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In this study, facile synthesis of TiO, hollow spheres composed of high percentage reactive facets (~85%)
is successfully prepared with TiOSO4 and HBF, by hydrothermal method. Results reveal that TiO, hollow
spheres of 605 nm to 1.21 um are anatase phase with sulfur doping. The variation of shell morphologies
(e.g. polyhedral and nanosheet) can be realized by adjusting the reactant concentrations, while the molar
ratio of TiOSO, to HBF, is maintained at 5:3. Based on the time-dependent morphology evolution study,
the growth mechanism of hollow structure formation via self-templating and dissolution-recrystallization
processes is discussed. Effects of reactant concentrations on TiO, morpholgy are investigated to
understand the dual roles of HBF,. Results also indicate that TiO, hollow spheres with nanosheet
morphology having 85% percentage of (001) facets exhibit 1.4~5 times higher performance than their
counterparts in photocatalytic hydrogen production. The enhanced photocatalytic activity is ascribed to
the combined effects from unique hollow structure, high BET specific surface area (139.1 m%/g) and high
percentage of exposed reactive facets (85%). This study demonstrates a promising strategy for large-scale
production of TiO, hollow spheres with template- and surfactant-free process for photocatalysis
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Facile synthesis of TiO, hollow spheres composed of high percentage

applications.

1 Introduction

Semiconductor photocatalysts have attracted significant attention
due to their promising applications in converting solar energy into
chemical energy and removing organic pollutants from water'™,
Among many photocatalysts, titanium dioxide (TiO,) has
received considerable interest due to its superior photocatalytic
activity, chemical stability, low cost and nontoxicity” . The
photocatalytic performance can be significantly influenced by the
morphology and microstructure of TiO,. So far TiO, materials of
different morphologies and nanostructures, such as nanowire” ',
nanotube'"™® and nanosheet'*'®, have been developed for
enhanced photocatalytic activity.

Recently, the use of TiO, hollow spheres has received much
attention in the fields of catalysis, microreactor, adsorption and
drug delivery, due to their low density, high surface area, good
surface permeability and large light harvesting efficiency'’ 2.
Many techniques have been developed for the fabrication of TiO,
hollow spheres using removal or sacrificial templates. Kondo
et .al reported that anatase TiO, hollow spheres were prepared by
polystyrene (PS) bead as hard templates, followed by the removal
of polystyrene beads by calcination >'. Ao et al reported nitrogen-
doped titania hollow spheres were successfully prepared by using
carbon spheres as hard templates 2. Besides, soft templates, such
as surfactants, were also previously reported in the preparation of
hollow TiO, spheres. Ding et.al used amino acid as
multifunctional smart template to prepare mesoporous hollow

TiO, spheres via solvothermal method **. In addition, Pan et al
prepared hierarchical nitrogen-doped TiO, hollow spheres with
nanothorns by a solvothermal method®*. They found that the
presence of diethylenethiamine played dual roles in the formation
of nanothorns and nitrogen dopants. Although hard or soft
templates have been successfully applied to TiO, hollow spheres
synthesis, the typical disadvantages of using templates in material
synthesis include high cost, tedious procedures and structure
collapse on the removal of templates by calcinations or
dissolution **.

Template- and surfactant-free synthesis of hollow spheres is of
great interest. Recently, Liu et al proposed a solvothermal method
to prepare hollow TiO, microspheres with diameter of 1-2 pum,
using Ti(SOy),, NH4F and ethanol as raw materials*. Ethanol was
suggested as the stabilization reagent for TiO, polyhedra exposed
with ca. 20% (001) facets. Li et.al also introduced a template-free
approach to prepare hollow TiO, sphere using hydrolysis of
TiOSO, in organic solvents (e.g. glycerol, alcohol and ethyl
ether)”’. Correspondingly, the use of organic solvents in material
synthesis will increase the product cost and environmental burden.
In addition, Yang et.al reported one pot approach to prepared
hollow TiO, spheres via Ostwald ripening by hydrolysis of TiF,
(1.33-2.67 mM) using hydrothermal method®®. Although no soft
or hard templates were directly required in their synthesis, the use
of organic solvents and low concentration of TiO, precursor are
the main obstacles for large-scale production. Therefore, it is
desirable to develop a facile, economical and effective method to
fabricate hollow TiO, spheres with controllable morphology and
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size. In particular, TiO, hollow spheres composed of nanosheets
with high percentage reactive (001) facets are highly desirable for
practical applications, due to the enhanced photocatalytic activity
in the utilization of solar energy®.

