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Introduction

TiO2 has attracted immense attention because of its unique
properties, which include excellent photostability, ecofriendli-
ness, and low cost. It has a wide range of applications in pho-
tocatalysis,[1] dye-sensitized solar cells (DSSCs),[2] lithium-ion
storage,[3] and electrochromic devices.[4]

TiO2 is the most studied photocatalyst because of the high
oxidation capacity of its holes. A general photocatalytic proce-
dure involves three main processes: irradiation-induced forma-
tion of electrons and holes, bulk diffusion of electrons and
holes to the surface, and a surface reaction of the photogener-
ated carriers with the pollutant. Increasing the light harvesting,
reducing the charge recombination, and increasing the surface
reactivity are three methods to improve photocatalytic efficien-
cy. To increase light harvesting, TiO2 has been treated by using
a photosensitive material[5] or doped[6] to extend its light ab-
sorbance into the visible-light region. However, such additional
treatment also causes thermal or crystal instability and the
trapping of carriers, which considerably reduces efficiency.

However, Mie scattering by a submicron structure increases
the average photon path-length,[7] which markedly increases
light harvesting. A hollow sphere structure with a strong scat-
tering effect and high surface area was used to enhance pho-
tocatalytic activity.[8] To reduce the recombination of electrons
and holes in the photocatalytic process, heterogeneous struc-
tures have been extensively adopted against self-recombina-
tion.[9] Generally, photoexcited electrons are transferred to the
interface of the heterogeneous structure, which results in the
efficient separation of electrons and holes. Commercial P25
(particles comprised of 75 % anatase and 25 % rutile) is an ef-
fective photocatalyst owing to the synergy between anatase
and rutile.[10] Additionally, our group has reported an excellent
photocatalyst that is effective over a wide range of pH values,
which was formed by mixing micro- and nano-sized anata-
ses.[1b] Anatase of different sizes has different flat-band states.
Mixing TiO2 particles with various band positions facilitates the
transfer of electrons therein, which results in the separation of
electrons and holes and greatly improves the photocatalytic
performance. Additionally, the atomic arrangement and Ti co-
ordination at the surface strongly influence the transfer of pho-
toexcited carriers at the surface and the adsorption/desorption
between the photocatalyst and the pollutant molecules. Nu-
merous studies have reported that anatase TiO2 with exposed
{0 0 1} facets exhibits excellent photocatalytic activity.[11]

This study attempts to elucidate the details of the photoca-
talytic reaction. The aforementioned three strategies are used
to improve the photocatalytic efficiency. Highly uniform hollow
anatase TiO2 submicron spheres with exposed {0 0 1} and {1 0 1}

Highly uniform hollow spheres were assembled from truncated
rhomboid anatase TiO2 nanoparticles (HS), which were synthe-
sized from the hydrothermal treatment of a NaF solution by
using amorphous TiO2 spheres as a precursor and template.
The submicron hollow spheres with highly photocatalytic
active surfaces exhibited excellent photocatalytic behavior. In
this investigation, the factors that enhanced the photocatalytic
performance were examined in terms of light harvesting, pho-
toefficiency, and reaction activity. The photocatalytic perfor-
mance was increased by a factor of approximately 1.5 for the
scattering structure of submicron hollow spheres than that of
nanofragments of submicron hollow sphere powder. The rate

constant of anatase TiO2 with specific photoactive surfaces at
{0 0 1} and {1 0 1} was approximately six times higher than that
of randomly exposed TiO2 particles. Furthermore, a heterogene-
ous mixture of the submicron hollow spheres and micro-sized
anatase TiO2 (HS@micro-sized TiO2) prohibited electron–hole
recombination in the catalyst during the degradation reaction.
The rate constant for the heterojunction system was 3.4 times
greater than that of the individual constituents. The rate con-
stant for HS@micro-sized TiO2 (k = 0.175 min�1) was 1.8 times
larger than that of commercial P25 (k = 0.099 min�1). HS@-
micro-sized TiO2 is a promising photocatalytic material.
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facets were synthesized and mixed with micro-sized TiO2 to
form a superior photocatalyst.

