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Abstract A fast and reliable synthetic route for pre-
paring contaminant-free porous TiO, with a worm-
hole-like framework and close packed macropores is
demonstrated based on a sol-gel process involving acid
hydrolysis of an alkoxide in the presence of a cationic
surfactant. Powder X-ray diffraction (XRD) and
transmission electron microscopy (TEM) measure-
ments have been used to characterize the porous
structure and the crystallinity. The XRD patterns,
TEM and scanning electron microscopy (SEM) images
confirm that these materials have disordered worm-
hole-like topology with close-packed nearly hexagonal
macropores. The mesopore diameters and surface area
of titanium dioxide, evaluated from the N,-sorption
isotherms, indicate average pore diameters of about 7
and 6 nm and surface areas of about 100 and 335 m?/g,
for as-prepared and calcined samples at 400°C.
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1 Introduction

Since the discovery of surfactant-organized silicas and
silicates in the early 1990s [1-3], there has been
extensive research in the field of mesoporous solids,
motivated by the promise of these materials as catalyst
supports, optical materials, sensors, low k-dielectrics,
membranes and selective adsorbents [3-5]. Most
studies on the preparation of mesoporous materials are
focussed on silica, most likely because it is easier to
synthesize than mesoporous transition metal oxides,
whose pore walls tend to collapse during calcinations
[6]. In fact, mesoporous transition metal oxides are of
particular interest in the materials research because of
their variable oxidation states (a property not pos-
sessed by silicates), a capacity which often leads to
unusual magnetic, electronic and catalytic properties
[7,8]. Nonetheless, a few research efforts have sug-
gested that it is possible to synthesize mesoporous
materials based on transition metal oxides [9-11].
Semiconducting transition metal oxides participate
in a variety of photocatalytic reactions. Titanium
dioxide (TiO,) is the one of the most studied semi-
conductors because of its numerous applications in the
chemical [12], medical [13], biological [14], environ-
mental [12, 15] and solar energy fields [16]. High sur-
face area mesostructured TiO, is well known for its
high catalytic activity, especially for photocatalytic
properties, which have been investigated for many
years and widely used in the photocatalytic oxidation
of toluene, 1-butene etc. [17-18]. The use of titanium
dioxide in photocatalysis processes is dependent on the
absorption characteristics, which allow it to absorb pho-
tons of UV light, producing reactive electron-hole pairs
that can react with surrounding materials [12, 15, 19].
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The durability and stability of TiO, during such reac-
tions make it an ideal material for any application
where the material is to be used continuously without
frequent replacement. In a majority of these applica-
tions accessibility to a crystalline surface is of prime
importance [20]. Therefore the production of an open,
highly porous titanium dioxide network in either the
anatase, rutile or brookite crystalline phases is desir-
able because (1) the high surface area allows maximum
contact between the TiO, network and the reaction
medium and (2) the continuity of the network prevents
traps from depleting its efficiency.

The success in obtaining a specific mesoporous
metal oxide depends on two factors: (1) the occurrence
of a three-dimensional mesophase and (2) the stability
of the metal oxide framework upon the removal of the
surfactant species. The stability of a mesostructure
depends on the extent of the condensation and crys-
tallinity of the inorganic walls. A higher degree of
polymerization tends to impart improved thermal sta-
bility. The polymerization of the inorganic species is
normally achieved by adjusting the pH and the reac-
tion temperature. Further, the interaction between the
surfactant and the inorganic wall should not be too
strong, so that the mesostructure assembly can take
place and the surfactant can be removed easily without
damage to the integrity of the channel walls. For this
purpose, hydrogen bonding, and/or weak coordination
bonds are more preferred than electrostatic interac-
tions and covalent bonding.

