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TiO, supported on SiO, photocatalysts prepared using
ultrasonic-assisted sol-gel method
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TiO,-Si0; (TiO, supported on SiO,) photocatalysts were prepared using an ultrasonic-assisted sol-gel method. These
photocatalysts were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), Fourier transform infrared
spectroscopy (FT-IR) and photoluminescence spectra (PL). Their photocatalytic activities were investigated by the method
of methyl orange oxidation. It was found that the photocatalytic activity of TiO,—SiO, was optimal when the molar ratio
of hexadecyl trimethyl ammonium bromide to titanium butoxide was 1:10. The average crystallite size of TiO,—Si0, was
smaller than that prepared by the stirring method. Furthermore, for pure anatase phase samples, it was shown that the lower the

photoluminescence intensity, the higher the photocatalytic activity.
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1. Introduction

The cavitations produced by ultrasonic treat-
ment can greatly minimize the interaction energy
and eliminate the agglomeration of nanoparticles
[1]. Numerous studies have demonstrated the im-
portance and advantages of ultrasonication in the
improvement of the photocatalytic activities of nano-
size TiO; particles. The properties of TiO,, such as
the particle size, crystallite size, crystallinity, as well
as anatase and rutile phase ratios, can be controlled
by the ultrasonic-assisted sol-gel method, and these
nano-sized TiO, photocatalysts show high photo-
catalytic activity [2, 3]. In addition, the modified
TiO, photocatalysts have also been synthesized by
ultrasonic-assisted sol-gel method [4, 5]. Huo et al
[5] reported that highly active nanocrystalline TiO,
powders doped with rare earth element — La, were
prepared by sol-gel process via ultrasonic irradi-
ation followed by supercritical drying. The ultra-
sonication and supercritical treatment increased the
particle dispersion, crystallinity, the surface oxygen
vacancies and/or defects as well as the interaction
between the La-dopant and the TiO;, leading to
the higher photocatalytic activity. Nowadays, the
ultrasonic technology has become a new method

*E-mail: xuyuehua@scau.edu.cn

of immobilization [6-8]. For example, Pt, Au and
Pd nanoparticles were immobilized onto TiO, with
the aid of ultrasonic irradiation, and the sonoche-
mically prepared photocatalysts showed higher ac-
tivities than did the ones prepared by the conven-
tional impregnation method [6]. In this paper, TiO,—
Si0; (TiO, supported on SiO;) photocatalysts with
surface uniformity and high photocatalytic activity
were prepared by ultrasonic-assisted sol-gel method
and were characterized using XRD, SEM, FT-IR
and PL. The aim of this work is to study the ef-
fect of experimental conditions, such as the amount
of surfactant, ultrasonic treatment time, and calci-
nation temperature on the physical and chemical
properties of TiO,—-SiO».

2. Experimental

2.1.
lysts

Preparation of TiO,-SiO; photocata-

A series of TiO,—SiO, photocatalysts was pre-
pared by ultrasonic-assisted sol-gel method. The
preparation was carried out as follows: solution A
was prepared by adding 45 ml pure alcohol and
3 g diethanolamine to 10 g Ti(O-Bu)4 under stir-
ring, and a molar ratio of Ti(O-Bu)4:EtOH:DEA
of 10:234:10 was used. The size of commercial
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SiO, (Shanghai Chemical Reagent Co., Ltd.) is
in the range of 75-150 um. 2 g SiO,, which was
heated at 180 °C in a vacuum drying oven for 2 h,
was mixed with 50 ml pure alcohol, 0.5 ml dis-
tilled water and different amounts of hexadecyl
trimethyl ammonium bromide (CTAB) under stir-
ring at constant temperature (25 °C). A molar ratio
of CTAB:EtOH:Si0,:H,0 of 1:260:10:1 was used.
When the above adsorption process reached equilib-
rium after 12 h, the solution A was added dropwise
to the adsorption equilibrium system under ultra-
sonic irradiation in an ultrasonic cleaner (Model
KQ-300E, 40 kHz, 300 W, Kun Shan Ultrasonic
Instruments Co., Ltd). Subsequently most of the sol-
vent was removed through a rotatory evaporator at
50 °C, and the samples were dried at 70 °C in an
oven. So prepared samples were calcined at differ-
ent temperatures for 1 h and sieved with 75 pm and
150 um standard sieves, respectively. Hereafter, un-
less otherwise stated, all TiO,—SiO, photocatalysts
were calcined at 500 °C for 1 h.

