Chemical Engineering Journal 228 (2013) 834–842

Contents lists available at SciVerse ScienceDirect

Chemical Engineering Journal
journal homepage: www.elsevier.com/locate/cej

Synthesis of TiO2 hollow sphere multimer photocatalyst by etching
titanium plate and its application to the photocatalytic decomposition of
gaseous styrene
Jiangyao Chen a,b, Xin Nie a,b, Huixian Shi a, Guiying Li a, Taicheng An a,⇑
a
State Key Laboratory of Organic Geochemistry, Guangdong Key Laboratory of Environmental Resources Utilization and Protection, Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences, Guangzhou 510640, PR China
b
University of Chinese Academy of Sciences, Beijing 100049, PR China

h i g h l i g h t s

g r a p h i c a l a b s t r a c t

 TiO2 hollow sphere multimer was

obtained by etching Ti plate in NH4F
solution.
 The photocatalysts showed better
degradation ability to gaseous styrene
than P25.
 Formation process includes multimer
formed on Ti plate and hollowed in
solution.

a r t i c l e

i n f o

Article history:
Received 27 February 2013
Received in revised form 13 May 2013
Accepted 16 May 2013
Available online 25 May 2013
Keywords:
TiO2 hollow sphere multimer
Photocatalyst
Volatile organic compounds
Decomposition
Formation mechanism

TP
Nucleation

TP
Multimers formation Multimers in solution

400nm

Hollow process

400nm

a b s t r a c t
TiO2 hollow sphere multimer photocatalyst (SPMP) was synthesized by a one-step hydrothermal method
using titanium plate (TP) as the titanium source and NH4F as the structure regulator. The structural properties of prepared photocatalysts were characterized using X-ray diffraction, UV–vis absorption spectra,
N2 adsorption–desorption, scanning electron microscopy and transmission electron microscopy. The
results indicated that the additional amount of NH4F and hydrothermal time played signiﬁcant roles in
the formation of the TiO2 SPMP. TiO2 SPMP could be obtained only when 0.80 g NH4F as well as TP were
added to 40 mL of deionized water and then hydrothermally treated for 22 h at 120 °C. The photocatalytic
activity of multimer photocatalysts fabricated under various conditions was evaluated and optimized to
decompose gaseous styrene. The results revealed that all prepared photocatalysts (hollow or solid sphere
multimers) showed better photocatalytic activity than Degussa P25 in the decomposition of gaseous
styrene. TiO2 SPMP displayed the highest photocatalytic activity due to the synergistic effects of its large
surface area, good anatase crystallinity, and unique hollow multimer structure as well as its relatively
wide band energy. A preliminary two-major-step formation mechanism for hollow sphere multimers
was proposed: The multimers were formed on the TP, followed by a hollowing process for multimers
in the solution.
Ó 2013 Elsevier B.V. All rights reserved.

1. Introduction
In the past few decades, heterogeneous photocatalysis has been
attracting much attention because it is a green technology that can
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potentially be applied to environmental remediation [1–4].
Photocatalysis plays an important role in this process. To date,
TiO2 has been used as the dominant photocatalyst to remove
organic pollutants due to its properties of superior photocatalytic
oxidation ability, nonphotocorrosiveness, chemical inertness and
inexpensive characteristics [5–9]. Some inherent drawbacks, such
as small speciﬁc surface area and low adsorption capability
[10–13], still exist for conventional TiO2 in practical environmental
cleaning applications. Because heterogeneous photocatalysis is a
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Table 1
Effect of the amount of NH4F on structural properties of powder photocatalysts.

