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Introduction

Inorganic coated-polymer core–shell composites and the
corresponding hollow spheres have attracted growing inter-
est due to their potential applications in catalysis, controlled
delivery, artificial cells, light-weight fillers, thermal and
acoustic insulation, and photonic crystals.[1,2] Such spheres
are usually prepared by controlled coating onto template
core particles, which is usually assisted by layer-by-layer
deposition.[3,4] The shells can be made of polymeric, biologi-
cal, metallic, or inorganic materials.[5–9] Among these hollow
spheres, inorganic-oxide hollow spheres have outstanding
physical and chemical properties, and are therefore promis-
ing in various applications, for example, as photocatalysts,
photovoltaic cells, opacifiers in paints, UV absorbers in cos-
metics, and dielectric ceramics.[10–16] The properties of these
hollow spheres are mainly determined by their crystallo-
graphic phases. For action as an opacifier, enhancement of
the refractive index n of the shell is necessary to scatter visi-
ble light effectively.[17] Crystalline titania (TiO2) has n values
of 2.5–2.7 depending on the crystalline phase; these values

are much higher than those of the commonly used polymer
and silica shells (n=1.4–1.6).[18] Among the inorganic
oxides, barium titanate (BaTiO3) or strontium titanate
(SrTiO3) with the perovskite phase has a high dielectric con-
stant K�102–103.[19]

Many methods have been proposed for the synthesis of
these hollow spheres based on templates, such as the sol–
gel, coprecipitation, and layer-by-layer assisted-deposition
approaches.[20–28] Templates can be hard particles, gel parti-
cles, or hollow spheres. Notably, in these methods, the inor-
ganic-oxide shells prepared are usually amorphous. A subse-
quent high-temperature thermal treatment is required to
transform the amorphous oxide shells into crystallites. The
crystallization and further growth of the oxide particles usu-
ally leads to a deterioration of the shell and a tendency for
perforation and fragmentation. In particular, when the pro-
duction of rutile TiO2 hollow spheres was attempted at high
temperatures, the shell structure completely disap-
peared.[23,26]

The conventional sol–gel process usually involves uncon-
trollable fast hydrolysis and condensation, and therefore can
result in the formation of amorphous inorganic
oxides.[23–27,29,30] It is thus necessary to synthesize crystalline
inorganic oxides under mild conditions. Recently, there have
been some reports on the direct synthesis of inorganic-oxide
nanocrystals under mild conditions simply by controlling the
thermodynamic factors during the reaction. For example, as
protons can slow down condensation in the acid-catalyzed
sol–gel process, TiO2 nanocrystals with tunable crystalline
phases were synthesized at low temperatures.[31–33] Similarly,
BaTiO3 and SrTiO3 nanocrystals were also prepared at low
temperatures.[34–36]

In this paper, we combined the bulk controlled facile syn-
thesis of inorganic nanocrystals with the synthetic method

Abstract: This report presents a facile
approach for the low-temperature syn-
thesis of crystalline inorganic-oxide
composite hollow spheres by employ-
ing the bulk controlled synthesis of in-
organic-oxide nanocrystals with poly-
mer spheres as templates. The sulfonat-
ed polystyrene gel layer can adsorb the
target precursor and induce inorganic
nanocrystals to grow on the template
in situ. The crystalline phase and mor-
phology of the composite shell is tuna-
ble. By simply adjusting the acidity of

the titania sol, crystalline titania com-
posite hollow spheres with tunable
crystalline phases of anatase, rutile, or
a mixture of both were achieved. The
approach is general and has been ex-
tended to synthesize the representative
perovskite oxide (barium and stronti-
um titanate) composite hollow spheres.

The traditional thermal treatment for
crystallite transformation is not re-
quired, thus intact shells can be guar-
anteed. The combination of oxide
properties such as high refractive
index, high dielectric constant, and cat-
alytic ability with the cavity of the
hollow spheres is promising for appli-
cations such as opacifiers, photonic
crystals, high-k-gate dielectrics, and
photocatalysis.