3. Characterization

The X-ray diffraction (XRD) spectra of the TiO,—
SiO; photocatalysts were recorded with a MSAL-
XD2 diffractometer (A = 0.15406 nm) using Cu
Ko radiation and standard Bragg-Brentano diffrac-
tion geometry. The photoluminescence spectra were
recorded by a fluorescence spectrophotometer (RF-
530XPC) in order to investigate the relationship be-
tween the photocatalytic activity and photolumines-
cence intensity. The Fourier transform infrared spec-
troscopy (FI-IR) was carried out with a spectropho-
tometer (Nicolet 510P). The morphology analysis
of Ti0,-S10, was performed using a scanning elec-
tron microscope (SEM, FEI-X1.30).

3.1.

The schematic diagram of the photocatalytic
degradation reactor is shown in Fig. 1. The aqueous
suspensions were prepared by adding 0.4 g photo-
catalyst to 800 ml methyl orange aqueous solution
at 20 mg/l. The irradiations were performed with a
125 W high-pressure mercury lamp. The aqueous
suspensions were stirred and bubbled with humid
oxygen for 30 min prior to the irradiation. The sus-
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Fig. 1. Schematic diagram of the photocatalytic reactor.
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Fig. 2. Schematic picture of adsorption steps of CTAB
at SiO,-water interface.

pension was extracted at 10 minutes intervals. The
filtrates were analyzed with a spectrophotometer by
measuring their absorbance at 465 nm.

4. Results and discussion
4.1. Effect of CTAB

Fig. 2 shows the schematic picture of the adsorp-
tion process of CTAB on SiO,-water interface [9],
including three process steps, where the first step
was CTAB transfer from the bulk solution to a stag-
nant layer to develop a monomer or micelle due to
the convection caused by stirring, the second step
was CTAB diffusion from the bulk solution to the
subsurface, and the third step was CTAB transporta-
tion from the subsurface to the Si0O, surface and the
concomitant adsorption.
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Fig. 3. Effect of different molar ratios of CTAB to TBOT
on photocatalytic activities of TiO,—SiO; photo-
catalysts.

The effect of different molar ratios of CTAB
to TBOT on photocatalytic activities of TiO,—-SiO;
photocatalysts was studied. Fig. 3 shows the plots
of ¢/c, versus time (), where ¢, and ¢ denote the
aqueous phase concentration of methyl orange at
t =0 and ¢ =1, respectively. The photocatalytic acti-
vity of TiO,-Si0O, increased with increasing TiO;
content when the molar ratio of CTAB to TBOT
reached 1:10, and then fell. The photocatalytic acti-
vity of TiO,—SiO, was the highest when the molar
ratio of CTAB to TBOT was 1:10, indicating that
the amount of TiO, supported on SiO, was optimal
when the molar ratio of CTAB to TBOT was 1:10.

4.2. Effect of ultrasonic treatment

Fig. 4 shows the XRD patterns of TiO,—SiO,
prepared by the stirring method or ultrasonic treat-
ment. The X-ray diffraction peak at 25.4° corre-
sponds to the characteristic peak of the (101) crystal
plane of anatase. The average crystallite diameter
(D) was calculated by Scherrer’s Formula:

094
D= 1
Bcos 0 0

where A is the X-ray wavelength (0.154178 nm for
Cu Ka). B is the peak width at half height, and 6
is the Bragg angle. The average crystallite size of
TiO,—SiO, prepared by stirring for 3 h was 14.8 nm,
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Fig. 4. XRD patterns of TiO,—SiO; prepared by stirring
or ultrasonic treatment.

and that of TiO»—Si0; prepared by ultrasonic treat-
ment for 3 h was 11.5 nm.