In this study, a facile approach was proposed to prepare TiO,
hollow spheres with (001) reactive facets as high as 85%. The
formation mechanism of hollow structures was based on fluoride-
mediated self-transformation strategy” . TiOSO, was used as
TiO, precursor and sulfur source, and HBF, was employed as the
fluoride precursor. The starting materials are simple and cheap
without the addition of any organic structure directing agents and
hard templates. The activities of the as-prepared hollow TiO,
spheres were investigated by photocatalytic hydrogen production
under UV-vis irradiation. Results suggest TiO, hollow spheres
with nanosheet morphology having high percentage of (001)
facets (ca. 85%) exhibit 1.4~5 times higher activity than their
counterparts (TiO, nanoparticles and Degussa P25). Therefore,
this method is facile and efficient in large-scale production of
TiO, hollow spheres for practical photocatalysis applications.

w
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2 Experimental section
2.1 Synthesis of TiO, hollow spheres

TiO, hollow spheres were prepared by a facile hydrothermal
method with two chemicals, namely TiOSO, and HBF,. In a
typical synthesis, 0.2 g TiOSO, (technical grade, Sigma Aldrich),
0.125 mL HBF, (48wt.%, Sigma Aldrich) and 30 mL H,O
(Millipore, Inc.,18 MQ-cm™) were added into a dry 50 mL
Teflon-lined stainless steel autoclave. The concentration of
TiOSO,4 was equivalent to 42 mM. The hydrothermal reaction
was carried out at 180°C for 24 hours. After the reaction was
completed, the autoclave was naturally cooled down to room
temperature. The precipitation was harvested by centrifuge and
sequentially washed with H,O and ethanol for three times. Finally,
the white product was dried at 60°C for 12 hours before material
characterizations and photocatalytic activity test. This sample was
denoted as TiO,-HS-1. For comparison, a series of hollow TiO,
spheres were synthesized with TiOSO, concentrations of 83 mM,
167 mM and 250 mM (TiO,-HS-2: 0.4 g TiOSO, + 0.25 mL
HBF, + 30 mL H,0; TiO,-HS-3: 0.8 g TiOSO, + 0.5 mL HBF, +
30 mL H,O; TiO,-HS-4: 1.2 g TiOSO4 + 0. 75 mL HBF, + 30
mL H,0). In addition, samples of TiO, hollow spheres (TiO,-HS-
1) for morphology evolution study were collected at different
reaction stages (lh, 2h, 3h, 4h, 6h and 12h). TiO, sample
synthesized without HBF, was also prepared as a control sample.
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2.2 Material characterizations
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Morphology and crystal structure analysis of the as-prepared TiO,
materials were performed on field emission scanning electron
microscope (FE-SEM, Hitachi S4800) and transmission electron
microscope (TEM, FEI Tecnai G* 20 scanning) equipped with
selected area electron diffraction (SAED). The particle size and
phase structure of TiO, hollow sphere powder samples were
analyzed by X-ray diffractometer (XRD, Bruker) equipped with
Cu K, X-ray radiation and a LynxEye detector. The scanning
range of 20 was 10~80° with a step size of 0.02° and a scan speed
of 0.2s/step. Oxidation state measurement of TiO, hollow sphere
ss sample was measured on X-ray photoelectron spectroscopy (XPS,
Model PHI5600). All binding energy was referenced to the Cls
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peak at 284.6 eV. Data processing was performed on software
XPSPEAK 4.1. The optical properties of TiO, samples were
recorded on diffuse reflectance UV—vis spectroscopy (DRS, UV-
3010, Hitachi). N, adsorption-desorption isotherms of TiO,
samples were conducted on surface area analyzer (Quantachrome
Instruments) at liquid nitrogen temperature 77 K.

2.3 Photocatalytic hydrogen production

Photocatalytic hydrogen production over TiO, samples was
performed in a closed gas circulation system (LabSolar, Trusttech,
China) at room temperature. In a typical run, 40 mg as-prepared
TiO, photocatalyst was ultrasonically dispersed in 100 mL 10
vol.% methanol solution (99.8%, Sigma Aldrich) followed by
adding 1 mL platinum(Il) acetylacetonate (99.99%, Sigma
Aldrich) of 1 mg/mL, equivalent to 1.0 wt.% Pt loading. The
photocatalyst suspension was then bubbled with N, gas for 60
min. Afterwards, a 300 W Xe lamp (Aulight, CEL-HX UV300,
200 nm - 2000 nm) was used to initiate the photo-reduction of Pt.
Full spectrum light from 300 W Xe lamp with light intensity of
about 100 mW/cm?® was delivered from the top of the quartz cell
for hydrogen production. The hydrogen production system was
first evacuated by a vacuum pump and electromagnetic air pump
was used to accelerate the gas circulation in the system. The gas
sample in the system was periodically analyzed by a gas
chromatograph (GC-2010, Shimadzu) equipped with Msieve SA
column (Restek, 30 m x 0.53 mm x 50 pm ) and a thermal
conductivity detector (TCD). The temperatures of inlet, column
and detector were 35°C, 35°C and 120°C, respectively. Helium
gas was used as the carrier gas at a flow rate of 30 mL/min.

