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Abstract TiO,@SiO, core/shell nanoparticles have been
synthesized by sol-gel method from tetraethylorthotitanate
and tetraethylorthosilicate. The synthesized products were
characterized by X-ray diffraction, scanning electron mi-
croscopy, Fourier transform infrared spectrum, electron
dispersive X-ray spectroscopy and ultraviolet—visible. The
results revealed that compared to SiO, and TiO,, TiO,@-
SiO, core/shell nanoparticles display smaller crystal size
and greater band gap energy. The photocatalytic activity of
the synthesized products has been compared in the pho-
todegradation activity of methylene blue.

1 Introduction

Dye is a vital chemical used in several industries such as
those involved in producing fabric, food, furniture and
paint, representing a major threat to the environment due to
its toxicity and potentially carcinogenic nature [1, 2].
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Water purification is one of the most important issues in
environmental science [3-9] and synthetic dyes are the main
pollutant groups of wastewater [10—13]. Even in low quanti-
ties, presence of dyes can cause serious environmental prob-
lems, for instance, growth of aquatic bacteria can be inhibited
by interference of penetration of sunlight into water by organic
dye molecules [10—13]. Therefore, much effort has been made
to reduce the concentration of organic dyes in the wastewater
[10-17]. Use of photocatalysts has been considered as one of
the most promising ways of removing organic compounds
from water [8, 12—-16].

Among different existing photocatalysts, titanium diox-
ide has been intensively investigated for their promising
mechanical, chemical, electrical, and optical properties. In
particular, great attention has been devoted to the study of the
photocatalytic properties of TiO, powders and thin films
useful for the purification of air and water and the provision
of self cleaning surfaces [18-21]. This activity can be ob-
tained due to its ability to mineralize a wide range of organic
contaminants, such as aromatics, alkanes, alcohols,
haloalkanes, dyes, insecticides, and surfactants, and to the
photo induced super hydrophilic effect.

However, application of TiO, as a photocatalyst for
purification of wastewater can be limited by several factors.
First, photocatalytic activity of TiO, is easily deactivated
by deposition of surface-bound carbonate compounds as
intermediate products of oxidative decomposition of or-
ganic molecules [22-24]. Second, TiO, can only adsorb
UV light due to its wide band gap, and therefore, its pho-
tocatalytic efficiency in sunlight is low [25, 26].

Recently, a TiO,@SiO, mixed oxide was reported to be
more active as a photocatalyst than pure titania [27, 28].
The addition of SiO, to TiO, enhances the thermal stability
of the anatase phase [29] and increases the surface area
[30]. Cheng et al. [31] have reported that silica-doped TiO,
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has high photocatalytic activity due to the suppression of
the anatase to rutile phase transition and the formation of
oxygen vacancies.

The procedures utilized for the synthesis TiO,@SiO,
core/shell nanoparticles include hydrothermal, co-pre-
cipitation and sol-gel procedures [32-34]. Among these
procedures, the sol-gel procedure is the most method for
controlling textural and surface characteristic of nanopar-
ticles [35, 36].

Methyl blue (MB) is a water-soluble dye, which is
widely used in the textile, printing, paper manufacturing,
pharmaceutical, food industries and also in research
laboratories. The safe removal of this kind of dye is the first
aim of our present research. In the present paper, MB was
chosen as the model dye.

2 Experimental
2.1 Materials and characterization

Tetraethyl orthotitanate (TEOT), tetracthyl orthosilicate
(TEOS) and triethanolamine (TEOA) used in our ex-
periments were purchased from Merck. For characteriza-
tion of the products X-ray diffraction (XRD) patterns were
recorded by a Rigaku D-max C III, X-ray diffractometer
using Ni-filtered Cu Ko radiation. Scanning electron mi-
croscopy (SEM) images were obtained on Philips XL-
30ESEM. Fourier transform infrared (FT-IR) spectra were
recorded on Shimadzu Varian 4300 spectrophotometer in
KBr pellets. Optical analyses were performed using a
V-670 UV-Vis-NIR Spectrophotometer (Jasco).

