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Abstract

SiO2/TiO2 mixed oxide was prepared by the sol-gel processing method and presented the following compositions: SiO2/6.0 wt%TiO2, SiO2/11.7 wt%TiO2 and SiO2/18.5 wt%TiO2. The specific surface areas for all samples showed only small decreases after heat treatments from 333 up to 973 K
while, above this temperature, the decrease became significant and at 1373 K a sintering of the material occurred. For the samples heat treated at temperatures 1000 K, TiO2 is observed as anatase
phase islands. For bulk phase TiO2 anatase phase, the transition to the rutile phase is usually observed
at ca. 923 K. The reason for the observed stability of the anatase phase is the low thermal mobility,
presumably due to Si-O-Ti bonds formed at the SiO2/TiO2 interface.
* To whom correspondence should be addressed. Electronic mail: gushikem@iqm.unicamp.br
Instituto de Quimica, Unicamp, CP 6154, 13083-970 Campinas, SP, Brazil
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Introduction

The chemical and structural characteristics of TiO2 have been intensively investigated by
using different synthetic routes aiming to obtain solids with a wide range of specific properties. The oxides obtained from these various methods have been used in catalysis, electrocatalysis and photoelectrocatalysis1,2. The sol-gel processing method has opened up the possibility
to obtain binary mixed oxides of SiO2/TiO2, where TiO2 presents suitable chemical properties
of the bulk phase oxide with an advantage of being entrapped in a mechanically resistant matrix. 3-9 An additional advantage is that TiO2 can be homogeneously dispersed in the mixed
oxide system and the solid matrices can present reproducible compositions in several preparations, with controlled pores size.
Experimental Part

Preparations
The SiO2/TiO2 binary oxide was prepared in three steps, as follows: (1) 12 ml of 0.85 mol
l -1 HNO3 aqueous solution were added to 250 ml of 50% (v/ v) tetraethylorthosilicate
(TEOS)/ ethanol solution, and the mixture was stirred at 353 K for 2.5 h. (2) Different volumes of titanium (IV) butoxide (TBO) and 490 ml of ethanol were then added and the mixture was stirred for 2 h at room temperature. (3) 66 ml of 0.6 mol l -1 HNO3 solution was
slowly added and the mixture was allowed to rest for gelation. The xerogels formed were
ground, dried at 383 K for 24 h and sieved in order to obtain particles sizes between 75 and
250 m.
In order to eliminate organic residues entrapped in the matrix, the SiO2/TiO2 was previously calcined at 773 K under air flux.
The SiO2/TiO2 solids obtained were analyzed using the X-ray fluorescence technique on a
Tracor Northern 5000 apparatus, equipped with a berilium window under approximately 100
Pa pressure.
Physical Measurements
The specific surface areas, SBET, were measured by using the multipoint technique on a
M icromeritcs Flowsorb II 2300 connected to a flow controller apparatus. The average pore
volume, Vp, was measured by using the Hg intrusion technique on a M icromeritics Pore Size
9300 apparatus.
The X-ray diffraction patterns, XRD, were obtained using Cu K ( = 0.154 nm) radiation
at 40 kV, with a current of 20 mA, on a Shimadzu XRD 6000 spectrometer. The scanning
range was 15 - 60o (2 ) with a step size of 0.02o and a step time of 2.0 s. The identification
of crystalline phases was accomplished by comparison with JCPDS file numbers 21-1272, 211276 and 39-1425 for TiO2 in the anatase and rutile phases and for SiO2 in the cristobalite
phase, respectively.10
The average crystallite size was determined from the width of the line profiles defined, using Scherrer?
s equation. The broadening profile had to be corrected for instrumental broadening due to slit sizes and X-ray source characteristics. In order to measure instrumental broadening, a reference diffractogram was recorded from a standard specimen. Silicon powder with
a 5 m grain size was used as a standard. The (111) reflection of silicon at 28.44o (2 ) was
recorded using experimental settings similar to the recorded diffractograms of the material.
From this line profile, the instrumental line broadening was determined as 0.16o (2 ).
The transmission electron microscopy measurements were made as HR-TEM (High resolution transmission electron microscop) at 300 kV on a JEOL JEM -3010 microscope from the
Laboratory of Electronic M icroscopy at the National Synchrotron Light Source Laboratory in
Campinas, Brazil, with a point resolution of 0.17 nm. The powder was ultrasonically suspended in isopropyl alcohol and the suspension deposited on a copper grid previously covered
with a thin layer of carbon.
The Raman spectra were recorded on a Bomem DA-08 spectrometer equipped with a Nd
YAG laser. The Raman scattering data were collected between 750 and 150 cm-1 at room
temperature with a laser beam of 1.064 m.
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Results and Discussions