0.50 gNH4F
0.80 gNH4F

Relativel Intensity (cps)

1.20 gNH4F
1.50 gNH4F

Amount
of NH4F
(g)

Crystalline
size (nm)

BETa
surface
area
(m2 g1)

Average
pore
size
(nm)

BJHb total
pore
volume
(cm3 g1)

Relative
crystallinityc

0.50
0.80
1.20
1.50

15.0
15.9
16.5
17.1

101.1
70.5
68.4
67.6

11.9
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16.9
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Fig. 1. XRD patterns of power photocatalysts obtained with the addition of
different amounts of NH4F.

surface-mediated advanced oxidation process and photocatalysts
with higher surface areas can enhance mass transfer of pollutants
to its surface, the photonic efﬁciency of the photocatalyst can also
be improved by an increase in the surface exposure to photons
[14]. The synthesis of TiO2 with high surface area is therefore very
necessary for its practical application to harvest more pollutants as
well as light.
Since Honda and Fujishima ﬁrst discovered the photocatalytic
splitting of water on TiO2 electrodes in 1972 [15], TiO2 photocata-

(a)

lysts with various morphologies and performances have been explored in the past few decades. The TiO2 hollow sphere
photocatalyst has attracted considerable attention due to its high
surface area, high porosity, low bulk density, great light-harvesting
capacity, and higher photocatalytic activity for pollutants than the
TiO2 particle photocatalyst [16–18]. To fabricate TiO2 hollow
sphere photocatalysts, hard or soft templates such as polystyrene
beads [19,20], carbonaceous materials [21–23] and surfactants
[24] have frequently been used to hydrolyze titanium precursors.
The templates were then removed by subsequent calcination or
dissolution processes. However, the preparation procedure with a
template is always complex, and the properties of the resultant
hollow or porous materials depend signiﬁcantly on the nature
and concentration of the template. A template-free method for

(b)
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400nm
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Fig. 2. SEM and TEM images of power photocatalysts prepared with addition of different amounts of NH4F ((a) 0.50 g; (b) 0.80 g; (c) 1.20 g; (d) 1.50 g).

836

J. Chen et al. / Chemical Engineering Journal 228 (2013) 834–842

(a)

(b)

(c)

(d)

Fig. 3. SEM images of the TP after hydrothermal reaction with addition of different amounts of NH4F ((a) 0.50 g; (b) 0.80 g; (c) 1.20 g; (d) 1.50 g).
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Fig. 4. N2 adsorption–desorption isotherms and corresponding pore size distribution curves for powder photocatalysts obtained with the addition of different
amounts of NH4F.

direct synthesis of a TiO2 hollow sphere photocatalyst is preferred
in practical applications due to the ease of handling and scaling up.
TiO2 hollow spheres have been fabricated by direct hydrothermal
treatment of mixed Ti(SO4)2, NH4F and H2O [6,17]. Unfortunately,
due to the swift and intense reaction caused by the relatively high
reaction temperature (higher than 160 °C), a large number of small
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Fig. 5. UV–vis absorption spectra of P25 and the powder photocatalysts obtained
with the addition of different amounts of NH4F.

particles can also be observed in the reaction products in addition
to hollow spheres. Recently, some researchers attempted to solve
this problem by using titanium powder as the starting material
[25]. Although very few free particles were obtained, the coexistence of unreacted titanium powder could subsequently inﬂuence
the photocatalytic activity of the prepared samples. To overcome
this problem, titanium plate (TP) was used as an alternative for
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tion spectra were obtained with a UV–vis spectrophotometer
(UV-2501PC). Nitrogen adsorption–desorption isotherms were obtained with a Micromeritics ASAP 2020 system. Image and microstructure data for the prepared samples were acquired with
scanning electron microscopy (SEM, JSM-6330F) and transmission
electron microscopy (TEM, JEM100CX).

2.3. Characterization of adsorption ability and photocatalytic activity
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Fig. 6. Adsorption, photolysis and photocatalytic decomposition kinetic curves of
styrene by P25 and the powder photocatalysts prepared with addition of different
amounts of NH4F.

