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a b s t r a c t

In this study we prepared silica-titania composites with a low SiO2:TiO2 molar ratio. These materials
were prepared using a simple sol–gel route in which a hydrothermal treatment was used to obtain
mesoporous anatase particles. Pure titania was also synthetized for comparison purposes. These
materials were examined by scanning and transmission electron microscopy (SEM and TEM, respec-
tively), energy dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), differential scanning calorimetry (DSC), and nitrogen sorption tests. A thin silica
coating was formed on the anatase particles. It was observed that the presence of this coating led to
samples with an enhanced thermal stability. Indeed, the composites prepared in this work showed an
anatase structure and a high specific surface area (SSA), even after their calcination at 800 �C. Thus, we
believe that the synthetized material present an outstanding SiO2-TiO2 interfacial area associated with
a high amount of anatase particles which could improve its photoactive properties.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

TiO2 has been used in many applications, including solar energy
conversion [1], H2 and O2 production [2], microorganism removal
[3], odor control [4], photocatalysis [5], and self-cleaning surfaces
[6]. The photoinduced properties of TiO2 have been widely
investigated over the last years. One of the most interesting aspects
concerning these properties is related to the fact that the photo-
catalysis and photoinduced super-hydrophilicity of TiO2 can act
in synergy [7–9]. The photoinduced properties of TiO2 are related
to its physicochemical properties, including crystal structure,
particle size, and specific surface area (SSA) [10]. It is well
established that anatase usually shows a higher photoactivity than
rutile. This behavior is partly associated with the faster electron–
hole recombination process exhibited by anatase [11,12].
Moreover, anatase is usually obtained at temperatures below
600 �C, which leads to the formation of small particles with large
SSA and high density of active sites [13].

The use of TiO2 nanoparticles at high temperatures could
decrease their SSA due to the occurrence of phase transformation
and crystal growth [14,15]. In attempting to overcome this draw-
back many authors have incorporated oxide phases such as SiO2,
ZrO2, and Al2O3 into the titania structure [16–18]. It is well known
that the addition of SiO2 to titania improves the surface area avail-
able for catalysis, allowing the adsorption of pollutants in many
applications [19]. Furthermore, several works have reported that
the presence of SiO2 inhibits the TiO2 crystallization [20–22]. Guan
et al. [23] suggested that the addition of silica may increase the
concentration of hydroxyl groups on the titania surface, leading
to samples with enhanced hydrophilic and photocatalytic proper-
ties. This effect could be related to the formation of TiO�x and
SiOþx groups at TiO2-SiO2 interfaces. Perpoom et al. [24] and Houm-
ard et al. [25,26] reported that these groups could lead to a natural,
photo-regenerated, and persistent superhydrophilicity in the TiO2-
SiO2 composite.

Several works found in the literature regarding TiO2-SiO2 com-
posites deal with the fabrication of these materials by embedding
anatase particles into a silica matrix [27,28]. However, this
approach usually leads to samples with a low concentration of ana-
tase particles and a small TiO2-SiO2 specific interfacial area. In this
study we prepared silica-titania composites with a high TiO2-SiO2

interfacial area and a low SiO2/TiO2 ratio. These materials were
prepared using a simple sol–gel route in which a hydrothermal
treatment was used to obtain mesoporous anatase particles. Pure
titania was also synthetized for comparison purposes. These
materials were examined by scanning and transmission electron
microscopy (SEM and TEM, respectively), energy dispersive X-ray
spectroscopy (EDS), X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), differential scanning calorimetry
(DSC), and nitrogen sorption tests.
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Fig. 1. XRD patterns of samples obtained in this study.
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2. Materials and methods

2.1. Synthesis

TiO2 anatase nanoparticles were fabricated by methodology
similar to that reported by Kim and Kwak [29]. Briefly, Pluronic
P123 triblock copolymer (EO20PO70EO20/Aldrich) was initially dis-
solved in deionized water at 40 �C. Next, sulfuric acid (H2SO4/
99%/Aldrich) and a mixture of titanium tetraisopropoxide (TIPT/
Aldrich) and 2,4-pentanedione (Aldrich) were added under strong
stirring to the as-prepared solution. The solution was then kept
at 55 �C for 2 h and, after several minutes, a light-yellow colored
suspension was obtained. The hydrothermal treatment was carried
out by aging the as-prepared suspension at 90 �C for 10 h. The
obtained anatase nanoparticles were filtered and washed with
water and absolute ethanol (EtOH/Aldrich/P99.5 %).