Results and Discussion

The field emission SEM (FESEM) image of the highly uniform
spherical TiO2 with a mean diameter of 450 nm, which was syn-
thesized by reacting titanium isopropoxide (TTIP) with carbox-
ylic acid, is shown in Figure S1. These spheres are amorphous
with solid interiors and smooth surfaces as described in our
earlier work.[7a] Highly uniform hollow anatase TiO2 spheres
were synthesized by using amorphous TiO2 spheres as a precur-
sor and template by using a hydrothermal process. After hy-
drothermal treatment with NaF solution (0.15 m), the spheres
(ca. 550 nm in diameter) retained their spherical, uniform
shape, whereas the smooth surfaces of the precursor spheres
became rough (Figure 1 A). Furthermore, the solid spheres
became hollow after 18 h of hydrothermal treatment (Fig-

ure 1 A, inset). The XRD pattern shown in Figure 1 B reveals
that the hollow spheres of TiO2 with rough surfaces are in
a crystalline anatase phase. By using Scherrer’s equation, the
size of the crystalline anatase particles was estimated to be ap-
proximately 13 nm. BET analysis reveals that these hollow
spheres have a specific surface area of 83.22 m2 g�1.

A magnified TEM image of the hollow spheres with rough
surfaces assembled from truncated rhomboid nanoparticles is
shown in Figure 1 C. The high-resolution TEM (HRTEM) image
shown in Figure 1 D reveals that the d spacing is 0.35 nm be-
tween the anatase (1 0 1) planes and truncated planes {1 0 1}
and (0 0 2), respectively, shown in the Fourier-transformed
image inset in Figure 1 D. According to the literature, it is be-
lieved that the formation mechanism of the TiO2 hollow

spheres involves a localized Ostwald ripening or chemically in-
duced self-transformation.[8d, 12] The exposure of the {0 0 1} sur-
faces in anatase TiO2 can be attributed to fluoride ions, which
adsorb onto the {0 0 1} facets and restrain the crystal growth.[13]

Based on the above findings, anatase TiO2 hollow spheres
were assembled from truncated rhomboids with exposed
{1 0 1} and {0 0 1} surfaces by the hydrothermal method. The
{1 0 1} and {0 0 1} surfaces are generally the most photocatalyti-
cally active surfaces of anatase TiO2.[11a, b]

These TiO2 submicron-sized hollow spheres (HS) with high
specific surface areas, assembled from anatase nanoparticles
with exposed {1 0 1} and {0 0 1} surfaces exhibit good photoca-
talytic behavior, and the degradation rate constant of methyl-
ene blue under irradiation by an Xe lamp is approximately
0.080 min�1. The superior photocatalytic properties of these
particles were further examined.

Effect of the scattering structure of TiO2 on the photo-
catalytic performance

According to Mie scattering theory, uniform submicron spheres
can scatter light at a particular wavelength,[14] which increases
the mean photon path-length. The UV/Vis spectra of HS and
the nanofragments (NF) are presented in Figure 2 A, which
show the absorbance of the TiO2 band edge. In addition, the
spectrum of HS from 400–900 nm shows a clear wave shape
(Figure 2 A, inset). The waveform can be regarded as the super-
position of the TiO2 band edge and the Mie scattering wave.
Moreover, a distinct oblique shape is observed between 300
and 350 nm in the UV/Vis spectrum of HS, which is also a con-
tribution of the Mie scattering of the hollow sphere structure.
Thus, HS was expected to exhibit a good photocatalytic perfor-
mance. The photocatalytic behavior of HS and NF in the degra-
dation of methylene blue under irradiation by a Xe lamp are
shown in Figure 2 B. The reaction was a first-order reaction,
and the rate constants (k) of the degradation reaction using
HS and NF as photocatalysts are 0.080 and 0.053 min�1, respec-
tively. HS and NF had the same specific surface area and micro-
structure. As HS had a submicron sphere structure, the scatter-
ing of light from the submicron spheres increases the average
photon path-length, which results in increased light harvesting
and significantly improves the photocatalytic performance.