the synthesis of TiO2 spheres on the TP directly by the hydrothermal method to eliminate the need for separation of the titanium
precursor from the resultant photocatalyst [26]. However, the
authors in this study focused only on the fabrication and characterization of the TP electrode, while the formation mechanism and
application of the sample powder falling from the TP were completely ignored. By successfully controlling the reaction parameters, well-deﬁned TiO2 hollow sphere multimer photocatalyst
(SPMP) with both high adsorption capability and photocatalytic
activity can easily be fabricated. Nevertheless, to the best of our
knowledge, the synthesis of TiO2 hollow sphere multimers through
the direct corrosion of TP by a hydrothermal method has not yet
been described in the published literature.
This work therefore reports that a TiO2 hollow sphere multimer
was directly synthesized for the ﬁrst time by hydrothermal etching
TP using NH4F as the structure regulator. The effects of additional
amounts of NH4F and variation of hydrothermal time were investigated in detail, and the adsorption ability as well as the photocatalytic activity of the prepared samples was evaluated in a
continuous ﬂow-through reactor by selecting gaseous styrene as
the model organic pollutant. Finally, a formation mechanism was
also proposed.
2. Experimental methods
2.1. Synthesis of photocatalysts
TP (1.5 cm  1.5 cm  0.16 mm, 99.6% purity, Baoji Haiji Titanium & Nickel Co., Ltd., China) was sonically degreased sequentially with acetone (15 min), 2-propanol (15 min), methanol
(15 min) and then deionized water, followed by drying in an oven.
For a typical synthetic process of the TiO2 (SPMP), 0.80 g NH4F
was ﬁrst dissolved in 40 mL deionized water by stirring to obtain
a transparent solution. A piece of pretreated TP was then added
to the solution, and the solution was then hydrothermally treated
in an autoclave at 120 °C for 22 h. The wet precipitate and TP were
subsequently collected, washed thoroughly with distilled water
and ethanol, dried at 80 °C for 8 h, and ﬁnally calcined at 500 °C
for 2 h.
2.2. Characterization of structure and morphology
X-ray diffraction (XRD) patterns were recorded on a Rigaku
Dmax X-ray diffractometer. The ultraviolet–vis (UV–vis) absorp-

The adsorption ability and photocatalytic activity of the prepared photocatalysts were evaluated using gaseous styrene (initial
concentration of 15 ± 1 ppmv) as a model volatile organic compound (VOC) in a continuous ﬂow mode [27]. And the diagram of
the experimental set-up is shown in Fig. S1. In a typical experimental process, 0.10 g of prepared photocatalyst powder was loaded
into a cubic quartz glass reactor (1.0 cm  1.0 cm  0.5 cm). A
365 nm UV-LED spot lamp (Shenzhen Lamplic Science Co., Ltd.)
was used as a light source ﬁxed vertically on top of the reactor at
a distance of 6 cm (the UV intensity was controlled at
70 mW cm2). Before the lamp was switched on, the pollutant
was allowed to reach gas–solid adsorption equilibrium. The concentrations of pollutant were analyzed by a gas chromatograph
(GC-900A) equipped with a ﬂame ionization detector. The temperatures of the column, injector and detector were 110, 230 and
230 °C, respectively. Gas samples were collected at regular intervals using a gas-tight locking syringe (Agilent, Australia), and a
200 lL gas sample was injected into the column in splitless mode
for determination of concentration.
The adsorption efﬁciency and photocatalytic degradation efﬁciency were both calculated for styrene according to the following
equation.

Efficiency ¼ ð1  C=C 0 Þ  100%

ð1Þ

where C is the concentration of residual pollutant, and C0 is its original concentration.

3. Results and discussion
3.1. XRD pattern analysis
The wide angle XRD patterns of the prepared photocatalysts obtained with different added amounts of NH4F are shown in Fig. 1.
Only characteristic peaks of anatase TiO2 at 2h = 25.3, 37.2, 48.9,
54.0, 55.3 and 62.4° are observed in the XRD patterns, indicating
that anatase TiO2 is the only crystalline phase in all of the prepared
photocatalysts. In addition, the crystalline size of the resultant
samples are calculated from the broadening of the XRD peak at
2h = 25.3° according to the Scherrer formula (Table 1). Results indicated that, although the corresponding characteristic peaks at
2h = 25.3° seem no obvious change, the size of crystalline TiO2 increased for samples obtained with the increase of the amount of
NH4F addition. When 0.50 g NH4F is added to the solution, the
crystalline size of TiO2 in the resultant photocatalyst is calculated
as 15.0 nm. The size increased to 15.9, 16.5 and 17.1 nm when
the added amount of NH4F was increased to 0.80, 1.20 and
1.50 g, respectively. In addition to the increase of the crystalline
size of TiO2, the relative crystallinity of the photocatalyst also increased from 1.00 to 1.22 with the increase in the amount of
NH4F added from 0.50 to 1.50 g. The possible reason may be that
F can enhance the crystallization of the anatase phase and accelerate the growth of crystals [18]. Similar results can also be obtained from previous reports [6,28].
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Fig. 7. SEM images of the TP after reaction with 0.80 g NH4F at different hydrothermal times ((a) 2 h; (b) 6 h; (c) 12 h; (d) 36 h; (e) 48 h).