The SiO2 sol was prepared according to the procedure described
by Houmard et al. [25,26]. It was obtained by diluting tetraethylor-
thosilicate (TEOS/Aldrich/98%) in EtOH, deionized water, and
hydrochloric acid (HCl/Aldrich/37%), with a TEOS concentration,
H2O:TEOS molar ratio (Rw), and pH of 2.35 M, 0.5, and 2,
respectively. According to Houmard et al. [25,26,30], the synthesis
conditions of this sol–gel solution could lead to a silica sol of low
reactivity, favoring the reaction of silica particles on the titania
surface. The TiO2-SiO2 composite was obtained by mixing the
as-prepared silica sol with the previously fabricated anatase parti-
cles. The SiO2:TiO2 molar ratio was kept at 1:1. The suspension was
sonicated for 30 min and then stirred overnight. Samples were
eventually heat-treated in air at either 500 �C or 800 �C for 2 h.
The heat treatment step was performed using a Lindberg/Blue
furnace and a heating rate of 5 �C/min. As mentioned before, TiO2

samples were also prepared for comparison purposes.

2.2. Characterization

Samples were examined in the as-prepared and heat-treated
conditions. It is worth mentioning that samples in the as-prepared
condition were hydrothermally treated at 90 �C and dried at 60 �C.
For sake of clarity, as-prepared titania and silica-titania were
denoted as TiO2-As and TiO2-SiO2-As, respectively. Titania samples
calcined at either 500 �C or 800 �C were designated as TiO2-500 or
TiO2-800, respectively. Similarly, silica-titania specimens heated
at 500 �C and 800 �C were denoted as TiO2-SiO2-500 and TiO2-
SiO2-800.

SEM was performed with a FEI QUANTA 3D field emission gun
scanning electron microscope (FEG-SEM). Samples were sputter-
coated with a carbon layer of about 5 nm thickness before the
SEM tests. EDS examinations were carried out using an
OMEGAMAX EDS system available in an Aspex EXPLORER
apparatus. Samples used in the EDS tests were deposited directly
on carbon stubs and examined without further treatment. TEM
was carried out using FEI TECNAI G2-12 SPIRITBIOTWIN and
TECNAI G2-20 SUPERTWIN microscopes. Samples used in the
TEM tests were previously dispersed in EtOH and sonicated for
5 min. Next, the obtained suspensions were dripped on carbon-
coated TEM grids. After drying at room temperature, these grids
were used in the TEM examinations.

XRD was carried out in a Philips-PANalytical PW17-10 diffrac-
tometer, using Cu Ka radiation and operating at 40 kV and
40 mA. XRD patterns were collected in the 2h range of 10–90�,
using a scan velocity of 0.06 �/min. The identification of the crystal-
line phases was performed using the JCPDS file numbers 21-1272
and 21-1276 for anatase and rutile, respectively. The TiO2 crystal-
lite size was assessed using the Scherrer equation and considering
the XRD peaks at 25.3� and 27.5� for anatase and rutile,
respectively.
DSC profiles were obtained with a Shimadzu DSC-50 thermal
analysis system. These tests were performed using a heating rate
of 10 �C/min and under air flow (20 mL/min). Nitrogen sorption
tests were performed in a Micromeritics ASAP 2020 apparatus.
Samples used in these analyses were previously degassed at
130 �C for up to 48 h under vacuum. The specific surface area
(SSA) and pore size distribution were assessed by the multipoint
BET and NLDFT methods, respectively. FTIR samples were prepared
as pellets with KBr and examined in a Perkin-Elmer SPECTRUM
1000 spectrometer. The spectra were taken from 4000 cm�1 to
300 cm�1, with a resolution of 4 cm�1 and 128 scans.
3. Results and discussion

