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Hollow spherical metal oxides consisting of tailored nanobuilding
units have recently attracted increasing attention in the fields of
catalysis, adsorption, microreactors, and drug delivery.1 This
structural diversity at nano- and microscale leads to an array of
unique physicochemical properties. A considerable fraction of this
research has been devoted to TiO2.2-5 Recent progress shows that
hollow TiO2 spheres present enhanced performance in photoca-
talysis and photovaltaics due to their light scattering, organic
adsorption, and porous characteristics.3 Hollow TiO2 nanospheres
in the 0.1-0.6 µm diameter range have been produced by template-
free one-pot synthesis under hydrothermal conditions. An Ostwald
ripening mechanism has been proposed for these hollow nano-
spheres, and their photocatalytic property has been confirmed
through removal of organic pollutants.4,5

Current trends for advanced water treatment combine concurrent
low-pressure membrane filtration with photocatalysis; however,
membrane fouling due to TiO2 nanoparticles is the main obstacle.6,7

Porous hollow TiO2 microspheres reduce membrane fouling and
result in a higher water production rate, and better water quality is
an ideal candidate to practically achieve the technological integra-
tion of photocatalysis with membrane filtration for the advanced
water purifications. Thus, the template-free pathway needs to be
further developed for the large-scale production of hollow TiO2

microspheres.
Here for the first time, we report a large-scale self-etching

synthesis of monodisperse F-containing anatase TiO2 hollow
microspheres by hydrothermal treatment of TiF4 in H2SO4 aqueous
solution at 160 °C for 4 h. In our synthetic strategy, H2SO4 acts as
an acid source to promote the HF etching. It also increases the
ionic strength of the aqueous solution which governs the aggregation
of hydrolyzed TiO2 primary particles and the formation of porous
microspheres. SEM and TEM measurements (Figure 1 and Sup-
porting Information Figures S1-3) reveal the morphological
evolution of our microspherical products with diameters of 1.8-2.5
µm synthesized in various H2SO4 solutions with mass concentrations
from 0.1% to 1.0%. In 0.1% H2SO4 solution, slightly etched solid
microspheres were shaped by aggregating several nanoflakes in the
thickness of 20-40 nm (Figure 1a). An eroded hole appeared on
each flake with the further increase of H2SO4 concentration (0.3%),
as shown in Figure 1b. This corrosion on the surface of F-TiO2

flakes is launched by the self-generated HF.5 The surface of
microspheres became smooth and their protuberances of the random
packed nanoflakes disappeared due to the HF etching. The
nanoflakes disintegrated and graduated away from the surface of
the microspheres following the generation of erosive cavities at
the elevated concentration of H2SO4, for example, 0.5 and 0.8%
(Figure 1c,d). Finally, monodispersed mesoporous hollow F-TiO2

micropheres with abundant cavities and nanopipes emerged in 1.0%
H2SO4 solution (Figure 1e). BJH pore size distribution shown in
Figure S4 further reveals that various mesopores in sizes of 2.0-10
nm exist, and the BET surface area is 21.6 m2/g. A representative
TEM micrograph (Figure 1f) indicates the resulting microspheres
possess a hollow structure with a wall thickness of ca. 0.6 µm.
This high ratio of hollow interior in the form of microsphere greatly
decreases the density of F-TiO2 microspheres, resulting in their
high suspension in the water. The surfaces of hollow microspheres
become rougher upon the enhanced HF etching, as compared with
that of solid one (insert of Figure 1a). High-resolution TEM image
(Figure S3) implies the synthesized hollow microspheres are fully
crystallized in the anatase phase.

XPS survey spectra (Figure S5a) indicate that all the micro-
spheres synthesized in 0.1-1.0% H2SO4 contain Ti, O, F. The F/Ti
atomic concentration ratio was 0.11 for solid microspheres and 0.16
for hollow ones. The concentration of F remarkably enhanced in
hollow microspheres relates to the more serious HF etching. Similar
trend was also found in the XRD analysis which indicated the
hollow microspheres possess smaller anatase crystallites (Figure
S6). Thus, evolutions in morphology, chemical composition, and
crystal size of solid and hollow microspheres are derived from the
enhanced HF etching with the increase of H2SO4 content. Figure
S5b shows the high-resolution XPS spectra of F 1s. The only peak
at 684.3 eV was assigned to the F- anions that are physically
adsorbed on the surface of TiO2 microspheres (tTisF). The
fluorination over the surface of TiO2 may accelerate the photo-
catalytic degradation of a wide range of organic pollutants since
the OH radicals generated on F-TiO2 surface are more mobile than
those generated on pure TiO2.8 On the other hand, the absence of
F in the crystal lattice (BE ) 688-689 eV) implies the oxygen in
TiO2 lattice is not substituted by F.
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Figure 1. SEM images of F-TiO2 microspheres synthesized in (a) 0.1, (b)
0.3, (c) 0.5, (d) 0.8, and (e) 1.0% H2SO4 solution. Panel f and the insert of
panel a are TEM images corresponding to hollow (e) and solid (a)
microspheres, respectively.
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To further understand the morphology and formation mechanism
of our hollow microspheres, incomplete TiO2 hollow microspheres
with a circular opening were synthesized at the prolonged reaction
time and higher reaction temperature (Figure S7). That is, TiF4 in
1.0% H2SO4 solution was hydrothermally treated for 12 h at 180
°C to allow the operation of Ostwald ripening. Figure 2 panels a
and b show the SEM images of representative microhemispheres.
The wall of the synthesized hemispheres is around 400-700 nm,
which is in good agreement with the TEM observation (Figure 2c).
The building units of aggregated nanorods, which comprised
additional hollow structures, are 300-600 nm in length and 40-60
nm in width. Several gaps (dark in Figure 2a,b) between the
nanorods create accessible channels from hollow interior to exterior.