3 Results and Discussion
3.1 Morphology analysis

Fig.1 shows FE-SEM images of the as-prepared TiO, samples
under different reactant concentrations. As seen from Fig.1 (a)-(c),
the sphere sizes of TiO,-HS-1, TiO,-HS-2 and TiO,-HS-3 are
found to be 605+11 nm, 1.21+0.04pm and 636+18 nm,
respectively. Interestingly, the as-prepared TiO, spheres are also
aggregated and form big clusters. The sphere sizes of TiO, in this
work are smaller than previous studies, which reported hollow
TiO, spheres were 1~8 pm in size *% *! 32, However, when the
concentration of TiOSQy is increased to 250 mM, only TiO, solid
particles of ~100 nm in size are obtained, as seen in Fig. 1(d).
This means that there is an optimum concentration range for the
successful synthesis of TiO, hollow materials using TiOSO, and
HBF,. It should be noted that the TiO, precursor concentrations
for hollow sphere fabrication in this work is about 30~125 times
higher than previous work, suggesting the great potentials in large
scale production of TiO, 7.

Fig.2 displays enlarged FE-SEM images of as-prepared TiO,
hollow spheres. The hollow nature of as-prepared TiO, is evident
from Fig. 2(a). In addition, a closer look at the morphologies in
Fig. 2(b) indicates that the shell of TiO,-HS-1 is composed of
many ultrathin nanosheets. Constructing hollow spheres from
building blocks of TiO, nanosheets with exposed reactive facets
is considered as a great challenge®. According to previous work
on TiO, nanosheets prepared by fluorides, the two flat and square
surfaces were considered as the reactive (001) facets*3®. To
further verify the exposed (001) facets, TEM and single crystal
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electron diffraction pattern analysis of TiO, nanosheets are
performed and shown in Fig. S1. (ESI{). The nanosheet
morphology of TiO, in Fig. S1 is consisted with FE-SEM
analysis (Fig. 2b). Also, the corresponding electron diffraction
s pattern of TiO, nanosheets indicated the (200) and (220) facets
with d-spacing of 1.89 A and 1.34 A, respectively. Thus, zone
axis is determined to be (001), demonstrating that TiO,
nanosheets is exposed (001) facets. Yang et.al reported that F
exhibited strong interaction with TiO, (001) facets and kinetically
10 retarded the growth along (001) direction, leading to the

nanosheet morphology**.
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Fig. 1 FE-SEM images of the as-prepared TiO, samples with different
concentrations (a) TiO,-HS-1; (b) TiO,-HS-2; (c) TiO,-HS-3; (d) TiO,-HS-4
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Fig. 2 Enlarged FE-SEM images of TiO, hollow spheres. (a) and (b) TiO,-
HS-1; (c) TiO-HS-2; (d) TiO,-HS-3

The dimension of TiO, nanosheets in this work is estimated to
be 340x340 nm and 30 nm in thick. The percentage of (001)
ss reactive facets in TiO,-HS-1 can be estimated by the following
equation®”:
2x A

T A+ ax AxH

€]

so  where 7 is the percentage of (001) facets, A4 is the side length of
nanosheet in nm and H is the thickness of nanosheet in nm. It is
found that the percentage of (001) facets in TiO,-HS-1 is 85%,
which is much higher than previous work. Liu et. al reported 1~2
pm TiO, hollow spheres composed of anatase polyhedral having

ss ca. 20% (001) facets®®. However, with the increase of TiOSO,
concentration, the shell morphology of TiO,-HS-2 in Fig. 2(c) is
consisted of irregular coarse surface. Fig. 2(d) suggests that many

polyhedral TiO, with an estimated size of ~40 nm are formed on

the external surface of TiO,-HS-3. The shell morphology should
6 be ascribed to the increased reactant concentrations, which can

significantly affect the reaction rates of dissolution and

recrystallization. The unique shell structures of TiO, hollow

spheres are quite different from the conventional TiO, sphere

with smooth surface and can greatly influence their photocatalytic
65 activity®”.
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Fig. 3 TEM images of the as-prepared TiO, hollow spheres (a) and (b):
TiO,-HS-1; (c) and (d): TiO,-HS-2; (e) and (f): TiO,-HS-3; The inset is the
selected area electron diffraction (SAED) pattern

os  The uniform hollow structure of TiO,-HS-1, TiO,-HS-2 and

TiO,-HS-3 is further confirmed by TEM images, as shown in Fig.

3(a)-(f). It is suggested that controllable synthesis of TiO, hollow

spheres can be successfully achieved by hydrolysis of TiOSO,

with concentrations, ranging from 42 mM to 167 mM, while the
molar ratio of TiOSO, to HBF, is maintained at 5:3. Jiang et. al
reported the control of sphere size and structure (multi-hollow or
single-hollow) by varying the concentration of starting
materials®®. In addition, the porous nature can be clearly observed
in these hollow spheres, indicated by the obvious contrast (dark
and bright) in the TEM images. The inset SAED image in Fig.3(e)
confirms high crystallization degree of the as-prepared TiO,
sample. The d-spacing of 3.5 A, 2.4 A and 1.9 A correspond to

the anatase TiO, crystal facets (101), (004) and (200),

respectively.

