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A relatively simple and effective route has been developed for the
synthesis of mesoporous titania with a high mesopore ordering
and thermal stability in short synthetic period (3 days).
Mesoporous TiO, has been synthesized by a surfactant templating
process that combined the evaporation-induced self-assembly
method, the liquid crystal templating pathway and basic atmosphere
treatment. The developed method can be applied with either
large or small surfactants, and in particular with fluorinated
ones. The transformation of the amorphous titania walls
into nanosized anatase walls occurs without the mesostructure
collapse. Moreover, the pore size can be easily tailored by
changing the surfactant.

In 1972, Fujishima and Honda discovered the photocatalytic
splitting of water on TiO, electrodes.! This event marked the
beginning of a new age in heterogeneous photocatalysis.” Since
then, photocatalysis using various powdered semiconductors
has received much attention for their potential in the utilization
of light energy.” In particular, research efforts in understanding
the fundamental process and in enhancing the photocatalytic
efficiency of TiO, have come from extensive research due to its
low cost, ease of handling and high resistance to photoinduced
corrosion.> ® Such studies are often related to energy renewal
and energy storage, that is to say, that not only has TiO, been
widely used in the field of photocatalysis, but also has received
considerable attention in the applications in electronic, electro-
chemical systems, including photoelectrochemical solar cells,
electrocatalysis, optoelectronic sensor devices and high
performance photocatalytic films.>® For the above applications,
titania with large surface area and high porosity is favorable.
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TiO, can be prepared through different methods,? one of them
consists in the extension of the surfactant templating process,
reported for the preparation of silica mesoporous materials.
However, compared to silica materials it is difficult to obtain
TiO, with stable mesostructure and the main challenge is to
preserve the pore ordering upon surfactant removal. Even if
most reported studies dealing with ordered mesostructured
titania are focused on films,” ' some attempts have been made
to prepare bulk ordered titania. Ionic surfactants were used
initially because their amphiphilic nature provides well-organized
micelles around which the titania framework can be assembled
by electrostatic interactions.!>!* However, because of their
strong interaction with titania walls, it is very difficult to
preserve the structure after the surfactant removal, as the
structure generally collapses after the pores are freed from
the surfactant by calcination. From this point of view, non-
ionic surfactants appear as excellent candidates. Indeed due to
the weak interactions between the entities, the removal of the
surfactant can easily be achieved by solvent extraction, using
ethanol for instance.

The other key parameter for the formation of titania with a
mesopore ordering concerns the control of the titanium
precursor hydrolysis and condensation as well as of the aging
process. As a matter of fact precursors such as titanium
alkoxides or titanium chloride exhibit a high reactivity towards
hydrolysis and condensation. As a consequence, dense TiO,
with a poor mesopore arrangement is often recovered. To
overcome these drawbacks, mixed inorganic precursor'® or
hydrolysis controlling agents, such as actylacetone,'>!> or
hydrogen peroxide,'® have been used. The self-assembly assisted
by block copolymers induced by the controlled evaporation of
the solvent (EISA method) also appears to be a promising
approach to synthesize mesoporous metal oxides.'®!” However,
in most cases the synthesis of mesoporous titania needs several
days (as long as 15 days) and the obtained TiO, presents a
local organization.

In this paper, we have used a relatively simple and effective
route for synthesizing ordered mesoporous titania with a high
surface area in a short synthetic period (3 days). Our approach
is inspired by the evaporation-induced self-assembly method,
which is currently used for the preparation of mesoporous
films and the liquid crystal templating pathway that can be
employed for the synthesis of silica mesoporous materials.'$1°
This combined method leads to the formation of a hybrid
mesophase. A basic treatment under NH; atmosphere is
required to allow the precipitation of TiO,. To take benefit
of the nonionic surfactant we use liquid crystals of both
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polyoxyethylene fluoroalkyl ether and triblock copolymers as
mould. To the best of our knowledge this is the first report of a
highly ordered titania template by small nonionic surfactants
and in particular with fluorinated ones. Moreover, as the
method can be applied to different surfactant families, the
pore size can be easily tailored.

The used fluorinated surfactant, which was provided by
DuPont, has an average chemical structure of CgF[;C,Hy-
(OC,H,4)yOH. It is labeled as RFg(EO)y. The hydrophilic chain
moiety exhibited a Gaussian chain length distribution and the
hydrophobic part is composed of a well defined mixture of
fluorinated tails. The phase behavior of this surfactant,
RF4(EO)y, was investigated in aqueous solution and sub-
sequently applied to the preparation of mesoporous silicas from
both the self-assembly and the liquid crystal pathways.?®*!
Moreover, we have recently shown that liquid crystals of
RF4(EO)y can be used as a template for the preparation of
new TiO, films.'® The films have been self-assembled on a solid
substrate by dip-coating using TiCl, as the titanium source.
Their GI-SAXS patterns are characteristic of a 2-D hexagonal
structure, in which tubular rods of the fluorinated surfactant
are packed hexagonally and aligned parallel to the substrate.
Here, to produce bulk ordered TiO,, we have modified the two
synthesis procedures based on the use of RFg(EQ), liquid
crystals that we have optimized for the preparation of titania
films'® and for the synthesis of silica mesostructures.?!

