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Si0O»-coated TiO, composite materials with enhanced photocatalytic activity under UV light was prepared by
a simple catalytic hydrolysis method. XRD, TEM, UV-vis spectroscopy, Photoluminescence, FT-IR and XP
spectra were used to characterize the prepared samples. The obvious shell-core structure was shown for
obtained SiO>@TiO sample. The average thickness of the SiO, coating layer was 2-3 nm. The interaction
between SiO, and TiO, restrained the recombination of excited electrons and holes. The photocatalytic
activities were tested in the degradation of an aqueous solution of a reactive dyestuff, methylene blue, under
UV light. The photocatalytic activity of SiO>@TiO, was much higher than that of P25 and mechanical mixing
sample Si0»/TiO,. The possible mechanism for the photocatalysis was proposed.
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Introduction

The past decades have witnessed growing interest in an
advanced oxidation technique-heterogeneous photocatalysis,
for wastewater treatment and water purification.! TiO,, as a
common photocatalysis, is widely used for the minerali-
zation of environmental pollutants including organic or
inorganic and it exhibits strong oxidation activity under
ultraviolet light. The photocatalysis process can decompose
many organic compounds, especially trace organics, to carbon
dioxide, water, and mineral ions. Although the utilization of
nanosized TiO; catalyst has attracted a great deal of attention
due to their high photocatalytic reactivity, the actual factors
affecting the photocatalytic activity of TiO» particles are still
unclear. Besides, the high rate of recombination between
excited electron and hole result in a low quantum yield rate
and also a limited photooxidation rate.’

Si0,, as a kind of good carrier, has been widely used in the
material synthesis field. In recent years, titania-silica com-
posite materials have been widely investigated, and in most
cases these catalysts show a higher phototocatalytic activity
than the neat TiO, prepared in parallel for the oxidation of
organic pollutants in water.> SiO, was believed to be a very
good medium, which not only facilitates adsorbing organics
and transfers those adsorbed compounds to active sites on
TiO,,° but also benefits to the dispersion of the TiO,
particles.” Besides, it is also reported that SiO, modification
is effective to separate the photogenerated electrons and
holes which is of great importance for the photocatalytic
activity. Moreover, SiO»/TiO, shell-core structure particles
exhibit novel properties that are not found in either single
oxide.

Many strategies for preparing titania-silica materials, such
as catalytic hydrolysis,® grafting of titanium alkoxides on the
SiO; surface,’ coprecipitation,'” impregnation,'! and chemical

vapor deposition,'> have been proposed more recently. In
this paper, SiO»-coated TiO, composite materials with en-
hanced photocatalytic activity under UV light was prepared
by a simple catalytic hydrolysis method using Na,SiOs as
silicon source. The photocatalytic activities were tested in
the degradation of an aqueous solution of a reactive dyestuff,
methylene blue, under UV light. The possible mechanism
for the photocatalysis was proposed.

Experimental

Preparation and Characterization. 50 g of P25 were
ultrasonically treated in 500 mL of water for 30 min to
obtain a well-dispersed TiO, suspension. This suspension
was transferred into a 2000 mL flask, kept in a water bath,
and heated to 80 °C. The pH value was adjusted to 10 by
adding NaOH (0.1 mol/L) aqueous solution. Aqueous
solution of Na,SiO; (0.5 mol/L) was added dropwise to the
TiO; suspension. The pH value of the reaction solution was
kept constant during the coating process by adding H,SO4
(0.1 mol/L) dropwise. The final mole ratio of TiO, to
Na,SiO; is 5. After feeding, the obtained suspension was
aged for 3 h. The precipitate was filtrated and washed with
distilled water for 3 times. Then the washed precipitate was
dried at 110 °C for 3 h, and calcined at 400 °C for 2h. The
obtained sample was denoted as SiO,@TiO». For compari-
son, mechanical mixing sample with the same mole ratio of
TiO; to Na,SiOs is prepared. The obtained mixture was
calcined at 400 °C for 2 h, and denoted as SiO»/TiO;.