The FT-IR spectra of TiO,—SiO, prepared by
stirring or ultrasonic treatment are shown in Fig. 5.
The strong bands at 500 cm~! and 1107 cm~! are
ascribed to stretching vibration of Ti—O band and
Si—O-Si band, respectively, and the weak band at
965 cm ™! is assigned to stretching vibration of Ti—
O-Si1 band [10]. The formation of Ti—O-Si band
shows that TiO, was supported on the surface of
Si0,, and that the SiO; interacted with TiO,. The
strong, broad peak at 3433 cm~! and the peak at
1635 cm™! are attributed to the surface-adsorbed
water and hydroxyl groups [11]. The peak inten-
sity at 3433 cm™! for TiO,-SiO, prepared by ul-
trasonic treatment is stronger than that for TiO,—
SiO; prepared by stirring, suggesting that more hy-
droxyl groups were formed on the surface of TiOy—
SiO, prepared by the ultrasonic treatment. Hydroxyl
groups might trap the holes in the valence band to
form surface free radicals -OH, therefore, leading
to generate more -OH radicals, which are helpful to
improve the decomposition rate of methyl orange.

Fig. 6 shows the effect of stirring or ultrasonic
treatment on the photocatalytic activities of TiOy—
SiO, photocatalysts. As can be seen from Fig. 6,
the TiO,—SiO, prepared by ultrasonic treatment
showed better photocatalytic activity than that pre-
pared by stirring. Because the high temperature and
pressure produced by the ultrasonic cavitations pro-
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Fig. 5. FT-IR spectra of TiO,—SiO, photocatalysts.

vided the energy for the formation of nuclei, the
nuclei formation rate was several orders of magni-
tude higher than that obtained by stirring method
[12]. Moreover, the ultrasonic cavitations produced
a large number of tiny air bubbles on the solid sur-
face, which reduced the specific surface free energy
of crystallites and inhibited the aggregation and
growth of crystallites. At the same time, the high
pressure shock waves and microjet produced by the
ultrasonic cavitations also broke up the grains [13].
Therefore, the average crystallite size of TiO,—SiO,
prepared by ultrasonic treatment was smaller than
that of TiO,—SiO, prepared by stirring. The pho-
tocatalytic activity of the TiO,—SiO; prepared by
ultrasonic treatment was higher than that of TiO,—
SiO, prepared by stirring, which was attributed to
smaller average crystallite size and higher number
of hydroxyl groups.

Fig. 7 shows the effect of different ultrasonic
treatment times on the photocatalytic activities of
TiO,—Si0, photocatalysts. For the TBOT hydroly-
sis reaction, the vapor pressure of the reactants was
very low, so the chemical effects of the ultrasonic
treatment occurred at the boundary between the ca-
vitation bubbles and the aqueous solution [14]. Dur-
ing the ultrasonic treatment, the surfactant CTAB
came into contact with the TBOT sol, and the hy-
drophobic group of CTAB penetrated into the TBOT
sol, which was adsorbed onto the surface of SiO»,
in favor of the removal of the organic groups and
the formation of Ti—O-Si bond [15]. However, with
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Fig. 6. Photocatalytic activities of TiO,—Si0O, photocata-
lysts prepared by stirring or ultrasonic treatment.
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Fig. 7. Effect of different ultrasonic treatment times on
photocatalytic activities of TiO,—SiO; photoca-
talysts.

increasing ultrasonic treatment time, the TBOT sol
changed into a suspension, and the amount of TiO,
supported on SiO; reduced. Consequently, the opti-
mum ultrasonic treatment time was 3 h.