Effect of exposing the surfaces of TiO2 on the photocatalytic
performance

To study the effect of the exposure of particular planes of TiO2

on the photocatalytic performance, anatase TiO2 nanoparticles
with randomly exposed surfaces were synthesized by the hy-
drothermal treatment of amorphous TiO2 with deionized (DI)
water in the absence of NaF followed by crushing. The TEM
images presented in Figure 3 A and B show that the anatase
TiO2 NF with exposed {0 0 1} and {1 0 1} planes has particular ex-
posed surfaces and larger grains than that of irregular TiO2 par-
ticles. The crushed powder of randomly exposed TiO2 particles
with a high specific surface area (132.96 m2 g�1) was expected
to exhibit a good photocatalytic performance. However, the

Figure 1. A) FESEM image of hollow spheres following hydrothermal treat-
ment. Inset: image at high magnification. B) Powder XRD pattern of solid
and hollow TiO2 spheres. C) TEM image of hollow spheres with rough surfa-
ces. D) HRTEM image of a truncated rhomboid particle. Inset : Fourier-trans-
formed image.
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photocatalytic performance of randomly exposed TiO2 particles
(k = 0.009 min�1) was not as good as that of particles with ex-
posed {1 0 1} and {0 0 1} surfaces (k = 0.053 min�1; Figure 3 C
and D). Many research groups have demonstrated that TiO2

particles with exposed {0 0 1} surfaces have the best photocata-
lytic behavior, and TiO2 with exposed {0 0 1} and {1 0 1} planes
has a higher photocatalytic performance than that of pure
{1 0 1}-exposed TiO2.[11a, b] From our observations, even though
the surface area of the randomly exposed particles
(132.96 m2 g�1) greatly exceeded that of {0 0 1}- and {1 0 1}-ex-
posed anatase (83.22 m2 g�1), {0 0 1}- and {1 0 1}-exposed ana-
tase shows a superior photocatalytic behavior to that of the
randomly exposed particles. The high crystallinity and the
large amount of {0 0 1}- and {1 0 1}-exposed active sites of NF
enhances the photocatalytic behavior compared to that of the
randomly exposed particles.

Photocatalytic performance of a mixed system of TiO2

Based on the above observations, HS with a high specific sur-
face area, a structure that supports Mie scattering, and a large
exposed reactive surface area exhibits the strongest photocata-
lytic performance of various titanium dioxides. However, the
performance of HS is close to that of commercial P25 (Fig-
ure 4 A). P25 comprises 75 % anatase and 25 % rutile, which ex-
hibit a synergetic effect. The close contact between anatase
and rutile effectively separates the electrons from the holes
and reduces the recombination, which considerably improves
the photocatalytic performance.[9c, 10] In our earlier investiga-
tion,[1b] not only the use of different phases of the material but
also the mixing of differently sized anatase TiO2 exhibits im-
proved the photocatalytic performance. Differently sized mate-
rials with different flat bands and opposite zeta potentials at-
tract each other, which results in electron hopping among the
particles and reduces electron–hole recombination to greatly

Figure 3. TEM images of A) NF with exposed {1 0 1} and {0 0 1} surfaces, and
B) randomly exposed particles hydrothermally treated without NaF. C) Photo-
catalytic performance of NF and randomly exposed particles. D) Rate con-
stant of the degradation of methylene blue using NF and randomly exposed
particles.

