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T i0,-SiO, core-shell particles with monodisperse silica core and
nanostructured titania shell were synthesized by a multi-step coating
process. The monodisperse silica spheres were prepared by Stober
method and titania shell obtained from a colloidal sol prepared by a hydrolysis—
condensation reaction. The titania sol was deposited on monodisperse silica
spheres by a multi-step coating method based on electrostatic attraction.
Characterization was performed by DLS, SEM, DTA-TG, FT-IR and XRD. Also,
the photoactivity of the core-shell particles was evaluated using methyl orange
degradation by UV-visible spectrophotometer. The mean particle size of the
colloidal titania sol was determined about 20 nm. The particle size of TiO-SiO;
core-shell was about 500 nm. The deposit of titania nanoparticles on silica
spheres was caused to delay anatase-rutile transformation. The core-shell
particles calcined at 650°C showed a higher photocatalytic activity than that of
pure titania. Prog. Color Colorants Coat. 7(2014), 259-268 © Institute for Color

Science and Technology.

1. Introduction

Titania has received significant attention because of its
numerous applications, such as white pigments [1,2],
photocatalytic film [3-7], catalytic membrane [8-10],
mesoporous material [11] and battery electrodes [12].
Titania nanoparticles are not thermally stable and also
undergo phase transformation and crystallite growth at
high temperatures leading to reduction in the effective
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surface area [13]. Also, it was found that fine particles,
such as nano-TiO, may have adverse effects on health
[14] and, moreover, recovery of particles in nano-size
range is a problem. A solution of this problem is the
adsorption of such fine particles on larger particles to
form a thin layer with high porosity and high surface
area [15,16]. Deposition of titania on a suitable support
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such as silica due to its stability and low expense in the
form of core-shell particles can be an appropriate
method. In this condition, the core and shell will be
composed of the monodisperse silica spheres and a
nanostructured titania coating, respectively [16-18].

TiO,-SiO, core-shell particle as an interesting
photonic band-gap material has many applications.
Also, low refractive index of silica (1.48) and high
refractive index of titania (2.5) produces substantial
modulation of dielectric medium when organized as a
two- or three-dimensional crystal [18]. Moreover,
Si0,-TiO, composite materials are used due to their
unique photocatalytic properties [19, 20].

However, for the -catalytic applications, it is
imperative that a proper thickness of TiO, film with
well-defined textural morphology be developed in
order to effect the desired reactions. The proper
thickness of titania film may be achieved by increasing
the concentration of the titania precursor solution or
applying a multi-step titania coating during the
synthesis process [13].

On the basis of our knowledge, few researches have
been done on the photocatalytic properties of titania-
silica core shell particles. In the present work, TiO,-
SiO, core—shell composite particles composed of
monodisperse silica spheres and titania nanoparticles
were prepared base on electrostatic attraction strategy
by a multi-step coating. The core-shell particles
calcined at 650°C showed a higher photocatalytic
activity than that of pure titania for decomposition of
methyl orange solution.

2. Experimental
2. 1. Materials

Tetraethyl orthosilicate (TEOS, Merck 800658),
Ethanol (EtOH, Merck 100983), ammonia (25%,
Merck 105432) and deionized water were used as raw
materials for the synthesis of silica microspheres. Also,
titanium tetraisopropoxide (TTIP, Merck 821895),
isopropanol (IPA, Merck 109634), nitric acid (65%
solution, Merck 100317) and deionized water were
used as raw materials for the preparation of colloidal
titania sol.

2.2. Synthesis of colloidal titania sol

Colloidal titania sol was prepared by a complete
hydrolysis of titanium tetraisopropoxide via the
addition of an excess H,O ([H,O]/[Ti] > 4). A solution

260 Prog. Color Colorants Coat. 7(2014), 259-268

of titanium tetraisopropoxide and isopropanol was
added dropwise to a solution of water and isopropanol
while stirring at high speed. Then the alcohol was
removed from the solution and the product was
dispersed in water to achieve a certain concentration.
The molar ratio for TTIP:IPA:H,O of the resultant
mixture was 0.45:1:4.5, respectively. The mixture was
peptized with acid by adjusted pH to 1.5 and was
refluxed at about 75°C for 20 hr. Finally, a stable
colloidal sol was obtained.