4.3. Effect of calcination temperature

Fig. 8 shows the effect of calcination tempera-
ture on the photocatalytic activities of TiO,—SiO,
photocatalysts. The plots of the photocatalytic acti-
vities, ordered from the highest to the lowest, corre-
spond to the temperatures of 500 °C, 600 °C, 450 °C,
700 °C, 800 °C and 900 °C.
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Fig. 8. Photocatalytic activities of TiO,—SiO, photoca-
talysts calcined at different temperatures.

20004

15004

o

o

o
1

Intensity

500+

T T

50 60

T

20 30 40 70
Two theta/®

Fig. 9. XRD spectra of TiO,—SiO, photocatalysts cal-
cined at different temperatures.

Fig. 9 shows the XRD spectra of TiO,—SiO,
photocatalysts calcined at different temperatures.
The crystal phase of all TiO,—SiO; calcined from
450 °C to 700 °C was anatase. After further increas-
ing the calcination temperature up to 800 °C and
900 °C, TiO,-Si0, was composed of mixed anatase-
rutile, but even after calcination at 900 °C for 1 h,
TiO,-Si0; comprised TiO; anatase with a little ru-
tile phase. It was suggested that SiO» inhibited the
crystal phase transformation of TiO;, so TiO»—SiO;
photocatalysts had good thermal stability at high
calcination temperature [16].

Fig. 10 shows the photoluminescence spectra of
TiO,—Si0, photocatalysts calcined at different tem-
peratures with the excitation wavelength of 355 nm
(Aex =355 nm). Photoluminescence is only observed
for anatase and rutile phases of TiO, whereas amor-
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Fig. 10. Photoluminescence spectra of TiO;—SiO, pho-
tocatalysts calcined at different temperatures.

phous particles show no emission [17]. Apart from
the samples calcined at 800 and 900 °C that con-
sisted of both anatase and rutile phase, the photo-
luminescence peak intensities of TiO,—Si0; photo-
catalysts, corresponding to pure anatase phase sam-
ples, were ordered from high to low at the tempera-
tures of 700, 450, 600, and 500 °C, and the lower
the photoluminescence peak intensity, the higher the
photocatalytic activity. A large number of defects
on the surface of amorphous TiO; could become
easily the recombination centers of photo-generated
electron-hole pairs [18]. However, with increasing
calcination temperature, amorphous TiO, changed
into anatase, which could be beneficial for the photo-
generated electron-hole pairs to separate and then
migrate to the photocatalyst surface and the genera-
tion of hydroxyl radicals [19]. Therefore, the more
the electron-hole pairs were separated, the higher
photocatalytic activity of TiO,—SiO;, was achieved.
On the other hand, the photoluminescence spec-
trum of Ti0,—Si10; results from the combination
of photo-generated electron-hole pairs [20], so the
lower the photoluminescence intensity the higher
the photocatalytic activity of TiO,-SiO;.

Fig. 11 shows the SEM images of SiO; and
TiO,-Si0;. The surface of SiO, was smooth, and
it could be clearly observed that TiO, was immo-
bilized on the surface of TiO,-Si0,. The surface
of TiO,-Si0; seemed less smooth, meaning that a
layer of TiO, was obviously present on the surface
of Si0;.
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Fig. 11. SEM images of (a) SiO; and (b) TiO,—-SiO,.

5. Conclusions

TiO,—Si10; photocatalysts with enhanced pho-
tocatalytic activities were successfully prepared us-
ing ultrasonic-assisted sol-gel method. The average
crystallite size of TiO,—Si0, prepared by the ultra-
sonic treatment was smaller than that of TiO,—SiO,
prepared by stirring, and the amount of hydroxyl
groups on the surface of TiO,—SiO, prepared us-
ing ultrasonic treatment was higher than that on
the surface of TiO,—SiO; prepared using stirring
method. For the samples with pure anatase phase,
it was also found that the lower the photolumines-
cence intensity, the higher the photocatalytic activity.
TiO,-Si10, prepared by ultrasonic treatment for 3 h
with a 1:10 molar ratio of CTAB to TBOT followed
by annealing at 500 °C for 1 h exhibited the highest
photocatalytic activity.
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