Keywords: hollow spheres · nano-
crystals · perovskite phases · sol–gel
processes · template synthesis

[a] H. Xu, W. Wei, C. Zhang, S. Ding, Dr. X. Qu, Dr. J. Liu,
Prof. Z. Yang
State Key Laboratory of Polymer Physics and Chemistry
Institute of Chemistry
Chinese Academy of Sciences, Beijing 100080 (China)
Fax: (+86)10-62559373
E-mail : yangzz@iccas.ac.cn

[b] Prof. Y. Lu
Department of Chemical and Biomolecular Engineering
University of California at Los Angeles
Los Angeles, CA 90095-1592 (USA)

Supporting information for this article is available on the WWW
under http://www.chemasianj.org or from the author.

Chem. Asian J. 2007, 2, 828 – 836 � 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 829



based on sphere templates. The crystalline inorganic-oxide
composite and the corresponding hollow spheres were pre-
pared under mild conditions. This method avoids the ther-
mal treatment, which is usually required to transform amor-
phous oxides into crystalline ones during traditional tem-
plate synthesis. Thus, our method guarantees intact shells.
The sulfonated-polystyrene (PS)-gel layer of the template
can adsorb the target precursor and induce inorganic nano-
crystals to grow in situ on the template. The method is facile
and general for many crystalline inorganic oxides such as
TiO2, as well as perovskite-phase mixed metal oxides such
as BaTiO3 and SrTiO3.

Results and Discussion

TiO2/Polymer Composite Spheres and the Corresponding
Hollow Spheres

As a first proof of the approach, crystalline TiO2 composite
and the corresponding hollow spheres were synthesized at
low temperature. To synthesize crystalline TiO2 composite
hollow spheres in situ without removal of the polymer cores,
sulfonated-PS-gel hollow spheres[24,25] were used as tem-
plates. The parent polymer hollow spheres are mainly com-
posed of a linear-PS-shell skeleton. To strengthen the poly-
mer shell, swelling radical polymerization of styrene/divinyl-
benzene was carried out within the parent PS shell at 80 8C.
The weight ratio of monomer styrene/divinylbenzene mix-
ture (1:1 w/w) to parent PS hollow spheres was 1:1. A series
of gel spheres were prepared by sulfonation of the cross-
linked-PS hollow spheres with concentrated sulfuric acid.
The thickness of the gel layer was controlled by the sulfona-
tion temperature and time.[24,25] Two representative gel
hollow spheres S1 and S2 were derived accordingly by sulfo-
nation at 40 8C for 1 and 3 h, respectively. The average shell
thickness of hollow spheres S1 was about 100 nm. With the
sulfonation time prolonged to 3 h, hollow spheres S2 were
prepared with thicker shells of about 120 nm. Elemental
analysis shows that the S1 and S2 spheres contain 2.30 and
3.66 wt% of sulfur atoms, respectively. Both gel spheres are
hollow with the spherical contour well-preserved (Figure 1).
In comparison, gel spheres derived from linear-PS hollow
spheres were distorted or collapsed and lost their spherical

contour after drying;[24] this poses problems for the prepara-
tion of hollow spheres. Thus, cross-linked-gel hollow spheres
were used in our study. The derived sulfonic acid and sul-
fone groups were detected by FTIR spectroscopy (Figure 2).

The characteristic band at 1128 cm�1 is related to the sulfone
group (�SO2�). The bands at 670, 1176, and 1222 cm�1 are
assigned to the derived sulfonic acid group (SO3H). With
the sulfonation time further prolonged, the degree of sulfo-
nation was increased until the whole shell was in gel form.

In this study, S1 spheres with a thin sulfonated PS layer
were selected as the template for preparing the crystalline
TiO2 composite hollow spheres. pH control to a relatively
low value (pH<2) is crucial to facilitate the formation of
crystalline TiO2.