2. 3. Synthesis of monodisperse silica spheres

Monodisperse silica spheres as a support were
synthesized by sol-precipitation using the Stdber
method [21]. In a typical preparation, ammonia was
dissolved in a solution of ethanol and water. Then,
tetracthoxysilane was added dropwise to the above
solution at about 25C. The molar ratio for
TEOS:H,O:NH,OH was 0.5:5:1, respectively. The
solution was stirred for 3h, and then the white
precipitate was filtrated. The products were repeatedly
washed with water for three times, and then were dried
at 80°C for 4h in an oven in order to remove water.

2. 4. Coating process

TiO,—SiO, core—shell particles were prepared via
heterogenic coagulation method. For this purpose, 0.25
gr of silica microspheres were dispersed in 25 mL of
deionized water and the pH of SiO, suspension solution
was adjusted to 1.25 then 2 mL of TiO, sol was added
to the above solution. After stirring for 30 min, the pH
of the mixed solution was adjusted again to 4.0 by NH;
and then the precipitate was centrifugally separated.
The obtained product was washed with water for three
times to ensure complete removal of alcohol. The
resultant powder was dried at 80'C to remove water,
and then coating process was repeated for multi-step by
the colloidal sol. Finally, the obtained dried composite
particles were calcined at 650°C for 1 h in a muffle
furnace.

2. 5. Characterization

Particle size distribution of the colloidal titania sol was
determined by dynamic light scattering technique
(DLS, Malvern, UK, ZS3600). The microstructure and
morphology of samples were characterized by scanning
electron microscope with an accelerating voltage of 30
kV (SEM WEGA\WTESCAN). Thermal properties of
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samples were investigated by thermogravimetric
analysis (DTA-TG PERKINELMER) with a nitrogen
rate of 7.5°C/min.
were performed using an FT-IR

atmosphere at the Infrared
measurements
spectrometer (Tensor27 Bruker) at room temperature
on sample wafers consisting of 100 mg of dry KBr and
about 1 mg of sample. The phase composition of titania
was determined by X-ray diffraction technique with Cu
K, wavelength at 30 mA and 40 kV (XRD, Jeol JDX-
8030). In the last stage, the photocatalytic activity of
the prepared samples was measured by the
photocatalytic degradation of methyl orange (MO) in
an aqueous solution by UV-Vis spectophotometer
(Cecil Aquarius, CE 7200). In this study, 0.5 g of the
Ti0,-Si0,  core-shell used to

particles  was

photodegrade MO solution with concentration of 20
mg/L in a 1.2 L reaction vessel. The catalyzed MO
reaction was photo-excited by exposing the catalyst
particles in the solution under UV irradiation source
(24 W/em?, 254 nm).

3. Results and discussion
3.1. Particle size distribution of titania sol

Particle size distribution of the colloidal titania sol is
shown in Figure 1. Results show particle size of the
colloidal titania sol is in the range of 10-50 nm and the
mean particle size is about 20 nm. So, the particle size
of the colloidal titania sol is in nano-size range with
narrow distribution.
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Figure 1: The particle size distribution of the colloidal titania sol determined by the dynamic light scattering technique.

0 nm
Figure 2: SEM micrograph of monodisperse silica microspheres.
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200 nm
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Figure 4: SEM micrographs of the core-shell particles upon multi-step coating (a) dried and (b) calcined at 650'C 1,2

and 3 denote to the number of step coating).

3.2. Microstructure and morphology

SEM micrograph of the silica microspheres is shown in
Figure 2. This image demonstrates monodisperse silica
spheres obtained by the Stober method have spherical
shape and smooth surfaces with diameter about 500
nm.

