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Abstract

SiO2/TiO2 composite microspheres with microporous SiO2 core/mesoporous TiO2 shell structures were prepared by hydrolysis of

titanium tetrabutylorthotitanate (TTBT) in the presence of microporous silica microspheres using hydroxypropyl cellulose (HPC) as

a surface esterification agent and porous template, and then dried and calcined at different temperatures. The as-prepared products

were characterized with differential thermal analysis and thermogravimetric (DTA/TG), scanning electron microscopy (SEM), X-

ray diffraction (XRD), nitrogen adsorption. The results showed that composite particles were about 1.8 mm in diameter, and had a

spherical morphology and a narrow size distribution. Uniform mesoporous titania coatings on the surfaces of microporous silica

microspheres could be obtained by adjusting the HPC concentration to an optimal concentration of about 3.2mmol L�1. The

anatase and rutile phase in the SiO2/TiO2 composite microspheres began to form at 700 and 900 1C, respectively. At 700 1C, the

specific surface area and pore volume of the SiO2/TiO2 composite microspheres were 552 and 0.652mLg�1, respectively. However,

at 900 1C, the specific surface area and pore volume significantly decreased due to the phase transformation from anatase to rutile.

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Titania has been studied extensively because of its
wide application in white pigments for paints, photo-
catalysts, cosmetics, fillers and photoconductors [1]. The
core–shell materials containing titania can improve the
properties of the core including chemical, magnetic, and
optical properties. Also it can be economical to coat
expensive reactants on an inexpensive core [2–5].
However, titania powders with high surface areas are
not easily obtained due to phase transformation and
crystallite growth. Because of this, efforts to the
preparation of SiO2/TiO2 composite microspheres have
been directed to retard the phase transformation [6,7].
Moreover, SiO2/TiO2 composite microspheres may
e front matter r 2005 Elsevier Inc. All rights reserved.
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exhibit novel properties that are not found in a single
oxide. Recently, it was reported that SiO2/TiO2 compo-
site particles exhibited better catalytic properties than
the classical oxides such as titania and silica [8]. SiO2/
TiO2 composite microspheres were good candidate
materials for photonic crystals with a complete band
gap in the near infrared and visible regions [9,10].
Furthermore, it was found that TiO2 in SiO2/TiO2

composite microspheres exhibited better photoactive
than pure TiO2 particles due to smaller grain size and
improved absorption [11–13]. Usually, SiO2/TiO2 micro-
spheres could be prepared by many methods including
impregnation, precipitation, reverse suspension [14], and
sol–gel technology [15–19]. However, the composite
microspheres prepared by the above methods showed
low surface area due to using non-porous silica as cores.
This limited their further potential applications such as
catalysis and molecular separations.
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Fig. 1. SEM micrographof monodispersed silica microspheres.
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Since the invention of MCM 41 [20], many diff-
erent mesoporous inorganic materials have been
synthesized using surfactant-templated method [21].
Recently, Unger et al. [22] reported the synthesis
of submicrometer-sized solid core/mesoporous shell
(SCMS) silica spheres from the simultaneous sol–gel
polymerization of tetraethoxysilane (TEOS) and octa-
decyltrimethoxysilane (C18TMS) followed by the re-
moval of the organic group. In this paper, it is the
first time to report that microporous silica core/
mesoporous titania shell composite spheres were
synthesized by hydrolysis of titanium tetrabutylorthoti-
tanate (TTBT) in the presence of microporous silica
spheres using hydroxypropyl cellulose (HPC) as a
surface esterification agent and porous template. The
as-prepared products were characterized with differen-
tial thermal analysis and thermogravimetric (DTA/
TG), scanning electron microscopy (SEM), X-ray
diffraction (XRD) and nitrogen adsorption. The micro-
spheres with mesoporous shells show significant advan-
tages over totally porous particles for separating
macromolecules [23].
2. Experimental

2.1. Materials

HPC were obtained from Aldrich. Other chemicals
used in this study were reagent-grade supplied from
Shanghai Chemical Reagent Factory (China). The water
used in this work was distilled water.
2.2. Procedures