Figure 2. A) UV/Vis spectra of HS and NF. B) Photocatalytic performance of
HS and NF in the degradation of methylene blue under irradiation by Xe
lamp. Inset : rate constant of degradation of methylene blue using HS and
NF.
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improve the photocatalytic performance. Therefore, micro- and
nano-sized TiO2 was introduced into HS to form a heterogene-
ous composite of HS@micro-sized TiO2 and HS@nano-sized
TiO2 to inhibit electron–hole recombination. Micro- and nano-
sized TiO2 each exhibit a very poor photocatalytic performance
(Figure S2). Even though the nano-sized TiO2 has a large sur-
face area, the rate constants for the degradation of methylene
blue using micro- and nano-sized TiO2 are 0.024 and
0.012 min�1, respectively. The rate constants of the degradation
of methylene blue using the heterojunction systems HS@mi-
cro-sized TiO2 and HS@nano-sized TiO2 are 0.175 min�1 and
0.043 min�1, respectively. The photocatalytic performance of
HS@micro-sized TiO2 (k = 0.175 min�1) is far better than that of
the individual HS (k = 0.080 min�1) and micro-sized TiO2 (k =

0.024 min�1). The rate constant of the heterojunction system is
3.4 times greater than that of the individual HS and micro-
sized TiO2 (k = 0.080 � 50 %+0.0241 � 50 % = 0.052 min�1). Fur-
thermore, the degradation rate constant of methylene blue
using HS@micro-sized TiO2 is 1.8 times larger than that of com-
mercial P25 (k = 0.099 min�1; Figure 4 B). However, HS@nano-
sized TiO2 still exhibits a poor photocatalytic behavior, which
suggests that perhaps the heterojunction structure cannot be
constructed by using the mixed system.

From the zeta potentials, the surface charges on HS, nano-
sized TiO2, and micro-sized TiO2 are +10, +3.5, and �44 mV, re-
spectively. HS and nano-sized TiO2 have a positive surface

charge, whereas micro-sized TiO2 has a negative surface
charge. Thus, HS and micro-sized TiO2 attract each other,
whereas HS and nano-sized TiO2 repel each other.[15] To obtain
the band diagrams of HS and the micro-sized TiO2 system, the
flat-band potentials and band gaps were evaluated. The flat-
band potentials were determined from the Mott–Schottky
plots[1b, 16] of HS and micron-sized TiO2 as �0.45 and �0.80 V,
respectively (Figure 4 C). The band gaps estimated from the
plots of the modified Kubelka–Munk function against the
energy of light absorbed are 3.00 and 3.10 eV for NF and
micro-sized TiO2, respectively (Figure 4 D).[17] Herein, a type II
semiconductor heterojunction system was established
(Scheme 1). The type II model is extensively used in photocata-
lytic systems to explain the decrease in electron–hole recombi-
nation.[18] In this work, a heterojunction system was construct-
ed by mixing HS and micro-sized TiO2 to reduce electron–hole
recombination. The surviving holes can oxidize the target pol-
lutant directly[19] or react with OH� to generate OHC to oxidize
the target,[20] which leads to the remarkable photocatalytic oxi-
dation reaction.[21]

Conclusions

A mixture of micro-sized anatase TiO2 and submicron hollow
spheres assembled from truncated rhomboid TiO2 nanoparti-
cles, HS@micro-sized TiO2, exhibits a better photocatalytic per-

Figure 4. A) Photocatalytic performance of HS@micro-sized TiO2, HS@nano-sized TiO2, and P25. B) Comparison of rate constants of the degradation of methyl-
ene blue using TiO2. C) Mott–Schottky plots for NF and micro-sized TiO2 electrodes in 1 m NaCl (with Ag/AgCl reference electrode). D) Plots of modified Kubel-
ka–Munk function against the energy of light absorbed by NF and micro-sized TiO2.
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formance than commercial P25. The significant advantages of
HS@micro-sized TiO2 are the high scattering efficiency of its
submicron spherical structure, the exposure of active surfaces,
its high crystallinity, and the heterojunction structure
(Scheme 1). Firstly, the submicron spherical structure of TiO2