3.1. XRD

Fig. 1 shows XRD patterns of samples obtained in this study. We
noticed that anatase is the major phase present in the as-prepared
samples. This finding reveals that the hydrothermal treatment
allowed obtaining anatase particles at temperatures about 90 �C.
According to Kim and Kwak [29], amorphous titania tends to
become crystalline under high temperatures and pressures. The
conversion of anatase to rutile was observed for pure titania when
it was heat-treated at 800 �C. Nonetheless, this phase transforma-
tion was not observed for the silica–titania composite treated at
the same temperature. This result suggests that the presence of
silica inhibits the conversion of anatase to rutile, even when silica
is present in low proportions (this point will be largely discussed in
the next sections). This behavior could also indicate that it was
formed a homogeneous silica layer on the titania particles, inhibit-
ing the atom diffusion that leads to the anatase-to-rutile phase
transition.

As mentioned before, the TiO2 crystallite size was assessed
using the Scherrer equation. TiO2-As, TiO2-500, and TiO2-800
showed crystallite sizes of 11 nm, 19 nm, and 86 nm, respectively.
On the other hand, TiO2-SiO2-As, TiO2-SiO2-500, and TiO2-SiO2-800
exhibited TiO2 crystallites of 14 nm, 16 nm, and 43 nm, respec-
tively. One notices that the crystallite size showed a slight increase
upon heat treating samples at 500 �C. Nonetheless, it exhibited a
significant increase when samples were calcined at 800 �C. This
behavior was more pronounced for pure titania. This finding
suggests that the silica coating increased the thermal stability of
titania particles.



Fig. 3. EDS spectra of samples obtained in this study.
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3.2. Imaging analyses

Fig. 2 shows SEM micrographs of titania and silica-titania
samples in the as-prepared condition. We observed that the TiO2

particles exhibited spherical shape with diameter of about 1 lm.
This morphology could be associated with the use of P123 in the
synthesis step. It is well established that P123 tends to form
micelles when dispersed in aqueous solutions. Thus, the micelles
formed in the sol–gel solution could lead to the orientation of
Ti-O-Ti bonds, giving rise to spherical particles [31]. It was also
noticed that the composite particles show morphology and size
quite similar to those exhibited by the pure titania. Since the
presence of silica on the titania surface apparently did not alter
the particles size, one could suggest that the silica coating displays
a small thickness.

Fig. 3 depicts EDS spectra of samples obtained in this work. TiO2

exhibited peaks related to Ti and O, which reveals the formation of
the titania framework. Intense peaks ascribed to C and S were also
observed. We believe that they could be related to organic and
sulfuric acid residues present in the samples structure from the
synthesis step. The peak ascribed to C could also have a contribu-
tion from the carbon stubs in which samples were deposited before
the EDS tests. One notices that the signal related to S was removed
from samples upon calcination at 800 �C, whereas the signal
related to C decreased in intensity after this heat treatment. The
TiO2-SiO2 composite showed a signal associated with Si. This find-
ing seems to reveal that a silica layer was successfully formed on
the titania surface. It can also be observed that the Si peak is much
less intense than those ascribed to Ti. This behavior shows that the
silica-titania composite obtained in this work exhibits a low
SiO2:TiO2 ratio. As aforementioned, this work was based on the
procedure described by Houmard et al. [25,26] in attempting to
obtain a poorly reactive SiO2 sol. The low reactivity of the sol
decreases the size of the silica oligomeric chains, favoring the
Fig. 2. SEM micrographs of titania (I) and silica–tit
interaction of the SiO2 on the TiO2 particle surface. The reaction
between adjacent silica chains is unlikely due to the low reactivity
of the prepared SiO2 sol. However, because of the lack of TiO2

surface active sites available to graft all silica chains, the SiO2 in
excess was removed from samples during the filtration and
washing steps. Thus, it is possible that the SiO2-TiO2 specific inter-
facial area has been maximized, i.e. all available titania sites have
reacted with silica chains, which could improve the photoactive
performance of the composite prepared in this study [32,33].