o To understand the roles of HBF, in the formation of TiO,
hollow spheres with reactive facets, pure TiO, sample is also
synthesized only with 0.8 g TiOSO, and 30 mL H,O. Fig. 4
presents FE-SEM images of TiO, synthesized without HBF, for 1
hour and 24 hours. As shown in Fig. 4(a) and (b), only solid TiO,

11s spheres of around 3.8 um are obtained for 1 hour hydrothermal
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reaction. However, for 24 hour reaction, the particle size of TiO,
solid sphere with distorted shell is about 900 nm, suggesting that
TiO, spheres are partially dissolved with the increase of reaction
time. The control experiment implies that the formation of hollow
spheres is probably due to the self-templating process. HBF,
plays critical roles in the formation and self-assembly of TiO,
nanosheets as well as creating interior cavity by dissolution-
recrystallization process. More detailed discussion will be given
in the morphology evolution and growth mechanism of TiO,
hollow spheres.

3.2 Crystal phase analysis

The phase structure of the as-prepared TiO, hollow spheres
was investigated by XRD technique and the result is shown in
Fig.5. It can be seen that major 20 peaks at 25.3°, 37.8° and 48.0°
match the characteristic peaks of the anatase TiO, (PDF card No:
21-1272; tetragonal; space group: [4;/amd (141)), in good
agreement with electron diffraction pattern (Fig. 3e). The average
crystalline size of the as-prepared TiO, sample can be determined
by Debye-Scherer formula, based on the main anatase diffraction
(101) peak *°.

D = KA/BcosO 2

where D is the crystalline size, A the wavelength of X-ray
radiation (0.1541 nm), K the constant usually taken as 0.89 and f
is the peak width (in radians) at half-maximum height. The
crystal size of TiO, is calculated to be 32~46 nm, in good
agreement with the TEM observations. Hence, TiO, of pure
anatase phase can be successfully prepared by hydrothermal
TiOSO, and HBF,.

$480082006.0) 50KV 4 Oy x50 Ok SENM i .00um

Fig. 4 FE-SEM images of TiO, synthesized with 0.8 g TiOSO4 and 30 mL
H,0 for different durations (a) and (b): 1 hour; (c) and (d): 24 hours
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Fig. 5 Typical XRD patterns of TiO, hollow spheres
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3.3 XPS analysis

Fig. 6 depicts typical high resolution XPS spectra of the as-
prepared TiO,-HS-1 hollow spheres. The survey spectrum in Fig.
S2 (ESIY) suggests that the TiO, sample contains Ti, O, F, S and
C. It should be mentioned that the C element is mainly ascribed
to the hydrocarbon from XPS itself *°. The binding energy values
for Ti2p3/2 (B.E. =459.7 eV) and Ti2pl/2 (B.E. = 465.4 eV)
shown in Fig. 6(a) confirm that the titanium is of oxidation state
+4 4% 4 The XPS spectrum for Ols in Fig. 6(b) can be
deconvoluted into two peaks. This indicates that oxygen is
present as O* in TiO, lattice (B.E. =530.8 eV) and surface
oxygen in the form of M-OH (B.E. =531.5 eV, M=Ti and/or S).
Surface oxygen plays important roles in enhancing photocatalytic
activity. It is suggested that hydroxyl group can capture the
photogenerated holes, forming highly reactive hydroxyl free
radicals”.  The effective inhabitation of electron-hole
recombination can improve the photocatalytic activity of TiO,.
Fig. 6(c) shows XPS spectrum for F1s region. The binding energy
of Fls is 685.2 eV, suggesting the presence of =Ti-F species on
the TiO, crystal surface™.

Fig. 6(d) shows the high resolution XPS spectrum of S2p
region. It is found that S atoms are in the state S°" in the TiO,
sample with a binding energy of 169.7¢V, consistent with
previous work*!. This peak suggested S species are in the form of
SO,* by substituting Ti atoms in the lattice of TiO, **. It should
be mentioned that peak at around 162 eV (B.E. of Ti-S) is not
detected. This confirms that S atoms are not likely to substitute O
atoms in TiO,. The ionic radius of S, Ti*", S and O* are 43,
74.5, 170 and 126 pm, respectively’®. The reason for the
favorable substitution of Ti*" by S®° is that the ionic radii
difference between S®" and Ti*" is smaller than that between S*
and O*. Moreover, composition analysis by XPS indicates that
the atomic concentrations of Ti, S and O are 27.73%, 1.23% and
58.38%, respectively. The atomic ratio of Ti, S to O is 0.95:0.04:2,
further suggesting the substitution of Ti with S. The replacement
of Ti*" by S® can lead to the imbalanced charge, which can
probably be neutralized by the hydroxide ions **.

