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mesoporous TiO2 with tunable phase composition
and enhanced solar light photocatalytic activity
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In this paper, we report a UV/ozone-assisted method for low temperature preparation of mesoporous TiO2

with controlled crystalline phase. The results showed that the crystallization of mesoporous TiO2 can occur

at temperatures as low as 100 �C under UV/ozone irradiation. Highly crystalline mesoporous anatase TiO2

was obtained after UV/ozone treatment at 200 �C. The phase transformation from anatase to rutile

occurred during the UV/ozone treatment at 300 �C and mesoporous bicrystalline TiO2 with a controlled

mixture of anatase and rutile phases was prepared by adjusting the exposure time. The photocatalytic

performance of the mesoporous TiO2 strongly depends on the crystal structures and the bicrystalline

mesoporous TiO2 exhibits remarkably enhanced solar light photocatalytic activity. This technique can be

useful for low temperature preparation of crystalline mesoporous titania on various substrates and may

be generalized to the synthesis of other materials.
Introduction

Owing to its superior properties, TiO2 has been recognized as
one of the best materials for realizing photovoltaic and photo-
catalytic devices.1–3 TiO2 nanomaterials with higher photo-
catalytic efficiency than their bulk phase counterparts have
been extensively investigated in photocatalytic reactions.4–6 The
crystallinity and phase of the TiO2 are crucial for the perfor-
mance in photocatalysis and devices. In particular, the anatase
phase is metastable and has higher photocatalytic activity than
the rutile phase. TiO2 nanoparticles and lms with a large
quantity in the anatase form and a small quantity in the rutile
form therefore exhibit higher photocatalytic activity than their
counterparts in pure anatase or rutile forms.7–9 It has been
suggested that this coupling of the anatase and rutile phases
allows the transfer of electrons from anatase to rutile TiO2 as a
result of the slightly lower conduction band energy of the rutile
phase, thus facilitating the suppression of charge recombina-
tion.7,10,11 Therefore, a direct method to synthesize TiO2 nano-
materials with control over the phases would be highly
desirable for applications in various elds, such as dye-sensi-
tized solar cells.12–15
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Mesoporous materials through evaporation-induced self-
assembly (EISA) have proved to be a valuable alternative to
nanoparticles in photovoltaic and photocatalytic applica-
tions.16,17 The advantage of the EISA technique lies in its ability
to “tune” the symmetry and properties of the mesostructure by
adjusting the composition of the initial solution and the
conditions of the sol–gel processes. In addition, the EISA
protocols enable the facile generation of robust lms on various
substrates. So far, mesoporous anatase TiO2 lms have been
prepared by using EISA followed by sintering. The main issue
with the sintering step, however, is that the high-temperatures
required (above 400 �C) not only induce collapse of the pore
structure and even the formation of cracks but also limit the
choice of substrates to heat-resistant materials.18 On the other
hand, UV/ozone treatment is commonly used in environmental
technology, e.g., ozone treatment of water for purication, in
the semiconductor industry for cleaning polished at wafer
surfaces, or in organic synthesis for preparing special carbonyl
compounds. Whilst UV/ozone has been used for the removal of
surfactants from mesostructured silica,19 to date, the use of UV
to induce crystallization on mesoporous materials however has
yet to be reported to the best of our knowledge.

In this paper, we therefore show, for the rst time, the
possibility of fabricating mesoporous TiO2 by using an UV/
ozone-assisted crystallization method. We demonstrate that not
only the surfactant can be removed, but highly crystalline
mesoporous TiO2 can also be prepared at low temperatures
through UV/ozone treatment. More specically, we show the
direct fabrication of mesoporous TiO2 with controlled phases
from mesoporous anatase TiO2 to bicrystalline TiO2 with a
J. Mater. Chem. A, 2014, 2, 18791–18795 | 18791
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Fig. 1 XRD spectra of mesoporous TiO2 after treatment at different
temperatures without (a–c) and with UV/ozone treatment (d–f) for 4
h: (a and d) 100 �C, (b and e) 200 �C, and (c and f) 300 �C.
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controlled mixture of anatase and rutile phases at 300 �C.
Furthermore, the sunlight-driven photocatalytic activity of the
mesoporous TiO2 has been investigated and the results show
that the photocatalytic performance of the mesoporous TiO2

increases with the temperature and the bicrystalline meso-
porous TiO2 exhibits the highest photocatalytic activity.