2.2.1. Preparation of monodispersed microporous silica

cores

Monodispersed SiO2 microporous microspheres
were synthesized by a modifying stöber method. In
a typical preparation, 1.0 g dodecylamine was dissol-
ved in a mixed solution of ethanol (160mL) and
water (100mL). Then, 10mL tetraethoxysilane (TEOS)
was added dropwise to the above solution at about
15 1C. The solution was stirred for 4 h, and then the
white precipitate was filtrated. The products were
repeatedly washed with water and ethanol four times,
and then dried at 80 1C for 4 h in a vacuum oven in
order to remove water and solvents, and finally cal-
cined at 400 and 600 1C for 4 h in a muffle furnace
to remove the templates, respectively. Fig. 1 shows
the SEM micrograph of as-prepared silica micro-
spheres. It can be seen that the obtained silica
microspheres appear monodispersity and the ave-
rage diameter of the particles was about more than
600 nm.
2.2.2. Preparation of the microporous silica core/

mesoporous titania shell composite microspheres

1 g microporous silica microspheres obtained by the
above method were dispersed in a mixed solution of
ethanol (50mL), water (50mL) and different concentra-
tions of HPC via sonication. Two milliliter TTBT was
dissolved in 20mL ethanol solution, and then was added
into the above mixed solution. The final mixed solution
was stirred for 2 h and then the sediment was filtered.
The samples were washed twice with ethanol to ensure
that the products were completely free from spurious
contaminants. The obtained samples were thus dried at
80 1C for 4 h in a vacuum oven in order to remove water
and solvents, and finally calcined at 200, 400, 700 and
900 1C for 2 h in a muffle furnace, respectively.

2.3. Characterization

The morphology of the samples was characterized by
SEM (type JSM-5610LV) with an accelerating voltage
of 20 kV. DTA/TG were performed with a Netzsch STA
449C thermal analyzer in an air flow of 100mLmin�1 at
a heating rate 10 1Cmin�1 from room temperature to
900 1C. The XRD patterns obtained on an HZG41B-PC
X-ray diffractometer using CuKa radiation at a scan
rate 2y ¼ 0:05 1s�1 were used to determine the identity
of crystalline phase. The accelerating voltage and
applied current were 15 kV and 20mA, respectively.
The Brunauer–Emmett–Teller (BET) surface area
(SBET) and pore parameters of the samples were
determined with nitrogen adsorption–desorption iso-
therm measurements at 77K on a nitrogen adsorption
apparatus (Quantachrome ASIC-4). All the samples
measured were degassed at 180 1C prior to actual
measurements. The BET surface area was determined
by the multipoint BET method with the adsorption data
in the relative pressure (p=p0) range 0.1–0.25. The
desorption isotherm was used to determine the pore
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size distribution using the Horvath–Kawazoe (HK)
method [24] and Barret, Joyner, and Halender (BJH)
method [25]. The porosity was calculated according to
the relation (the skeleton specific volume of SiO2 is
taken as 0.37 cm3 g�1) [26],

P ¼ Vp=ðVp þ 0:37Þ, (1)

Vp ¼ 1:547� 10�3Vd, (2)

where Vp is the volume of the liquidated nitrogen
corresponding to the total pore volume, which was
calculated from the saturation adsorption volume at
STP, Vd:
3. Results and discussion

3.1. DTA/TG

Fig. 2 shows the DTA/TG curves of SiO2/TiO2

composite microsphere sample prepared at a HPC
concentration of 3.2mmol L�1 and dried at 80 1C for
4 h. The DTA curve shows a broad endothermic peak
below 100 1C. This is due to the evaporation of the
physically absorbed water and ethanol solvent. Two
exothermal peaks at 260 and 345 1C come from the
decomposition of organic substances contained in SiO2/
TiO2 composite microspheres. Furthermore, it can be
concluded from our previous research results that the
former is assigned to the thermal decomposition of
small-molecule organic chemicals in the gels and the
latter is due to the combustion of polymer HPC [27,28].
At about 700 1C, a small exothermal peak is observed
probably due to the phase transformation of amorphous
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Fig. 2. DTA/TG curves of SiO2/TiO2 composite microspheres

