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Introduction

Mesoporous titania thin films (MTTFs)[1–4] with ordered
pores are unique because they have many interesting and
useful features, such as homogeneous nanometer-sized
pores, large surface areas, the many useful physicochemical
properties of titania, and the thin-film form, all combined
into one body. These make MTTFs ideal candidates for the
development of novel nanomaterials and nanodevices.[5,6]

Functional hybrid materials with regular nanostructures can
be realized by incorporating various organic or inorganic
materials into the pores of MTTFs.[7–9]

To use MTTFs for such purposes, several requirements
need to be satisfied. First, the pores must be accessible from
the outside.[10] Unlike powder, the internal space of a meso-
porous thin film may not be accessible unless there are pore
openings at the surfaces. Several different approaches have
been attempted to produce mesoporous thin films with ac-
cessible pores, including pore alignment with an applied
magnetic field[10] or modification of the substrate surfaces.[11]

Wu et al. reported that MTTFs with a 3D hexagonal (P63/
mmc) structure could be processed into a structure with ver-
tical pores.[12] However, it seems that a more general and
practical way is the formation of mesoporous thin films with
isotropic pore structures. In this regard, the synthesis of
cubic-structured MTTFs with oriented pores is an important
first step for the development of MTTF-based nanodevi-
ces.[13] Second, crack-free thin films with large ordered do-
mains are important to ensure reproducible device perfor-
mance. Third, a high degree of wall crystallinity would be
desirable to make use of most of the physical properties of
titania. Fourth, it would be beneficial if an MTTF can be
formed on various substrates without changing the pore
structure for a wide range of applications. Although some
MTTFs reported in the literature show one or two of these
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properties, there has been no account of MTTFs that show
all these features simultaneously.

Herein, we report a new MTTF in which the pore struc-
ture can be described as an ordered array of vertical chan-
nels whose domains are larger than 1J1 mm2. The vertical
channels with open ends ensure that all the pores are acces-
sible from the surface, thus allowing further fabrication into
nanostructured materials or nanodevices. Furthermore, our
MTTFs can be formed on various types of substrates, includ-
ing metallic substrates. This enabled us to form nanostruc-
tured materials inside the pores by electrochemical deposi-
tion. We demonstrate this possibility by growing nanostruc-
tured gold inside the pores of our MTTF. Because most of
the pores are accessible, we could synthesize high-density
arrays of nanomaterials, which may be the first step towards
the fabrication of nanostructured materials based on
MTTFs.

Results and Discussion

MTTFs with ordered channels were formed by spin-coating
a precursor solution of TiCl4 and a Pluronic nonionic block
copolymer F-127 (EO106PO70EO106, EO=ethylene oxide,
PO=propylene oxide) in ethanol onto substrates at 25 8C,
followed by aging at 18 8C for 72 h and calcination at 400 8C.
For reproducible synthesis, we tried various combinations of
temperature and humidity levels and established the opti-
mum conditions for each step as described in the Experi-
mental Section. We used various types of substrates, includ-
ing glass slides, indium tin oxide, fluorine-doped tin oxide,
and Pt- or Au-coated Si wafers, and confirmed that the pore
structure and pore orientation were not influenced by the
nature of the substrate.

Figure 1 shows the scanning electron microscopy (SEM)
images of our MTTFs from various viewing angles. The film
thickness could be controlled from 150 to 500 nm (Figure 1b
and c) by using different spinning speeds during the spin-
coating step. The thicker film was obtained from 4000 rpm,
and the thinner one from 6000 rpm. Regardless of the film
thickness, the SEM images all show that the pores are well-
ordered over a large area (>1J1 mm2), which indicates the
preferential orientation of the pores. The top-view (Fig-
ure 1a) and tilted-view (Figure 1c) images show that there
are open pores at the film surface, which are ordered with
hexagonal symmetry. Both the side-view (Figure 1b) and
tilted-view (Figure 1c) images show that there are vertically

aligned parallel channels. These images collectively show
that our MTTFs have vertical channels with hexagonal sym-
metry.