2.2 Preparation of titana nanoparticles

The standard procedure for the preparation of TiO,
nanoparticles was conducted according to the literature [37,
38]. The solution of Ti4+(0.5 M) which is stable against
hydrolysis at room temperature, was prepared by mixing
tetraethyl orthotitanate (TEOT) and TEOA with a molar
ratio of TEOT:TEOA = 1:2, followed by the addition of
distilled water (50 mL). The final pH of solutions was 9.6
and was fixed at this pH by mixing with HC1IO, or NaOH
solution. The solution was placed in a Teflon-lined auto-
clave and aged at 100 °C for 24 h for gelation; then, drying
was carried out using a conventional oven at 100 °C for
24 h under vacuum for overnight. The samples were cal-
cinated at 600 °C for 2 h.

2.3 Preparation of silica nanoparticles

Silica nanoparticles were synthesized by using modified
Stober process [39-48]. The solution of TEOS (0.5 M)

which is stable against hydrolysis at room temperature, was
prepared by mixing TEOS and TEOA with a molar ratio of
TEOS:TEOA = 1:2, followed by the addition of distilled
water (50 mL). The final pH of solutions was 9.6 and was
fixed at this pH by mixing with HC1O4 or NaOH solution.
The solution was placed in a teflon-lined autoclave and
aged at 100 °C for 24 h for gelation; then, drying was
carried out using a conventional oven at 100 °C for 24 h
under vacuum for overnight. The samples were calcinated
at 600 °C for 2 h.

2.4 Preparation of TiO,@SiO, core/shell
nanoparticles (photocatalyst preparation)

The solution prepared by mixing TEOT and TEOA with a
molar ratio of TEOT:TEOA = 1:2, followed by the addi-
tion of 50 mL distilled water. In continues, TEOS was
added to the solutionwith a molar ratio of TEOT:-
TEOS = 1:1. The solution was placed in a Teflon-lined
autoclave and aged at 100 °C for 24 h for gelation; then,
drying was carried out using a conventional oven at 100 °C
for 24 h under vacuum for overnight. The samples were
calcinated at 600 °C for 2 h.

2.5 Photocatalytic experiment

The photocatalytic activities of the samples were deter-
mined by the degradation of aqueous methylene blue (MB)
under UV light. About 10 mg of the sample was first in-
serted to a reactor that included 2 x 107® M of aqueous
MB. The suspension was transferred into a self-designed
glass reactor, and stirred in darkness to attain the adsorp-
tion equilibrium. In the research of photodegradation by
UV light, a 125 W high-pressure mercury lamp with a
water cooling cylindrical jacket was utilized. The concen-
tration of MB was checked on the basis of its UV-visible
absorption peak at 664 nm.

3 Results and discussion
3.1 FT-IR spectroscopy

Investigating the surface chemistry of nanoparticles would
help to have a better view of their properties (Fig. 1). FT-
IR spectrum of TiO, samples have been shown in Fig. la.
The absorption around 3429 and 1630 cm™" are due to the
stretching and bending vibration of water molecules, re-
spectively. As shown in Fig. la, the broad band in
460 cm™ " in the FT-IR spectra of the TiO, sample belongs
to the characteristic vibrations of the inorganic Ti—O-Ti
network [49]. FT-IR spectra of SiO,nanoparticles have
been shown in Fig. 1b. The spectra show that the peaks
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Fig. 1 FT-IR spectra of prepared a SiO,, b TiO, and ¢ TiO,@SiO,

corresponding to stretching and bending vibration of OH
by adsorbed water molecules are 3432 and 1630 cm™',
respectively. Three bands at 472, 807, and 1105 cm™'
dominate the spectra for silica sample which are attributed
to stretching and bending vibration of silicon and oxygen.
The peak at 1105 cm™' corresponds to asymmetric vibra-
tions of O-Si—O, 807 cm~! is ascribed to symmetric
stretching vibrations of O-Si—O and the peak at 472 cm ™'
corresponds to bending vibrations of silica [50]. Figure 1c
shows the FT-IR spectra of prepared TiO,@SiO, core/shell

@ Springer

nanoparticles. The band around 468 cm™" is attributed to

the Ti—O-Ti stretching vibration of crystalline TiO, phase.
The band near 1101 cm™" corresponds to the asymmetric
stretching vibration of Si—-O-Si bond. The bands at around
3390 and 1628 cm ™' are attributed to the bending vibration
of hydroxyl groups by adsorbed water molecule. Besides,
another band around 940 cm ™" is commonly accepted as
the characteristic stretching vibration of Ti—O-Si bonds,
which implies the substitution of Si for Ti occurred to form
Si—O-Ti bonds in TiO,@Si0, core/shell nanoparticles.