prepared at a HPC concentration of 3.2mmolL�1 and dried at 80 1C

for 4 h.
to anatase. Moreover, the DTA cure also shows a
relatively small exothermic peak at about 882 1C. This is
caused by the phase transitions from anatase to rutile.
The TG curves in Fig. 2 can be divided into three stages.
A weight loss (10%) is in the temperature range from
room temperature to 100 1C, which can be attributed to
the evaporation of the physically adsorbed water and
ethanol. The second stage is from 100 to 600 1C. The
largest weight loss of about 15% is observed in this
stage. This may be the result of the combustion of a
large amount of organic residues. In the third stage from
600 to 900 1C, the mass loss is around 2%. This is
assigned to the evaporation of chemisorbed water.

3.2. SEM

Fig. 3 shows the SEM micrographs of the SiO2/TiO2

composite microspheres prepared at different HPC
concentrations and calcined at 700 1C for 4 h. It can be
seen from Fig. 3(a) and (b) that the prepared products
appear polydispersity and the coatings are not uniform
at [HPC] ¼ 0.32 and 0.96mmol L�1. This is probably
ascribed to the fact that SiO2 microspheres are partly
coated with TiO2. At [HPC] ¼ 3.2mmol L�1, the aver-
age diameter of the SiO2/TiO2 composite microspheres
obviously becomes large and is about 1.8 mm (Fig. 3(c)).
This is probably due to SiO2 microspheres coated with a
thick TiO2 layer. At [HPC] ¼ 6.4mmol L�1, the pre-
pared products appear some small particles among the
composite microspheres and the diameter range is from
several hundred nanometers to 2 mm (Fig. 3(d)). This is
attributed to the fact that, at a higher HPC concentra-
tion, the excess HPC caused TiO2 colloid particles to
aggregate and to form TiO2 aggregated particles. Our
experimenal results also showed that if the composite
microspheres were prepared in the absence of HPC,
SiO2/TiO2 composite microspheres could not be ob-
tained.

The formation mechanisms of the SiO2/TiO2 compo-
site microspheres may be explained according to the fact
that HPC shields the electrostatic repulsive force
between SiO2 and TiO2 (as shown in Fig. 4). The pH
(7.0) of the mixed solution is higher than the isoelectric
point of TiO2 (reported values are 5.6 [29], 5.9 [30] and
6.2 [31]) and SiO2 (reported values of the isoelectric
point of SiO2 range from 1.8 [32] to 2.7 [33]). Therefore,
TiO2 and SiO2 colloid particles under these conditions
will have a negative surface charge density and will be
expected to experience a significant electrostatic repul-
sion. This means that, at pH 7.0, TiO2 colloid particles
could not deposit on the surface of SiO2 microspheres
due to the electrostatic repulsion between TiO2 and
SiO2. In order to neutralize the surface charge, a small
amount of HPC polymer was added to SiO2 suspension.
A surface esterification reaction between SiO2 and HPC
would occur and these surface charges could be removed
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Fig. 3. SEM micrographs of the SiO2/TiO2 composite microspheres prepared at [HPC] ¼ 0.32 (a), 0.96 (b), 3.2 (c), and 6.4 (d) mmolL�1 and

calcined at 700 1C for 2 h, respectively.

Fig. 4. Schematic model of the formation mechanisms of SiO2/TiO2 composite microspheres obtained at different HPC concentrations.