Surfactants RFg(EO)e, P123 and F127 were employed as
structure-directing agents, and titanium isopropoxide was
used as inorganic precursors. Our approach for the design of
highly ordered mesoporous titania is illustrated in Fig. 1 and
can be described as follows: the surfactant was first dissolved
in a mixture of ethanol and hydrochloric acid (12 N). Then
titanium isopropoxide is added before water. The amount of
water is fixed in order to keep an acidity of 6 N. Ethanol
prevents the formation of a gel and the high concentration of
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The relative positions of the Bragg reflections can be attributed
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Fig.2 A:SAXS patterns of TiO, prepared with P123; a: after solvent
evaporation, b: after treatment with NH; and c: after surfactant
removal. B: RFg(EO)y is used as a surfactant; a: after treatment with
NH; and b: after surfactant removal.
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Fig. 1 Different steps of the synthesis of highly ordered mesoporous titania.
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in Fig. 2Ab and Ba, the structure is not affected by this
treatment.

Finally, almost all of the surfactant species in the product
channels are removed by ethanol extraction, which can avoid a
possible structural collapse caused during high-temperature
calcination to free the pores. As depicted in Fig. 2Ac and Bb,
both small [RFg(EO)o] and large (P123, F127) surfactants give
rise to the preparation of TiO, with hexagonal channel array.
The mesopore ordering is further confirmed by the transmission
electron microscopy (TEM) and the high resolution scanning
electron microscopy (SEM) images of different samples (Fig. 3
and 4). Indeed, either the honeycomb like arrangement
(Fig. 3a,e and 4a) or the hexagonal stacking (Fig. 3b—d.f and
4b) of the channels is evidenced by the TEM and SEM
analysis. The diffraction electron patterns exhibit sixfold
symmetry and the measured angles between two bright spots
are very close to 60° (Fig. 3a and e, inset). Two light spots
(Fig. 3b,c and f, inset) are present, indicative of the parallelism
of well oriented channels. The Raman spectra show that the
titania frameworks possess amorphous walls. No vibration
due to the anatase or rutile is detected. From nitrogen
adsorption—desorption measurements (see ESI{, S1), we can
observe that whatever the surfactant all the recovered samples
exhibit a type IV isotherm, characteristic of mesoporous
materials according to the [UPAC classification. By increasing
the surfactant size the relative pressure for which capillary
condensation takes place is shifted toward higher values. Since
the P/Py position of the inflection point is related to the pore
diameter, it can be inferred that an enlargement of the mean
pore diameter occurs when RFg(EO)y, P123 and F127 are
respectively used, this can be attributed to a larger radius of

50 nm

Fig. 4 Representative high resolution scanning electron micrographs
of mesoporous TiO, showing a high mesopore ordering.

the cylinders composing the liquid crystal phase of the triblock
copolymers. This increase in pore diameter is further confirmed
by the pore size distribution, whose maximum is shifted from
2.5 [RF4(EO)o] to 11.5 nm [F127]. A very high surface area of
370-590 m? g~ can be obtained from this kind of materials’
synthesis with different surfactants (Table 1).

Among the common crystalline forms of titania, anatase is
generally recognized to be the most active phase. One way to
transform the amorphous TiO, to anatase consists in calcination.
However the main challenge is to preserve the mesostructure
upon the calcination process. Indeed, usually the mesostructure
of TiO, collapses during this treatment. Therefore, we have
investigated the thermal stability of the synthesized ordered
titania. To perform this study, samples were first heated under
nitrogen from 20 °C to the final temperature (ranging from
150 to 550 °C) at a rate of 1 °C min~'. Then, they were kept at
this temperature under oxygen for 2 hours. When the calcination
temperature reaches 350 °C, both the Raman and the TEM
analyses reveal that anatase nanosized crystalline domains are
formed in the walls. As a matter of fact the 101, 103, 200, 105,

Fig. 3 TEM micrographs of the titania synthesized with P123 (a and b); RFg(EO)s (c and d) and F127 (e and f).
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Table 1 Structure, cell parameter (ag), specific surface area (Sggr), pore diameter ((F), pore volume (V},) and wall thickness of the

recovered titania

Surfactant Structure ap/nm Sper/m? g ! & /nm Vp/cm3 g! Wall thickness/nm
RY4(EO), Hexagonal 6.2 590 2.5 0.30 3.7
P123 Hexagonal 13.7 370 9.8 0.52 3.9
F127 Hexagonal 15.7 457 1.5 0.78 42

A B titania show all the anatase bands. It has been reported that
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Fig. 5 Characteristics of titania after calcination. A: Electron
diffraction pattern showing the formation of the anatase structure.
B: Raman spectra of the as-prepared titania (a) and the heat-treated
titania at 350 °C (b), 400 °C (c), 450 °C (d). Spectrum of commercial
anatase (e) with particle size above 20 nm is given as reference.
C: Representative TEM micrographs showing the mesopore ordering
after calcination at 400 °C.