[31–33] The growing crystalline TiO2 species
such as [Ti(OH)xACHTUNGTRENNUNG(OH2)6�x]

(4�x)+ are positively charged,[31] as
pH<2 is lower than the isoelectric point of TiO2 (pH 5–
7).[37] Thus, the negatively charged sulfonic acid groups of
the template adsorb the positively charged growing crystal-
line TiO2 species, which induces the TiO2 nanocrystals to
grow onto the template in situ. At an initial pH value of the
TiO2 sol of 1.5, anatase/S1 composite hollow spheres with
coarse surfaces were obtained (Figure 3a and b). The Bru-
nauer–Emmett–Teller (BET) surface area increased from
11.1 m2g�1 of the template to 30.4 m2g�1 of the composite

Abstract in Chinese:

Figure 1. SEM and TEM (inset) images of two representative gel hollow
spheres with varying degrees of sulfonation. a) S1, b) S2.

Figure 2. FTIR spectra of three representative polymer hollow spheres.
A) Cross-linked-PS hollow spheres. B) and C) Sulfonated-PS-gel spheres
S1 and S2 after the PS sphere was sulfonated for 1 and 3 h, respectively.
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hollow sphere. Compared with the template, the diameter of
the composite hollow spheres increased by about 30 nm.
The anatase phase was verified by high-resolution TEM
(HRTEM), selected area electron diffraction analysis
(SAED), and XRD (Figure 4a, pattern A). The rutile phase
gradually appeared with increasing acidity of the starting
sol. As an example, at pH 0.5, the representative composite
spheres were obtained with anatase/rutile phases coexisting
(Figure 4a, pattern B). The anatase/rutile ratio was 4:3 cal-
culated according to the main-peak intensity.[38] The BET
surface area was 21.6 m2g�1, and the TiO2 content was
36.9 wt% measured by thermogravimetric analysis (TGA).
The TiO2 content could be controlled by the feed amount of
the starting sol. However, an excess of the sol led to the for-
mation of TiO2 in the continuous media and even to aggre-
gation among the composite spheres. S2 hollow spheres with
thicker gel layers were used as the template to increase

TiO2 content further. TiO2 content was increased from
36.9 wt% of TiO2/S1 to 45.5 wt% of TiO2/S2. Figure 3c and
d shows, on the anatase coarse surface, the growing and pro-
truding nanosized needles. The composite spheres have two
distinct regions in morphology, labeled A and B (Figure 3d).
HRTEM (Figure 3e) reveals that the needles of region A
are of rutile phase with a (110) lattice spacing of 0.324 nm,
and region B, which corresponds to the coarse surface, is
identified as anatase phase, with a (101) lattice spacing of
0.346 nm (Figure 3 f). The SAED pattern in Figure 3e, inset
shows that the fringe patterns with spacings of 0.324, 0.248,
0.229, 0.168, and 0.148 nm correspond to the rutile (110),
(101), (200), (211), and (002) spacings, respectively. In the
SAED pattern in Figure 3 f, inset, the five fringe patterns
with spacings of 0.346, 0.238, 0.186, 0.164, and 0.145 nm are
consistent with the anatase (101), (004), (200), (211), and
(204) spacings. SEM and XRD results provide further infor-
mation on morphology and crystalline-phase evolution with

Figure 3. a) and b) SEM and TEM images, respectively, of anatase/S1
composite hollow spheres. c) and d) SEM and TEM images, respectively,
of anatase/rutile/S1 composite hollow spheres. e) and f) HRTEM images
of regions A and B, respectively, of the sample shown in d); inset: SAED
patterns in which the rutile and anatase phases are confirmed, respective-
ly. g) and h) SEM and TEM images, respectively, of rutile/S1 composite
hollow spheres.