3.2 X-ray diffraction patterns

The X-ray diffraction patterns of as-prepared product have
been shown in Fig. 2. Figure 2a shows the XRD pattern of
Si0, nanoparticles synthesized by modified Stober process.
This pattern shows the amorphous nature of the prepared
sample. The intense peak at 20 = 22 - indicates that the
SiO, peak has amorphous nature. No other impurity peaks
were present in the SiO, nanoparticles. As shown in
Fig. 2b, all diffraction peaks can be well indexed to pure
anatase structural titanium oxide. No peaks of the rutile or

(a) SiO2

(b)

Intensity (a. u.)

(c)
Ww W *‘ M
0 20 30 40 50 60 70
20 (degree)

Fig. 2 XRD patterns of prepared a SiO,, b TiO, and ¢ SiO,@TiO,
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brookite phase were detected, indicating satisfactory purity
of these products. All the peaks were labeled and can be
indexed to JCPDS Card No. 04-0477. Figure 2c shows the
XRD pattern of TiO,@SiO, core/shell nanoparticles. As
shown in Fig. 2c, the profiles show the presence of anatase
TiO,. No other peaks can be observed, which could be
attributed to amorphous phase of SiO,, or Si as an inter-
stitial atom is well-inserted into the crystal lattice of TiO,.

3.3 SEM images

Figure 3 shows the surface morphology of the synthesized
nanoparticles evaluated by scanning electron microscopy.
The three different catalysts, SiO,, TiO, and TiO,@SiO,
core/shell were imaged by SEM (Fig. 3). The SiO,
nanoparticles is consisted of irregularly shaped particles
with a wide size range (25-80 nm), as shown in Fig. 3a.
The TiO, nanoparticles have non-uniform particles
(Fig. 3b) in large clumps (50-250 nm), which was prob-
ably due to growth and densification. The TiO,/SiO, core/
shell formed relatively uniform particles (20-50 nm) with
some nanoagglomerates, as shown in Fig. 3c.

3.4 Optical properties

To investigate the optical absorption properties of prepared
samples, the UV-Vis study was carried out (Fig. 4). It is
known that the absorption of light affects the photocatalytic
activity considerably. The UV-Vis spectrum of the as-
prepared SiO, nanoparticles has been shown in Fig. 4 (red
line). There is a strong absorption peak located at 280 nm,
compared with the absorption peak of bulk SiO, materials
(Eg ~11¢V) [51]. Figure 4 (blue line) shows UV-Vis
spectrum of the as-prepared TiO, nanoparticles. This
spectrum exhibits the absorption peak located at 314 nm.
In addition, it is denoted that the absorption peak (280 nm)
in UV-Vis spectrum decreased for TiO,@SiO, core/shell
compared with SiO, and TiO, nanoparticles [Fig. 4 (green
line)]. This is probably due to the coverage of SiO, on TiO,
surface which restrained the absorption of UV-Vis light.
This phenomenon can be explained in terms of the change
in band gap energy of TiO, due to SiO,. Many reports
concluded that SiO, causes the blue shift of TiO, by two
mechanism; (1) reducing the particle size of TiO, due to
siliceous framework (quantum size effect) and (2) forming
Ti—O-Si bonds leading to the modification of the electronic
structure [52-55] (Scheme 1).