3.2. SEM and TEM image analysis
To investigate the effect of the added amount of NH4F on the
resultant photocatalysts, their morphology and microstructure
were examined by SEM and TEM. Fig. 2 shows that the photocatalyst obtained with the added amount of 0.50 g NH4F consists of
solid TiO2 spheres with an average diameter of approximately
400 nm, and this diameter remained basically unchanged with an
increase in the added amount of NH4F to 1.50 g. The effect of
NH4F on the sphere size appeared to be negligible. Further observation indicated that the TiO2 spheres were connected to each other
to form multimers. This formation of multimers may occur because

of the existence of the Ti–OH group on the surface of the spheres
[6]. The surface of the spheres was very rough, and the TEM image
(inset of Fig. 2a) indicated that the spheres were composed of
nanoparticles with an average diameter of approximately 15 nm.
This result was consistent with the result of the XRD pattern analysis. With the increase of the added amount of NH4F to 0.80 g
(Fig. 2b), more sphere multimers with open holes could be discerned, and the TEM image (inset of Fig. 2b) conﬁrmed that the
resultant photocatalyst was composed of multimeric TiO2 hollow
spheres. Increasing the added amount of NH4F further to 1.20
(Fig. 2c) and 1.50 g (Fig. 2d) resulted in solid sphere multimers
being found in the photocatalysts obtained. These results
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and decreased slightly to 16.9 and 16.5 nm as the added amount
of NH4F increased continuously to 1.20 and 1.50 g (the inset of
Fig. 4). These prepared samples were obviously all mesoporous
materials. The quantitative details about the Brunauer–Emmett–
Teller (BET) surface areas, Barrett–Joyner–Halen (BJH) total pore
volumes and average pore diameter are also listed in Table 1.
Increasing the added amount of NH4F from 0.50 to 1.50 g, both
BET surface area and total pore volume of the samples decreased
from 101.1 m2 g1 and 0.380 cm3 g1 to 67.6 m2 g1 and
0.323 cm3 g1. Similar result is also obtained by Yu et al. due to
the increase of crystalline sizes and disappearance of some small
pores [18]. Moreover, the BET surface areas of all prepared samples
in this study are higher than that of P25 (surface area of 50 m2/g).
Larger BET surface area and bigger total pore volume might lead to
higher adsorption capacity for gaseous organic pollutants, which
will be veriﬁed by the following adsorption experiments.
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Fig. 8. XRD patterns of the powder after reaction with 0.80 g NH4F at different
hydrothermal times.

suggested that the formation of hollow sphere multimers was very
closely dependent on the amount of NH4F added during the preparation process, and the TiO2 (SPMP) could be synthesized exactly
only when the added amount of NH4F was selected as 0.80 g in this
study.
In addition to examination of the resultant photocatalysts precipitating from the solution, the effect of the added amount of
NH4F on the morphology change of the corresponding TPs was also
examined by SEM (Fig. 3 and Fig. S2). From Fig. S2, it can be seen
that the raw TP is very ﬂat and no particles can be observed on
the TP. As shown in Fig. 3a, with the added amount of 0.50 g
NH4F, the surface of the TP became rough, and a number of independent massive particles were formed. Further observation from
the inset of Fig. 3a showed that these massive particles were composed of multilayered spherical particles, and they were connected
closely with each other. The average diameter of each particle was
approximately 400 nm, consistent with the particle size in the corresponding powder sample. When the added amount of NH4F was
increased to 0.80 g, the TP was etched further, and its surface became rougher (Fig. 3b). In addition to multilayered spherical particles, more relatively independent particle multimers were
observed (inset of Fig. 3b). When the added amount of NH4F was
further increased to 1.20 (Fig. 3c) and 1.50 g (Fig. 3d), the TP surface became rougher and rougher and was almost covered by independent particle multimers. Comparing the SEM images shown in
Figs. 2 and 3, particles on the TP and in its corresponding powder
sample were found to possess similar morphology and size,
although the surface of the particles in the powder sample was
much rougher. All these observations suggest that the TiO2 particles in the powder sample originated directly from TP etching, then
underwent a growth process in the TiO2 crystals, and ﬁnally
formed spherical multimers with or without a hollowing process.
3.3. N2 adsorption–desorption isotherm analysis
Fig. 4 shows the N2 adsorption–desorption isotherms of the prepared powder photocatalysts obtained with the different added
amounts of NH4F. All samples showed similar type IV isotherms
(IUPAC classiﬁcation) with the same typical H3 hysteresis loops,
indicating the existence of mesoporous structures and slit-like
pores [29]. The average pore size of the sample prepared with
0.50 g NH4F added was calculated as 11.9 nm, which increased to
17.9 nm with the increase in the amount of NH4F added to 0.80 g