Figure 4. XRD patterns of titania/S1 composite hollow spheres a) before
and b) after calcination in air at 450 8C for 2 h. Samples A, B, and C were
prepared with increasing acidity of the starting sols. A: pH 1.5; B:
pH 0.5; C: [H+]=1.5m. != rutile (JCPDS No. 21-1276), *=anatase
(JCPDS No. 21-1272).
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the prolonged sol–gel process. During the initial stage, heter-
ogeneous nucleation onto the gel spheres dominated follow-
ing the gradual growth of anatase. With further prolonging,
the rutile phase started to grow onto the anatase surface.
The rutile phase fraction was increased at lower tempera-
ture at the given pH value. However, both methods are
time-consuming for obtaining more rutile phase. Alterna-
tively, when the acid concentration of starting sol was fur-
ther increased to 1.5m, rutile/S1 composite spheres were ob-
tained with needles predominantly grown (Figure 3g and h).
The hollow cavity of the rutile/polymer composite spheres is
discerned from the TEM image (Figure 3h). After the com-
posite spheres were calcinated at 450 8C in air to remove the
polymers, the characteristic bands attributed to the sulfonic
acid and sulfone groups completely disappeared, which is
confirmed by FTIR spectroscopy (not shown). X-ray photo-
electron spectroscopy (XPS) (see Supporting Information,
Figure S1) further indicates that some sulfur exists in the
form of SVI, which may be attributed to sulphate.[39] Energy-
dispersive X-ray analysis (EDX) gives the atomic ratio of
Ti/S as 38.4:1. By assuming complete formation of the sul-
phate Ti ACHTUNGTRENNUNG(SO4)2, the maximum content of sulphate was esti-
mated to be 3.9 wt% in the TiO2 hollow spheres. The calci-
nation has less effect on the morphology and crystalline
fraction of the hollow spheres (Figure 4b; see also Support-
ing Information, Figure S2). In comparison, the spherical
contours completely disappeared when the amorphous TiO2

composite spheres were calcinated at 900 8C to obtain rutile
TiO2 hollow spheres.[26] The XRD peaks became sharper,
thus indicating further crystallization of TiO2. This is consis-
tent with the TEM results. Controlling the acidity of the
starting sol determines the crystalline phase of TiO2 grown
on the gel template, which follows the same mechanism of
formation of TiO2 nanocrystals in the bulk.[31–33] In compari-
son, amorphous TiO2 was grown when sol at pH 7 was used.
When PS hollow spheres without sulfonation were used as
templates, TiO2 formed only in the continuous media.

Besides gel-hollow-sphere templates, sulfonated-PS core–
shell gel solid spheres S3[26] were also used as template to
synthesize crystalline TiO2/polymer composite core–shell
spheres. Similarly, anatase/S3 composite spheres of about
300 nm in diameter with coarse surfaces were formed at
pH 1.5 (Figure 5a). Hollow spheres with a cavity diameter
of 250 nm and shell thickness of 25 nm were obtained after
dissolution of the PS cores with N,N-dimethylformamide
(DMF). A trace of sulfonated-PS gel was detected
(Figure 6). After calcination at 450 8C in air, the template
was removed (Figure 6, curve D). The shells of the compo-
site hollow spheres are composed of nanoparticles about
10 nm in size (Figure 5a, inset), which are of anatase phase
as verified by HRTEM, SAED (similar to Figure 3 f), and
XRD (similar to Figure 4a, pattern A). At pH 0.7, compo-
site spheres were prepared with coexisting anatase/rutile
phases (similar to Figure 4a, pattern B). The anatase/rutile
ratio was 4:1 calculated according to the main-peak intensi-
ty.[38] On the anatase coarse surface, protruding nanosized
needles grew (Figure 5b). Hollow spheres were obtained

after the cores were dissolved by DMF (Figure 5b, inset).
The two distinct regions labeled A and B were identified as
rutile and anatase phase, respectively, by HRTEM and
SAED analyses. Rutile/S3 composite spheres were formed
with needles predominantly grown when the acid concentra-
tion of the starting sol was further increased to 1.5m (Fig-
ure 5c). Hollow spheres were formed after the PS cores
were dissolved (Figure 5d) (similar to Figure 4a, pattern C);
the spheres are composed of randomly orientated rutile nee-
dles (Figure 5d, inset).

Figure 5. a) SEM image of anatase/S3 composite; inset: TEM image of
the corresponding hollow spheres. b) SEM image of anatase/rutile/S3
composite; inset: TEM image of the corresponding hollow spheres.
c) SEM image of rutile/S3 composite spheres. d) TEM image of the rutile
hollow spheres; inset: SAED pattern indicates that the needles are ran-
domly orientated. All the hollow spheres were prepared by dissolution of
the PS cores in DMF.