Experimental

Mesoporous TiO2 samples were synthesized by using a mixture
of poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene
oxide) copolymer (P123), ethanol, concentrated HCl, and tetra-
butyl titanate (TBT).20,21 The mass ratio of P123/TBT/EtOH/HCl
was 1 : 2.8 : 30 : 1.8. For a typical synthesis, 1.0 g of P123 was
dissolved in 30 g of ethanol, and then 1.8 g of concentrated HCl
was slowly added under agitation. 2.8 g of TBT was then added,
and the solution was stirred for 4 h. The resulting solutions
were transferred into Petri dishes and subsequently sealed and
aged at room temperature for 2 weeks. The dry gel lms were
subsequently treated using a benchtop UV/ozone cleaning
system (SAMCO UV-1, Sunnyvale, CA). The as-prepared TiO2

lms of about 150 mg and 1 mm thick were treated by UV and
UV/ozone at different temperatures for 4 h unless otherwise
advised. All chemical reagents used in this study were of
analytical grade and were supplied by Sigma-Aldrich (Australia).

Nitrogen adsorption–desorption experiments were performed
using an ASAP 2020MC analyzer (Micromeritics, Norcross, GA).
The samples were added into the sample tube and degassed at
200 �C for 6 h prior to measurement. The mass of the samples
was recorded by subtracting the mass of the empty sample tube
before degassing from the mass of the sample tube plus the
sample aer degassing. The N2 sorption isotherms were obtained
in liquid nitrogen at 77 K. The Brunauer–Emmett–Teller (BET)
method was utilized to calculate the specic surface area. The
total pore volume was estimated from the adsorbed amount at a
P/P0 value of 0.995. The pore size distribution was calculated
from the desorption branch of the isotherm by using the Barrett–
Joyner–Halenda (BJH) method. The morphology and micro-
structure of the mesoporous TiO2 lms were investigated using a
Philips PW1140/90, an X-ray diffractometer (XRD) with CuKa
radiation (25 mA and 40 kV), a Vertex 70 Fourier-transform
infrared spectrophotometer (FTIR, Bruker) and a transmission
electronmicroscope (TEM, JEOL-2011). The concentrations of the
dye solutions were 50 mg l�1 10 mg of the mesoporous TiO2

samples were added into 20 ml dye solution and the muddy
solution was dispersed using an ultrasonic instrument for 30
min, and then irradiated by using a solar simulator (AM 1.5) with
a power of 100 mW cm�2 at room temperature and the light
intensity was 1 sun. Aer the photocatalytic experiment, the
remaining dye solutions were collected and analyzed. A UV-240
ultraviolet-visible spectrometer was used to record the change of
the absorbance of the dye solution.

Results and discussion

Fig. 1 shows the XRD spectra of the obtained mesoporous TiO2

samples. It can be seen that the UV has a remarkable inuence
18792 | J. Mater. Chem. A, 2014, 2, 18791–18795
on the crystallinity of the mesoporous TiO2. The (101) peaks of
anatase appeared aer the UV/ozone treatment at 100 �C, while
only broad peaks are obtained at 100 �C without UV/ozone
irradiation. The crystallinity of the mesoporous TiO2 lms is
seen to increase with the increase in temperature. Highly crys-
talline TiO2 was obtained aer 4 h of UV treatment at 200 �C,
while broad humps are observed at 200 �C in the absence of UV/
ozone treatment. The phase transformation from the anatase to
rutile form occurred by increasing the temperature, and highly
crystalline mesoporous TiO2 comprising a mixture of anatase
and rutile forms was obtained aer 4 h of exposure at 300 �C.
The amount of anatase and rutile phases in the TiO2 samples
was analysed by taking the ratio of the two most intense peaks
of the anatase IA (101) and rutile IR (110).22 The fraction of the
rutile phase in the TiO2 samples was observed to increase with
the increase of exposure time, which reached about 45 wt%
aer 4 h of exposure at 300 �C.