It should be noted that the ionic form of S is dependent on the

4 | CrystEngComm, [2014], [vol], 00-00
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synthesis methods and the starting materials used. Previously,
Naik et. al reported that S was doped in TiO, in the cationic form
(S*) when titanium oxysulfate sulfuric acid complex and
thiourea were used as TiO, precursor and dopant sources*’, in
s good agreement with this work. However, Umebayashi et.al
reported S dopant was in the anionic form (S*) when TiS, was

used as the raw material with oxidation annealing method *.
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45 Fig. 7 FE-SEM images of morphology evolution of TiO,-HS-1 hollow
spheres synthesized with 0.2 g TiOSO, + 0.125 mL HBF, + 30 mL H,0. (a)
and (b): 1 hour; (c) and (d): 2 hours; (e) and (f): 3 hours; (g) and (h): 4
hours; (i) and (j): 6 hours; (k) and (I): 12 hours. Arrow: the core of TiO,
spheres. (a)-(f): solid spheres; (g)-(1): hollow spheres
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Fig. 7 shows FE-SEM images of TiO,-HS-1 samples collected at
different hydrothermal stages. TiO, sphere size estimated from
FE-SEM images as a function of reaction time is plotted in Fig.
S3 (ESIt). XRD analysis of TiO,-HS-1 samples collected at
different stages is also presented in Fig.S4 (ESIt). The time-
dependent changes in morphology, crystal phase and size are
informative to understand the growth mechanism of TiO, hollow
structure. As seen in Fig. 7(a) and (b), TiO, solid sphere of
869+22 nm is obtained for reaction duration of 1 hour. This
sphere size is much smaller than that obtained without HBF, (ca.
3.8 um), which indicates the presence of HBF, can effectively
inhibit the growth of TiO,. Also, well-defined shell can be found
on the surface of TiO, solid spheres. XRD peaks of TiO,-HS-1 at
this stage are broad and crystal phase can be as assigned to
anatase (PDF card No: 21-1272), indicating the formation of
small crystallite size. At reaction duration of 2 hours, as shown in
Fig.7(c) and (d), solid sphere size of 558+19 nm is obtained. The
size reduction implies the dissolution of TiO, spheres occurs at
the first 2 hours, possibly due to the etching of small sized TiO,
by HBF,. When hydrothermal reaction lasts for 3 hours, the solid
sphere size is determined to be 68116 nm, as seen in Fig.7(e)
and (f). The size increase of solid spheres implies that shell
growth of TiO, happens on the surface of spheres. With the
increase of reaction time to 4 hours, the sphere size is estimated
to be 939442 nm. Interestingly, obvious hollow structures start to
appear from inside-out, witnessed by Fig.7 (g) and (h). The shell
thickness and cavity diameter are around 365 nm and 313 nm,
respectively. Also, sheet morphology began to form through
recrystallization process. In Fig.7(i) and (j), TiO, spheres of
1.05£0.06 um with sharp edges can be clearly found. The wall
thickness and cavity diameter are approximately 218 nm and 573
nm, respectively. From Fig.7(j), tiny TiO, particles can be
apparently observed in the cavity of the product and are
considered as the weak sites for the invasion by fluorides.
Previous work suggested that TiO, nanoparticles having large
surface to volume ratio and high surface energy tend to grow into
larger spheres, due to the minimization of the total interfacial
energy™’. The size changes in wall thickness and cavity diameter
further confirms the inside-out ripening mechanism. When the
reaction time is 12 hours, as shown in Fig.7(k) and (1), The sphere
size is around 878+39 nm. The well-crystalline nanosheet
morphology and hollow structure can be obviously observed.
This size is slightly larger than the product obtained at 24 hours
(ca. 605+11 nm). This indicates further ripening process could
occur in the later hydrothermal process. The time-dependent
XRD analysis also suggests that TiO, of anatase phase forms
immediately by fast hydrolysis of TiOSO, The crystallite sizes at
different stages (e.g. 2~12 h) estimated by XRD analysis are
almost the same, implying dissolution-recrystallization process in
hydrothermal reactions. To further understand morphology
evolution, TiO,-HS-2 samples collected at different stages are
also investigated by FE-SEM. Similarly, as shown in Fig. S5
(ESIY), solid spheres can be observed at the very beginning (e.g.
1 h) and obvious hollow structure starts to form at an earlier stage
(e.g. 2 h), compared to TiO,-HS-1 (e.g. 4 h). This should be due
to the relatively high reactant concentrations, which can
accelerate the process of dissolution-recrystallization under

This journal is © The Royal Society of Chemistry [2014]
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hydrothermal conditions. Notably, as shown in Fig. S5(g) (ESI¥),
TiO, hollow spheres with nanosheet morphology are observed at
a reaction time of 4 h and further increasing of reaction time can
change nanosheets into cubic-shaped structures. It should also be
mentioned that the formation mechanism of hollow spheres in
this work is different with previous study, which reported that the
presence of core-shell and sphere-in-shell intermediate product in
the early reaction stage™.