Figure 6. FTIR spectra of sulfonated-PS-gel spheres S3 (A), anatase/
rutile/S3 composite spheres (B), anatase/rutile hollow spheres after tem-
plate was removed by DMF (C), and anatase/rutile hollow spheres after
calcination in air at 450 8C for 2 h (D). Most of the polymers in C were
removed with a trace of gel left. For D, the polymers were completely re-
moved.
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The above procedure was applied to a larger example of
sulfonated-PS-gel spheres, S4 (�4 mm in diameter), for easy
separation of the spheres by precipitation under gravity. At
a relatively low pH value of 0.5, anatase/rutile/S4 composite
spheres were prepared with protruding needles. After the
PS cores were dissolved, hollow cavities were found in the
occasionally broken spheres (Figure 7a). The coexistence of

anatase/rutile phases was verified by HRTEM, SAED, and
XRD. Rutile/S4 composite spheres were prepared, whose
outer surfaces are coarser with flowerlike structures (Fig-
ure 7b). The TiO2 content was 23.8 wt% as measured by
TGA. A magnified image (Figure 7c) of one of the hollow
spheres reveals that the “flowers” are composed of nano-
sized rutile needles. Rutile needles 102 nm in length and
101 nm in diameter were prepared after the hollow spheres
were broken by vigorous sonication. The needles were well-
dispersed in solvent (Figure 7d). By changing the reaction
parameters, the size and aspect ratio of the rutile particles
could be controlled. In comparison, aggregates of the nano-
sized needles were usually obtained in the absence of tem-
plate.

BaTiO3 and SrTiO3/Polymer Composite Spheres and the
Corresponding Hollow Spheres

The sulfonated gel layer can also adsorb some precursors
for the sol–gel process and further react with alkaline-earth
metals to form perovskite inorganic nanocrystals under mild
conditions. Gel hollow spheres S2 were used as the template
to increase inorganic-oxide content so as to form intact com-
posite hollow spheres. Tetrabutyl titanate (TBT) absorbed
template S2 further reacted in the corresponding solution of
alkaline-earth metal to form BaTiO3 or SrTiO3/S2 composite
hollow spheres. As shown in Figure 8a and b, the shell is

composed of BaTiO3 nanoparticles about 30 nm in diameter.
The BaTiO3 content was 59.4 wt% as determined by TGA.
The representative microtome TEM image (Figure 8b,
inset) indicates that the composite spheres preserved their
hollow structure, and BaTiO3 grew on both interior and ex-
terior gel surfaces. This is similar to our previous results,[24, 25]

which revealed that the gel shell has a sandwich structure.
The HRTEM image of the nanoparticles (Figure 8c) shows
the (110) lattice spacing of 0.285 nm, which corresponds to
cubic BaTiO3. This is confirmed by the SAED image in the
inset and the XRD pattern (Figure 9a, pattern A), which is
consistent with JCPDS No. 31-0174. The average crystal size
was estimated to be about 23.7 nm by the Scherrer equa-
tion,[40] consistent with the SEM and TEM results. Similarly,

Figure 7. a) SEM image of anatase/rutile hollow spheres. b) SEM image
of rutile/S4 composite spheres. c) Magnified SEM image of a hollow
rutile sphere. d) TEM image of rutile needles obtained by drying the dis-
persion in ethanol.