scattered UV light, which increased the light path-length and
increased light harvesting. The rate constant of methylene
blue degradation using hollow sphere anatase TiO2 was
1.5 times larger than that using the nanofragments. Secondly,
the hollow spheres were assembled as truncated rhomboid
nanoparticles with exposed {0 0 1} and {1 0 1} planes. Although
the surface area of the {0 0 1}- and {1 0 1}-exposed anatase
(83.22 m2 g�1) was less than that of randomly exposed particles
(132.96 m2 g�1), the rate constant of methylene blue degrada-
tion using the {0 0 1}- and {1 0 1}-exposed truncated rhomboid
anatase was approximately six times greater than that of parti-
cles with randomly exposed planes. Finally, to further improve
the photocatalytic performance, the mixed system was intro-
duced to prohibit electron–hole recombination in the catalyst.
The heterogeneous environment was obtained from differently
sized materials with different flat bands and opposite zeta po-
tentials. The rate constant of the heterojunction system
HS@micro-sized TiO2 is 3.4 times greater than that of the indi-
vidual materials. The reaction rate constant of HS@micro-sized
TiO2 (k = 0.175 min�1) is 1.8 times larger than that of commer-
cial P25 (k = 0.099 min�1). The method described here may be
applied to photoelectron conversion, such as in the degrada-
tion of organic pollutants, water splitting, and DSSCs.

Experimental Section

Preparation of hollow anatase TiO2 spheres

Hollow anatase TiO2 spheres (HS) were formed by using the follow-
ing hydrothermal process. Amorphous TiO2 solid spheres (2 g),
which we synthesized previously,[7a] were dispersed in aqueous NaF

(0.15 m). This precursor solution was transferred into a Teflon-lined
autoclave and heated to 190 8C for 18 h. After the hydrothermal re-
action, the products were washed with DI water and dried at 50 8C.

Material characterization

FESEM (JSE-6500F) was used to characterize the surface morpholo-
gies of the anatase TiO2 materials. The morphology and microstruc-
ture of the anatase TiO2 were examined by using HRTEM (JEOL
2010). Phase detection was performed by using powder XRD
(Brucker D8-advanced) using Cu-Ka radiation (l= 1.5405981 �). The
optical behavior of the materials was determined by using UV/Vis
spectroscopy (AvaSpec-2048UVspectrum). The flat-band potentials
were measured by using an electrochemical instrument (AUTOLAB,
PGSTAT30) in 1 m NaCl at 100 Hz. The Mott–Schottky curves were
plotted with the square of the inverse capacity as the ordinate and
voltage as the abscissa. The flat-band potentials were determined
from the intercepts with the abscissa.

Photocatalytic experiments

Anatase TiO2 was used for all photocatalytic experiments. Irradia-
tion was performed by using a 180 W Xe lamp (Osram), and the
temperature was maintained at 296 K by using a water cooling-
jacket. The target pollutant was methylene blue. Catalyst powder
(0.01 g) was dispersed to a concentration of 25 ppm in methylene
blue solution. After the absorption had stabilized, the solution was
illuminated from the top with magnetic stirring. Samples (1 mL)
were removed every 5 min, filtered through 0.2 mm filter, and dilut-
ed with DI water (1.5 mL). The filtrate was analyzed by using UV/
Vis spectroscopy (AvaSpec-2048 UV spectrum) to determine the
concentration of methylene blue. To elucidate the effect of the
submicron-sphere structure of HS on light scattering, nanofrag-
ments of HS powder (NF) were used as reference samples. Further-
more, the effect of the exposed active surface of the TiO2 was illus-
trated by using randomly exposed anatase TiO2 powder as refer-
ence samples. HS and commercial micro-sized (Riedel-de Haen) or
nano-sized (Alfa Aesar) particles were mixed in a 1:1 ratio (0.005 g
each) to elucidate the mixing system. HS mixed with micro-sized
TiO2 or nano-sized TiO2 is referred to as HS@micro-sized TiO2 and
HS@nano-sized TiO2, respectively. The photocatalytic reaction ex-
hibited first-order behavior, and the pseudo-first-order rate con-
stant (k) was calculated by using the equation k =�[ln(C/C0)]/Dt, in
which C and C0 represent the final and initial concentrations, re-
spectively, and Dt is time.
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