Figs. 4 and 5 exhibit TEM micrographs of TiO2-As, TiO2-800,
TiO2-SiO2-As, and TiO2-SiO2-800. We observed that the particle
size tended to increase when samples were heat-treated at
800 �C. Nonetheless, this behavior was more pronounced for pure
titania, suggesting once again that the presence of the silica coating
could inhibit the growth of the titania particles. It is possible to
observe in Fig. 4III the crystal planes of rutile. From Fig. 5III, we
ania (II) samples in the as-prepared condition.



Fig. 4. TEM micrographs of TiO2 samples. (I) TiO2-As, (II–III) TiO2-800.

Fig. 5. TEM micrographs of TiO2-SiO2 samples. (I) TiO2-SiO2-As, (II–III) TiO2-SiO2-800.
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noticed the existence of a homogeneous thin amorphous silica
layer inferior to 1 nm enclosing the anatase particles. It is worth
stressing that the TiO2 crystallite size evaluated by the Scherrer
equation is similar to that observed in the TEM examinations.

3.3. FTIR and DSC

Fig. 6 depicts FTIR spectra of pure titania and silica–titania sam-
ples. The features at about 330 cm�1, 450 cm�1, and 600 cm�1 are
ascribed to Ti-O and Ti-O-Ti bonds. One notices that these bands
are clearly observed in heat-treated samples. The wide band
centered at about 600 cm�1 was slightly shifted toward higher
wavenumbers upon heating pure titania at 800 �C. This behavior
could be related to the conversion of anatase to rutile. Bezrodna
et al. [34] reported that the shape, aggregation state and the
treatment temperature of the titania particles show a significant
effect on the titania spectrum. We observed that the features at
930 cm�1, 1150 cm�1 and 1530 cm�1, 1640 cm�1, and 3400 cm�1,



Fig. 6. FTIR spectra of TiO2 and TiO2-SiO2 samples.

Fig. 8. N2 sorption isotherm of TiO2 and TiO2-SiO2 samples.
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respectively ascribed to Ti–OH groups, organic residues, adsorbed
water, and OH groups decreased significantly in intensity after
the calcination step [21,35–38].

The bands at 1640 cm�1 and 3400 cm�1 showed high intensities
in the spectra of the TiO2-SiO2 composite. This behavior could be
related to the presence of Si-OH groups and chemically adsorbed
water resulting from the deposition of silica on titania particles.
According to Yu et al. [21], chemically adsorbed water can be
observed in silica-titania samples even after their calcination at
700 �C. Features ascribed to organic residues (1150 cm�1 and
1530 cm�1) also exhibited high intensities in the silica-titania com-
posite. The bands ascribed to Si-O bonds are usually located at
460 cm�1, 806 cm�1, and 1080 cm�1 [39,40]. In the TiO2-SiO2 com-
posite these features are superposed to those related to Ti-O bonds
and organic residues. Because of this behavior it was not possible
to identify the bands associated with the silica coating in the com-
posite spectra. Only the band at 1080 cm�1 was observed at low
intensities in the spectrum of TiO2-SiO2-800, which could reveal
that SiO2 is present in low proportions in the silica-titania
composite.