L. Zhao et al. / Journal of Solid State Chemistry 178 (2005) 1818–1824 1821
[34–36]. The association between the silica cores and the
chains of HPC by hydrogen binding resulted in the
enhanced deposition. Since the HPC polymer chains
first contacted with the silica cores, then the other
segments of the polymer chains also could absorb TiO2

colloid particles in the solution by hydrogen binding
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[37]. As a result, the TiO2 colloid particles deposited on
the surfaces of the silica cores, resulting in the formation
of uniform TiO2 coatings at [HPC] ¼ 3.2mmol L�1. At
a low HPC concentration (from 0.32 to 0.96mmol L�1),
the silica cores were only partly covered by the chains of
HPC polymer, which resulted in the formation of non-
uniform TiO2 coatings. On the contrary, at a higher
HPC concentration (from 3.2 to 6.4mmol L�1), a large
amount of HPC polymer chains were not only absorbed
onto the silica cores but also caused TiO2 colloid
particles to aggregate and to form TiO2 aggregated
particles.
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3.3. XRD

Fig. 5 shows the XRD patterns of pure SiO2 and
SiO2/TiO2 composite microspheres obtained at a HPC
concentration of 3.2mmol L�1 and calcined at different
temperatures. At 700 1C, anatase begins to form and its
average crystallite size is about 23 nm using Scherrer’s
equation estimation from anatase (101) plane diffraction
peak (2y ¼ 25:41). This further confirms that the
formation of SiO2/TiO2 composite microspheres. There-
fore, It can be concluded that the increase of diameter of
SiO2/TiO2 composite microspheres comes from TiO2

coating on the surface of SiO2 microspheres. With
increasing calcination temperature, the peak intensity of
anatase increases, and the width of the (101) peak
becomes narrower. This is due to the growth of anatase
crystallites and enhancement of crystallization. At
900 1C, the thermodynamically favored rutile phase
begins to appear. The TiO2 shells contain two phases
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Fig. 5. XRD patterns of pure SiO2 (a) and SiO2/TiO2 composite

microspheres (b–e) obtained at a 3.2mmolL�1 HPC concentration and

calcined at 200 (b), 400 (c), 700 (d) and 900 1C (e) for 2 h, respectively.
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Fig. 6. (A): N2 adsorption–desorption isotherm of pure SiO2 micro-

spheres calcined at 600 1C for 4 h and pore size distribution curve of

the corresponding products by the HK method; (B and C): N2

adsorption–desorption isotherm of SiO2/TiO2 composite microspheres

obtained at a 3.2mmolL�1 HPC concentration and calcined at 700 1C

(B) and 900 1C (C) for 2 h, respectively, and pore size distribution curve

of the corresponding products by the BJH method.
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of anatase and rutile, and their average crystallite sizes
are 38 and 66 nm, respectively. From 700 to 900 1C,
there is an obvious increase in anatase crystal size due to
phase transformation from anatase to rutile as a result
of the heat provided to accelerate grain growth [38]. At
below 700 1C, there are no diffraction peaks and the
TiO2 shells appear an amorphous state. Usually, for
pure TiO2 samples, the anatase and rutile phases begin
to form at 400 and 700 1C, respectively, and the anatase
is completely transformed to rutile by about 900 1C.
Why is the phase transformation temperature of
composite microspheres higher than that of pure titania
particles? This is ascribed to the stabilization of the
amorphous and anatase TiO2 phase by the surrounding
SiO2 phase through the TiOSi interface. At the interface,
the SiO2 lattice locks the Ti–O species at the interface of
the TiO2 domains, preventing the nucleation that is
necessary for the phase transformation to rutile. Hence,
greater heat is required to drive the crystallization
[38–42].

3.4. Pore structure characterization

Fig. 6(A) shows the N2 adsorption–desorption
isotherm of pure SiO2 microspheres and pore size
distribution curve of the corresponding products by
the HK method. The isotherm of the pure SiO2

microspheres is a typical Type I isotherm, which
indicates that pure SiO2 microspheres contain a large
amount of micropores (as shown in Table 1). Fig. 6(B)
and (C) show the N2 adsorption–desorption isotherm of
SiO2/TiO2 composite microspheres calcined at 700 1C
(B) and 900 1C (C) for 2 h, respectively, and pore size
distribution curve of the corresponding products by the
BJH method. At 700 1C, the isotherm of SiO2/TiO2

composite microspheres (Fig. 6(B)) shows Type I+(IV)
isotherm (BDDT classification) [43] with two very
distinct regions: at very low relative pressureo0.4, the
isotherm exhibits high adsorption, implies the presence
of micropores (type I). However, at high relative
pressures between 0.5 and 0.9, the curve exhibits a very
small hysteresis loop, indicating the presence of a small
Table 1