Characteristics of the Material
Table 1 summarizes the chemical analyses results for the different samples of SiO2/TiO2
obtained as well as the specific surface areas and the average pore volumes. The sample containing the smallest amount of TiO2 (6.0 wt% ), thermally treated at 333 K presented the
highest SBET (824 m2 g 1 ), which decreased 11 % only after calcination at elevated temperature, 973 K (Figure 1a). The other two samples (with 11.7 and 18.5 wt% of TiO2), treated at
the same temperature, also presented high SBET (719 and 627 m2 g 1, respectively) and a
12% average decrease in the specific surface area was also observed after the thermal treatment at 973 K (Figure 1b-c). A drastic surface area reduction was observed when the samples
were thermally treated at 1273 K, when the SBET values were at the lower detection limit of
the equipment (8 m2 g 1).

Table 1. Chemical analyses of SiO2/TiO2 samples, specific surface areas and average pore
volumes
Ti / wt%
6.0
11.7
18.5

SBET / m2g
824
719
627

1

V p / mL.g
0.47
0.39
0.31

1

We can conclude that, although the behavior of the SBET curve shape according to the
temperature of the treatment was similar for all the compositions, the SiO2/TiO2 system
exhibited a dependence on the amount of TiO2. The decrease of the SBET of the samples
thermally treated above 1273 K is a consequence of the sintering process.
X-Ray Diffraction Data
Table 2 reports the crystallographic phases observed by XRD analysis for
SiO2/18.5 wt%TiO2 thermally treated in the range of 773-1473 K. Figure 2 shows the corresponding diffraction patterns. Even thought no defined peaks attributed to SiO2 were observed, all the diffractograms presented a halo at ca. 21.3o (2 ), which is very typical in the
beginning of the silica crystallization process.10 Figure 2a presents a broaden halo that was
barely modified with increasing the temperature (Figure 2b-e). M oreover, no solid solution
was observed since there was no change in the peak position of the anatase XRD pattern.
The XRD data for the sample revealed the presence of only one crystallographic phase,
TiO2-anatase (with the main peak at 25.4 / 2 ). This state was determined by comparison
with JCPDS file number 21-1272.11 This phase can be well identified after thermal treatment
of the sample at 772 K (Figure 2a), but the corresponding diffraction peaks were sharper and
distinguishable only after 1373 K (Figure 2d). Despite the higher temperature of treatment
(1473 K), the anatase phase remained very stable, without any crystallographic transformation (Figure 2e).
The anatase - rutile transformation is related to the degree of packing of the particles, the
transformation begins with the nucleation of rutile on anatase and the rutile nuclei grow
throughout the anatase particle until completion.12 High surface area titania is commonly
formed by the anatase phase which, under thermal treatment above 800 K, transforms into
the more stable rutile form with extensive surface area loss.12, 13
Anatase is a metastable TiO2 polymorph and it tends to transform into the rutile phase,
decreasing the surface area, inducing a loss of catalytic activity.14 Some properties of TiO2
are very sensitive to its structure. Since the anatase phase is chemically and optically active,
it is suitable for use as catalysts and supports,12,13 while the rutile phase has the highest refractive index and ultraviolet absortivity among the titania phases; thus it is employed in pigments, paints, ultraviolet absorbents.12
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Fig.1 . S p ecific s u r fa ce a r ea s (BE T) of S iO 2 /TiO2
s a m p les th er m a lly tr ea ted in th e r a n ge of 3 3 3 1473 K as a function of TiO2 amount: (a) 6.0 wt%,
(b) 11.7 wt% and (c) 18.5 wt%.