The mesoporous TiO2 samples were further investigated by
transmission electron microscopy (TEM). The TEM images of
the TiO2 samples aer UV/ozone treatment at 200 �C and 300 �C
are displayed in Fig. 2. Fig. 2a exhibits the plain view of the
mesoporous TiO2 lms, where ordered hexagonally organized
mesopores with pore sizes of 3–5 nm can be clearly observed.
Fig. 2c shows the corresponding electron diffraction (ED)
pattern and the continuous strong rings can be indexed to the
anatase TiO2 structure. The high-resolution TEM (HRTEM)
image is displayed in Fig. 2e wherein the well-recognized lattice
spacings of 0.35 and 0.19 nm correspond to the anatase (101)
and (200) atomic planes, respectively. Fig. 2b shows the TEM
image of the plain view of the mesoporous TiO2 aer 4 h of
treatment at 300 �C, where the assembly of nanoparticles with
sizes ranging from 5 to 8 nm can be observed. Fig. 2d shows the
corresponding electron diffraction (ED) pattern and the
continuous strong rings correspond to the anatase TiO2 struc-
ture. But rutile phases are also clearly visible. The HRTEM
image of the mesopore wall in the mesoporous TiO2 is displayed
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 TEM images of mesoporous TiO2 and the corresponding
electron diffraction patterns as well as HRTEM images after UV/ozone
treatment for 4 h at 200 �C (a, c and e) and 300 �C (b, d and f),
respectively.
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in Fig. 2f, where clear anatase (101) and (200) and rutile (110)
atomic planes with respective spacings of 0.35 and 0.19 nm and
0.32 nm are visible. The ED patterns are in accordance with the
XRD analysis. The N2 sorption isotherms of the mesoporous
TiO2 show type-IV curves with clear condensation steps, indi-
cating uniform mesopores (Fig. 3a). The BET surface areas of
TiO2 samples are calculated from nitrogen sorption results to be
105.2 and 123.5 m2 g�1 for the TiO2 sample prepared at 200 �C
and 300 �C respectively. The pore size distribution curves
(Fig. 3b), calculated by the BJHmethod based on the desorption
branch, show that the TiO2 samples have a very clear meso-
porous structure with pore size centred at 5.4 and 7.9 nm aer
UV/ozone treatment at 200 �C and 300 �C, respectively.
Fig. 3 (a) N2 sorption isotherm and (b) the pore size distribution curves
of mesoporous TiO2 after UV/ozone treatment for 4 h at 200 �C and
300 �C, respectively.

This journal is © The Royal Society of Chemistry 2014
The FT-IR spectra of the TiO2 samples treated under UV/
ozone irradiation at different temperatures are shown in Fig. 4.
The strong infrared absorption bands at around 2850–2930 and
1100 cm�1 can be observed for the as-prepared sample (Fig. 4a),
corresponding to the C–H and C–O–C stretching vibration of
P123, respectively.23,24 They however become weak and subse-
quently disappear as the temperature is increased. The higher
the temperature, the shorter the time required for the removal of
surfactants; the surfactants were removed aer UV/ozone treat-
ment at 200 �C for 4 h. The bands in the range of 400–1000 cm�1

can be attributed to the vibrations of Ti–O.25,26 The adsorption
band of Ti–O appeared aer UV/ozone treatment at 100 �C
(Fig. 4b). These bands became sharper with an increase in the
temperature, with two sharp bands appearing at 200 �C and 300
�C, further conrming the crystallization of mesoporous TiO2

(Fig. 4c and d). For comparison, the as-prepared TiO2 was treated
at 200 �C under UV irradiation in the absence of ozone. Fig. 5a
shows the FT-IR spectrum of the TiO2 sample. It can be seen that
the C–H and C–O–C stretching vibration of P123 as well as the
adsorption band of Ti–O are clearly visible, suggesting that the
crystallization of TiO2 occurred under the UV irradiation without
the removal of the surfactant. The XRD spectrum further
conrms the formation of anatase TiO2 (Fig. 5b).

UV irradiation has long been used for photo-induced poly-
merization in which the energy absorption and transfer lead to
the subsequent polymerization of the sample, in a manner
similar to that in thermal polymerization. However, the present
study is the rst demonstration of UV-induced crystallization of
mesoporous materials. As a rigorous explanation for the
underlying mechanism of UV-induced crystallization has yet to
be proposed, we offer a speculative explanation here. Since in
our case, tetrabutyl titanate is hydrolyzed and condensed, and
an amorphous TiO2 network is formed aer the sol–gel process,
it is possible that UV absorption by these materials could result
in the production of several forms of localised energetic exci-
tation, for example, bond cleavage, electronic excitation or heat.
Photothermal heating of a sample generally produces a
temperature rise. For example, it has been reported that UV
irradiation could increase the temperature of gel TiO2 lms by
less than 40 K.27 Such an increase in temperature should
however not be able to induce crystallization of the TiO2 lm at
room temperature. Another possibility lies in the electronic
Fig. 4 FT-IR spectra of mesoporous TiO2 treated under UV/ozone
treatment for 4 h: (a) as-prepared; (b) 100 �C; (c) 200 �C; and (d)
300 �C.

J. Mater. Chem. A, 2014, 2, 18791–18795 | 18793
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Fig. 5 (a) FT-IR spectrum and (b) XRD spectrum of TiO2 after UV
irradiation without ozone at 200 �C for 4 h.

