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a  b  s  t  r  a  c  t

Anatase  titanium  dioxide  (TiO2)  mesoporous  microspheres  with  core–shell  and  hollow  structure  were
successfully  prepared  on  a large  scale  by  a one-step  template-free  chemical  vapor  deposition  method.
The  effects  of various  reaction  conditions  on the  morphology,  composition  and  structure  of the  prod-
ucts  were  investigated  by  scanning  electron  microscopy  (SEM),  transmission  electron  microscopy  (TEM),
X-ray diffraction  (XRD),  X-ray  photoelectron  spectroscopy  (XPS),  Brunauer–Emmett–Teller  (BET)  tech-
nique and  photoluminescence  (PL)  method.  The  results  indicate  that  the  product  near  the  source  was
composed  of  core–shell  structure  TiO2 microspheres  with  diameters  from  3  to 5 �m.  With  increasing  the
distance  between  the  source  materials  and  the  substrate,  the  hollow  TiO2 spheres  with  1–2  �m  domi-
nant  the  products.  A localized  Ostwald  ripening  can  be use  to  explain  the  formation  of  core–shell  and
iO2

stwald ripening
hollow  structures,  and  the  size  of  the  initial  TiO2 solid  nanoparticles  plays  an  important  role  in  deter-
mining  the  evacuation  manner  of  the  solid  in  the  ripening-induced  hollowing  process.  The  surface  area
of TiO2 hollow  microspheres  determined  by the  adsorption  isotherms  was  measured  to  be  74.67  m2/g.
X-ray  photoelectron  spectroscopy  (XPS)  analysis  revealed  that  the  O–H  peaks  of  hollow  structures  have
a chemical  shift  compared  with  the  core–shell  structures.  The  optical  property  of  the  products  was  also
discussed.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Recently, hollow structures with a unique size distribution
nd well-defined morphology are of particular interest because
f their interesting properties and potential applications in opti-
al [1],  electronic [2],  biological [3,4], and magnetic [5] fields.
any hollow spheres such as ZnS [6],  BaTiO3 [7],  Cu2O [8],  and

iO2 [9], have been prepared. As one kind of important semi-
onductor material, anatase phase TiO2 is a better choice to use
s photocatalysts [10–13],  gas sensors [14], surface functionaliza-
ion [15], biomaterials [16], lithium batteries [17] and solar cells
18,19] due to its nontoxicity, low cost, and delivering ability.

any methods have been reported to synthesize TiO2 meso-
orous structures in the literature [20–22].  Li and co-workers
23] described a sol-spraying-calcination method to fabricate a

ew type of TiO2 microsphere photocatalyst with a particle size
f 30–160 nm.  Xie and co-workers [24] reported the fabrica-
ion of crystallized rutile phase TiO2 hollow spheres by a simple

∗ Corresponding author. Tel.: +86 21 69580446.
E-mail address: yangxc@tongji.edu.cn (X. Yang).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.09.032
hydrothermal method using potassium titanium oxalate as the
precursor. More recently, Chen and co-workers [25] fabricated
long TiO2 hollow fibers with mesoporous walls, which showed
high photo-catalytic activity, by means of a sol–gel process com-
bined with a two-capillary spinneret electrospinning technique.
Yang et al. [26] reported the synthesis of anatase TiO2 micro-
spheres via Ostwald ripening after a long hydrothermal treatment.
Dong et al. [27] prepared mesoporous spheres of metal oxides
on the basis of the two-step nanocasting route. Ren et al. [28]
have prepared hollow microspheres of mesoporous TiO2 adopt-
ing the surfactant-assisted method. However, most of the existing
methods use intrinsically costly precursors, templates, and high
temperature procedure, the development of cost-effective meth-
ods suitable for the large-scale synthesis of TiO2 nanostructure
materials is still a challenge.

In this letter, we  presented a facile chemical vapor deposi-
tion technology to synthesize core–shell and hollow anatase TiO2
microspheres with a large surface area. The products were formed

by the self-organization of a large number of small grains. The
morphology evolution and formation mechanism were also investi-
gated. The BET results showed that these nanostructures were with
high surface area. These nanostructures can be used as promising

dx.doi.org/10.1016/j.jallcom.2011.09.032
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:yangxc@tongji.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.09.032
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Fig. 1. Schematic illustration of the furnace used in the experiment.

