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Different core–shell structured silica–titania (SiO2–TiO2) nanocomposites were successfully synthesised in two successive stages. In the first
stage, the core was synthesised by preparing poly[oligo(ethylene glycol)monomethyl ether methacrylate] (POEOMA) on the modified surface
of silica nanoparticles (SiO2–POEOMA). In the second stage, the shell was formed by depositing or coating tetrabutyl titanate (TBT) with
SiO2-polymer to obtain cauliflower-like, cauliflower–pomegranate-like and pomegranate-like SiO2–POEOMA–TiO2 microspheres; the
weight ratio of added SiO2–POEOMA to TBT (1:0.146, 0.293 and 0.439) was then adjusted. Later, the polymer layer was removed to
obtain the cauliflower-like, cauliflower–pomegranate-like and pomegranate-like core–shell structured SiO2–TiO2 microspheres (CMs,
CPMs and PMs). X-ray diffraction results showed that the TiO2 shell was a pure anatase phase. SiO2–TiO2 microspheres were also
characterised by N2 adsorption–desorption; the results showed that a pore structure was found in the porous shell. Extensive porosity was
generated in the shell because POEOMA was used as a template and pore-forming agent; the structure of CMs, CPMs and PMs remained
almost unchanged. These results also showed that pore volumes and specific surface areas of the final products derived from N2 sorption
decreased as the content of TBT increased. PMs with the highest content of TiO2 showed the most efficient photocatalytic activity.
1. Introduction: Compared with traditional composites, novel
multifunctional nanomaterials exhibit new, enhanced and
excellent properties (e.g. mechanical, chemical, electrical,
rheological, magnetic and optical). Given such properties, these
nanomaterials may potentially be applied in biomedicine [1],
catalysis [2], drug delivery [3, 4], energy storage [5], water
treatment adsorbents [6] and sensors [7, 8]. Composite
nanomaterials with well-defined structures that combine the
characteristics of each component or achieve cooperatively
enhanced performance have been extensively investigated [2, 7].
In particular, core–shell structured nanomaterials have been
extensively explored, and various morphologies, such as
pomegranate [9–11], raspberry [12, 13], yolk shell (or rattle-type)
[4, 14–18], cauliflower [19, 20] and sandwich [15, 21]-like forms,
have been revealed.

As metal oxide semiconductors, nanophase titanium dioxide
(TiO2) can facilitate the rate of surface reactions because of its ex-
cellent physicochemical properties, high photoactivity, low cost,
nontoxicity and photo-corrosion stability. Nanophase TiO2 is one
of the most commonly used photocatalysts in various solar-driven
clean energy and environmental technologies [5, 22, 23].
However, the stable mesostructure of TiO2 is more difficult to
obtain than that of silica; hence, preservation of the pore arrange-
ment upon surfactant or template removal is a significant challenge
when this semiconductor is used. Template synthesis of mesopor-
ous TiO2 usually creates amorphous walls; heat treatment per-
formed to activate crystallisation of titania often causes the
ordered mesostructure to collapse [24, 25]. The activator regener-
ated by electron transfer for atom transfer radical polymerisation
(ARGET ATRP) is one of the most widely used polymerisation
techniques to graft polymers onto the modified surface of silica
nanoparticles when preparing polymer-modified SiO2 nanoparticles
[25]. Yin and Zhou [26] successfully prepared poly
(2-(dimethylamino) ethylmethacrylate (PDMAEMA)-co-3-
dimethyl (methacryloyloxyethyl) ammoniumpropanesulfonate)-
grafted silica nanoparticles through grafting of PDMAEMA
brushes onto an SiO2 surface via ARGET ATRP. This and the
above method required more complex procedures and crucial reac-
tion conditions than radical-free solution polymerisation. In this
Letter, the cauliflower-like (CM), cauliflower–pomegranate-like
310
& The Institution of Engineering and Technology 2015
(CPM) and pomegranate-like (PM) core–shell structured
SiO2–TiO2 microspheres (CMs, CPMs and PMs) were prepared
to obtain TiO2 shells without collapse, and the photocatalytic activ-
ities of the prepared materials were also evaluated. The novelties of
the method and core–shell structured SiO2–TiO2 microspheres
compared with those previously reported mainly include the follow-
ing aspects. First, fabrication of silica–poly[oligo(ethylene glycol)
monomethyl ether methacrylate] (SiO2–POEOMA) hybrid micro-
spheres can be easily obtained by using the hydrophilic monomer
oligo(ethylene glycol)methyl ether methacrylate (OEOMA)
through a simple radical-free solution polymerisation process on
the modified surface of silica nanoparticles. Second, SiO2–
POEOMA is used as a template to synthesise CPM, CPPM and
PPM SiO2–POEOMA–TiO2 microspheres; here, tetrabutyl
titanate (TBT) is hydrolysed in the POEOMA segments. Core–
shell structured SiO2–TiO2 microspheres are prepared by thermal
removal of POEOMA from the prepared SiO2–POEOMA–TiO2.
POEOMA is used as a pore-forming agent to synthesise
SiO2–TiO2 microspheres. Finally, the structures of CMs, CPMs
and PMs can be modified by the addition of different amounts of
TBT. The SiO2–TiO2 microspheres obtained in this work show
potential applications in photocatalysis.

