally stable material, and it has been widely applied
in various fields[1-6]. For example, it is used in the
manufacture of surface coatings, photoelectrodes,
high-k dielectrics, paints, cosmetics, and many other
products. In recent years, titania has attracted con-
siderable interest as a photocatalytic functional ma-
terial[5-7]. Titania that shows specific photocatalytic
properties, such as the photocatalytic decomposi-
tion of organic compounds and photo-induced hy-

drophilicity[1, 2, 5], is expected to be applied in envi-
ronmental fields. It has been used for a variety of
purposes, such as antibacterial, antipollution and de-
odorization functions. Because of these unique pho-
tocatalytic properties, the applications of titania will
continue to spread. Titania has been usually used in
the form of thin films or particles for the purpose of
practical applications.

A wide variety of deposition techniques have
been developed for titania thin film preparation. They
can be roughly classified as either physical or chemi-
cal processes. The physical processes include dry

phase to the rutile phase takes place in the films de-
posited by the improved LPD process. For the films
prepared via the improved LPD process, a photo-
catalytic UV light response was observed even in
the as-grown film. Furthermore, its activity increases
drastically after a 500 ºC annealing step, leading to

crystallinity improvement and surface area increase.
Global Scientific Inc.
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processes such as sputtering, vacuum evaporation,
and chemical vapor deposition (CVD). The chemi-
cal processes include wet processes such as the sol-
gel method, electrochemical deposition and liquid
phase deposition (LPD). In general, film surfaces
prepared using these techniques show comparative
smoothness. For a titania photocatalyst to exhibit
sufficient photocatalytic functions, an increase in
surface area is practically essential; the surface area
plays a potential role in enhancing the accessibility
of the reactants to the active catalytic sites. There-
fore, preparation techniques for titania films with
rugged surfaces are important in terms of practical
applications.

In this study, the LPD method is adopted. This
method is a direct deposition technique using ligand-
exchange hydrolysis of titanium fluoro complexes
and an F consumption reaction with boric acid.
Compared with other deposition techniques, such as
the dry CVD process or the wet sol-gel method, the
LPD method is a synthesis process that requires
lower capital equipment, lower temperatures, and
lower environmental load. This method was first
used for SiO

2
 film deposition[8], but it is widely stud-

ied as a route for titania film deposition[9-13]. The
usefulness of this technique in the formation of vari-
ous metal oxide films has been recognized in the
pioneering studies by Deki, et al.[14]. We propose an
improved LPD method using micro-bubbles for the
preparation of titania films with a rugged surface.
This new preparation technique provides the titania
films with cohered nanosized particles. These films
exhibit a large surface area in addition to high ana-

tase crystallinity.

EXPERIMENTAL

During the LPD process, the ligand-exchange
equilibrium reaction (hydrolysis) is presumed to
occur as follows[14];
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For the hydrolysis of [TiF
6
]2- ions in aqueous

solutions, Eq. (1) has been proposed by Schmitt et
al.[15]. This equilibrium is shifted towards the right-
hand side with the addition of H

3
BO

3
, which acts as

an F- scavenger. H
3
BO

3
 reacts readily with F- ions

to generate the more stable BF
4
- ion by Eq. (4)[16].

The titania film formation proceeds according to Eq.
(3), and the reaction is controlled by the amount of
H

3
BO

3
. In this study, micro-bubble water is intro-

duced into the raw solution along with H
3
BO

3
, for a

purpose of preparing the films with rugged surface.
Figure 1 shows a schematic illustration of the

LPD apparatus, which is equipped with a reaction
vessel, water bath, hot stirrer, micro-bubble gen-
erator, and tubing pump. The raw ammonium
hexafluorotitanate (LPD solution) in the reaction
vessel was kept at constant temperature, and the bo-
ric acid solution and micro-bubble water were in-
troduced constantly into the reaction vessel and con-
trolled by the tubing pump. The conditions of the

Figure 1 : A schematic diagram of the improved LPD system



273

Original Article
ChemXpress 8(4), 2015

LPD process are listed in TABLE 1.
Titania films were deposited on Si wafers, and

the surface morphology and film thickness were ex-
amined with a scanning electron microscope (SEM;
HITACHI S-2000). After annealing at 500 ºC and