3.4. UV–vis spectral analysis
Fig. 5 shows the UV–vis absorption spectra and the indirect
band energy of the prepared powder photocatalysts as well as
P25. All samples exhibited the typical absorption with an intense
transition in the UV region of the spectrum, which was attributed
to the electron transition of TiO2 from the valence band to the conduction band [30]. Compared with P25, the obvious blue shift in
the absorption edge of the spectra of all prepared powder photocatalysts was observed, which might be a result of the quantumsize effect from the smaller average crystalline size of the porous
TiO2 hollow aggregates [17]. This result is consistent with the crystalline size for prepared samples (15.0–17.1 nm) and P25 (25 nm).
The indirect band gap energies of the prepared powder photocatalysts and P25 could be estimated from a plot of (ahv)1/2 versus
photon energy (hv) (inset in Fig. 5). The intercept of the tangent
to the plot gave a good approximation of the indirect band gap energy for TiO2 [31]. The absorption coefﬁcient a could be calculated
from the absorbance [32,33]. From the inset in Fig. 5, the indirect
band gap energies estimated from the intercept of the tangents
to the plots are 3.06, 3.07, 3.09 and 3.10 eV for the prepared powder photocatalysts obtained with the added amounts of 0.50, 0.80,
1.20 and 1.50 g NH4F, respectively, which are all higher than P25
(2.97 eV).
3.5. Adsorption and photocatalytic decomposition performance with
gaseous styrene
To evaluate the adsorption capability and photocatalytic activity of the prepared photocatalysts, gaseous styrene was selected
as a model VOC. Fig. 6 shows the adsorption, direct photolysis
and photocatalytic decomposition curves of styrene for P25 as well
as synthesized powder photocatalysts prepared with the different
amounts of additional NH4F.
Before switching on the lamp, the adsorption equilibrium
experiments were ﬁrst conducted (Fig. 6a). From the ﬁgure, styrene
was adsorbed swiftly onto all samples during the initial 20–30 min
until slow breakthrough occurred (breakthrough point is deﬁned
here where the outlet concentration of styrene is equal to 5% of
the inlet styrene concentration). For P25 and the photocatalysts
prepared with the added amounts of 1.20 and 1.50 g NH4F, the
complete breakthrough (when the outlet and inlet concentrations
of styrene are equal) was observed only after 180 min of adsorption, suggesting that the adsorption capabilities of these three samples for styrene were relatively poor. The times for complete
breakthrough were apparently extended to 270 and 240 min for
the samples prepared with the added amounts of 0.50 and 0.80 g
NH4F. The time for complete breakthrough clearly follows the order: 1.50 g NH4F = 1.20 g NH4F = P25 < 0.80 g NH4F < 0.50 g NH4F,
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Fig. 9. SEM and TEM images of the powder photocatalysts after reaction with 0.80 g NH4F at different hydrothermal times ((a) 6 h; (b) 12 h; (c) 22 h; (d) 36 h; (e) 48 h).