(1 2) (3) (4)
ooooo . HBF
, 'Q 24 hours ‘
000

Ti0SO« y Sheii ;

precursor TiO: Shell Formation Shell Growth
NO HBF,
1 hour

(8) (6) (%)

O

Dissolution of core

"
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Fig. 8 Schematic illustration of formation of hollow structure

Formation of holow structure

3.5 Proposed formation mechanism of TiO, hollow spheres

Fig. 8 illustrates the formation mechanism of hollow TiO,-HS-1
and TiO,-HS-2 spheres, based on experimental findings, fluoride-
mediated self-transformation and Ostwald ripening theory*>**>°.
The formation of TiO, hollow spheres is first initiated by fast
hydrolysis of TiOSO,4, which can be completed within 1 h. The
involved hydrolysis reactions are proposed in reaction (3) and (4).
As confirmed by XRD and FE-SEM, solid spheres composed of
small sized TiO, function as the hard templates for the subsequent
growth of well-defined hollow structure via self-templating
process. Also, well-defined structures of TiO, (e.g. nanosheets
and polyhedral) and small pores are formed on the outer surface.
The presence of pores is beneficial for the invasion of TiO, cores
by fluorides (F) released from the decomposition of HBF,.
Previous study implied that F~ can be used in favor of producing
anatase TiO, with reactive facts*’. Therefore, the unique shell
structures (polyhedral and nanosheet) are due to the presence of
fluorides as morphological directing agents. The TiO, shell in
anatase phase is relatively stable due to the protection by =Ti-F
bonds, as indicated by XPS. On the contrary, the small sized TiO,
with porous structure is not stable under hydrothermal conditions
and can be gradually etched by the fluoride ions in the strong
acidic medium. The reaction between small sized TiO, and F~
jons is described in previous studies *', as shown in reaction (5).

TiOSO, + 2H,0 > TiO(OH), 3)
TiO(OH), = TiO, (small crystalline) + H,O “)
TiO, (small crystalline) + 6F + 4H" - TiFs> + 2H,0 )
TiF¢* + 4H,0 > Ti(OH), +4HF +2F 6)
Ti(OH); > TiO, (anatase shell) + 2H,0O @)

At the same time, the as-formed TiF4> species can be reused in
the construction of TiO, hollow spheres, according to the reaction
(6) and (7)%. After the complete dissolution of TiO, core, hollow
TiO, spheres with stable anatase polyhedral and nanosheet
structures are formed. Therefore, TiO, hollow spheres can be

S

a

S

S

S

3

successfully prepared via self-templating and dissolution-
recrystallization processes without the participation of any
structure directing surfactants or hard templates.

In this work, localized Ostwald ripening or fluoride-mediated
self-transformation is believed to be the driving force for the
formation of TiO, hollow spheres with well-defined shells. The
shell morphologies are sensitive to reactant concentrations in the
hydrothermal process. This is because reactant concentrations
have significant impacts on the reaction rates of TiO, dissolution
and recrystallization. In the hydrothermal synthesis, the molar
ratio of TiOSO, to HBF, is mainly kept at 5:3. This molar ratio
can control the balance between dissolution rate and
recrystallization rate. When the reactant concentration (TiOSO,=
42 mM) is low, the recrystallization process should have higher
reaction rate than dissolution rate, due to the lower concentration
of F". Thus, well-defined nanosheets with high percentage
reactive facets can be formed in the shell. When the reactant
concentration is increased (TiOSO, = 83~167 mM), only
disordered or polyhedral structures can be found in the shell
layers. With further increase of TiOSO,4 concentration to 250 mM,
only small nanoparticles are found in the final product,
suggesting that TiO, dissolution rate is higher than TiO,
recrystallization. The accelerated dissolution rate is likely due to
the higher concentration of F in the hydrothermal reaction, thus
leading to the collapse of TiO, shell by finally forming small
nanoparticles. Based on this strategy, Huang et.al recently
reported the conversion from TiOF, nanocubes to anatase TiO,
nanoboxes composed with (001) facets via inside-outside
dissolution-recrystallization process.

3.6 Effects of reactant concentrations on TiO, morphologies

In this study, TiO, hollow spheres with different shell
morphologies can be successfully synthesized by keeping the
molar ratio of TiOSO, to HBF, at 5:3. In order to further
understand the effects of HBF, and TiOSO, concentrations on
TiO, morphologies, the molar ratio of reactants is adjusted in the
range of 5:1.5 to 5:18. As shown in Fig. S6 (ESIT) , when the
amount of added TiOSO, is maintained at 0.2 g and the volume
of added HBF, is increased from 0.0625 mL to 0.75 ml,
significant effects of HBF, concentration on TiO, formation are
found. No TiO, product is formed when the HBF,; volume is
increased to 0.5 mL and 0.75 mL, probably due to the etching
effect of F released from the decomposition of HBF, at
hydrothermal conditions. Also, the TiO, morphology synthesized
at molar ratio of 5:1.5 and 5:6 are quite different with 5:3 (TiO,-
HS-1). As shown in Fig. S7 (ESIf), when the added HBF, is
0.0625 mL or 0.25 mL, hollow structure of TiO, is not obvious at
low HBF, concentration and no nanosheets can be found on the
TiO, surface at high HBF, concentration. It should be mentioned
that the obvious dissolution of TiO, begins at HBF, volume of
0.25 mL, indicated by the relatively smooth surface. Thus, dual
roles of HBF; in controlling the morphology of TiO, are
suggested. On one hand, F released from HBF, can stabilize the
(001) facets and inhibit the growth of growth along (001)
direction. On the other hand, F~ can also react with TiO, to form
soluble species (e.g. TiF¢®) by etching process. To further

115 confirm the dual effects of HBF,, the volume of added HBF, is

fixed at 0.125 ml and the molar ratio of TiOSO, to HBF, is tuned
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in the range of 2.5:3 to 20:3. Similarly, as shown in Fig.S8 (ESIY),
no TiO, nanosheet morphology or hollow structure can be
observed with excess or insufficient HBF,. Thus, synthesis of
TiO, hollow spheres with nanosheet structure is sensitive to the
reactant concentrations and reactant molar ratios.