To date, several preparative approaches employing
a supramolecular templating mechanism have been
reported for the preparation of mesoporous titanium
dioxide [11, 21-28]. In general ionic surfactants, non-
ionic surfactants and block copolymers have been
exploited as templates to direct the formation of mes-
oporous titania materials based on electrostatic and
hydrogen bonding interactions [21, 22]. The prepara-
tion of pure mesoporous titania was first reported by
Antonelli’s group in 1995 [11]. It was obtained by a
modified sol-gel process, using alkylphosphate surfac-
tant as the template. The disadvantage in this method
was that phosphorous from the template was bound so
strongly to the molecular sieve that it could not be
removed completely by either calcination or solvent
extraction and the mesostructure of the sieve under-
went partial collapse. This limited its possible use as a
catalyst or catalyst support; for example, one of the
reasons for the relative low photocatalytic activity of
these materials is attributed to the poisoning of the
catalytic surface sites by the residual phosphorous [22,
23]. In an attempt to solve the problem of activity-
destroying phosphorous, Antonelli et al. [26] reported
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the preparation of mesoporous TiO, using dodecyl
amine as the directing agent. While this solved the
problem of residual phosphorous, the porous structure
remained unstable after calcination. Sanchez et al have
reported the synthesis of mesoporous TiO, with hex-
agonal, cubic and wormlike structures using CTAB as
the surfactant [29-32]. There are numerous reports by
Vansant et al. on the synthesis of mesoporous titania
using amines as surfactants [33-36].

In this manuscript, we describe a fast and reliable
method for the synthesis of hybrid titania-based
materials with a worm-like framework and high surface
area in an easy and reproducible manner. This material
is interesting because of its large and accessible pore
surface owing to the presence of close-packed nearly
hexagonal macropores. The hybrid materials are
“titaniatropic”(i.e., hybrid liquid—crystalline phases; cf.
ref. 37), flexible mesostructures that are only partially
condensed. These mesostructured phases are com-
posed of preformed titania nano building blocks
(NBB) and thermal treatment of these precursors leads
to high surface-area phosphate-free TiO,. The as-pre-
pared and calcined samples were characterized by wide
angle and low angle X-ray diffraction (XRD), trans-
mission electron microscopy (TEM), Rutherford
backscattering spectroscopy and N, adsorption—
desorption experiments.

2 Experimental
2.1 Chemicals

The surfactant used in this study was cetyl-trimethy-
lammonium bromide, [C;¢H33N"(CH;);]Br~ (CTAB),
the titanium source was tetraethylorthotitanate
(TEOT), the source of acid was hydrochloric acid and
the co-solvent was methanol, all of which were of
analytical grade and purchased from Aldrich Chemical
Co. All chemicals were used as received.

2.2 Synthesis

Aqueous micellar precursor solutions containing 5—
12 wt% CTAB were heated gently (30-40°C) to dis-
solve the surfactant. In a typical synthesis 1.7 g of
CTAB was dissolved in 25 ml of deionised water. The
inorganic titanium precursor was prepared by dissolv-
ing 5.8 g of TEOT in 3.2 g of aqueous HCl (37 wt%)
and 9 g of methanol (CH3;OH). The solution was he-
ated at 50°C for 3 h, to obtain a clear solution.
Appropriate amounts of the surfactant and titanate
precursor solutions ([H,O)/[Ti] = 75) were combined
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at room temperature and samples stirred for 3 h to
allow equilibration. The resulting sol solution was
gelled in an open petri dish at 40°C in air for 4 days
during which the titanium precursor hydrolyzes and
polymerizes into a titanium oxide network. Alterna-
tively the sol solution can be used to prepare thin films
by spin coating. The surfactant species was then
removed by calcination in the following manner. Cal-
cination was done with a slow heating rate of 1°/min.
The samples were first heated under flowing N, from
room temperature to 400°C over 8 h and subsequently
held for 6 h. The gas was then changed to O, for 6 h at
400°C, followed by cooling over 4 h to room temper-
ature under flowing O,.

2.3 Characterization

Wide-angle XRD measurements were obtained on a
Scintag PADX diffractometer using Cu Ko radiation.
Low angle XRD measurements were obtained using a
Rigaku rotating anode Cu Ko X-ray source, a vertically
focussing LiF monochromator, and a Huber four-circle
diffractometer. Mesoporous TiO, samples approxi-
mately 1 micron thick were deposited on Si(001) sub-
strates in order to minimize background scattering, and
the samples were then mounted with the surface nor-
mal parallel to the ¢ axis of the diffractometer. A high-
resolution Ge(111) analyzer crystal was placed after
the sample and 0-20 scans were used to search for
long-range mesoscopic order.

TEM and high resolution transmission electron
miscroscopy (HR-TEM) studies were carried out on a
Phillips CM 20 electron microscope operating at
200 keV. The samples for TEM were prepared by
dispersing mesoporous TiO, powder in isopropanol;
the dispersion was then dropped onto ultra-thin, car-
bon-coated copper grids.

