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Abstract Highly ordered mesoporous TiO; thin films have
been successfully synthesized via a copolymer templating
sol-gel route. A configuration transition from hexagonal, to
cubic, and then to a channel-like structure was observed when
the copolymer-templated thin film was thermally annealed
from 110 to 450°C. In the mesoporous TiO; film annealed at
450°C, mesopores were merged in a preferential direction,
forming a channel-like structure consisting of a semicrys-
talline (anatase) framework. These films exhibit excellent
optical transparency with transmittance higher than 85% in
the visible region. A blue shift in UV-Vis absorption onset
was shown for the mesoporous TiO; films, indicating a size
quantization effect of nanocrystalline titania.
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1 Introduction

Mesoporous materials have attracted much attention, since
the discovery of mesoporous aluminosilicates in the early
1990s [1]. They exhibit an extra high specific surface area, to-
gether with a diversity in pore configuration, including for ex-
ample, hexagonal (MCM-41), cubic (MCM-48), and lamel-
lar (MCM-50) mesostructures [2]. Several other mesostruc-
tures, such as SBA-1, SBA-2, SBA-3 have also been reported
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[3-5]. Obviously, these previous studies on mesostructures
were largely devoted to silica-based compositions, whereby
they were well defined with stable amorphous structures. In
contrast, much less work has been done with TiO,-based
mesoporous structures [6, 7], although they have demon-
strated excellent functional properties for various advanced
applications, such as in solar energy conversion [§—10], bat-
teries [11] and photocatalysis [12].

Indeed, Ti-alkoxide chemistry is rather complex, where a
delicate balance between hydrolysis and condensation reac-
tions is difficult to control. In addition, the metal-oxo poly-
meric groups involved tend to undergo crystallization in an
uncontrolled manner upon thermal annealing [13], attribut-
ing to the subtlety of pore arrangement for TiO,-based meso-
porous structures. While a typical mesoporous TiO, film con-
sists of three constituent phases, including pores, amorphous
titania and nanocrystalline anatase phase, the mesopore con-
figuration can undergo a steady change with a number of
parameters involved in the copolymer templating and subse-
quent thermal annealing processes. In this paper, we report a
study on the effects of thermal anneal temperature (110°C—
450°C) on the mesophase configurations in TiO, thin films
derived from copolymer templating. The optical properties
of these mesoporous TiO; thin films are also investigated.

2 Experimental procedure

Mesoporous TiO, thin films were synthesized at room
temperature by following the procedures detailed be-
low: a precursor solution was prepared by mixing ap-
propriate amounts of ethanol, hydrochloric acid (HCI),
titanium tetra-isopropoxide (TTIP, Aldrich, 97%), acetyl
acetone (AcAc) and deionized water (H,O), which was
stirred for two hours. An appropriate amount of triblock
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copolymer Pluronic F127 (designated EO;¢psPO70EO0s,
BASF) was dissolved in ethanol and then mixed with
the precursor solution. Molar ratios of these ingredients
were controlled at: TTIP/F127/AcAc/HCI/H,O/ethanol =
1:0.005:0.5:0.5:15:40. Upon stirring for three more hours, the
sol solution was deposited on glass substrates by spin coat-
ing (3000 rpm for 1 min). A gentle heating was then applied
to enhance the inorganic polymerization and stabilize the
mesophases, typically at 40°C (for 48 h) and then 110°C (for
24 h) in air. They were then thermally annealed in air at 350°C
(for 4 h). Further thermal annealing at 450°C (for 1 h) was
performed, in order to improve the nanocrystallinity of the
mesoporous TiO; thin film. The heating rate for all the ther-
mal annealing treatment was controlled at a 1°C min~! ramp.
Both TEM (JEOL JEM 2010F, 200 kV) and high reso-
lution TEM (HRTEM, JEOL JEM 3010, 300 kV) were em-
ployed to study the morphology and texture of the meso-
porous TiO, films. The nanocrystallites of anatase phase in
the mesoporous thin films were characterized using Raman
spectrometer (U1000 Jobin-Yvon double monochromator).
Their optical properties were measured using a UV-visible
spectrophotometer (UV-1601, Shimadzu).

3 Results and discussion

Temperature is an important variable that strongly affect
the mesostructures of thin films derived from copolymer
templating. As shown in Fig. 1(a), the mesostructure ex-
hibited a hexagonal configuration, when the film was first
thermally annealed at 110°C, where the ordered arrays were
aligned more or less parallel to the substrate surface. It
consisted of self-assembled copolymer and precursor phase
for TiO,. Upon thermal annealing at 350°C (Fig. 1(b)),
the copolymer template was removed from the mesostruc-
ture. The resulting pore arrays exhibit a cubic morphology.
When the mesoporous film was further thermally annealed
at 450°C, the pores tended to merge to form a channel-
like structure (Fig. 1(c)). Selected area electron diffraction
pattern (Fig. 1(d)) consisted of several weak rings, reveal-
ing that the mesoporous TiO, film annealed at 450°C was
partially crystallized. Further studies using HRTEM con-
firmed the occurrence of fine anatase crystallites in the film,
upon thermal annealing at 450°C (Fig. 1(e)).

