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Abstract

TiO, hollow nanostructures were successfully synthesized by a controlled hydrothermal precipitation reaction using Resorcinol—
Formaldehyde resin spheres as templates in aqueous solution, and then removal of the RF resins spheres by calcination in air at 450 °C
for 4 h. The obtained TiO, hollow spheres were characterized by X-ray diffraction, scanning electron microscopy, transmission electron
microscopy, N, adsorption—desorption analysis, and UV-visible diffuse reflectance spectroscopy. The photocatalytic activity of the as-
prepared samples was evaluated by photocatalytic decolorization of rhodamine B aqueous solution at ambient temperature under UV
illumination. The results indicated TiO, hollow nanostructures exhibit the excellent photocatalytic activity probably due to the unique

hollow micro-architectures.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

As we well know, TiO, is one of the most important
n-type wide-band gap semiconductors, which has attracted
extensive attention during the past decades for its superior
physical and chemical properties [1,2]. Many potential
applications such as efficient photocatalysts, photovoltaic
cells, photo/electrochromics, photonic crystals, and elec-
trode materials for dye-sensitized solar cells (DSCs) have
been extensively investigated [3—7]. These researches indi-
cate TiO, exhibit the most suitable for widespread envir-
onmental applications compared with other oxide
semiconductor photocatalysts because of its biological
and chemical inertness, strong oxidizing power, and cost
effectiveness. It is well known that photocatalytic activity

*Corresponding authors at: School of Materials Science and Engineering,
Jiangsu University, Zhenjiang, Jiangsu 212013, PR China.
Tel./fax: +86 511 8879 0268.
E-mail addresses: hutang79@yahoo.com.cn (H. Tang),
xyang@ujs.edu.cn (X. Yang).

of TiO, materials is concerned with its size, shape and
specific surface area. To enhan!ce the properties of TiO,,
various morphologies and structures, including nanotubes,
nanorods and porous spheres, of TiO, have been synthe-
sized [8-15].

Among these structures, much attention has been paid
to the synthesis and study of TiO, hollow nanostructures
because of their low density, high surface area, good
surface permeability as well as large light-harvesting
efficiencies. Moreover, it is expected that higher energy
conversion efficiency and photocatalytic activity could be
achieved using TiO, hollow nanostructures as photocata-
lysts. Currently, the most-applied synthetic strategy for the
preparation of hollow structures rely on the use of
sacrificial templates, including hard or soft template,
and the desired hollow interiors are generated upon the
removal of templates by calcination or dissolution [16—19].
Because carbon materials synthesized by hydrothermal
carbonization are easy to remove, carbon spheres have
been used as sacrificial templates to synthesize hollow
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structures. Recently, a general method for the synthesis of
metal oxide hollow spheres has been developed using
carbon microspheres as templates prepared from sacchar-
ide solution. Based on above method, many novel
hollow nanostructures composed of materials such as
Fe;04, Ni,0O3, CuO, and ZnS [20,21] have been success-
fully synthesized.

In this paper, a two-step method for fabricating TiO,
photocatalyst with hollow nanostructures was developed
with using RF resin spheres as templates in aqueous
solution. This method is environmentally friendly. The
photocatalytic activity of the prepared samples has also
been investigated. Moreover, a possible formation
mechanism of TiO, hollow nanostructures was discussed
on the basis of experimental results.

2. Experimental
2.1. Synthesis of resorcinol-formaldehyde resin spheres

Typically, monodisperse RF resins spheres were synthe-
sized by using resorcinol and formaldehyde solution as
precursors [22]. In a typical synthesis of the RF resins
spheres with 500 nm diameter, ammonia aqueous solution
(NH4OH, 0.1 mL, 25wt%) was mixed with a solution
containing absolute ethanol (EtOH, 8 mL) and deionized
water (H,O, 20 mL), then stirred for more than 1 h.
Subsequently, resorcinol (0.2 g) was added and continually
stirred for 30 mins. The formaldehyde solution (0.28 mL)
then added to the reaction solution and stirred for 24 h at
30 °C, and subsequently heated for 24 h at 100 °C under a
static condition in a Teflon-lined autoclave. The solid
product was recovered by centrifugation and air-dried at
100 °C for 48 h.

2.2. Synthesis of TiO, hollow structures

The TiO, hollow structures were prepared as follows: as-
prepared RF resins spheres (0.02 g) were suspended in
distilled water by continuous stirring. (NH4),TiF¢ (1.5 mL,
AR grade, SCRC Chemical Co, China) was then added
dropwise to the stirred solution for 1 h. The mixture was
then transferred into a 100 ml Teflon-lined stainless steel
autoclave and sealed, and the autoclave was placed in a
pre-heated oven at 60 °C forl2h and naturally cooled
down to room temperature. The TiO, precursor thus
obtained was collected by centrifugation, washed with
distilled water and dried under vacuum at 60 °C for 10 h.
Finally, the prepared sample was heated in an air atmo-
sphere to a certain temperature (450 °C) and held at this
temperature for 4 h to remove the carbon template.