Fig. 2. SEM images with different magnifications (a–d) and XRD pattern (e) of the sample 1 on substrate 1 for 1 h.
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Fig. 3. SEM images with different magnifications (a–c

upporting materials in a variety of applications such as solar cells,
iosensors, catalysts, etc.

. Experimental

The CVD apparatus for sample fabrication is illustrated in Fig. 1.
De-ionized water, as the oxide source, was  placed in front of the horizontal
lumina tube, and TiCl4 (Aldrich 99.9%) was placed in the heating center as the
itanium source. Three pieces of silicon (1 0 0) substrates were placed downstream
n  the horizontal alumina tube for materials growth. The distance between the
rst silicon substrate (sample 1) and the TiCl4 source is 12 cm,  and the distance
etween two neighboring substrates is 3 cm as shown in Fig. 1. Prior to heating,

Fig. 4. SEM image (a) and EDS pattern (b) o
EDS pattern (d) of the sample 2 on substrate 2 for 1 h.

the system was  evacuated and flushed with high pure Ar atmosphere for 1 h to
eliminate oxygen. Then the furnace was heated to 600 ◦C in 90 min  and held at
the  temperature for 60 min  under a constant Ar flow rate of 50 SCCM (standard
cubic centimeters/minute), and subsequently cooled to room temperature naturally.
White products could be observed on the surface of different silicon substrates.

A  Mac science X-ray diffractometer (XRD) with Cu K� radiation was used to
characterize phase composites of the samples. A Philips XL 30 FEG scanning elec-

tron microscope (SEM) with an energy-dispersive X-ray spectroscope (EDS) was
used to observe the morphologies and elemental compositions of the samples.
A  JEOL 2010 transmission electron microscope (TEM) with selected-area electron
diffraction (SAED) was used to analyze the morphology and microstructure. A
JEOL JPS90SX photoelectron spectrometer with an Mg  K� source (1253.6 eV) was

f the sample 3 on substrate 3 for 1 h.
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ig. 5. SEM (a–c) images of the sample 4 on substrate 1 for 5 h; SEM (d and e) and T
k)  images and SAED pattern (l) of the sample 6 on substrate 2 for 10 h. The inset in 

sed  to measure the X-ray photoelectron spectra (XPS). The pore-size distribu-
ion of the hollow structure and the nanocrystalline electrode was  obtained by
runauer–Emmett–Teller (BET) measurements (Bel Japan, Belsorpmax) (Nitrogen,
7 K). Room temperature photoluminescence spectrum (PL) was  carried out with a
itachi F-7000FL spectrophotometer.

. Result and discussion

Fig. 2 gives SEM images of sample 1.

Fig. 2a shows a low-magnification SEM image of the as-grown

ample deposited on substrate 1 for 1 h, which indicates that the
roducts are composed of a large number of microspheres with
iameters of about 2–5 �m.  The core–shell architecture is readily
 images of the sample 5 on substrate 2 for 5 h; SEM (g and h), TEM (i and j), HRTEM
he high magnification image of region which marked with a white rectangle in (h).

apparent from SEM images of broken spheres (Fig. 2b). The high
magnification SEM image (Fig. 2c and d) clearly reveals that the
mesoporous microspheres are constructed by numerous irregular
nanorods with a length ranging from 150 to 200 nm.  The bird nest-
like structure has many interstitial spaces, which could provide
connected channels for mass exchange between the inner space of
TiO2 microspheres and the outer solution. The XRD peaks in Fig. 2e
could be assigned as (1 0 1), (0 0 4), (2 0 0), (1 0 5) and (2 0 1) lattice
surfaces of anatase TiO2 (JCPDS No.21-1272), indicating that sam-

ple 1 is composed of highly crystallized anatase TiO2. These results
indicate that anatase-phase TiO2 hollow microspheres have been
successfully synthesized on a large scale.

Fig. 3 gives SEM images of sample 2.
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Fig. 6. Illustration for formation mech

Fig. 3a indicates that sample 2 is composed of numerous micro-
pheres with diameters of 1–2 �m,  which is smaller than the
icrosphere size in sample 1. The high magnification SEM images

s shown in Figs. 3b and c reveal that the TiO2 microspheres are
ade up of nanoparticles with size of about 40 nm.  The EDX pat-

ern in Fig. 3d shows that the micro-spheres are composed of pure
iO2. The trace amount of Si is from the silicon substrates.