Fig. 7 depicts the DSC profiles of TiO2-As and TiO2-SiO2-As. The
endothermic signal at temperatures up to 100 �C is related to the
removal of physisorbed water and organic residues [41]. The exo-
thermic peak at 250 �C may be due to the removal of TIPT residues
[42]. This peak was observed in lower intensities in the composite
Fig. 7. DSC profiles of TiO2 and TiO2-SiO2 samples in the as-prepared condition.
because TIPT was widely consumed during the formation of Si-O-Ti
bonds. The wide exothermic signal centered at about 400 �C
observed for the TiO2-SiO2 composite could be associated with
the removal of TEOS residues [43]. These observations are in agree-
ment with the FTIR spectra which clearly underline the decrease of
organic compounds in the pure and composite materials after the
heat-treatments. Moreover, composite FTIR spectra show higher
intensities of the peak assigned to organic residues as well as
DSC presents an higher exothermic signal for the composite
material.
3.4. Nitrogen sorption tests

Figs. 8 and 9 exhibit the nitrogen sorption isotherm and pore
size distribution of samples prepared in this work. Fig. 10 gives
their SSA and pore volume, as-prepared titania and composite
materials show high SSA about 190 and 155 m2/g. According to
IUPAC [44], the isotherms shown in Fig. 8 are associated with mes-
oporous materials. This type of isotherm exhibits a well-defined
hysteresis loop ascribed to the capillary condensation of N2 in mes-
opores. It is possible to observe the transition from monolayer to
multilayer adsorption in these curves. We noticed that the hyster-
esis loop became narrower upon heat-treating samples at 800 �C.
Fig. 9. Pore size distributions of TiO2 and TiO2-SiO2 samples.



Fig. 10. SSA and pore volume of samples obtained in this work. The solid lines are
used only as a guide to the eyes.
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This behavior was more pronounced for pure titania indicating an
higher modification of its structure along the heat treatment.

The pore size distributions depicted in Fig. 9 reveal that the
samples used in this study show a small volume fraction of pores
with sizes below 20 Å, which is the upper limit established by
IUPAC for micropores. The calcination of samples at 800 �C shifted
their pore size distributions toward larger sizes. This observation
could be related to the preferential shrinkage of small pores during
the heat treatment step. As a result, the closure of the small pores
leads to the increase of the mean pore size. Again, this behavior
was more remarkable for pure titania. From Fig. 10, we observed
that the calcination step decreased both the pore volume and
SSA. Pure titania showed the most significant variation in these
properties. As addressed before, the deposition of a homogeneous
thin SiO2 film on TiO2 particles inhibits their growth. This behavior
contributes to the stabilization of the composite SSA at high tem-
peratures. Moreover, the mean pore size of pure titania increased
from 50 Å to 60 Å upon heat treatment. On the other hand, the
mean pore size of silica–titania remained constant at 60 Å even
after its calcination at either 500 �C or 800 �C. It was also observed
that the silica–titania composite exhibited pore volumes lower
than those shown by pure titania. This behavior could be related
to the silica deposition on the titania particles. Thus, the presence
of this coating could lead to a partial blockage of small pores on the
titania surface.

4. Conclusions

The SiO2-TiO2 composite prepared in this work showed anatase
as major phase. This behavior was also observed for samples in the
as-prepared conditions, although the hydrothermal treatment was
carried out at low temperatures (90 �C). As-prepared materials
exhibited a large SSA and particle size of about 1 lm. The heat
treatment of samples at 800 �C led to the removal of residual
organic groups from their structures. The TiO2 crystallite size
assessed by the Scherrer equation was quite similar to that
observed in TEM micrographs. We noticed that a thin and homoge-
neous silica layer was formed on the anatase particles. It was
observed that the presence of this coating led to samples with
improved thermal stability, although the studied composite pre-
sents a low SiO2:TiO2 molar ratio in this study. We believe that
these materials show an enhanced SiO2-TiO2 interfacial area and
a high anatase amount, which could lead to composites with inter-
esting photoactive properties. In addition, since the SiO2 layer
seems to be very thin, the UV exposition intensity of the titania
crystals would not be expected to decrease during the photocatal-
ysis process.
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