Figure 8. a) and b) SEM and TEM images, respectively, of BaTiO3/S2
composite hollow spheres; inset of b): microtome image. c) HRTEM
image of a typical particle on the shell of BaTiO3/S2 composite hollow
spheres; inset: SAED image. d) and e) SEM and TEM images, respec-
tively, of SrTiO3/S2 composite hollow spheres. f) HRTEM image of a typ-
ical particle on the shell of SrTiO3/S2 composite hollow spheres; inset:
SAED image. g) SEM and TEM (inset) images of BaTiO3 hollow spheres
obtained after BaTiO3/S2 composite hollow spheres were calcinated in
air at 450 8C. h) SEM and TEM (inset) images of SrTiO3 hollow spheres
obtained after SrTiO3/S2 composite hollow spheres were calcinated in air
at 450 8C.
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SrTiO3 composite hollow spheres were also synthesized (Fig-
ure 8d and e). The SrTiO3 content was 47.5 wt%. The
HRTEM image (Figure 8 f) shows the (110) lattice spacing
of 0.279 nm, which is confirmed by SAED to be the cubic
phase (Figure 8 f, inset). The XRD pattern (Figure 9a, pat-
tern B) is consistent with JCPDS No. 35-0734. The average
crystal size is estimated to be about 24.2 nm by the Scherrer
equation, consistent with the electron microscopy results.
EDX analysis (Figure 10) indicates the presence of Ba or Sr,
Ti, and O in the composite hollow spheres. Further analysis
of the EDX results reveals that the Sr/Ti ratio is 1.08:1. This
is very close to the stoichiometric Sr/Ti ratio of 1:1 in
SrTiO3. In the case of BaTiO3, as there is an overlap be-
tween the Ba L edge and the Ti K edge in the energy range
4.5–5 keV, it is difficult to distinguish each edge to deter-
mine quantitatively each composition. This was also dis-
cussed by another report.[41] Polymer templates were re-

moved by calcination at 450 8C in air for 2 h. The corre-
sponding BaTiO3 and SrTiO3 hollow spheres were obtained
(Figure 8g and h). The hollow cavity structure was clearly
observed because of the removal of the template. However,
the BaTiO3 or SrTiO3 shell is still intact. The diameter of
the hollow spheres is less changed than that of the compo-
site spheres. The crystallinity is also less influenced, as veri-
fied by XRD (Figure 9b). This indicates that calcination has
less effect on the morphology and crystallinity of the hollow
spheres. When PS hollow spheres without sulfonation were
used as template, some BaTiO3 or SrTiO3 particles formed
only in the continuous media. This implies that the sulfonat-
ed-PS-gel layer plays a key role in adsorbing TBT and in-
ducing BaTiO3 or SrTiO3 to grow on the template in situ.
On the other hand, in relation to the control experiment of
synthesizing crystalline BaTiO3 or SrTiO3 in the bulk, we
also found that the sulfonated-PS-gel layer has little influ-
ence on the crystallization of BaTiO3 or SrTiO3.

Figure 9. XRD patterns of BaTiO3 and SrTiO3/S2 composite hollow
spheres a) before and b) after calcination in air at 450 8C. Pattern A:
cubic BaTiO3 (JCPDS No. 31-0174). Pattern B: cubic SrTiO3 (JCPDS
No. 35-0734).

Figure 10. EDX results of the two representative composite hollow
spheres. a) BaTiO3/S2; b) SrTiO3/S2. The Pt and Si peaks are attributed
to the grid. The C and S peaks are from the template.
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Conclusions

We have proposed a facile method to synthesize a series of
crystalline inorganic-oxide/polymer composite and the cor-
responding hollow spheres. The sulfonated-PS-gel layer can
adsorb the reactive precursor and induce inorganic-oxide
nanocrystals to grow on the template in situ. The crystalline
phase and morphology of the composite shell is tunable. By
simple adjustment of the acidity of the TiO2 sol, crystalline
TiO2 composite hollow spheres composed of anatase, rutile,
or a mixture of both can be produced with tunable crystal-
line phases. Moreover, we have also synthesized composite
hollow spheres of the representative perovskite oxides such
as BaTiO3 and SrTiO3 at low temperature. In our approach,
thermal treatment at high temperature for crystallite trans-
formation is avoided, thus the spherical contour of the
hollow spheres can be better preserved. The combination of
oxide properties such as high refractive index, high dielectric
constant, and catalytic ability with the cavity of the hollow
spheres is promising for applications such as opacifiers, pho-
tonic crystals, high-k-gate dielectrics, and photocatalysis.