Fig. 4 gives SEM images of sample 3.
The SEM image of the sample deposited on substrate 3 is shown

n Fig. 4. Only little TiO2 particles are observed on the substrate 3.
he EDS shows that only the peaks for titanium, silicon and oxygen
re observed, and the peak of Si is higher than those of Ti and O,
onfirming that the concentration of TiO2 decreases rapidly.

Fig. 5 gives SEM and TEM images of the as-prepared samples
ith different reaction conditions.

In order to reveal the formation mechanism of hollow TiO2
pheres, time-dependent reactions were carried out to investigate
he growth process in detail and distinct evolution stages were
btained. Fig. 5a–c show the morphology of the sample 4 obtained
n substrate 1 for 5 h. Compared with the sample 1, it is found that
he core of sphere shrinks and the inner space is increased continu-
lly. A multi core–shell structure can be observed from one broken
phere. Fig. 5d–f show the morphology of the sample 5 obtained on
ubstrate 2 for 5 h. It can be seen that the core is entirely detached
rom the shell, and formed a unique core–shell structure. The core
nally diminished after 10 h reaction time and a hollow structure
ppeared on sample 6. The morphologies and microstructures of
ample 6 were further investigated by SEM (Fig. 5g and h), TEM
Fig. 5i and j), HRTEM (Fig. 5k), and SAED (Fig. 5l). The inset of Fig. 5h
ives a magnified SEM image of one broken sphere with a hole in the
hell, indicating clearly its hollow structure. The diameters of these
ollow spheres are approximately 1–2 �m,  and the rough surface of
ach shell indicates that it is assembled by nano-grains. SAED pat-

ern indicates that the diffraction rings of the anatase phase TiO2
1 0 1), (1 0 3), (0 0 4), (1 1 2), (2 0 0), and (1 0 5) reflections. HRTEM
mage shows the lattices spacing between the adjacent planes is
.35 nm,  corresponding to (1 0 1) plane of anatase-phase TiO2.
s of core–shell and hollow structures.

Fig. 6 gives schematic illustration of the formation process of
TiO2 core–shell and hollow nanostructures.

It is interesting to understand the formation mechanism of the
TiO2 core–shell and hollow structures since no hard or soft tem-
plates were used in the synthesized process. Local Ostwald ripening
[29] is believed to be responsible for the hollow structure, and the
formation processes are illustrated in Fig. 6. At the initial stage, the
amorphous TiO2 nanocrystals are formed by hydrolyzation of TiCl4.
With continuous nucleation and growth of TiO2, larger TiO2 solid
spheres would form due to the aggregation of primary crystallites.
Further evacuation of the TiO2 particles takes place with prolong-
ing reaction time. The surface layer of the spheres crystallizes first
generate due to contraction with the surrounding solution. As a
result, the materials inside the solid spheres have a strong tendency
to dissolve, which provides the driving force for the spontaneous
inside-out Ostwald ripening. This dissolution process could ini-
tiate at regions around the ripening center of the solid spheres,
in which the nanoparticles have highest surface energies. For the
small homogeneous spheres, the hollow single core/shell parti-
cles were formatted at last because the ripening center of small
homogeneous spheres usually were coincident with the geometric
center. For some bigger non-homogeneous spheres, several ripen-
ing centers appear simultaneously, to produce multi core–shell
particles [37].

The size of the initial solid nanoparticles also plays an important
role in determining the hollowing process. When the initial parti-
cles have a larger size, it is very difficult for the solid evacuation to
initiate at regions around the center of the solid particles, because
the thick shell would inhibit the outward diffusion of the dissolved
species. And thus the solid evacuation can only start underneath
the surface layer of the particles, which results in the formation
of the core–shell structures. On the contrary, smaller initial par-
ticles would favor the solid evacuation from the center region,

and only hollow products come into being in the ripening pro-
cess. In our study, near the source materials, the TiO2 concentration
are very high, the initial solid nanorods have a size in the range
of 150–200 nm,  so the single and multi core–shell TiO2 spheres
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Table 1
The BET surface area and total pores volume for different samples.

Samples Surface area
(m2 g−1)

Pore volume
(cm3 g−1)
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TiO2 hollow sphere (samples 6) 74.67 0.22
TiO2 core–shell sphere (sample 4) 39.22 0.15

nally become the dominant products. With the increase in dis-
ance between the source materials and the substrate, the TiO2
oncentration decrease rapidly so the initial TiO2 gains have an
verage size of about 30–40 nm on substrate 2, and thus hollow
iO2 spheres appear in the products.