2. Experimental: All of the chemicals used were of analytical
grade and applied to synthesise photocatalysts without further
purification.

Different core–shell structures of SiO2–TiO2 photocatalysts were
prepared through the following steps. Tetraethoxysilane (TEOS)
and TBT were used as precursors of SiO2 and TiO2, respectively.
Silica nanoparticles with an average diameter of 100 nm were pre-
pared according to a previously described method [27]. The
amounts of ethanol (EtOH), H2O, ammonia solution (NH4OH)
and TEOS added were 100, 8, 10 and 5 ml, respectively, corre-
sponding to an EtOH, H2O, NH4OH and TEOS molar ratio
of 17:4:2.6:0.2. SiO2 was then modified sequentially by
using vinyl-organosilicon coupling agents, particularly 3-
(trimethoxysilyl)propyl methacrylate (MPS) and hydrophilic
monomer OEOMA. Potassium persulphate (KPS) was used as the
initiator, EtOH was used as the solvent and NH4OH was used as
a catalyst of hydrolysis. The SiO2–POEOMA obtained was
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Figure 1 Schematic of the preparation of CMs, CPMs and PMs

Figure 2 TEM images
a SiO2

b SiO2–POEOMA

Figure 3 TGA results
a SiO2

b SiO2–MPS
c SiO2–POEOMA
placed in a flask containing 50 ml of EtOH and 1 ml of NH4OH. To
obtain different core–shell structures, 0.5, 1.0 or 1.5 ml of TBT was
added dropwise to 0.01 g of SiO2–POEOMA to achieve
SiO2–POEOMA:TBT weight ratios of 1:0.146, 1:0.293 and
1:0.439, respectively [15, 28], with vigorous stirring and then
refluxed at 40°C for 24 h. Milk-like precipitates corresponding to
the three different core–shell structures of silica-based microspheres
(CPMs, CPPMs and PPMs) were obtained. The precipitates were
washed twice with EtOH and distilled water, dried at 50°C and
calcined at 450°C for 6 h to obtain CMs, CPMs and PMs. Later,
the obtained samples were characterised.
The photocatalytic activities of as-prepared CMs, CPMs and

PMs were evaluated by photodecomposition of methyl orange
(MO) under UV light irradiation. Before UV irradiation was per-
formed, 0.04 g of CM, CPM and PM particles were dispersed
into a quartz cup containing 100 ml of MO aqueous solution
(30 mg l−1) with the aid of an ultrasonicator for 15 min and then
stored in the dark with continuous stirring for 1 h to establish ad-
sorption–desorption equilibrium of MO on the surface of CM,
CPM and PM particles. During irradiation, the suspension was vig-
orously stirred using a magnetic stirrer and bubbled with oxygen at
a constant flow rate. This experiment was performed at room tem-
perature. Samples were removed at an interval of 30 min and cen-
trifuged at 8000 rpm for 10 min. The supernatant was placed in a
quartz cuvette, and its optical absorption was determined at
463 nm, which is the maximum absorption of MO, using a
Shimadzu UV-2600 spectrophotometer.
The crystal structure of the sample was characterised using an