The fundamental absorption edge in most semiconduc-
tors follows the exponential law. Using the absorption data,
the band gap was estimated by Tauc’s relationship:

- Oto(h'l? - Eg)n
e (1)
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Fig. 3 SEM images of prepared a SiO,, b TiO, and ¢ SiO,@TiO,

where « is absorption coefficient, 49 is the photon energy,
o9 and h are the constants, E, is the optical band gap of the
material, and n depends on the type of electronic transition
and can be any value between %2 and 3 [56]. The energy
gaps of the samples have been determined by extrapolating
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the linear portion of the plots of («h9)"* against ht to the

energy axis (Fig. 5) [57-59]. The E, values have been
calculated 3.8, 3.1, and 5 eV for the SiO,, TiO,, and
TiO,@Si0, core/shell nanoparticles, respectively.

3.5 TEM images

Figure 6 shows the representative HRTEM of TiO, @SiO,
core/shell nanoparticles. The obvious shell-core structure
has been shown for TiO,@Si0O,, indicating that the ho-
mogeneous coverage happened between SiO, and TiO,
(Fig. 6). In the HRTEM, the ordered crystal lattices and
amorphous structure have been shown in the core and shell
of TiO,@Si0,, respectively. This indicated the core and
shell of TiO,@8Si0O, was TiO, and SiO,, respectively. The
Si0,-coated TiO, was obtained. It has been shown in the
HRTEM the average thickness of the SiO, coating layer
was 3-8 nm.

4
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Fig. 4 UV-Vis diffuse absorption spectra of prepared (red line)
SiO,, (blue line) TiO, and (green line) SiO,@TiO, (Color figure
online)

Scheme 1 Reaction
mechanism of photocatalytic
degradation of MB dye over
TiO,@Si0, core/shell
nanoparticles under UV light
irradiation

UV light

Photocatalyst
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3.6 Photocatalytic decolorization of MB dye

The photocatalytic activity of the nanoparticles was
evaluated by monitoring the degradation of methyl blue
(MB) in an aqueous solution, under irradiation with UV
light (Fig. 7). Without light or nanoparticles, nearly no MB
was broken down after 16 min, revealing that the contri-
bution of self-degradation was insignificant. However,
TiO,@Si0, core/shell nanoparticles showed much higher
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Fig. 6 HRTEM of TiO,@SiO, core/shell nanoparticles
Ap—A
0.8 D% ="="—"x 100 (2)
0
0.5 —e— SiO2
- TiO2 where Ay and A are the absorbencies of the liquid sample
0.4 i TiO2+SIO? before and after degradation, respective'ly. Abqut 95,.89
and 68 % MB were degraded after 16 min for TiO,@SiO,
< 0.3 core/shell, TiO, and SiO, nanoparticles, respectively.
< In spite of higher MB adsorption of TiO, nanoparticles
0.2 than TiO,@SiO, core/shell nanoparticles (Fig. 7),
TiO,@Si0, core/shell nanoparticles showed much higher
0.1 photocatalytic activity. This probably causes the low re-
combination rate of photogenerated electrons and holes in
0 TiO,@Si0, core/shell nanoparticles [60]. The photo-

0 2 4 6 8 10 12 14 16
Time(min)

Fig. 7 Decolorization of MB dye of SiO,, TiO, and TiO,@SiO,
core/shell nanoparticles

photocatalytic activity than TiO, and SiO, nanoparticles.
The percentage of degradation D % was determined as
follows:

catalysis degradation is suggested to include the production
of an (e /h™") pair, leading to the formation of hydroxyl
radicals (OH) and superoxide radical anions (O5 ). These
radicals are the oxidizing species in the photocatalytic
oxidation procedures. High separation rate of photo in-
duced charge carriers are favorable to shape these radicals.
We give some proposal to improve the photocatalytic ef-
ficiency in the future in such as: utilizing other metal oxide
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semiconductors, adding other semiconductors toTiO,@-
SiO, core/shell nanoparticles and preparation TiO,@SiO,
core/shell nanoparticles by various chemical methods.

4 Conclusion

TiO,@Si0, core/shell nanoparticles with enhanced pho-
tocatalytic activity under UV light were prepared by sol—
gel method. TiO,@Si0O, core/shell nanoparticles exhibited
much higher photocatalytic activity than SiO, and TiO,
under UV light. Such outstanding photocatalytic activity of
TiO,@Si0, core/shell nanoparticles can be attributed to
the increased adsorption of organic substrate and the low
recombination rate of photogenerated electrons and holes.
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