3.7 Photocatalytic hydrogen production

Fig.9 exhibits photocatalytic hydrogen production over the as-
prepared TiO, hollow spheres with different shell morphologies.
The hydrogen production performance of Degussa P25 and TiO,
nanoparticles (TiO,-HS-4) synthesized with 1.2 g TiOSO, are
also studied as a reference. Based on the 4-hour measurement,
hydrogen production rate of TiO,-HS-1, TiO,-HS-2, TiO,-HS-3,
TiO,-HS-4 and Degussa P25 are determined to be 299, 100, 144,
57 and 215 pmol/h/g , respectively. Obviously, TiO,-HS-1 with
hollow structure and 85% reactive (001) facets shows the best
hydrogen evolution performance, compared to other TiO,
samples (e.g. nanoparticles and Degussa P25). Hydrogen
production rate of TiO,-HS-1 is 5 times higher than that of TiO,
nanoparticles, 3 times higher activity than TiO,-HS-2 and 2 times
higher than TiO,-HS-3. Previous work suggested four crucially
important factors involved in photocatalysis process, namely, the
structure of the photocatalyst, the adsorption of reactants, the
light absorption and the electron-hole transportation and
separation®. Thus, UV-vis diffuse reflectance spectra and N,
adsorption-desorption isotherms of TiO, samples are also
compared and discussed to explain the enhancement of
photocatalytic activity.

12001 o Tio Hs-1
Amoo' —o—TiO,-HS-2
g [ ——TioHs-3
£ ol —TiOHs-4 =
5 | —o— Degussa P25
g 600 -
©
o
o
I 400 |-
200
0F
1 1 1 1 1 1 1 1 1

1.0 1.5 20 25

Time (hours)

3.0 35

Fig. 9 Photocatalytic hydrogen production over the as-prepared TiO;
samples

According to UV-vis diffuse reflectance spectra (DRS) in Fig.
S9 (ESIt), the band gaps of TiO,-HS-1, TiO,-HS-2 and TiO,-HS-
3 are almost the same and determined to be in the range of
3.0~3.1 eV. Also, the band gap of Degussa P25 is calculated to be
3.1 eV, consistent with previous work®. Thus, the band gaps of
TiO, show no significant effect on their photocatalytic H,
production performance. DRS measurement can also provide
useful information of light-scattering ability of the
microstructures. Ferber et.al reported computer simulation of
light-scattering in TiO, electrode of dye-sensitized solar cells and
found that TiO, particles (250~300 nm) could be used as effective
light scatterers to improve solar absorption®’. In addition, Bao
et.al reported that high light-scattering ability could effectively
extend the optical path in TiO, microstructures, thus improving
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the light harvesting efficiency and achieving better photocatalytic
performance®’. Recently, Qian et. al also found multilayered
hollow spherical structure could enhance light-harvesting
efficiency. They suggested the shells of different sizes in a
microsphere could also scatter the incident light of different
wavelengths in the range of visible light*®.

As shown in Fig. S10 (ESIf), N, adsorption-desorption
isotherms of TiO, samples (TiO,-HS-1, TiO,-HS-2 and TiO,-HS-
3) exhibit typical type-IV isotherms and type H3 hysteresis loops,
indicating the presence of mesopores, in good agreement with
TEM analysis (Fig. 3). The specific BET surface areas of TiO,-
HS-1, TiO,-HS-2, TiO,-HS-3 and P25 are 139.1 m%/g, 80.4 m%/g,
78.1 m%*/g and 56.2 m%*/g. The significant difference in specific
surface area is probably due to the different microstructures of
TiO,. The highest specific surface area of TiO,-HS-1 is mainly
attributed to the ultrathin nanosheet structures as the building
units of hollow TiO, spheres. The specific surface area of P25 is
close to the value reported in literature™. The high specific
surface area is beneficial for the adsorption of reactant (e.g.
methanol and water) involved in photocatalysis. In addition, as
mentioned, the nanostructures of TiO, photocatalysts and
photogenerated electron-hole transportation and separation are
important factors in photocatalysis.