213 and 116 reflections of the anatase structure are clearly
observed in the electron diffraction pattern (Fig. 5A). In
addition in Fig. 5B we show the Raman spectra of TiO,
mesoporous powders after different heat treatment temperatures.
The commercial pure anatase is also shown for comparison.
The Raman spectrum of commercial anatase exhibits a very
intense band at 143 cm™! (E, band) and three other bands at
394, 514, and 637 cm™! (Big, Ay or By, and E, modes,
respectively). The Raman spectra of heat-treated mesoporous

thermal treatment of the samples. As shown by the TEM
micrographs (Fig. 5C) the mesopore ordering is maintained
until 450 °C and the complete collapse of the mesostructure
appears at 550 °C. Whatever the calcination temperature
nitrogen adsorption—desorption isotherms remain type IV
(see ESIt, S3). However, the maximum volume of nitrogen
adsorbed at relative pressure p/p, = 1 becomes weaker with
the increase of calcination temperature. Its value drops from
370 to 115 cm® per g-STP if the calcination temperature is
changed from 150 to 550 °C. The specific surface area and the
pore diameter also progressively decrease upon calcination.
An example of the textural properties variation of a mesoporous
TiO, with the calcination temperature is reported in Table 2.
The sample has been prepared from the P123 surfactant.
When the anatase appears the specific surface area still maintains
about 80% of its initial value.

In summary mesoporous titania with a high mesopore
ordering has been synthesized by a new surfactant templating
process that combined both the evaporation-induced self-
assembly method and the liquid crystal templating pathway.
The developed method can be applied either with large or
small surfactants. Moreover, this is the first time that a
fluorinated surfactant is used to design mesoporous titania.
The obtained mesoporous titania exhibits high thermal
stability and the transformation of the amorphous titania
walls into nanosized anatase walls occurs at 350 °C without
the collapse of the mesostructure. This kind of materials is an
excellent candidate for photocatalysis.

Table 2 Cell parameter (ay), specific surface area (Sggr), pore diameter (), pore volume (V) and wall thickness of the titania after calcination

Temperature/°C TiO, structure ap/nm Sppp/m? g~ ! & /nm Vp/cm3 g ! Wall thickness/nm
No calcination Amorphous 14.1 307 8.8 0.52 5.3

150 Amorphous 14.1 265 7.9 0.44 5.8

250 Amorphous 11.7 272 7.7 0.45 4.0

350 Anatase 11.1 250 7.5 0.40 3.6

400 Anatase 11.1

450 Anatase 11.1 180 6.4 0.30 4.7

550 Anatase 92 6.4 0.17 —

—, no mesopore ordering.
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Experimental section

The fluorinated surfactant was provided by DuPont. The
triblock copolymers P123 (EO),o(PO)7o(EO),y and F127
(EO)100(PO)79(EO)99 were purchased from Aldrich.

Mesoporous titania preparation

In a typical synthesis: 1 g of surfactant is dissolved in 20 g of
ethanol under stirring at room temperature. Then 2 g of a
hydrochloric acid solution, 3 g of titanium isopropoxide
(TiOpr) and 2 g of water are added. The mixture is directly
evaporated under vacuum to remove ethanol and isopropanol
released by hydrolysis of TiOpr. Samples are dried in an oven
at 40 °C for 12 h. Then they are placed under an atmosphere of
NHj; for 12 h to allow the precipitation of TiO,.

Characterization

SAXS measurements were carried out using a home-built
apparatus, equipped with a classical tube (1 = 1.54 A). The
X-ray beam was focused by means of a curved gold/silica
mirror on the detector placed at 527 mm from the sample
holder. Samples for transmission electron microscopy (TEM)
analysis were prepared by crushing some material in ethanol.
Afterwards, a drop of this slurry was dispersed on a holey
carbon coated copper grid. A Philips CM20 microscope,
operated at an accelerating voltage of 200 kV, was used to
make the images. N, adsorption and desorption isotherms
were determined on a Micromeritics TRISTAR 3000 sorptometer
at —196 °C. Raman scattering spectra were collected on a
Jobin-Yvon T64000 spectrometer equipped with an optical
microscope in confocal mode. The excitation beam (514.5 nm)
was focused using a long-frontal x50 objective (numerical
aperture 0.5) on an area of about 3 pm? The laser
power on the sample was approximately 10 mW. The spectral
resolution was 3 cm™', with a wavenumber precision better

than 1 em™ .
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