2.3. Characterization
The X-ray diffraction patterns were recorded using a D8

advance (Bruker-AXS) diffractometer with Cu Ka radia-
tion (A=0.1546 nm). The morphologies and structures

of the samples were characterized by scanning electron
microscopy (SEM, JEOL JXA-840A) and transmission
electron microscopy (TEM) with a Japan JEM-100CX II
transmission electron microscopy. The Brunauer—-Emmett—
Teller (BET) surface area (Sggr) of the powders was
analyzed by nitrogen adsorption in an ASAP2020 surface
area and porosity analyzer (Micromeritics, USA). All the
samples and Degussa P25 were degassed at 180 °C prior to
nitrogen adsorption measurements. The BET surface area
was determined by a multipoint BET method using the
adsorption data in the relative pressure (P/P,) range of
0.05-0.25. Desorption isotherm was used to determine the
pore size distribution via the Barret-Joyner—Halender
(BJH) method with cylindrical pore size [23]. The nitrogen
adsorption volume at the relative pressure (P/P,) of 0.994
was used to determine the pore volume and average pore
sizes. UV-visible diffused reflectance spectra of the sam-
ples were obtained for the dry-pressed disk samples using a
UV-visible spectrophotometer (UV2550, Shimadzu,
Japan). BaSO,4 was used as a reflectance standard in a
UV-visible diffuse reflectance experiment. All the measure-
ments were carried out at room temperature.

2.4. Photocatalytic activity test

The evaluation of photocatalytic activity of the prepared
samples for the photocatalytic decolorization of RhB
aqueous solution was performed at ambient temperature.
A 300 W halogen-tungsten through a UV-cutoff filter
(> 400 nm), which was positioned 10 cm away from the
reactor, was used as a visible light source to trigger the
photocatalytic reaction. Experiments were as follows:
0.05 g of the prepared TiO, powder was dispersed in a
20 mL of RhB aqueous solution with a concentration of
1x107°M in a reaction cell. Before illumination, the
suspensions were magnetically stirred in the dark for
60 min to ensure the establishment of an adsorption—
desorption equilibrium between the photocatalyst powders
and RhB. At given time intervals, 3 mL aliquots were
sampled and centrifuged to remove photocatalyst powders.
The filtrates were analyzed by recording the variations of
the absorption-band maximum (553 nm) of RhB in the
UV-vis spectrum.

3. Results and discussion

The crystalline phase and size of the TiO, hollow
nanostructures can be evaluated from X-ray diffraction
(XRD) spectra. Fig. 1 shows XRD pattern of the as-
prepared sample. It can be seen that all the diffraction
peaks match those of anatase TiO,, which are in good
agreement with the values of standard card (JCPDS No.
21-1272). No characteristic peaks of other impurities
are detected in the XRD pattern, indicating that TiO,
hollow nanostructures with high purity and crystalline
can be obtained under current synthetic conditions. The
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Fig. 1. XRD pattern of the as-prepared TiO, hollow nanostructures.
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Fig. 2. N, adsorption—desorption isotherms and pore size distributions
of the as-prepared TiO, hollow nanostructures.

broadening of the diffraction peaks can be attributed to the
relatively small sizes of the TiO, nanocrystals.

Nitrogen adsorption—desorption isotherms were mea-
sured to determine the specific surface area and pore
volume of the TiO, hollow nanostructures. Fig. 2 presents
the nitrogen adsorption—desorption isotherm and pore size
distribution (inset) of the TiO, hollow nanostructures
sample. It can be seen that isotherm of the TiO, hollow
nanostructures sample was of types IV (BDDT classifica-
tion) [24]. At high relative pressure range from 0.6 to 1.0,
the isotherm exhibits a hysteresis loop of type H3 asso-
ciated with plate-like particles giving rise to narrow slit-
shaped pores [24,25], indicating that the powders contain
mesopores (2-50 nm) in the TiO, hollow nanostructures.
The corresponding pore size distribution curve is also
shown in Fig. 2 (inset). It can be seen that the hollow
TiO, nanostructures exhibits a narrow pore size distribu-
tion (3-5nm) with the average pore diameters about
42nm. The Sggr and pore volume of as-prepared
TiO- hollow nanostructures is 80 m* g~ and 0.19 cm?/g,
respectively. According to previous reports [26-29], the

mesopores of the TiO, hollow nanostructures arise from
the interstices among the nanparticles within shells of
hollow nanostructures.

The morphology and structure of the samples were
further investigated by SEM. Fig. 3(a) show that the RF
resins spheres by the Stober method were approximately
spherical with diameters varying between 100 and 200 nm.
As shown Fig. 3b, the as-prepared C@TiO, core-shell
composite nanostructures with diameters ranging from
0.5 pm to 1 pm were synthesized through a hydrothermal
process; the size and morphology of the precursor was
improved after addition of TiO,. Fig. 3(c) shows an SEM
image of the TiO, hollow nanostructures after removal of
the RF resins spheres templates by calcination at 450 °C,
which reveal that the as-prepared product has a hollow
nanostructure with diameters of approximately 0.5 pm—
1 um. The cracked nanostructures with apparent cavities
indicate the hollow nature of the products. Fig. 4a is the
typical TEM image of the TiO, hollow nanostructures
which agrees with the results from the above SEM
observation. Fig. 4b is a single hollow structure; the
thickness of the shell is about 30 nm.