Table 1 gives the BET surface area and total pores volume for
ifferent samples.

Fig. 7 gives BET results of the sample 6.
The BET surface area values for different samples are given in

able 1. Compared with sample 4, it can be observed that the higher
alues of the surface area and total pore volume were obtained
or the sample 6. The Nitrogen adsorption–desorption isotherms
nd the Barrett–Joyner–Halenda (BJH) pore size distribution plots
f the sample 6 are shown in Fig. 7a and b, respectively. These
roducts were found to be mesoporous with mean pore diame-
er of 91.0–102.3 nm,  which can be attributed to the interstitial
oids resulting from the relatively loose packing of the nanocrystal-
ites. Such mesoporous titanium dioxide have been found to exhibit
igh photocatalytic activity and hence can potentially be used in
iomemitic photocatalysis and dye-sensitized solar cells [30,31].

Fig. 8 gives XPS results of the as-prepared core–shell and hollow
tructure.

Quantitative XPS analysis was performed on the core-shell
sample 4) and hollow (sample 6) titanium dioxide spheres. The
igh-resolution XPS spectra of O1s are reported in Fig. 8a and b. The
orentzian/Gaussian mix  values were used in the curve resolution
f the individual O1s peaks in the two spectra. For the core–shell
tructure, the O1s region is decomposed into two contributions. The
ain contribution is attributed to Ti–O (529.9 eV) in TiO2, and the

ther oxygen contributions can be ascribed to the O–H (531.5 eV)
n Ti–OH [32,33],  respectively. For the hollow structures, the O1s
egion is decomposed into three contributions: the Ti–O (529.9 eV)
n TiO2, the O–H (532 eV) in Ti–OH and the Si–O (532.5 eV) [32],
espectively. Compared with core shell structure, the O–H peaks of
ollow structures have a chemical shift from 531.5 eV to 532 eV,

his is probably due to the fact that the hollow structures easily
dsorb water vapor from air, leading to the formation of hydroxyl.
he Si–O in the hollow structure appears significantly when the

Fig. 8. X-ray photoelectron spectroscopy core-level analyses: (a) the O1s spe
Fig. 7. N2 adsorption and desorption isotherm of TiO2 hollow spheres (a), and pore-
size  distribution curve (b) of hollow microspheres.

deposition time is over 5 h, which is caused by the diffusion of Si
element from the surface of substrate into the TiO2 hollow spheres
[33].

Fig. 9 gives PL spectrums of the as-prepared core–shell and hol-
low structure.

Fig. 9 shows the room temperature photoluminescence spec-
tra for TiO2 core–shell (sample 4) and hollow structures (sample
6), respectively. The emission peak appears at about 473 nm
wavelength, which is originated from the charge-transfer tran-

sition from Ti3+ to oxygen anion in a TiO6

8− complex [34].
The difference of about 0.6 eV between the band gap energy
(3.2 eV for anatase) and the emission peak energy (2.6 eV) is

ctra of TiO2 core–shell (sample 4) and (b) hollow structures (sample 6).
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Fig. 9. The room-temperature photoluminescence spectra of TiO core–shell (sam-
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le 4) and hollow structures (sample 6).

aused by the Stokes shift due to the Franck Condon effect
35–37]. In addition, the PL emission intensity mainly results
rom the recombination of excited electrons and holes [38], and
he recombination rate is determined by the reaction temper-
ture. The higher the reaction temperature is, the lower the
L intensity is [39]. For sample 4, near the source materials,
he reaction temperature is high, so the lower PL intensity was
bserved.

. Conclusion

In summary, we have successfully synthesized anatase TiO2
ore–shell and hollow structures using TiCl4 and water as the
recursors. A template-free chemical vapor deposition strategy

s designed to construct the mesoporous nanostructure. The
orphology evolution process as well as formation mechanism
ere also elucidated. The size of the initial solid nanoparticles
layed an important role in determining the evolution man-
er in the ripening-induced hollowing process, and an elevated
eposition time was a prerequisite to initiate the hollowing
volution. This simple, general, clean, and convenient method

resented here could provide a novel pathway to the synthe-
is of hollow spheres with complicated structure, and offer a
ew material platform for catalyst, microelectronic, and other
pplications.
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