BET surface areas and pore parameters of SiO2 microspheres and SiO2/TiO

Samples SBET
a (m2 g�1) Vp

b (mLg�1)

Pure SiO2 999 0.4849

SiO2/TiO2 (700 1C) 552 0.6522

SiO2/ TiO2 (900 1C) 124 0. 1056

aBET surface area calculated from the linear part of the BET plot (P=P0
bTotal pore volume, taken from the volume of N2 adsorbed at P=P0 ¼ 0:
cMicropore pore volume estimated from the appropriate t-plot analysis.
dThe porosity estimated from the pore volume determined using the adsorp
eAverage pore diameter estimated using the adsorption branch of the isot
amount of mesopores (type IV). The shape of the
hysteresis loop is type H2 according to the IUPAC
classification [44,45]. This indicated the existence of
classic ink-bottle pores. At 900 1C, the isotherm shows a
Type (IV)+I. At low relative pressureo0.4, the
isotherm exhibits a relative low adsorption, implies the
presence of a small amount of micropores (type I). On
the contrary, at high relative pressures between 0.5 and
0.9, the curve exhibits a large hysteresis loop, indicating
the presence of a large amount of mesopores (type IV)
[45].

Table 1 shows the BET surface areas and pore
parameters of pure SiO2 microspheres and SiO2/TiO2

composite microspheres. It can be seen from Table 1
that, at 700 1C, BET surface area and micropore volume
of SiO2/TiO2 composite microspheres obviously de-
crease. This is probably due to the increase of TiO2

amount in the sample. It is also interesting to note that
the total pore volume, porosity and HK average pore
diameter increase at 700 1C. This is assigned to the
existence of mesoporous TiO2 coating on the surface of
SiO2 microspheres. According to our previous research
results, mesopores TiO2 shells came from the interstitial
voids of the packed primary TiO2 particles on the
surface of SiO2 microspheres [46]. Moreover, HPC can
enlarge the mesopores volume as porous template after
calcinations. However, at 900 1C, the surface area and
total pore volume of the sample significantly decrease.
This is attributed to grain growth from the phase
transformation of anatase to rutile. Kumar et al. [47]
investigated the microstructures of titania membranes
calcined at various temperatures by high-resolution
scanning electron micrograph. They found that the
powders contain small anatase crystallites before the
anatase to rutile transformation, but the powders after
phase transformation have smaller anatase crystallites
and bigger densified rutile regions. It is thought that
smaller anatase crystallites grow into bigger rutile
crystallites through the transformation, leading to the
decrease of the voids among anatase crystallites, which
result in the decrease of the surface area and pore
volume after calcinations at 900 1C.
2 composite microspheres

Vmicro
c (mLg�1) Porosityd (%) De (nm)

HK BJH

0.4121 56.7 1.42 1.62

0.4077 63.8 1.56 2.18

0.0859 22.2 1.50 5.49

¼ 0:120:25).
980:

tion branch of the N2 isotherm curve at the P=P0 ¼ 0:997 single point.

herm by the HK and BJH method, respectively.
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4. Conclusions

SiO2/TiO2 composite microspheres with microporous
core/mesoporous shell structures could be prepared by
hydrolysis of TTBT in the presence of the microporous
silica microspheres using HPC as a surface esterification
agent and porous template. The concentration of HPC
obviously influences the morphology of SiO2/TiO2

composite microspheres. Uniform mesoporous titania
coatings could be deposited on the surface of silica
microspheres by adjusting the HPC concentration to an
optimal HPC concentration at about 3.2mmol L�1. The
composites microspheres contained anatase and rutile
phases after calcinations at 900 1C. The composite
microspheres overcame the disadvantage of pure TiO2

powders with low surface areas at high temperature due
to the structure of microporous silica core/mesoporous
titania shell. This research may provide a new insight
into preparation of porous core–shell composite micro-
spheres.
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