Experimental Section

Syntheses

Sulfonated-PS-gel-sphere templates:[24–26] Gel templates were prepared
by sulfonation of the corresponding PS spheres of various sizes. Freeze-
dried PS spheres were dispersed into a large amount of concentrated sul-
furic acid at 40 8C for different times to control the thickness of the sulfo-
nated-PS-gel layers. The two representative gel templates S1 and S2 were
prepared by sulfonation of the corresponding cross-linked-PS hollow
spheres of about 500 nm in diameter for 1 and 3 h, respectively; S3 and
S4 were prepared by sulfonation of PS solid spheres 250 nm and 4 mm in
diameter, respectively, for 1 h. The sulfonated-PS-gel spheres were
washed with water/ethanol.

TiO2/polymer composite and the corresponding hollow spheres: Titanium
isopropoxide (TTIP) was used as precursor. To obtain the composite
spheres without forming TiO2 in the continuous media, the TTIP concen-
tration was controlled at 0.01–0.05m depending on the degree of sulfona-
tion and type of template. Nitric acid was used to adjust the acidity for
the prolonged sol–gel process. The reaction temperature was controlled
at 40–75 8C. A typical procedure is as follows: TTIP (0.1 mL), isopropyl
alcohol (1.5 mL), and nitric acid (2m, 4.5 mL) were mixed under stirring
at room temperature for 1 h to form a concentrated transparent sol. By
adding distilled water to the sol until a final volume of 25 mL, the final
sol of pH 0.5 was obtained for use. S1 (50 mg) was added to the above
sol (25 mL) under stirring for 2 h so that the sol was absorbed into the
sulfonated-PS-gel layer. The dispersion was then heated at 65 8C for 24 h
under stirring to form anatase/rutile/S1 composite spheres. The anatase/
rutile ratio was 4:3 calculated according to the main-peak intensity.[38]

The acidity of the sol was adjusted by altering the feed amount of nitric
acid to change the crystalline phase from anatase to rutile. At the initial
pH of the TiO2 sol of 1.5, anatase/S1 composite hollow spheres were pre-
pared. When the acid concentration of the sol was increased to 1.5m,
rutile/S1 composite hollow spheres were obtained. The composite hollow
spheres were separated by centrifugation and then washed with ethanol/
water. Polymer templates were removed either by dissolution with DMF
or by calcination in air at 450 8C for 2 h.

BaTiO3 or SrTiO3/polymer composite and the corresponding hollow
spheres: A typical procedure is as follows: S2 (50 mg) was dispersed into
a mixture of absolute ethanol and TBT (1:1 v/v, 2 mL) for 24 h. The
TBT-adsorbed spheres were washed with absolute ethanol twice and then

treated with Ba(OH)2 or Sr(OH)2 (0.3m, 4 mL) at 70 8C for 12 h under
stirring. After the reaction was completed, the white precipitate was sep-
arated by centrifugation and then washed with distilled water. The poly-
mer templates were removed by calcination in air at 450 8C for 2 h.

Characterization

The spheres were dispersed in ethanol and spread onto carbon-coated
copper grids for TEM (JEOL 100CX operating at 100 kV). HRTEM and
SAED analysis were performed with a HITACHI H-9000NAR electron
microscope operating at 300 kV. SEM and EDX analysis was performed
with a HITACHI S-4300 instrument operating at an accelerating voltage
of 15 kV. The samples were dried at ambient temperature and vacuum-
sputtered with Pt of average size 3 nm. Wide-angle X-ray powder scatter-
ing (Rigaku D/max-2500) was used to characterize the crystalline phases.
The crystalline inorganic-oxide content of the composite spheres was de-
termined by TGA (Perkin Elmer analyzer Pyris 1) in the temperature
range 30–800 8C in nitrogen at a heating rate of 10 8Cmin�1. Elemental
analysis was carried out with a Flash EA-1112 apparatus. FTIR spectra
were recorded on a Bruker Equinox 55 spectrometer with samples press-
ed into KBr pellets. Nitrogen adsorption was performed on a Microme-
tritics ASAP 2020M surface area and porosity analyzer. XPS data were
obtained on an ESCALab220i-XL electron spectrometer from VG Scien-
tific with 300-W AlKa radiation. The base pressure was about 3P
10�9 mbar. The binding energies were referenced to the C1s line at
284.8 eV from adventitious carbon.
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