700 ºC for 1 hour in nitrogen ambient, the crystal-

line structures were examined with an X-ray
diffractometer (XRD; RIGAKU RINT-2100, Cu K

á

X-ray source operating at 30 kV and 20 mA). The
photocatalytic activities of the films deposited on
quartz substrates were evaluated with a pigment deg-
radation measurement. A black light with an inten-
sity of 0.5 mW/cm2 was used as the UV light source.
The degradation rate of the pigment methyleneblue
was evaluated by measuring the absorbance changes
at 654 nm with a UV-VIS spectrometer (Ocean Op-
tics USB2000). The films were soaked in a 1 mmol/
L methyleneblue solution for 1 hour, after which ex-
cess methyleneblue on the back surface was wiped
off and the samples were dried in the dark. The ab-
sorbance at 654 nm was measured after each 15-
min UV light irradiation was performed.

RESULTS AND DISCUSSION

Surface morphology

The thicknesses and surface morphologies of the
films were evaluated using SEM. The thicknesses
of the films prepared by normal LPD process (with-
out micro-bubbles) at the deposition time of 5 hours
varied from 0.8 to 1.0 m, when the H

3
BO

3
 concen-

tration and the raw solution temperature were
changed in the range of TABLE 1. In the case of
improved LPD process (with micro-bubbles), thick-
nesses cannot estimate exactly because the film sur-
face is intensely rough, as described below. How-
ever, average thickness of the improved LPD films
was about 1.0 m which was almost same as those
of the normal LPD films.

The SEM photographs of the films prepared by
the normal LPD process are shown in Figures 2 and
3. Figures. 2 (a) - (c) show how the films were pre-
pared by changing the H

3
BO

3
 concentration, and Fig-

ures 3 (a) - (c) show how the films were prepared
by changing the raw solution temperature. In every
case, smooth surfaces were observed. It should be
noted that several cracks were sometimes observed
in the films; these cracks could have been generated
by internal stress due to film contraction upon dry-
ing. Similar surface morphologies have been re-
ported by several researchers[17-19]. In the LPD pro-
cess, titanium hydroxide complex ions are super-
saturated with the F abstracted by BO

3
3. Titania

films are formed through nucleation of these tita-
nium hydroxide complex ions. This nucleation pro-
cess proceeds according to the following steps: (i)
corpuscle nucleation due to the hydrolysis reaction
following the ligand-exchange reaction and (ii) lat-
eral and vertical growth of nuclei. Because the rate
of step (ii) increases as the H

3
BO

3
 concentration and

0.1 mol/l (NH4)2TiF6 100 ml 

Concentration of H3BO3 0.1 - 0.5 mol/l 

Flow rate of H3BO3 53 ml/h 

Micro-bubble water 42 ml/h 

Temperature 55 - 65 ºC 

Deposition time 3 - 5 hrs 

TABLE 1 : LPD process conditions

Figure 2 : Surface morphology of the titania films prepared by a normal LPD process, The H
3
BO

3
 solution concen-

trations are (a) 0.1 mol/l, (b) 0.3 mol/l, and (c) 0.5 mol/l. The raw solution temperature and deposition time are 55
ºC and 5 hours, respectively
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raw solution temperature increase, continuous film
surfaces with some cracks were observed. Figures
4 (a) and (b) show the SEM photograph of the films
prepared using the improved LPD process for 3 and
5 hours, respectively. The H

3
BO

3
 solution concen-

tration and the raw solution temperatures are 0.3
mol/l and 60 ºC, respectively. These surface mor-

phology where many titania particles with a few hun-
dred nm in diameter cohered differs greatly from
those of the normal LPD films. In addition, the par-
ticles exist comparably sparsely for 3-hours depo-
sition, while those are piled up for 5-hours deposi-
tion. Because the micro-bubble remains throughout
the deposition process due to its long lifetime, the
nucleation process in the lateral direction was con-
sidered to be obstructed by the coexisting micro-
bubble on the substrate surface. As a result, many

nanosized titania particles formed in initial stage of
the LPD process. While the reaction progresses, these
particles were piled up and rugged surface film was
formed.