X-ray diffractometer (XRD, Bruker D8) with CuKα radiation
(35 kV, 30 mA and λ=0.15406 nm). Data were collected from 20°
to 70°. Morphological characteristics were analysed using a JEM
2100 transmission electron microscope (TEM) at an accelerating
voltage of 200 kV and SUPRA™55 field emission scanning elec-
tron microscope (FESEM). Thermogravimetric analysis (TGA)
was performed using a TGA1500 DSP-SP instrument at a heating
rate of 20°C min−1 from room temperature to 800°C under nitrogen
atmosphere. N2 adsorption–desorption was performed using a
TriStar 3020 apparatus. The specific surface area (SBET) and pore
size distribution of the samples were, respectively, determined
using the Brunauer–Emmett–Teller (BET) method and Barrett–
Joyner–Halenda (BJH) model.

3. Results and discussion
3.1. Preparation of CMs, CPMs and PMs: Amorphous silica was
synthesised using a previously described method [27]. MPS, a
polymerisable silane coupling agent, was modified on the silica
surface to form SiO2–MPS. Radical-free aqueous polymerised
OEOMA was added to the mixture, thereby forming an
intermediate product (SiO2–POEOMA). TBT was hydrolysed
with a hydrophilic intermediate product and a POEOMA segment
was removed to obtain the final products (CMs, CPMs and PMs;
Fig. 1).

3.2. Characterisation of modified silica: Figs. 2a and b show the
TEM images of spherical SiO2 and POEOMA grafted onto the
bare SiO2 nanoparticles (SiO2–POEOMA). Monodispersed
spherical SiO2 with an average diameter of approximately 100 nm
was obtained. After POEOMA was grafted onto the modified
SiO2 surface (Fig. 2b), SiO2–POEOMA nanostructures with an
average thickness of ∼10 nm may be clearly observed. The
obtained SiO2–POEOMA showed severe aggregation because of
POEOMA. This result indicates that hydrophilic POEOMA was
successfully grafted onto the SiO2 surface.
Fig. 3 shows the TGA results of pure SiO2, SiO2–MPS and SiO2–

POEOMA. When heated from 0 to 100°C, bare SiO2 exhibited a
total weight loss of 8.04%. This weight loss corresponds to the
loss of chemisorbed water on the SiO2 surface. When heated to
800°C, SiO2–MPS showed major weight loss of ∼12.11%, which
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indicates that MPS was successfully coated onto the SiO2 surface
(Fig. 3b). Fig. 3c shows the TG graph of SiO2–POEOMA.
Compared with that of SiO2–MPS, the weight loss of SiO2–
POEOMA, which is attributed to the dissociation of POEOMA,
was about 17.45%. This result indicates that about 17.45 wt% of
the available POEOMA was successfully grafted onto the SiO2

surface.

3.3. Characterisation of CMs, CPMs and PMs: Fig. 4 shows the
TEM images of CPMs, CPPMs and PPMs as well as their
311
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Figure 4 TEM images and FESEM images of CPMs, CPPMs and PPMs
a CPMs TEM image
b CPPMs TEM image
c PPMs TEM image
d CMs FESEM image
e CPMs FESEM image
f PMs FESEM image
HRTEM images of inset i is at a higher magnification for a. The FESEM images of insets ii and iii are for e and f
corresponding FESEM images. Figs. 4a and b show the formation
of aggregated secondary CM and CPM particles through
agglomeration and precipitation of TiO2 primary particles on the
SiO2–PEPOMA particle surface. A cauliflower-like structure of
CPMs was obtained (Fig. 4a, inset i). The cauliflower- and
pomegranate-like structures of CPPMs were obtained when the
weight ratio of TBT:SiO2–POEOMA was 1:0.293 (Fig. 4e, inset
ii). Another structure of SiO2–TiO2, the pomegranate-like
structure, formed as the TBT (PMs) added increased further
(Fig. 4f, inset iii). SiO2–TiO2 agglomerates exhibited a smooth
and porous surface as the content of TBT increased, thereby
resulting in a decrease in SBET (Table 1).