There are only two possible ways to explain the pore
structure in Figure 1. One is a p6mm hexagonal mesoporous
structure with the channels standing vertically, and the other
is a cubic structure (or its rhombohedral derivative) with the
[111] direction oriented vertically. We can rule out the first
possibility on the basis of the following reasons: First, a per-
pendicular orientation of the channels of the p6mm struc-
ture relative to the substrate is highly unlikely because such
an orientation will create a large amount of surface energy
at the interface. To overcome this problem, Yamauchi et al.
applied a very strong magnetic field to align the channels,
but the alignment was not perfect.[10] Koganti et al. showed
that modification of the substrate surface with a Pluronic
block copolymer could lower the surface energy and induce
the channels to tilt away from the substrate plane, but the
resultant channels were not perpendicular.[11] In the present
study, we did not use such measures to induce vertical align-
ment of the pores. Second, the channel walls are not straight

Abstract in Korean:

Figure 1. Field-emission SEM (FESEM) images of a mesoporous titania
thin film. a) Top view; b) side view; c) tilted view.
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as would be expected from the p6mm pore structure, but
are periodically modulated in such a way that each channel
can be described as being composed of periodically arranged
cages and connecting necks between the neighboring cages.
Therefore, we conclude that the pore structure of our
MTTFs are derived from a cubic structure with its [111] di-
rection oriented vertically.

As sol–gel thin films are bound to experience vertical
shrinkage during the aging and calcination steps, and the di-
rection of shrinkage coincides with the [111] direction of the
cubic structure in the present MTTFs, the pore structure is
thus likely to be rhombohedral.

Transmission electron microscopy (TEM) images taken
along various directions of our MTTF are shown in Figure 2.
These images can be well-explained with a rhombohedral
unit cell with a�12.5 nm and a�1008. The average pore-to-
pore distance measured from the [111]-view TEM image
(Figure 2c) was 11 nm, which corroborates with the top-
view SEM image (Figure 1a). These images and the TEM
images of electrochemically grown nanostructured gold
inside the pores show that the pores are connected and
cagelike (Figure 5). With these observations, the parent
structure of the present rhombohedral structure was deter-
mined to be Im3̄m.[14,15] The contraction along the [111] di-
rection from the Im3̄m structure causes the loss of the four-
fold symmetry while preserving the threefold symmetry
along the [111] direction. Therefore, we singled out the
space group R3̄m, a maximal nonisomorphic subgroup of
Im3̄m, for our MTTFs. Choi et al. reported the formation of
an R3̄m-structured MTTF.[14] However, the pores in their
films are isolated, in contrast to ours.

The low-angle XRD pattern of the calcined film
(Figure 3) shows only three peaks with d=9.7, 4.9, and
2.3 nm. With the estimated lattice parameters and the rhom-
bohedral crystal system deduced from the SEM and TEM
data, these peaks could be indexed as (01̄1), (02̄2), and
(04̄4), respectively. The appearance of only a series of (0k̄k)
peaks is consistent with the preferred orientation discussed
above. The absence of any (hhh) reflection can be explained
with the structure derived from the Im3̄m structure. Un-
fortunately, the limited number of XRD peaks prohibits any
further precise determination of the lattice parameters from
those estimated from the SEM and TEM data.

Figure 4 shows schematic drawings of how the vertical
channel structure of our MTTFs are formed. The surfactant
and titania precursor in the as-cast film self-assemble into
an Im3̄m structure. The surfactant micelles form cage pores.
The key factor of our synthesis is that the pores are ordered
with the [111] direction perpendicular to the film surface.
Calcination of this film not only removes surfactant but also
shrinks the film in the vertical direction. Because of the
[111] orientation, the direction of shrinkage coincides with
the [111] direction of the cubic unit cell. The contraction in-
duces a structural transformation into the rhombohedral
(R3̄m) structure. The contraction also connects the pores to
their neighbors along the [111] direction, thus producing
vertical channels. The various dimensions measured by the

characterization methods mentioned above are all consistent
with this scheme.

