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Recently, the fabrication of three-dimensional (3D) or-
dered porous materials has been of much interest [1].
Such materials have great potential in a variety of ar-
eas including photonics [2–4], catalysis [5], separation
media [6, 7], and electrochemical applications. Of par-
ticular interest are dielectric 3D periodic structures that
exhibit novel optical properties, potentially leading to
optical filters, and photonic materials [2–4]. A widely
used approach to the fabrication of 3D ordered porous
materials is to fill the interstitial spaces of a colloidal
template with the solid and subsequently to remove se-
lectively the template materials [1]. Infiltration meth-
ods that have been employed include sol–gel method
[8–10], electrodeposition [11–14], using suspensions
of nanoparticles [15], and chemical vapor deposition
(CVD) [2]. In this letter, we describe the use of the
liquid-phase deposition (LPD) method to fabricate the
3D ordered macroporous TiO2.

The LPD method is one of the wet processes and
very unique process to deposit metal oxide thin films
[16–20]. By using this method, it is possible to form
metal oxide or hydroxide thin films homogeneously on
various kinds of substrates, which are only immersed
in the aqueous solution of a reactant. In this method,
metal oxide or hydroxide thin films form by means
of ligand-exchange (hydrolysis) equilibrium reaction
of metal–fluoro complex species MF(x−2n)−

x and the
F− consumption reaction with boric acid (H3BO3) or
aluminum metal as an F− scavenger. In the treatment
solution, MF(x−2n)−

x is hydrolyzed with water following
ligand-exchange equilibrium reaction:

MF(x−2n)−
x + nH2O = MOn + xF− + 2nH+

The equilibrium reaction is shifted toward the right-
hand side by the addition of boric acid (F− ion scav-
enger), which readily reacts with F− and forms a stable
complex as follows:

H3BO3 + 4HF = BF−
4 + H3O+ + 2H2O
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The addition of the F− scavenger leads to the con-
sumption of free F− ions, and accelerates the ligand-
exchange reaction. This method is very simple process
and does not require any special equipment. The advan-
tage of utilizing the LPD method to fabricate the 3D
macroporous material is that the metal oxide or hydrox-
ide directly forms as solid phase from liquid phase. The
interstitial spaces of a colloidal template are completely
filled by solution and then metal oxide forms onto the
whole colloidal template surface in contact with so-
lution. The deposition fills the interstitial spaces from
whole surface, which improves completeness of infill-
ing. We demonstrate here that the applicability of the
LPD method using colloidal template as a substrate to
fabricating 3D macroporous material. In this communi-
cation, we describe the method for fabricate 3D ordered
macroporous titanium dioxide by the LPD method.

The parent solutions used for the LPD were aque-
ous solutions of (NH4)2TiF6 and H3BO3. (NH4)2TiF6

(Kishida Chemical Co. Ltd.) and H3BO3 (Nacalai
Tesque Inc.) were dissolved in distilled water at a
concentration of 0.5 mol dm−3. These solutions were
mixed to give a concentration of 0.1 mol dm−3 for
(NH4)2TiF6 and 0.2 mol dm−3 for H3BO3, and used
for the deposition solution for the LPD method. The
template we used was colloidal crystal assembled from
polystyrene latex suspension by self-organized sed-
imentation on glass substrate [13]. The polystyrene
latex (Sigma-Aldrich) sphere had an average diame-
ter of 440 nm. The substrate covered with template
was immersed and suspended vertically in the deposi-
tion solution, i.e., mixed solution of (NH4)2TiF6 and
H3BO3. The template adhered well to the substrate,
and re-suspension of the latex particles to the deposi-
tion solution was not observed. Schematic procedure
for fabrication of 3D ordered titanium oxide by the
LPD method is illustrated in Fig. 1.