consistent with the results from determination of BET surface area
and BJH total pore volume. The sample with the larger surface area
and bigger total pore volume possesses higher adsorption capacity
for VOCs in this work.
When the adsorption reaches equilibrium, the lamp is switched
on (Fig. 6b). First, the control experiment of direct photolysis was
also carried out, and less than 1% of the styrene was removed after
180 min of photolysis, indicating that UV light only cannot efﬁciently decompose the styrene. For P25 (Fig. 6b), a swift removal
of styrene (82.9%) by the photocatalyst could be discerned in the
ﬁrst 30 min. However, when the UV illumination extended to another 60 min, the decomposition efﬁciency decreased sharply to

62.6% and then leveled off. This result could be ascribed to the
blockage of photocatalytic active sites by stable intermediates on
the surface of TiO2 during the photocatalytic reaction, thereby
leading to the deactivation of the photocatalyst [34]. All the prepared TiO2 sphere multimer photocatalysts in this study showed
higher decomposition efﬁciency for styrene, although a trend similar to P25 was also obtained. For the photocatalyst prepared with
the amount of 0.50 g NH4F added, the decomposition efﬁciency
was 73.0% within 180 min. Increasing the added amount of NH4F
to 0.80 g led to an increase in the decomposition efﬁciency that
peaked at 82.5%. However, further increasing the amount of
NH4F added to 1.20 and 1.50 g decreased the decomposition
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energy can result in TiO2 hollow sphere multimers with good redox
capability [31]. All these factors combined are responsible for the
highest photocatalytic activity of TiO2 SPMP.
3.6. Formation mechanism
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TP
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(D)
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Scheme 1. Schematic illustration of the formation mechanism of the TiO2 hollow
sphere multimers.

efﬁciency to 67.9% and 65.6%, respectively. The decomposition efﬁciencies after 180 min of decomposition by different photocatalysts follow the order: P25 (58.5%) < 1.50 g NH4F (65.6%) < 1.20 g
NH4F (67.9%) < 0.50 g NH4F (73.0%) < 0.80 g NH4F (82.5%). All prepared multimer photocatalysts, especially TiO2 hollow sphere multimers, apparently showed better photocatalytic activity for
gaseous styrene than P25 in this study. This enhanced photocatalytic activity may be attributed to the synergistic effects of several
factors such as relative crystallinity, speciﬁc surface area, band energy and unique hollow multimer structure of this photocatalyst.
In the case of speciﬁc surface area, TiO2 hollow sphere multimers
do not display the largest speciﬁc surface area among the prepared
samples. However, it has already been proved that large surface
area is not the only decisive factor for the enhancement of the photocatalytic activity of the TiO2 photocatalyst because TiO2 with a
large surface area is usually accompanied by a large number of
crystalline defects, which could act as the centers for the recombination of photogenerated electrons and holes, leading to poor
photoactivity of TiO2 [31,35–37]. Relative crystallinity is also an
important factor inﬂuencing the photocatalytic activity of TiO2.
As shown in Table 1, the relative anatase crystallinity increases
sharply from 1.00 to 1.18 for the samples prepared with the increase of the added amount of NH4F from 0.50 to 0.80 g. The relative anatase crystallinity then increased slowly to 1.20 and 1.22 for
the samples prepared with the added amounts of 1.20 and 1.50 g
NH4F. TiO2 hollow sphere multimers thus showed the highest photocatalytic activity in this study due to the relatively large surface
area, which can efﬁciently enrich reactant molecules, and good
anatase crystallinity, which can reduce the electron and hole
recombination. The unique hollow multimer structure can also
facilitate the transfer and diffusion of styrene molecules in the
catalyst and enhance the light harvesting [21]. Much wider band