Fig.2 . X-r a y d iffr a ction p a tter n s of
SiO2 /18.5%TiO2 s a m p le th er m a lly
tr ea ted a t: (a ) 7 7 3 K, (b ) 9 7 3 K, (c)
1173 K, (d ) 1 3 7 3 K a n d (e) 1 4 7 3 K. (+)
TiO2 - anatase phase.

Table 2. Anatase crystallite sizes estimated through Scherrer s equation for
SiO2/18.5 wt%TiO2 thermally treated between 773 and 1473 K
Temperatures of
treatment / K
773
973
1173
1373
1473

Anatase particle
sizes / nm
5
5
13
15
22

Our XRD results shows that titania in the anatase phase is very well stabilized on the silica surface after a thermal treatment at 1473 K. Corroborating the stable behavior of anatase
are the particle sizes, estimated from Scherrer?
s equation (Table 2) for the
SiO2/18.5 wt%TiO2 sample heat treated at various temperatures, since an increase is observed for the anatase crystallite size.
Raman spectroscopy data
Figure 3 shows the Raman spectra for TiO2 anatase and rutile phases, compared to the
SiO2/ 18.5w%TiO2 heat treated sample at 1473 K. The TiO2 powder phase presents a well
defined Raman scattering bands due to the anatase phase.15, 16 Anatase is tetragonal and be17 are listed in Table 3.
longs to the space group D 19
4h whose optically active lattice modes
Although it is known that bulk TiO2 undergoes a phase transition to rutile upon heating at
1473 K, in the sol gel matrix the Raman frequency of such a phase transition could not be
observed, confirming the observations from XRD measurements.
TEM analysis
The TEM images of the SiO2/TiO2 sample thermally treated at 1473 K were obtained and
one of the images is shown in Figure 4. The micrographs revealed the presence of nanocrystallites of TiO2 anatase phase since it distinguished the presence of three fringes attributed to this phase. These fringes have the crystallographic planes (h k l) equal to (101),
(200), and (004), corresponding to the main diffraction peaks of TiO2-anatase observed by
10
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XRD. Figure 4 presents two different distances for the atomic planes, 3.6 and 2.5
(with
(h k l) indexes equal to (101) and (004), respectively). The average crystalline size was
19.9 nm for the SiO2/18.5 wt%TiO2 sample thermally treated at 1473 K, in good agreement
to the size estimated by Scherrer?
s equation.
No crystallite due to the rutile phase could be identifiede in the sample heated at 1473 K.
Table 3. Raman vibrational frequencies (cm 1) and assignments for SiO2/18.5 wt%TiO2
sample and TiO2-anatase phase
TiO2
Anatase phase
636
513
196

SiO2/18.5wt%TiO2
Sample heated at 1473 K
634
509
196#
#

very weak

c

515

394

637

241
196

Intensity (a.u.)

609

444

*Irreducible representations, **accidental degeneracy,

Assignments
Ref. 17
Eg*
A1g, B1g**
Eg

b
a

200 300 400 500 600 700
-1
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Fig.3 .
Ra m a n
s p ectr a
of:
(a) SiO2 /18.5%TiO2 , p r eh ea ted
a t 1 4 6 3 K, (b ) TiO 2 a n a ta s e
phase, (c) TiO2 rutile phase.

Fig.4 .
Tr a n s m is s ion
electr on
m icr ogra p h
of
SiO2 /18.5%TiO2 sample thermally treated at 1473 K.

Conclusions

The structural and superficial behaviors of SiO2/TiO2 mixed oxides were studied with the
objective to better understand metal oxide dispersion in the SiO2/TiO2 system. TiO2 particles
are observed as crystallites presenting sizes between 5 and 22 nm for the sample with
18.5 wt% of Ti loading on the silica surface. The TEM image clearly showed in this case that
TiO2 appeared as separated islands of anatase phase. For samples with lower TiO2 loadings,
TEM and XRD measurements were not carried out because the particle dimensions are
smaller in size than the lower limit to obtain microscopy images or XRD scattering patterns.
The low thermal mobility of this phase is presumably due to the formation of Si-O-Ti bonding
at the SiO2/TiO2 interfaces since, as observed, even after heating the material at 1473 K, no
segregated rutile phase was observed even thought, for bulk phase TiO2, the phase transition
anatase
rutile occurs at ca. 923 K.12,13,18
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