Fig. 6 XRD spectra of mesoporous TiO2 after UV/ozone treatment at
(a) 200 �C and (b) 300 �C with different times.

Fig. 7 Photocatalytic degradation of dyes as a function of irradiation
time on mesoporous TiO2 prepared under different temperatures with
and without UV/ozone treatment.
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excitation induced by UV irradiation. UV photons can directly
induce dehydration and bond cleavage through electronic
excitation, which depend on the incident photon density and
the photo-sensitivity of the chemical bonds in the samples.
Considerable structural rearrangement inducing nucleation
and phase formation is then possible under certain conditions.
For instance, UV laser-induced crystallization of sol–gel-derived
indium oxide lms has been previously reported, in which it
was proposed that electronic excitation in the disordered
structure of sol–gel-derived lms was responsible for the crys-
tallization.28 Our results support this proposition. It is likely
that the crystallization of mesoporous TiO2 is a consequence of
the synergetic effect between the photon energies arising from
both UV irradiation and thermal effects, as we shall verify
below.

We note that thermally driven bulk phase transformation
from anatase to rutile only occurs under high temperatures
(above 600 �C) in the absence of UV irradiation.29 However, the
phase transformation of TiO2 nanoparticles can be achieved at
relatively low temperatures (465 �C)30 or by light irradiation.31

For example, light irradiation is able to induce an athermal
anatase-to-rutile phase transition on TiO2 nanoparticles and
that the mechanism underlying the phase transition is attrib-
uted to intragap irradiation.31 As shown in Fig. 6, the rutile
phase appeared in our experiments aer UV/ozone treatment at
300 �C for 1 h, but no rutile phase was observed aer UV/ozone
treatment at 200 �C for 6 h. As such, it is therefore reasonable to
conclude that both UV and thermal components contribute to
the formation of the rutile phase in the mesoporous TiO2 lms
that were synthesized in the present work. Such photothermal
effects lead to the activation of the TiO2 surface and the
nucleation of rutile crystallites. The fraction of the rutile phase
in the sample increases remarkably aer treatment at 300 �C
from 1 h to 4 h, revealing that the rutile phase forms from the
anatase phase and that the phase transformation increases with
the increase in the exposure time. The fact that the rutile phase
was not obtained by thermal annealing the TiO2 lms at 300 �C
suggests that bond cleavage occurred as the irradiation
promoted the rearrangement of the atomic network, resulting
in the formation of the stable rutile phase. The nucleation and
growth of the rutile phase then altered the mesostructure of
TiO2, resulting in the bicrystalline TiO2 nanoparticle lm.

The mesoporous TiO2 samples prepared by UV/ozone treat-
ment at different temperatures for 2 h were characterized by the
18794 | J. Mater. Chem. A, 2014, 2, 18791–18795
degradation of Rhodamine B (RB) dye under solarlight irradi-
ation. The same TiO2 samples without UV/ozone treatment were
also investigated for comparison. As shown in Fig. 7, the pho-
tocatalytic activity of the mesoporous TiO2 samples is signi-
cantly increased by the UV/ozone treatment, conrming the UV-
induced crystallization of the TiO2 phase. The degradation rate
of RB reaches the highest on mesoporous TiO2 prepared under
the UV/ozone treatment at 300 �C. The photocatalytic activity of
mesoporous TiO2 increases with the treatment temperature,
This journal is © The Royal Society of Chemistry 2014
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revealing that the crystallinity and phase of mesoporous TiO2

are critical for dye degradation. The mesoporous TiO2 sample
obtained at 300 �C exhibits higher activity than other literature
samples.32–34 The synergistic effect between anatase and rutile
TiO2 should contribute to the enhanced activity of mesoporous
TiO2.35,36 According to the TEM observation, the bicrystalline
TiO2 is composed of nanoparticles. It is expected that the
introduction of mesospaces into nanoparticle assemblies
combines the best features of TiO2 mesopores and nano-
particles, hence further enhancing their photocatalytic
activities.

Conclusions

In summary, we have developed a UV/ozone-assisted method
for low temperature preparation of crystalline mesoporous
TiO2, in which control over the phase and composition was
achieved simply by adjusting the temperature. In addition, we
have proposed a possible mechanism for this UV-induced
crystallization and phase formation. The bicrystalline meso-
porous TiO2 exhibits excellent photocatalytic activities. The
preparation method presented here is anticipated to open up a
new approach to the fabrication of new photodevices based on
crystalline mesoporous semiconductors, such as high-effi-
ciency dye-sensitized solar cells and immobilized catalyst
photoreactors.
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