The formation mechanism of TiO2 SPMP was also investigated
by time-dependent evolution experiments for the prepared sample
with same added amount of 0.80 g NH4F. All intermediates were
collected at different reaction intervals (2, 6, 12, 22, 36 and 48 h)
for detailed investigation. The effect of different reaction times
on the morphology of TP with the amount of 0.80 g NH4F added
was carried out initially (Fig. 7) because the reaction on the TP is
the ﬁrst step for the formation of the ﬁnal powder photocatalyst.
After a 2-h reaction, the surface of the TP was rough and full of
holes, but no particles were discerned (Fig. 7a). Extending the reaction time to 6 (Fig. 7b) and 12 h (Fig. 7c), the surface of the TP was
etched more seriously and became rougher with the formation of
more small irregularly shaped particles. When the reaction time
was further extended to 22 h (Fig. 3b), the multilayered particles
with spherical shapes (accompanied by a few independently multimeric particles) could be observed clearly on the TP surface. Further prolonging the reaction time to 36 h resulted in the formation
of more independent multimeric particles with spherical shapes on
the TP surface (Fig. 7d). Spheres with the average diameter of
approximately 1 lm were formed on the TP surface after 48 h
(Fig. 7e).
The powder samples at the different reaction stages (no precipitate was generated in the solution after 2 h of reaction) were also
collected and the corresponding XRD, SEM and TEM images are
shown in Figs. 8 and 9. Anatase TiO2 is the only crystalline phase
in all powder samples obtained (Fig. 8), while different morphologies are observed at the different reaction intervals. For the powder
sample after 6 h of reaction (Fig. 9a), large multimeric particles
that are composed of small solid particles with the average diameter of approximately 400 nm are produced (inset of Fig. 9a). By
extending the reaction time to 12 h (Fig. 9b), the surface of the particles becomes rough, indicating crystallization of TiO2 and growth
of TiO2 crystallites. The TEM image (inset of Fig. 9b) reveals that
the resultant product is hollow multimers with spherical shapes.
However, the multimers obtained are very unstable, and some
completely broken particles are clearly discerned. As the reaction
time is extended to 22 h, TiO2 hollow sphere multimers with the
average diameter of approximately 400 nm for each sphere are obtained (Fig. 9c), which are then transformed into solid sphere multimers by further extending the reaction time to 36 h (Fig. 9d). This
may be due to the collapse of the hollow structures and reconstruction of the particles in the solution. The sample obtained after
reaction for 48 h displays a similar morphology to the sample obtained after reaction for 6 h, although the former has larger solid
cores (Fig. 9e).
By combining the results shown above, a plausible mechanism
for the formation of TiO2 SPMP was obtained (Scheme 1). First, the
TP was etched by generated HF according to the hydrolysis of NH4F
in H2O solution, and the TiO2 precursor was formed on the TP surface (Scheme 1A). Subsequently, the TiO2 precursors were further
hydrolyzed to generate TiO2 particles, which then aggregated to
form large TiO2 particles with spherical shapes due to the selfassembly process (Scheme 1B). Simultaneously, these TiO2
particles tended to connect with each other to form multimeric
particles on the TP surface owing to the existence of the Ti–OH
group on the particle surface (Scheme 1C). When more and more
particles were formed on the TP, some of them on the top fell into
the solution driven by gravity (Scheme 1D). Finally, the hollowing
process took place mediated by ﬂuoride to form TiO2 hollow
sphere multimers (Scheme 1E). F transfers from the outside
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solution to the center of the spheres though the pores between the
particles induced the dissolution of TiO2 to smaller size particles,
resulting in an increase of the dissolution rate of the core and
the occurrence of hollow spheres [18].
4. Conclusions
TiO2 (SPMP) was easily fabricated using a low-temperature
hydrothermal method by etching TP. Experimental results found
that the added amount of NH4F and hydrothermal time played
signiﬁcant roles in the formation of this photocatalyst, which could
only be obtained when 0.80 g NH4F and TP were added to 40 mL of
deionized water, and the hydrothermal time was set at 22 h at a
temperature of 120 °C. The decomposition results revealed that
all photocatalysts (hollow or solid sphere multimers) prepared
by this method showed better photocatalytic activity than Degussa
P25 for the photocatalytic decomposition of gaseous styrene, and
the TiO2 SPMP displayed the highest photocatalytic activity due
to the synergistic effects of its large surface area, good anatase
crystallinity, unique hollow multimer structure and relatively wide
band energy. Two major steps were involved in the formation of
the TiO2 hollow sphere multimers: the formation of multimers
on the surface of the TP and the hollowing of multimers in the
solution.
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