Scanning electron microscopy (SEM) studies were
carried out on a Hitachi S-4200 electron microscope

operating at 30 keV. Samples for SEM were prepared
by sprinkling powdered samples onto a double-sided
carbon tape stuck to an aluminum stub. Nitrogen
adsorption and desorption isotherms were measured at
77 K using a Quantachrome Nova 1,000 system after
the samples were vacuum dried at 150°C overnight.

Rutherford backscattering spectroscopy (RBS)
analysis was performed using a 1.8 MeV van de Graaf
generator. Samples for RBS were prepared by dis-
persing the powders in acetone and dropping them
onto a 1 cm? graphite or Si(001) substrates and wicking
off any excess solution. Spectra were generated using
He" as the ion source.

3 Results and discussion

Figure 1 displays the wide-angle and low-angle XRD
patterns of mesoporous titania. The wide-angle XRD
pattern is characteristic of the body-centred tetragonal
anatase phase (JCPDS no. 21-1272) of TiO, and the
intensity ratios show that the crystallites are randomly
oriented. The broad diffraction peaks arise from the
nano-scale size of the crystals comprising the sample.
The crystallite size as calculated from the Scherrer
equation for the 101 reflection, is about 5nm. In the
measurement range 0.5-8°, as shown in Fig. 1b, no low-
angle peaks are observed, suggesting that the materials
have a disordered mesostructure without long-range
order in the mesopore arrangement. Similar XRD
patterns have been observed by other groups [27, 38].

The TEM image of a calcined sample, as shown in
Fig. 2a, demonstrates the disordered worm-like pore
structure of the TiO,. In this system, the pores (light
areas) are formed by the agglomeration of TiO,
nanocrystals. The accessible pores are connected ran-
domly and there is an absence of discernible long-
range order in the pore arrangement among the small
TiO, particles, consistent with previous reports of

Fig. 1 Wide-angle (a) and
low-angle (b) powder X-ray
diffraction (XRD) patterns of 600 1
mesoporous titania obtained
after calcination at 400°C
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Fig. 2 (a) Transmission
electron microscopy (TEM)
image of mesoporous titania
calcined at 400°C. (b)
HRTEM image showing the
microstructure of mesoporous
titania. Lattice fringes are
clearly visible for many of the
particles, demonstrating their
crystalline nature

worm-like pore structures [27,38]. Figure 2b shows an
HR-TEM image of mesoporous titania with particles
that are mostly in the size range of 5-7 nm, consistent
with the XRD data. Lattice fringes are clearly visible
for many of the particles, demonstrating their crystal-
line nature. In general, virtually no amorphous TiO,
was found in any sample prepared during the course of
the study. The worm-like pore structure formed by this
synthesis may show significant photocatalytic proper-
ties due to the crystalline nature of the TiO, nano-
particles.

The SEM images of the TiO, network (Fig. 3) show
that the TiO, is a porous network on the macroscale as
well as on the mesoscale, as seen by TEM. The net-
work is fairly homogenous with wall thicknesses of
approximately 200 nm and macropore diameters that
range from 100 to 500 nm. The mesopore structure, not
visible on this scale, is found within the walls of the
macropores. At low magnification (Fig. 3a) there is no
indication of long range order. At higher magnification
(Fig. 3b), however, the SEM image reveals a nearly
hexagonal close packed macropore structure. The
macropores allow easy access of materials to the entire

Fig. 3 Scanning electron
microscopy (SEM) images of
mesoporous titania at (a) low
magnification and (b) high
magnification. At higher
magnification the SEM image
reveals a nearly hexagonal
close packed pore structure
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mesopore network, since every part of the network is
near a macropore. Thus the macropores could con-
ceivably facilitate a catalytic process by allowing faster
flow of materials through the TiO, network.

Figure 4 shows the N, adsorption—desorption iso-
therms of the titania sample. The isotherms of both
as-prepared (Fig. 4a) and calcined (Fig. 4b) samples
are of classical type IV, characteristic of mesoporous
materials according to the IUPAC classification [39]. A
hysteresis loop with a sloping adsorption branch and a
relatively sharp steep desorption branch is observed at
high relative pressure (P/P,) range. It is well known
that a distribution of various sized cavities but with the
same entrance diameter would give this type of hys-
teresis loop. The adsorption isotherm of as-prepared
sample exhibits a large increase in the P/P, range of
0.5-0.6, which is characteristic of capillary condensa-
tion within mesopores [39].