Figure 2. TEM images of a mesoporous titania thin film. a) [100] view;
b) [110] view; c) [111] view. Some pores are marked with white circles for
easy comparison with the simulated models in the insets. The models are
slightly tilted to match the images.

864 www.chemasianj.org F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 862 – 867

FULL PAPERS
Y.-U. Kwon et al.



Through a similar approach, Crepaldi et al.[2] also report-
ed an MTTF whose structure was derived from the Im3̄m
ordering. However, in their case, the direction of preferred
orientation was [110]. The thermal contraction along the
[110] direction resulted in a C2m structure, which did not
have vertical channels. The pore accessibility was not men-
tioned in the paper. It is interesting that their synthesis and
ours both produced the same Im3̄m structure in the as-cast
states but with two different orientations. There may be
many factors that make such a subtle difference. We believe
that the most fundamental factor is the method of film for-
mation. We used the spin-casting method followed by aging
to obtain the ordered mesostructure, whereas Crepaldi et al.
used dip-coating. In the latter case, the evaporation-induced
self-assembly (EISA) mechanism[17] is in operation, in which
mesoscale ordering is achieved almost instantly after the
film material is withdrawn from the solution. On the contra-
ry, spin-coating generally does not yield such a high degree
of mesoscopic ordering. This is probably because the faster
solvent evaporation in the spin-coating method makes the
film material more viscous, which in turn makes the move-
ment of the titania and surfactant species too sluggish to
achieve a high degree of ordering in a short period of time.
Therefore, even if the self-assembled structure may form by
spin-coating, the degree of ordering cannot be as high as in
the case with dip-coating. The ordering can be improved by
aging under controlled conditions of temperature and hu-

midity. In our previous paper, we showed that the mesoscale
ordered structures could be tuned by employing different
temperatures for the aging step.[3,5] This suggests that the
film materials in the aging step are liquid-crystal-like, and
that the ordering is achieved by the movement of titania
particles and surfactant molecules to attain the most ther-
modynamically stable ordering and orientation under the
given conditions. With the largest exposed surface of the mi-
celles facing the interfaces, the [111] orientation appears to
be the most thermodynamically favored orientation for the
Im3̄m mesostructured film, which explains the ordering of
our films. The [110] orientation from the dip-coating proce-
dure, therefore, appears to be a kinetically stabilized struc-
ture. The adaptability of our method to a wide range of sub-
strates appears to originate from the thermodynamic nature
of the process.

The vertical channels in large domains of our MTTFs,
combined with their ability to form on conducting sub-
strates, provide a unique opportunity to grow arrays of
nanomaterials with the electrochemical-deposition tech-
nique. Figure 5 shows the TEM images of one such example,
in which nanostructured gold was grown inside the channels
in high density and with a high degree of homogeneity. For
this, we formed an MTTF on a Pt-coated Si wafer and used
it as an electrode. As shown in these images, almost all the
pores were filled with gold, thus forming arrays of connect-
ed nanoparticles embedded inside the MTTF. However,
some pores are not filled with gold (Figure 5b). This may be
unavoidable, probably due to the stochastic nature of the
electrochemical deposition and the inaccessibility of some of
the pores. The high-magnification TEM image in Figure 5c
shows the lattice fringe patterns of the deposited gold,
which indicates high crystallinity. It also shows that the di-
mension of each gold nanoparticle is about 7 nm, which sets
the lowest limit of pore dimension for our MTTFs. The gold
spheres are connected with neighboring ones through
narrow necks, in agreement with the cagelike pore structure
described above. The unprecedented high density of gold
nanorod replicas inside the pores of the MTTF is a direct
consequence of the vertical open channels with large do-
mains of our MTTFs.