XRD patterns of the prepared TiO, samples were recorded
on a Rigaku D/max-2400 instrument using Cu-Ko radiation
(A=1.54 A). TEM images were measured using a Philips
Tecnai G220 model microscope. UV-vis spectroscopy mea-
surement was carried out on a JASCO V-550 model UV-vis
spectrophotometer, using BaSO, as the reflectance sample.
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XPS measurements were conducted on a Thermo Escalab
250 XPS system with Al Ko radiation as the exciting source.
The binding energies were calibrated by referencing the C 1s
peak (284.6 ¢V) to reduce the sample charge effect. Photo-
luminescence (PL) spectra were measured at room temper-
ature with a fluorospectrophotometer (FP-6300) using an Xe
lamp as excitation source.

Photocatalytic Reaction. Methylene blue (MB) was
selected as model compound to evaluate the photocatalytic
performance of the prepared TiO, particles in an aqueous
solution under visible light irradiation. 0.1 g TiO, powders
were dispersed in 100 mL aqueous solution of MB (initial
concentration Cy = 50 ppm) in an ultrasound generator for
10 min. The suspension was transferred into a self-designed
glass reactor, and stirred for 30 min in darkness to achieve
the adsorption equilibrium. The concentration of MB at this
point was considered as the absorption equilibrium concen-
tration Cy. The adsorption capacity of a catalyst to MB was
defined by the adsorption amount of MB on the photo-
catalyst (Co-Cy). In the investigation of photodegradation by
UV light, a 125 W high-pressure mercury lamp with a water
cooling cylindrical jacket was used. All runs were conducted
at ambient pressure and 30 °C. At given time intervals, 4 mL
suspension was taken and immediately centrifuged to separate
the liquid samples from the solid catalyst. The concen-
trations of MB before and after reaction were measured by
means of a UV-Vis spectrophotometer at a wavelength of
665 nm. The percentage of degradation D% was determined
as follows:

Ay—A

0

D% =

x 100% (1)

Where Ay and A are the absorbances of the liquid sample
before and after degradation, respectively.

Results and Discussion

The XRD patterns of prepared samples (Fig. 1) indicated
that all TiO, samples were mixture of anatase and rutile
phases. The phase contents of the samples were estimated
from their XRD patterns by the following equation'

! @)

XA =

1-|-1.26><;—R

A

where x4 is the fraction of anatase phase, Iz and I are the
intensities of the anatase (101) and rutile (110) diffraction
peaks, respectively. The contents of anatase phase in
Si0,@Ti0,, Si0,/TiO,, and P25 were 74.2, 74.7, and 74.1,
respectively. This indicates that preparation method did not
influence the phase content. However, as shown in Figure 1,
the peak intensities of SiO,@TiO, and SiO»/TiO, were
obviously lower than that of P25. This is not attributed to the
decreased particle size but the coverage of SiO; on the TiO,
surface which decrease the diffraction intensity.

Figure 2 shows the representative TEM (left) and HRTEM
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Figure 1. XRD patterns of P25 and the prepared samples.

Figure 2. TEM (left) and HRTEM (right) of SiO,@TiOx.

(right) of SiO>@TiO,. The obvious shell-core structure was
shown for SiO,@TiO,, indicating the homogeneous cover-
age happened between SiO» and TiO, (Fig. 2, left). In the
HRTEM (right), the ordered crystal lattices and amorphous
strcture were shown in the core and shell of SiO>@TiOa,
respectively. This indicated the core and shell of SiO>@TiO;
was TiO; and SiO», respectively. The SiO,-coated TiO, was
obtained. It is shown in the HRTEM that the average
thickness of the SiO; coating layer was 2-3 nm.

It is known that the absorption of light influences the
photocatalytic activity significantly. Figure 3 shows the UV-
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Figure 3. UV-vis diffuse reflectance spectra of P25 and the
prepared samples.
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Figure 4. FT-IR spectra of prepared SiO»/TiO, and SiO>@TiO-.

vis spectra of P25 and prepared samples. The absorption
edges around 400 nm were observed for all the samples. No
absorption in visible light region was shown for all the
samples. Besides, it is denoted that the absorption in UV
light region decreased for SiO,/TiO, and SiO»@TiO, com-
pared with P25 sample. This is probably due to the coverage
of SiO; on TiO; surface restrained the absorption of UV
light.