The morphology and microstructure of the fabri-
cated macroporous titanium oxide films were observed
by scanning electron microscope (SEM, JEOL JSM-
6301F). Prior to observation by SEM, the samples were

0022-2461 C© 2005 Springer Science + Business Media, Inc.
DOI: 10.1007/s10853-005-4551-6 5561



Figure 1 Schematic procedure of the fabrication of 3D ordered titanium
oxide by the LPD process.

sputter coated with Au. X-ray diffraction measure-
ments were performed on a Rigaku RINT-2500HFV
using CuKα irradiation. Raman spectroscopy measure-
ments were carried out on JEOL NRS-2100 with an
argon laser (514.5 nm).

The deposition solution infiltrated into the interstitial
spaces of the template when the template was immersed
in the deposition solution, and then titanium oxide de-
posited by means of hydrolysis reaction of (NH4)2TiF6

on the template surface, i.e., polystyrene latex surface.
After reaction for 10 hr, the interstitial spaces of tem-
plate were completely filled with titanium oxide. Fig. 2
shows SEM images of the template filled with the TiO2.
It can be seen that the polystyrene latex spheres are ar-
ranged in an ordered 3D hexagonal close packed struc-
ture and TiO2 was deposited homogeneously. The top
surface of the template was completely covered by de-
posited TiO2 (Fig. 2a), because the deposition occurred

Figure 2 Scanning electron micrographs of polystyrene latex sphere
template filled with TiO2.

Figure 3 Raman spectrum of TiO2-PS composite film. (©): anatase
TiO2, (×): polystyrene.

Figure 4 Scanning electron micrograph of 3D macroporous TiO2 film.

Figure 5 XRD pattern of 3D macroporous TiO2 film. (©): anatase
TiO2.

on the whole surface of the individual polystyrene la-
tex. Fig. 2b shows the SEM image of cleaved region
of the sample. It can be clearly seen that the interstitial
spaces between polystyrene latex spheres were com-
pletely filled with deposited TiO2. The as-deposited
sample was amorphous in X-ray diffraction, but Ra-
man spectroscopy indicated that the infiltrated sample
was anatase TiO2 (Fig. 3).

In order to remove the template, the infiltrated sam-
ples were calcined in air. The calcination conditions,
such as heating rate and temperature, is very impor-
tant to fabricate well-ordered macoporous materials,
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because of the melting or outgassing of the templates
and thermal expansion may break the ordered mate-
rials [21]. In this experiments the temperature was
increased at a rate of 0.5 ◦C min−1 to 400 ◦C and
stabilized at 400 ◦C for 1 hr before being decreased
to ambient temperature. SEM images of the calcined
sample are shown in Fig. 4. The top surface of the cal-
cined sample was similar to that of infiltrated sample
(Fig. 4a) and some cracks due to volume shrinkage
during the calcination were observed. Fig. 4b shows
the SEM image of peeled region of calcined sample in
order to investigate internal voids of calcined sample.
As shown in Fig. 4b, it can be clearly seen that peri-
odic air spheres are surrounded by TiO2. The average
diameter of the air spheres is ∼327 nm compared with
a diameter of polystyrene spheres of 440 nm. The inter-
connected openings, which correspond to points where
the polystyrene sphere in the template were touching
each other, were observed as dark spot within each pore.
X-ray diffraction measurement of the calcined sample
indicating that the sample becomes crystalline by the
calcination, and the observed peaks are corresponded
to anatase TiO2 (Fig. 5).

In this communication, we have presented a novel
method to fabricate 3D ordered macroporous TiO2 by
the LPD method. The LPD method using colloidal tem-
plate provides simple and interesting route to fabricate
3D ordered macroporous metal oxides. The advantage
of the LPD method is that this method can easily be
adapted to other metal oxides and multi-component
oxides. Until now, we have reported that several metal
oxides and multi-component oxides thin films could be
deposited by the LPD method [16–20]. Currently the
fabrication of other metal oxides and multi-component
oxides is being undertaken using the LPD method with
colloidal template.
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