To better understand the underlying the formation
mechanism of these TiO, hollow nanostructures, the
influence of titanium precursor on morphologies of the
as-prepared products has been investigated using TBOT as
the titanium (Fig. 5). It can be seen that nearly all of TiO,
particles and carbon spheres are mixed together, and no
core-shell structures could be obtained (Fig. 5a). From the
magnified SEM images (Fig. 5b), it is clearly found that
the sizes of the TiO, nanoparticles are about 20-50 nm in
diameters. The above results indicate titanium source is
believed to the important influent factors for the formation
of core-shell composite. Compared with the hydrolysis of
TBOT, the hydrolysis of (NH4),TiFg can easily generate
HF in the solution, and these HF are able to erode the
surface of carbon spheres template which are favorable for
the deposition of TiO, nanoparticles on the surface of
carbon spheres. Therefore, the hollow nanostructures are
readily produced due to the presence of HF in the reaction
system.

On the basis of the above experimental results, the
template directed deposition of TiO, nanoparticles and
the template-sacrificial calcination of carbon spheres for
the formation process of TiO, hollow nanostructures is
proposed. The formation process of TiO, hollow nanos-
tructures is schematically illustrated in Fig. 6. At the initial
stage of reaction, the following reactions take place in the
solution:

(NH4),TiF+4H,0 — Ti(OH), + 2NH,F + 4HF (1)
Ti(OH), - TiO» +2H,0 )

In the hydrothermal conditions, (NHy4),TiFg easily
decomposed into HF and TiO,. New-formed HF can
erode the surface of RF resin spheres. Subsequently,
TiO, primary sol particles can deposit preferentially on
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Fig. 5. SEM (a), TEM (b) images of the as-prepared TiO, nanoparticles.
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Fig. 6. Schematic illustration of the formation of TiO, hollow nanostructures.
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Fig. 7. UV-visible absorption spectra of the TiO, hollow nanostructures
and P25 powders.

the surface of the eroded carbon spheres via adsorption or
subsequently hererogeneous nucleation growth, and then
assemble together, and spontaneously transform into
sheet-like structures around the carbon spheres. With the
increase of the reaction time, C@TiO, core-shell structures
are formed from the scabbled TiO, sheet-like structures
through an self-assemble and Ostwald ripening process.
Finally, the removal of carbon cores, and densification,
cross-link, and phase transformation of TiO, in the layer
via calcinations result in the formation of TiO, hollow
nanostructure.

Fig. 7 shows the UV-visible absorption spectra of the TiO,
hollow nanostructures and Degussa P25 powders. A signifi-
cant increase in the absorption at wavelengths shorter than
400 nm can be assigned to the intrinsic band gap absorption of
TiO,. The absorption spectra of the hollow TiO, nanostruc-
tures show a stronger absorption in the UV—visible light region
and a red shift in the band gap transition. The slightly red shift
indicated the decrease of band gap energies for the hollow
TiO, samples [23]. The smaller band gap energy means a wider
response range of the hollow TiO, nanostructures sample, and
the sample can absorb more photons. This would contribute
to an enhanced photocatalytic activity.

The photocatalytic activity of the samples was evaluated by
monitoring the degradation of RhB in aqueous solution. Fig. 8
shows the temporal evolution of the absorption spectra
of RhB aqueous solution in the presence of TiO, samples
upon exposure to UV illumination light. The absorption peak
at 553 nm drops gradually with increasing irradiation time and
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Fig. 8. Absorption changes of RhB aqueous solution at room tempera-
ture in the presence of the as-prepared TiO, under UV irradiation.
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Fig. 9. Comparison of photocatalytic activities of TiO, hollow nanos-
tructures and commercial TiO, (P25) for the photocatalytic degradation
of RhB aqueous solution at ambient temperature.

almost disappears after 30 min, indicating that the TiO,
hollow nanostructures exhibits excellent photocatalytic activity
in the degradation of RhB. Fig. 9 shows a comparison of the
photocatalytic activities of TiO, hollow nanostructures and the
commercial TiO, powder (P25). It can be seen from Fig. 9 that
the as-prepared products exhibit better photocatalytic activity
than that of commercial TiO,. This can be attributed to the
increase in specific surface area, the decrease in crystallite size
and hollow microarchitecture [29].
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4. Conclusions

In summary, TiO, hierarchical hollow nanostructures
were prepared by a simple one-step low-temperature
template method. The hollow structure shows a high
photocatalytic activity on the degradation of a methyl
RhB solution and can be readily separated from a slurry
system after photocatalytic reaction. The approach pre-
sented herein can be extended to synthesize fabricate
nanoporous metal oxide with controllable structures and
compositions, whether we choose suitable nanomaterials
as the core or shell components.
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