Figure 4 shows the FT-IR spactra of prepared SiO,/TiO,
and SiO,@TiO,. The bands at 650, 1080, and 1640 cm™'
were observed in the spectra of Si0,/TiO; and SiO,@TiO».
The band around 650 cm™" attributes to the Ti-O-Ti stretch-
ing vibration of crystalline TiO phase.'* The band near 1080
cm™! corresponds to the asymmetric stretching vibration of
Si-O-Si bond."® The bands at around 1640 cm™ is attributed
to the bending vibration of hydroxyl groups. Besides, another
band which around 930 cm™" is shown in the spectrum of
Si0,@TiO, sample but not in that of SiO,/TiO». This FT-IR
band is commonly accepted as the characteristic stretching
vibration of Ti-O-Si bonds in Ti- and Si-containing cata-
lysts,'® which implies that the substitution of Si for Ti
occurred to form Si-O-Ti bonds in SiO>@TiO; sample.

XPS is an effective surface test technique for characteri-
zing elemental composition and chemical states. The bind-
ing energy of the element is influenced by its electron
density. An increase of binding energy implies the lowering
of the electron density. In the region of Ti 2p (Fig. 5(a)), the
binding energy of P25 and SiO»/TiO, were 458.6 eV (Ti-O-
Ti bond), indicating the chemical environment of two samples
are the same. However, for SiO>@TiO, sample, the binding
energy increased to 458.9 eV, indicating the decreased
electron densities on Ti atoms compared with other two
samples. This is probably attributed to the formation of Ti-
O-Si bond in SiO,@TiO, sample.'” Due to the higher
electronegativity of oxygen, the electrons will be transferred
from titanium and silicon to oxygen. Si can supply less
electrons than Ti in Ti-O-Si bond. Therefore, compared with
Ti-O-Ti bond, more electrons will be transferred from
titanium to oxygen in Ti-O-Si bond, leading to the decreased
electron densities on Ti atoms.
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Figure 5. XP spectra of P25 and prepared samples in the region of
Ti 2p (a), O 2p (b), and Si 2p (c).

In the region of O 2p (Fig. 5(b)), the similar trend was
shown. The binding energy of P25 and SiO»/TiO, were the
same (530.3 eV), but increased to 530.5 eV for SiO@TiO,
sample. Compared with Ti, Si can transfer less electrons to
O in Ti-O-Si bond, leading to the decreased electron den-
sities and high binding energy of O atoms. In the region of Si
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2p (Fig. 5(c)), the binding energy of SiO»/TiO, was 102.9 eV
which attributed to the Si-O-Si bond.'"® For SiO,@TiO,
sample, this binding energy decreased to 102.7 eV, which is
probably due to the presence of Si-O-Ti bond. Compared
with Si-O-Si bond, more electrons will be transferred from
Ti to O in Si-O-Ti bond, leading to the increased electron
densities on Si atoms. Therefore, the binding energy of Si 2p
in SiO@TiO, sample was lower than that of SiO»/TiO;
sample. In conclusion, it is deduced from XP spactra that not
the mechanical mixing but some interaction existed between
Si0; and TiOs in SiO>@TiO.

Besides, the surface O/(Ti+Si) ratios of P25, SiO»/TiO,
and SiO.@TiO, were calculated from XPS spectra. The
results showed that the O/(Ti+Si) ratios of P25, SiO»/TiO,
and SiO,@TiO, were 1.98, 1.99, and 1.82, respectively. Liu
et al."” suggested that there existed oxygen vacancy when
this ratio was lower than 2.0. Such oxygen vacancies will
give rise to the formation of a defect level which acts as the
hole-traps to reduce the recombination of excited electrons
and holes, thus promote the charge transfer.”’