Clearly, hydrothermal reaction involves a dissolution-redeposition
procedure. With the hydrolysis of TiF4 in acid media, HF and TiO2

gradually in situ release with a molar ratio of 4:1. The aggregated
TiO2 solid microspheres are chemically etched by corrosive HF,
followed by the recrystallization of their surfaces. The accessible
mesopore channels and corrosive nanorods are hence simultaneously
generated. Moreover, the intruded HF may enrich at the center of
the spheres, creating a hollow interior. Compared with the Ostwald
ripening process for the hollow TiO2 nanospheres synthesized in
diluted TiF4-HCl aqueous solution,1c,4 our self-etching process is
large-scale and swift.

To demonstrate engineering applicability of the present meso-
porous F-TiO2 hollow microspheres for concurrent photocatalysis
and membrane water treatment, we used methyl blue (MB) as a
probe molecule to compare the photocatalytic activity and the
membrane filtration performance with the commercially available
Degussa P25 TiO2 (average particle size: 25 nm). Figure S8 shows
the UV-visible spectra of mesoporous F-TiO2 hollow micro-
spheres and P25. The absorption spectrum of the hollow micro-
spheres exhibits a stronger adsorption in the UV-visible range of
325-800 nm than that of P25. Clearly, the hollow inner structure
associated with accessible mesopores at the spherical surface allow
the light-scattering inside their pore channels as well as their interior
hollows, enhancing the light harvesting and thus increase the
quantity of photogenerated electrons and hole to participate in the
photocatalytic decomposition of the contaminants.9 The removal
rates of MB over the course of the photocatalytic degradation
reaction are shown in Figure 3a, which indicates that with identical
UV-light exposure of 6 h, the mesoporous F-TiO2 hollow
microspheres show higher photocatalytic activity in the degradation
of MB than that of P25. The total organic carbon (TOC) removal
rate also reveals that the photocatalytic decomposition rate of the
mesoporous F-TiO2 hollow microspheres was superior to that of
P25. The enhanced photocatalytic activities of the mesoporous
F-TiO2 hollow microspheres can be attributed to the combined
effects of several factors, namely, the surface fluorination, the
existence of accessible mesopore channels, and the increased light-
harvesting abilities. The treated MB aqueous solutions with
suspended TiO2 were filtered through the membrane cell equipped
with a microfiltration membrane (MF, 0.2 µm) to recycle the

photocatalysts. Figure 3b shows the change in membrane flux of
hollow microspheres and P25 suspension during the crossflow MF
process. After 2 h of filtration, the membrane permeate flux
decreased by 31.5% for P25, whereas there was only a decrease of
14.9% for the mesoporous F-TiO2 hollow microspheres. The lesser
membrane fouling caused by hollow microspheres is due to their
mesoporous morphology and, more important, larger particle size:
(1) Membrane pore blocking is totally avoided because F-TiO2

hollow microspheres are unable to enter into the MF membrane
pores whose size is approximately 10 times smaller than their
spherical diameter. (2) Channels in the cake layer accumulated by
mesoporous F-TiO2 hollow microspheres on membrane surface
are bigger than these in the cake layer accused by nanosized P25.6

(Figure S9 and schematic diagram in Figure 3b)
In conclusion, hierarchically mesoporous F-TiO2 hollow micro-

spheres were prepared by precise control of H2SO4 concentration via
a self-etching process. They exhibited excellent performances in
concurrent membrane filtration and photocatalysis, which would be
potentially useful and widely applicable in advanced photocatalytic
membrane water treatment engineering. Further studies will concern
their suspension characteristics and membrane antifouling property.
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Figure 2. SEM (a,b) and TEM (c) images of F-TiO2 hollow hemispheres
synthesized in 1.0% H2SO4 at 180 °C for 12 h.

Figure 3. (a) MB, TOC removal, and (b) membrane flux over mesoporous
F-TiO2 hollow microspheres and P25. Insert of panel b: Schematic diagram
of membrane fouling caused by photocatalysts.
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