Also, Figure 3 shows the SEM micrographs of the
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TiO,-coated SiO, microspheres (TiO,-SiO, composite
core-shell particles) prepared at pH 4 before and after
calcination. These images show the microspheres have
rough and textured surfaces, which confirm the silica
particles were coated by titania nanoparticles. The
formation mechanisms of TiO,-SiO, composite core-
shell particles can be accounted by the pH of TiO,
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solution relative to the isoelectric points of TiO, and
Si0,. Isoelectric point of TiO, is reported in the
interval 3.9-8.2 [22]. So at pH = 4, the colloidal titania
particles have a positive surface charge density and
expected to absorb to surfaces with a negative surface
charge density. Reported values of the isoelectric point
of SiO, are in the interval 1.7-3.5. This means that the
SiO, surface would be negatively charged at pH = 4.
Thus, the colloidal titania particles can be deposited on
the surface of SiO, microspheres due to the
electrostatic attraction.

The microstructure and morphology of Ti0O,-SiO,
core-shell particles with multi-step coating are shown
in Figure 4. As shown in Figure 4, the size of core-shell
particles increases with the number of coating steps.
Although the titania layer in one-step coating before
and after calcination (Figure 4(a), (b-1)) is not
continuous, it has well covered the silica spheres in
two-step coating process (Figure 4(a), (b-2)). However,
three-step coating process increases the thickness of
film and causes agglomeration between the particles
(Figure 4(a), (b-3)). So, according to SEM images, it
seems that two-step coating can be assumed as the
optimum Ti0,-SiO, core-shell particles.

3.3. Thermal analysis

The T, curves of the pure silica spheres and the
optimum TiO,-SiO, core—shell particles are shown in
Figure 5. These curves are similar to the Tg curves of

Si0,/Ti0, spherical core—shell particles synthesized by
Lee et al. [13]. For the pure silica and titania-coated
silica microspheres, total weight loss is about 14% and
18%, respectively. This is due to the higher amount of
the organic ligands and water that titania-coated silica
microspheres gained after deposition process. The
weight loss originated mainly from desorption of
physically absorbed water or solvents and surface
dehydroxylation. Tg curves show that all the ligands
are completely decomposed up to 1000°C.

3. 4. FT-IR spectroscopy

Figure 6 presents the IR spectra of pure titania and
TiO,-coated SiO, sphere particles calcined at 650°C in
the wave number range from 4000 to 400 cm™. The
broad peak at 2800-3800 cm™' is assigned to O-H for
absorbed water molecules [23]. Zhijie Li et al. claimed
that Ti-O-Ti vibration appears in the range of 400-600
cm™ as a result of condensation reaction [24].

Also, the 464 cm™ peak is attributed to Si-O-Si
bending modes, the 800 cm™ peak is assigned for
symmetric v4(Si-O-Si) stretching vibration, and the
1098 cm™ peak can be attributed to asymmetric v,y(Si-
O-Si) stretching vibration [25], which reveals a dense
silica network was formed. For TiO,-SiO, core-shell
particles, it is possible to distinguish two types of
interaction between TiO, and SiO,: physically mixed
(weak Van der Waals forces) and chemically bonded
(formation of Ti-O-Si linkages).
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Figure 5: Tq4 curves of (a) pure silica spheres and (b) TiO,-coated SiO; particles.
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Figure 6: FT-IR absorption spectra of (a) pure TiO, and (b) TiO,-coated SiO; particles calcined at 650°C.
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Figure 7: XRD patterns of the colloidal titania calcined at (a) 450°C, (b) 550°C and (c) 650°C.
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The IR band at 910-960 cm™ can be due to the
stretching vibration band of Ti-O-Si bonds. So, the
infrared band at 930 cm™ in the spectra of the TiO,-
SiO, core-shell particles indicated the possibility of
formation of bonds of Ti-O-Si [24].