To further confirm the nanocrystalline anatase structure
for the mesoporous thin film, Fig. 2 shows the Raman spec-
tra for the thin film samples thermally annealed at 110, 350
and 450°C, respectively. There is no any apparent nanocrys-
talline phase in the film thermally annealed at 110°C. Sim-
ilarly, only one broadened band at around 100 to 200 cm™!
is shown for the film thermally annealed at 350°C. In con-
trast, three well established bands at 399, 519 and 638 cm™",
which are characteristic of anatase phase [14], are shown
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Fig. 1 TEM micrographs of TiO, thin films derived from copolymer
templating, upon thermal annealing at (a) 110°C, (b) 350°C, (c) 450°C,
(d) SAD pattern of (c), (¢) HRTEM image of (c)

for the mesoporous TiO; film thermally annealed at 450°C,
confirming the occurrence of anatase nanocrystallites.

UV-vis spectroscopy was employed to characterize the
optical behaviors and electronic structure of the mesoporous
TiO; thin films. Shown in Fig. 3 are the transmittance spectra
of the thin film samples thermally annealed at 110°C, 350°C
and 450°C, respectively. They are all of optical transparency
with transmittance higher than 85% in the visible region. The
sharp decrease in transmittance at around 360 nm is related
to the semiconductor bandgap of TiO,, where electrons are
excited from valence band to conduction band. The shift in
the band edges (as compared to 380 nm for bulk anatase) is
a result of the much refined sizes of nanocrystallites in the
mesoporous TiO; thin films.

The absorption edge of the mesoporous TiO, thin films
shows a slight “red shift” with increasing thermal annealing
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Fig. 2 Raman spectra of TiO, thin films derived from copolymer
templating, upon thermal annealing at 110°C, 350°C and 450°C, re-
spectively
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Fig.3 UV-vis transmittance spectra of the TiO, thin films derived from
copolymer templating and then thermally annealed at 110°C, 350°C and
450°C, respectively

temperature (Fig. 4), which is ascribed to the enhanced
nanocrystallinity with the rise in thermal annealing temper-
ature. The absence of absorption at above 370 nm suggests
that the mesoporous TiO, films do not scatter much light in
the visible region of the spectrum.

Figure 5 plots the change of (ahv)'/? against photon en-
ergy for the three thin films, where the intercept on X-axis
gives a bandgap energy of 3.63, 3.40 and 3.37 eV for the
mesoporous thin films annealed at 110°C, 350°C and 450°C,
respectively. The blue shift in the region of 0.2-0.4 eV with
respect to that of bulk anatase TiO; (3.2 eV) is attributed to
the quantum size effect arising from the TiO, nanocrystal-
lites. Moreover, the bandgap decreases with increasing tem-
perature, due to the increase in crystallite size, which agrees
well with what have been revealed from TEM studies and
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Fig. 4 Absorption spectra of the TiO, thin films derived from copoly-

mer templating and then thermally annealed at 110°C, 350°C and
450°C, respectively
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Fig. 5 Plots of (axhv)'/? vs photo energy for the TiO, thin films
derived from copolymer templating and then thermally annealed at
110°C, 350°C and 450°C respectively

Raman spectra. For TiO, thin films, a large bandgap gives
rise to an enhanced redox behavior, suggesting the potential
of the mesoporous titania thin films of nanocrystallinity as
an effective photocatalyst.

4 Conclusions

Highly ordered mesoporous TiO, thin film has been suc-
cessfully synthesized via a sol-gel route using amphiphilic
triblock copolymer as the template in acid media. Evolution
of pore configuration and change in nanocrystallinity
with increasing annealing temperature were character-
ized using TEM/HRTEM and Raman spectrophotometry.
The mesophases underwent a configuration change from
hexagonal, to cubic, and then to a channel-like structure
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with increasing temperature from 110 to 450°C, in associa-
tion with the removal of copolymer template and subsequent
crystallization of the anatase framework. There is a corre-
sponding red shift in absorption edge, together with a de-
crease in bandgap energy, with increasing thermal annealing
temperature. The observed blue shift in UV-vis absorption
edge suggests that the size-quantization effect occurs in the
mesoporous TiO; thin films.
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