PL emission spectrum, which is closely related to surface
states and stoichiometric chemistry, is used to determine the
efficiency of trapping, migration, and transfer of a charge
carrier, and to understand the fate of electron-hole pairs in
semiconductors. Figure 6 shows the PL spectra of P25 and
prepared samples using excitation at 300 nm. The PL
intensity of SiO,/TiO, was slightly decreased compared with
P25. However, for SiO>@TiO,, the PL intensity was obvious
decreased. As the PL emission is the result of the recombi-
nation of excited electrons and holes, the lower PL intensity
indicates the decrease in recombination rate, thus higher
photocatalytic activity.”! Therefore, it is deduced that the
interaction existed between SiO» and TiO; in SiO>@TiOa,
which cause the formation of the oxygen vacancy, thus lead
to the reduced recombination of excited electrons and holes.
This is consistent with the XPS results.

The adsorption of MB on TiO»-based catalysts was
measured by the equilibrium adsorption capacity and shown
in Figure 7. It is indicated that the adsorption capacity
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Figure 6. Photoluminescence emission spectra of P25 and the
prepared catalysts.
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Figure 7. Adsorption capacity of MB on P25 and the prepared
catalysts.

increased slightly when P25 mechanical mixing with SiO»
(Si02/TiO;) compared with P25 alone. However, for
Si0,@TiO; sample, an obvious improvement of adsorption
capacity was observed. More than 24% MB was adsorbed
on the SiO,@TiO; surface, which is 2.5 times of P25. This
indicated that SiO, modification can improve the adsorption
capacity of TiO, catalyst.?? Besides, the obvious difference
in adsorption capacity between SiO,/TiO» and SiO,@TiO»
hint that not the mechanical mixing but some interaction
existed between SiO» and TiO. in SiO.@TiO,, which is
consistent with the XPS and PL result.

The photocatalytic activities of P25 and prepared samples
under UV light are shown in Figure 8. Without light or cata-
lyst, almost no MB was degraded after 60 min, indicating
that the contribution of self-degradation was negligible. The
P25 exhibited poor activity. The mechanical mixing sample
Si0,/TiO, showed slightly lower activity than that of P25.
This is probably due to the low absorption in UV light
region of Si0»/TiO; compard with P25, leading to the lower
UV light utilization. However, SiO>@TiO, exhibited much
higher photocatalytic activity than P25 and SiO»/TiO,.
Approximately 90% MB were degraded after 60 min. The
UV-vis result indcated that SiO,@TiO- exhibited the lowest
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Figure 8. Photocatalytic activities of P25 and the prepared samples
under UV light.
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UV light absorption among the three samples, which is
negative to the activity. Therefore, the outstanding photo-
catalytic activity of SiO,@TiO» must be due to the following
two reasons: the increased adsorption of organic substrate
and the low recombination rate of photogenerated electrons
and holes which has been proved by PL spectra. The
increased adsorption of organic substrate is favorable to the
activity because the substrate adsorption is the precondition
of photocatalysis. For SiO»@TiO» sample, SiO, coated on
TiOs surface (Fig. 2), which caused the interaction between
each other. Such interaction improved the separation rate of
photogenerated electrons and holes, thus leading to the high
activity.

Conclusion

SiOs-coated TiO, composite materials with enhanced
photocatalytic activity under UV light was prepared by a
catalytic hydrolysis method using Na,SiOs as silicon source.
The XRD result indicated that there were no obvious
changes in phase composition among the obtained samples.
The obvious shell-core structure was shown for SiO,@TiO»
sample. The average thickness of the SiO, coating layer was
2-3 nm. XPS, FT-IR, and PL results indicated that not the
mechanical mixing but some interaction existed between
Si0; and TiO; in SiO,@TiO,. SiO>@TiO, exhibited much
higher photocatalytic activity than P25 and SiO»/TiO; under
UV light. Such outstanding photocatalytic activity of
SiO,@TiO, was attributed to the increased adsorption of
organic substrate and the low recombination rate of photo-
generated electrons and holes.
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