The adsorption isotherm of TiO, prepared without
CTAB as a template is shown in Fig. 4c. The isotherm
is of classical type II, characteristic of non-porous sol-
ids. The Brunauer—-Emmett-Teller (BET) surface area
of this sample is 10 m?*/g and these results show that
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CTAB is essential for achieving a mesoporous TiO,
network with a high surface area. The pore size dis-
tribution [determined by Barrett-Joyner-Halenda
(BJH) method from the adsorption branch] of the as-
prepared product is centered at 7.1 nm. After calcina-
tion at 400°C for 4 h, the position of the inflection
point of as-prepared sample remained more or less at
the same P/P, range of 0.5-0.6, and the pore size
reduced to 6.2 nm. The pore size distributions for both
the as-prepared and calcined samples are shown in
Fig. 5. The Brunauer-Emmett-Teller (BET) surface
area of the product increased, however from 100 to
335 m?/g after calcination. This is similar to the case of
liquid crystal templated well-ordered mesoporous
silicas having a contractible pore size after calcinations
[1], thereby suggesting a mechanism of surfac-
tant-assisted nanoparticle assembly for the formation
of the mesoporous wall. The pore size distributions of
both as prepared and calcined samples are quite nar-
row, indicating the good homogeneity of the pores.

A typical RBS spectrum for titania on a graphite
substrate is shown in Fig. 6. Different species are
readily identified by their position along the x-axis and
are indicated in the plot. Notably, there is no sign of
any contaminants in the titania. The only species

present are O and Ti: there is no evidence of nitrogen
or bromine. In the inset to Fig. 6, a scan of titania on
Si(001) shows no detectable trace of carbon either,
which would show up here as a peak superimposed on
the Si substrate peak, similar to the observed oxygen
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Fig. 5 Barrett-Joyner-Halenda (BJH) pore size distribution
plots for (a) as-prepared and (b) calcined TiO,
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Fig. 6 Rutherford backscattering spectroscopy (RBS) spectrum
of mesoporous titania calcined at 400°C, deposited on a graphite
substrate. The x-axis is logarithmically related to the kinetic
energy of the back-scattered helium ions.

peak. The absence of detectable contaminants shows
that the calcination step has completely removed the
surfactant template, leaving behind pure titania.

The RBS can also be used to determine the relative
concentrations of O and Ti. The areal density (N,) of
each atomic species can be calculated by [40]

(A1) (DTR)(Cyi)(e)
(Q)(@)(%) ()

N, = (1)

where A, is the area of the peak, DTR is the dead time
ratio, Cg; is the bismuth correction factor (determined
by obtaining an RBS spectrum of a bismuth sample of
known areal density), e is the elementary charge, Q. is
the total charge of the scan, Q is the detector solid
angle. The non;l}utherford correction factor,

gz‘ =1- 0‘04%‘362* where Zy. is the atomic number
of the incident He ions, Z, is the atomic number of the
target atom and o, = (Zﬂ%) x 107%* is the Rutherford
cross-section. (o) is a tabulated value for the target
atom and Ej,y, is the energy of the ion beam.

Using this formula, the ratio of Ti-O is
0.4587 = 0.01, yielding an empirical formula for the
titania of TiO, 15.0.06- We attribute the excess oxygen
to be coming from the surface, either through
hydroxylation of the surface by the aqueous reaction
conditions or through oxygenation of the surface dur-
ing the calcination step of synthesis, which is conducted
under O».

@ Springer

4 Conclusions

Contaminant-free, high surface area mesoporous TiO,
with a wormhole-like framework and close-packed
macropores was obtained based on a sol-gel process
involving acid hydrolysis of titanium ethoxide in the
presence of a cationic surfactant. The walls of the
wormbhole-like framework were composed of highly
nanocrystalline TiO,. At first a reaction process of
alcoholysis and hydrolysis of titanium ethoxide takes
place once the reactants are mixed. One possibility is
that, the partially hydrolyzed titanium-oxo clusters or
nanosized Ti—-O particles act as primary NBB of the
inorganic walls. The initial acidic media hinders
immediate precipitation and grain growth of titania.
The wormhole-like framework can be explained on the
basis of the CTAB molecules not being able to act with
sufficient cooperation to be able to impose enough
curvature to the Ti-oxo growing polymers. We are
exploring the possibility of using the mesoporous TiO,
for photocatalysis and therefore the present work is
currently being extended to seek alternative methods
to optimize the surfactant removal while keeping the
high surface areas already obtained.
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