Additionally, we found that the calcination temperature
could be raised to 600 8C without losing the pore ordering.
Figure 6 shows the wide-angle XRD and TEM data of an
MTTF calcined at 500 8C. Figure 6a shows that the film ma-
terial is crystalline anatase. The TEM image in Figure 6b
shows that the long-range mesoporous structure of our
MTTF was maintained. Figure 6c shows that all the wall
material had turned into a crystalline phase, which was iden-
tified as anatase by the electron-diffraction pattern (Fig-
ure 6d). In general, crystallization of the titania wall re-
quires the calcination temperature to be higher than 400 8C,
a temperature at which most non-silica mesoporous struc-
tures collapse. Special measures were employed to circum-
vent this problem.[18,19] In this regard, it is remarkable that
our MTTF does not lose its mesoporous structure while at-
taining a high degree of crystallinity. On the other hand, the

Figure 3. Low-angle XRD pattern of a mesoporous titania thin film ob-
tained by calcination at 400 8C.

Figure 4. Schematic representation of the structure of a mesoporous tita-
nia thin film before (left) and after calcination (right).
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low-angle XRD pattern does not show any peak, which indi-
cates the absence of mesoscopic periodicity in the vertical
direction. Therefore, the high-temperature calcination seems
to cause the collapse of the mesostructure, but the collapse
occurs only along the vertical direction so that the lateral or-
dering remains intact, which is possible because of the [111]
orientation. In fact, this high-temperature calcination may
be the way to produce truly 1D vertical channels, a possibili-
ty we are currently working on.

Figure 5. TEM images of various magnifications: a) 40000, b) 320000 and
c) 2800000 of a mesoporous titania thin film with nanostructured gold
grown inside the pores.

Figure 6. a) XRD pattern, b) low-magnification TEM image, c) high-mag-
nification TEM image, and d) electron-diffraction pattern of a mesopo-
rous titania thin film calcined at 500 8C.
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Conclusions

We have prepared mesoporous titania thin films that have
many desirable features for future applications of nanodevi-
ces. It has large domains of highly ordered arrays of vertical
channels. Most of the channels are accessible from the film
surface. High-temperature treatment can convert the wall
material from amorphous titania into anatase without losing
the ordered mesoporous structure. Most of these features
appear to originate from the [111] orientation of the Im3̄m
structure in the as-cast film. With all these features com-
bined, we believe that our mesoporous titania thin films can
find application in the fabrication of nanodevices.

Experimental Section

The MTTFs were formed by spin-coating a precursor solution, followed
by aging and calcination. The precursor solution was prepared by dissolv-
ing TiCl4 and F-127 in ethanol with vigorous stirring under ambient con-
ditions. The composition of the solution was TiCl4/F-127/EtOH=

1:0.004:22. After being cast onto substrates at a spinning rate of 4000–
6000 rpm under a controlled atmosphere of 70% relative humidity and
25 8C, the spin-cast films were aged at 18 8C for 72 h at a relative humidi-
ty of 80% to afford a self-assembled mesostructure. The films were cal-
cined at 400 8C for 2 h to give mesoporous titania thin films free of organ-
ics. Electrochemical experiments were carried out in a conventional
three-electrode cell with an MTTF-modified electrode as the working
electrode, a standard Ag/AgCl electrode as the reference electrode, and
a platinum plate as the counter electrode. The procedure for making the
MTTF working electrodes have been described in the main text. The
electrodeposition was conducted in an aqueous solution of HAuCl4
(0.02m) under an applied potential of 0.02 V for 5 s. Characterization of
the thin films by XRD was carried out with a Rigaku D/max-RC diffrac-
tometer. High-resolution TEM images (JEOL-3011, 300 kV) were ob-
tained on samples prepared by scraping off the films. Surface images of
the thin films were obtained by FESEM (JSM6700F).
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