Crystallinity

The crystalline structures of the films shown in
Figure  3(b) (normal LPD film) and Figure  4 (im-
proved LPD film) before and after annealing were
examined using an XRD measurement. Figure 5
shows the diffraction patterns of the normal LPD
films. No diffraction peak was observed for the as-
grown film. The diffraction lines assigned to ana-
tase planes were observed for the 500 ºC-annealed

film, and lines assigned to both the anatase and rutile
planes were observed for the 700 ºC-annealed film.

These results indicate that the anatase and rutile are
low- and high-temperature phases, respectively.

Figure 3 : Surface morphology of the titania films prepared by the normal LPD process, The raw solution tempera-
tures are (a) 55 ºC, (b) 60 ºC, and (c) 65 ºC, The H

3
BO

3
 solution concentration and deposition time are 0.3 mol/l and

5 hours, respectively

(b)(a)

Figure 4 : Surface morphology of the titania films prepared by the improved LPD process, Deposition times are (a)
3hours and (b) 5 hours, The H

3
BO

3
 solution concentration and the raw solution temperatures are 0.3 mol/l and 60

ºC, respectively
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As shown in Figure  6, in the films deposited by
the improved LPD process, anatase plane diffrac-
tion lines were observed even for the as-grown film,
though the diffraction intensities were weak. The
intensities of these anatase diffraction lines increase
and rutile diffraction peaks appear in the 500 ºC-

annealed film, but only rutile lines remain in the 700
ºC-annealed film.

In the grain growth process, the inside of the cor-
puscle reaches a high pressure and temperature; pres-
sure remains constant due to nucleus growth in the
surrounding area, and crystallization is promoted.
Moreover, when a micro-bubble collapses on the
film surface, temperature locally becomes several
thousand ºC for several picoseconds, and the crys-

tallization of the surrounding titania grains is con-

Figure 5 : XRD patterns of the titania film prepared by a normal LPD process (Figure  3 (b)) before and after
annealing, A and R refer to the anatase and rutile planes, respectively

Figure 6 : XRD patterns of the titania film prepared by an improved LPD process (Figure  4) before and after
annealing, A and R refer to the anatase and rutile planes, respectively
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sidered to be promoted under the temporarily high
temperature. After annealing at 500 - 700 ºC, the

crystallinity of the films is improved further. This
crystalline process caused lowering of transition tem-
perature from the anatase phase to the rutile phase in
the films deposited by the improved LPD process.

Photocatalytic activity

When the titania is irradiated by UV light, it ex-
hibits the peculiar photocatalytic function of caus-
ing photo-induced decomposition of organic com-
pounds. Here, this effect was evaluated by measur-
ing the degradation of methyleneblue.

Figure 7 shows the absorbance of methyleneblue
at 654 nm as a function of UV light irradiation time
for both the as-grown and 500 ºC-annealed films

described in Sec. 3.2. Methyleneblue was not de-
graded on the as-grown film prepared by the normal
LPD method. For the film prepared using the im-
proved LPD method, however, it can be observed
that the degradation of methyleneblue took place in
the as-grown film, though weakly. After the 500ºC

annealing step, methyleneblue degradation drasti-
cally increases for films prepared using either the
normal or improved LPD method. As shown in Figs.
5 and 6, these films exhibit predominately anatase
crystallinity; strong photocatalytic activity was ob-
served for both films. Photocatalytic activity of the
improved LPD film is considered to be stronger than
that of the normal LPD film due to differences in the

Figure 7 : Absorbance of methyleneblue at 654 nm as a function of UV light irradiation time, Squares represent the
normal LPD films and circles represent the improved LPD films

surface area and the crystallinity intensity of the ana-
tase phase.

CONCLUSION

The preparation and characterization of titania
films with cohered nanosized particles has been stud-
ied. We proposed an improved liquid phase deposi-
tion method in which micro-bubbles were introduced
to the film formation process. The micro-bubbles
play a role in the film formation process by not only
preventing the nucleation in the lateral direction but
also creating a hot spot of several thousand ºC for

several picoseconds. These effects lead to forma-
tion of titania films with cohered nanosized particles;
these films possess large surface areas and anatase
crystallinity, even in the as-grown film. These films
additionally exhibit photocatalytic properties when
they are irradiated by UV light. Photo-induced de-
composition of organic compounds depends on both
surface area and the crystallinity of anatase. The films
prepared by the improved LPD method are consid-
ered to have great potential for application in envi-
ronmental fields as photocatalytic materials.
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