Also, IR bands in the range of 433-438 cm ™' and
489-496 cm ! were attributed to anatase and rutile,
respectively [26]. So, it can be seen titania deposition
on silica spheres changes Ti-O-Ti bending mode of
rutile to anatase after calcination at 650°C according to
curves in Figure 6.

3. 5. Phase analysis

XRD patterns of the colloidal titania calcined at
different temperatures are shown in Figure 7. The
strongest peaks of anatase and rutile phases are located
at 20 = 25.3° (101) and 27.4" (110), respectively [27].
These results indicate phase structure of the colloidal
titania calcined at 450°C is anatase that with increasing

temperature, these peaks are gradually resolved and
rutile peaks are completed. It means that anatae phase
is not stable at 650°C.

Also, XRD pattern of the monodisperse silica
spheres coated with and without titania nanoparticles
after calcination at 650°C are shown in Figure 8. Figure
8(a) shows partially amorphous structure of the
monodisperse silica spheres after calcination at 650°C.
Whilst the XRD patterns of TiO,-coated SiO, spheres
calcined in this temperature indicate dominant peaks at
20 of about 25.2, 37.9, 47.8, 53.8, and 55.01 according
to crystalline structure of anatase phase. It means that
the coating of silica microspheres by titania
nanoparticles causes to delay phase transition of
anatase to rutile. In this condition, anatase phase would
be stable at 650 C according to Figure 8 (b, c). So, the
phase analysis results will be compatible with FT-IR
ones (Figure 6).
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Figure 8: XRD patterns of the monodisperse silica spheres (a) without coating; (b) with one-step and (c) with two-step

coating by titania after calcination at 650°C.
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Figure 9: Concentration changes of MO in the presence of (a) pure titania, (b) one-step TiO,-coated SiO, spheres and
(c) two-step TiO,-coated SiO, spheres calcined at 650°C.

It seems titania deposition on silica spheres has
formed Ti-O-Si bond causing to postpone anatase-
rutile transformation. According to the FT-IR results,
the formation of Si-O-Ti cross-linking bonds and -OH
radicals around the Ti-O network can delay the
formation of phase from anatase to rutile. So, anatase
phase would be stable at 650 C. Moreover comparing
curves (b) and (c) (Figure 8) illustrates that increasing
number of coating steps leads to amplifying anatase
peak intensity.

3. 6. Photocatalytic activity

Figure 9 compares concentration changes of methyl
orange aqueous solution in the presence of the pure
titania and TiO,-SiO, core-shell particles calcined at
650°C.

On the basis of results, TiO,-SiO, core-shell
particles calcined at 650°C show a higher
photocatalytic activity than that of pure titania for
decomposition of methyl orange aqueous solution.
Also, the evolution of results indicates that the
complete decomposition of MO occurs in less than 100
min in the presence of two-step TiO,-coated SiO,
spheres. In this condition, titania shell absorbs the UV
irradiation to generate negatively and positively
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charged ions, the latter of which interacted with water
to produce OH radicals that will degrade the MO.

In this process, the mechanism of photocatalytic
degradation of MO is controlled by the silica core in a
manner that, the electrons generated from the shell is
immediately pulled towards the internal core, thereby
effectively separating the different charges of ions and
facilitating the production of the radicals [28].

4. Conclusion

In this work, TiO,-SiO, composite core-shell particles
including of monodisperse silica core and
nanostructured titania shell were synthesized by a
multi-step coating process. SEM images indicated the
thickness of titania shell gradually increases by
repeating of coating process. A mean diameter of TiO,-
SiO, composite core-shell particles was determined
about 500 nm. Also FT-IR results confirmed the
existence of Ti-O-Si bond at the interface between the
titania shell and silica core. The deposit of titania
nanoparticles on silica spheres was caused to delay
anatase-rutile transformation. Also, the core-shell
particles calcined at 650°'C showed a higher
photocatalytic activity than that of pure titania for
decomposition of methyl orange.
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