Based on FE-SEM and TEM analysis, TiO,-HS-1 is hollow
sphere structure. Previous work implied that hollow structure was
beneficial for the enhancement of photocatalytic activity. Truong
et.al reported TiO, hollow spheres of 2 pum showed higher
hydrogen production performance than TiO, nanoparticles®.
Zhou etal also found hollow TiO, micro/nanostructures
templated from bacteria showed 3.6 times higher activity than the
solid counterpart in hydrogen production®'. As suggested by Li et.
al, the high activity of TiO, hollow spheres is also due to the
multireflections of light inside the interior cavities, endowing the
unique hollow structure with enhanced photocatalytic hydrogen
production activity”’. It should be mentioned that the hydrogen
production rate of TiO,-HS-1 is not as high as bacteria-templated
hollow TiO, spheres (577.7~625.5umol/h/g)®'. The difference
should be due to the different photocatalytic test conditions, such
as stronger light irradiance (e.g. 400 mW/cm?) etc ©'.

More importantly, TiO,-HS-1 shows 3 times higher activity
than TiO,-HS-2 and 2 times higher than TiO,-HS-3, even though
all of them are endowed with hollow structure. Except for the
high specific surface area, high percentage of exposed reactive
(001) facets in TiO,-HS-1 also plays critical roles
photocatalysis. The surface free energy of the (001) facets (0.90
J/m*) is approximately 1.4 times higher than that of
thermodynamically more stable (101) facets®. Previous work
suggested the dominant (001) high-energy facets exhibited
substantial effects on the dissociative adsorption of reactant
molecules and effective separation of photo-excited electrons and
holes, thus improving the photocatalytic activity®™. The
interaction between water molecules and TiO, surface was
previously investigated and the chemically dissociated water
molecules are energetically favored on the (001) facets®. In
addition, charge separation can be also promoted by (001) facets,
avoiding the recombination of electrons and holes. Recent study
mentioned the unique atomic geometries, surface defects and
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surface energies of (001) could affect the surface electronic
structures, giving rise to a possible divergent diffusion of photo-
generated electrons and holes toward different exposed facets®.
Recently, Tachikawa et. al found the directional flow of
photogenerated charge carriers toward specific facets using
single-molecule, single-particle fluorescence approach®. In a
word, unique hollow structure, high specific surface area and
high percentage of reactive facets of TiO,-HS-1 are the major
reasons for the enhanced photocatalytic activity.

It should be mentioned that commercially available Degussa
P25 (TiO, nanoparticles) also shows good photocatalytic water
splitting performance in comparison with TiO,-HS-2 and TiO,-
HS-3. Although P25 exhibits the close band gap and slightly low
specific surface area, the crystal phase of P25 is quite different
from the as-prepared TiO,-HS-2 and TiO,-HS-3 (e.g. anatase). It
is found that the coexistence of anatase and rutile phases is

observed in P25, as indicated by XRD analysis in Fig. S11 (ESIY).

Previous study also reported that P25 with a particle size of ~25
nm was consists of 70% anatase phase and 30% rutile phase .
Thus, the improved photocatalytic activity compared with pure
anatase powders is due to the effective electron and hole transfer
between these two phases®.

Tuning shell morphology of TiO, hollow spheres is of
significant importance for improving TiO, photocatalytic activity.
Up to now, most previous studies focused on the making of
hollow structure and adjusting the sphere size, ignoring the tuning
of surface morphology ®**°. Previous work suggested that
nanostructured TiO, with high percentage of (001) facets
generally showed higher photocatalytic activity’* *. Yu et. al
reported TiO, nanosheets with (001) reactive facets exhibited
much higher photocatalytic hydrogen production activity than
Degussa P25 TiO, and pure TiO, nanoparticles’'. However,
recycling of nanosized photocatalysts is more difficult and
challenging, as compared to submicron-sized hollow spheres. It
should be mentioned that quantum efficiency of TiO, in
phtocatalytic hydrogen generation was generally low and not
investigated in this study. Qi et.al reported CdS sensitized
Pt/TiO, composites can achieve quantum efficiency of 13.9% at
420 nm’?. Therefore, further modification of TiO, hollow spheres
composed of high percentage reactive facets is required in the
future work. In a word, to the best of our knowledge, it is the first
time to report template- and surfactant-free synthesis of TiO,
hollow spheres composed with nanosheet shell having 85%
reactive (001) facets and high BET specific surface area (139.1
m%g), demonstrating great potentials in photocatalysis and
lithium ion battery applications.

4 Conclusions

In conclusion, facile synthesis of TiO, hollow spheres endowed
with 85% (001) reactive facets is successfully achieved for the
first time by hydrothermal method using TiOSO,4 and HBF,. The
shell morphology and sphere size of TiO, hollow spheres can be
tuned by adjusting the reactant concentrations. It is also found
that HBF, plays critical roles in the formation and self-assembly
of TiO, nanosheets as well as creating interior cavity. The
formation of hollow structure follows the self-templating and
dissolution-recrystallization processes. Photocatalytic hydrogen
production study implies that TiO, hollow spheres with nanosheet
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morphology exhibits 1.4~5 times higher performance than their
counterparts, due to the unique hollow structure, high BET
specific surface area and high percentage (001) reactive facets.
This template- and surfactant-free strategy has potential
applications in the large-scale production of nanostructured TiO,
hollow spheres.
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