The chemical compositions of CMs, CPMs and PMs were deter-
mined by XRD to reveal details of their chemical composition and
crystallographic structure (Fig. 5). Peaks located at 25.3°, 37.9°,
48.2°, 54.1°, 55.2° and 62.8° were assigned to the 101, 004, 200,
105, 211 and 204 faces of TiO2 anatase. The XRD results indicate
that calcination occurs at 450°C and that the major crystalline phase
of the prepared CMs, CPMs and PMs is anatase without any rutile;
however, SiO2 is formed as an amorphous phase [29]. These results
further confirm that the addition of SiO2 to TiO2 increases the
thermal stability of TiO2 crystallites. However, excess addition of
Table 1 Structural properties of SiO2–TiO2 microspheres prepared from
SiO2–POEOMA–TiO2 microspheres

Sample SBET, m
2 g−1a Vp, cm

3 g−1b Pore size, nmb

CMs 72.28 0.14 7.32
CPMs 38.94 0.06 6.00
PMs 19.63 0.03 6.37

aSBET was determined by the multipoint BET method using the adsorption
data in the relative pressure (P/P0) range of 0.05–0.23
bPore volume and average pore size were determined by nitrogen
adsorption volume at a relative pressure of 0.99

312
& The Institution of Engineering and Technology 2015
SiO2 to TiO2 reduces the crystallinity of TiO2 anatase; thus, PMs
display weak anatase crystallinity.

N2 adsorption–desorption isotherms and the corresponding BJH
pore size distribution curves of CMs, CPMs and PMs are shown in
Fig. 6. According to the IUPAC classification, CMs display a type
III isotherm and H2 hysteresis, which indicates a mesoporous ma-
terial that exhibits capillary condensation and evaporation [30].
By contrast, CPMs and PMs showed curves of types I and IV. At
relative pressures ranging from 0.4 to 1, the curves revealed two
small hysteresis loops. At relatively low pressures of 0.4–0.8, the
hysteresis loop was type H2, which suggests the existence of
‘ink-bottle’ pores [31]; at a relatively high-pressure range of
0.8–1.0, however, the hysteresis loop changes to type H3, which
is associated with ‘slit-like’ pores [32]. Compared with that of
PMs, the inflection position of the CPMs shifted slightly towards
relatively higher pressures and the volume of adsorbed nitrogen
increased; this result suggests a decrease in pore size. The
Figure 5 XRD patterns of CPMs (red line), CMs (black line) and PMs
(green line)
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Figure 6 N2 adsorption–desorption isotherms and corresponding BJH pore
size distribution curves
a CMs
b CPMs
c PMs

Figure 7 Per cent degradation of MO as a function of irradiation time for
CMs (black square), CPMs (red circle) and PMs (green up-pointing
triangle)
calculated SBETs of CMs, CPMs and PMs were 72.28, 38.94 and
19.63 m2 g−1, respectively (Table 1), and their pore size distribu-
tions were 7.32, 6.00 and 6.37 nm, respectively. All of the pores
were present in the outer shell of TiO2 because TBT was hydrolysed
with the hydrophilic segment (POEOMA) of SiO2–POEOMA
microspheres. Pores were then generated upon removal of the
POEOMA polymer. The quality of absorption decreased as the
content of TBT increased.
The photocatalytic activities of CMs, CPMs and PMs are shown

in Fig. 7. As the UV irradiation times increased, the concentration
of MO in mixtures of CMs, CPMs and PMs and dispersed aqueous
MO decreased. The photocatalytic activity of PMs was nearly
100%. This result indicates that higher TiO2 content results in
higher photocatalytic activity. The photocatalytic activity of CMs
was higher than that of CPMs. This result also indicates that a
larger surface area confers better photocatalytic activity because
more active sites are provided for MO molecule adsorption. Thus,
the TiO2 content is superior to the SBET as a factor influencing
the photocatalytic activity of the samples.

4. Conclusions: In summary, CMs, CPMs and PMs were
successfully prepared. SiO2–POEOMA was also synthesised for
the first time by applying a simple route, namely, radical-free
solution polymerisation. This procedure is not only milder but
also safer than the approaches described in previous studies. The
SiO2–TiO2 microspheres obtained showed different photocatalytic
activities for MO degradation. In particular, PMs with the highest
TiO2 content showed the most efficient photocatalytic activity.
CMs with larger SBET also exhibited higher photocatalytic
activities than CPMs.
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