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ABSTRACT: With biocompatible oxalic acid as chelating agent, uniform titania
hollow spheres were solvothermally obtained. The hollow spheres are composed of
23% brookite phase and 77% anatase phase with good crystallinity. These biphase
hollow spheres, possessing large surface area and mesoporousity, form via a typical
asymmetric Ostwald ripening mechanism. During this facile process, the oxalic acid
plays essential roles in producing the hollow sphere structure, both maintaining the
uniformity of the spherical structure and transferring titanium ions during the
Ostwald ripening process.

■ INTRODUCTION

Novel hollow structures have attracted intensive research
interest because of their excellent performance and promising
application in lithium ion battery, catalysis, and drug
delivery.1−8 TiO2 has been widely applied in water splitting,
organic synthesis, and elimination of water contaminants
because of its abundance, nontoxicity, and high efficiency.9−13

Much effort has been focused on the design and manipulation
of the TiO2 morphologies to study the structure−activity
relationship, which can help to reveal the reaction mechanism
and hence promote the design of efficient photocatalysts.14−16

Among various morphologies, TiO2 hollow structure with
controlled shell thickness, mesoporosity, and high crystallinity
is attractive for the expected enhanced performance in
photocatalysis.
To fabricate the hollow structures, the most popular

approach is the sacrificial-template based method, employing
polystyrene, silica, carbon, and metal oxides (hard templates),
or gas bubble and emulsion micelles etc. (soft templates).17−22

Despite its wide applicability, the synthesis and removal of the
template (by harsh chemical reaction steps or calcination under
high temperature) not only complicate the fabrication process
but also waste a lot of energy and materials. The other strategy
is the recently developed novel self-template routes based on
the Kirkendall effect, Galvanic replacement reactions, and
Ostwald ripening mechanisms.1−3 These approaches have
stimulated much research interest because the shell formation

and core elimination happen simultaneously. For TiO2 hollow
sphere nanostructure, one-pot synthesis based on Ostwald
ripening is much more attractive because of the simplicity in
synthesis. However, in most of the reported methods, the
corrosive halogenide ions, especially fluoride ion, were
frequently used for transferring the titanium ions during the
Ostwald ripening process. Zeng and co-workers first synthe-
sized hollow anatase sphere through hydrothermal treatment of
TiF4 aqueous solution; by introduction of SnF4 into TiF4
aqueous solution, the Sn-doped TiO2 hollow sphere was
obtained.23,24 TiCl4 and NH4F were also reported to be feasible
for producing TiO2 hollow spheres.25,26 A facile and
halogenide-free Ostwald ripening approach is highly desirable
for both environmental and practical considerations.
Oxalic acid, a biocompatible chemical widely existing in

plants and animals, is an effective chelating agent for metal ions,
including titanium ion.27 It is expected that oxalic acid can
effectively transfer the titanium ions during Ostwald ripening,
and hence the TiO2 hollow sphere could be obtained in the
absence of the corrosive halogenide ions. Herein, we report a
facile one-pot solvothermal method for the fabrication of
uniform TiO2 hollow spheres. Oxalic acid was first found to
play essential roles in hollowing of titania aggregations. It is
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worth noting that the obtained samples are composed of
anatase and brookite phases. These biphase TiO2 hollow
spheres possess mesoporous structure, high crystallinity, and
adjustable interior space. It exhibits good catalytic performance
in the photocatalytic oxidation reactions.

■ EXPERIMENTAL SECTION
Synthesis. The TiO2 hollow sphere was obtained via

solvothermal synthesis in N,N-dimethylformamide (DMF). In a
typical synthesis, titanium n-butoxide and oxalic acid were
dissolved in DMF with concentration of 3.9 mM and 1.1 M,
respectively. Seventy-five milliliters of this clear yellow solution
was placed in a 100 mL autoclave, and was then subjected to
solvothermal conditions at 180 °C for 10 h. The as-synthesized
TiO2 sample was washed with ethanol and dried in vacuum at
80 °C for 4 h, followed by calcination at 500 °C in air for 3 h
with the temperature ramping rate of 8 °C/min. The as-
synthesized and calcined samples are denoted by THS and
THS-500, respectively.
Photocatalytic Reactions. 1. Phenol Degradation. Ten

milligrams of photocatalyst and a 20 mL phenol aqueous
solution with a concentration of 25 mg/L were mixed in a
Pyrex reactor. After 40 min of stirring in the dark for
adsorption−desorption balance, the mixture was illuminated
by a 300 W xenon lamp and sampled at certain intervals. The
phenol concentration was determined by high-performance
liquid chromatography (HPLC) installed with a Dikma C18
column. The mobile phase for HPLC is CH3CN/H2O with a
ratio of 3/7, and the wavelength for detection is 270 nm.
2. Rhodamine B (RhB) Degradation Reaction. The reaction

mixture contained 10 mg of catalyst and 40 mL of Rhodamine
B aqueous solution (2 × 10−5 mol/L). The reaction was
irradiated by a 300 W xenon lamp, and the RhB concentration
was measured by a UV−vis spectrometer.

■ RESULTS AND DISCUSSION
As shown in the X-ray diffraction (XRD) patterns (Figure 1),
the as-synthesized sample (THS) was composed of anatase
(JCPDS 21-1272) and brookite (JCPDS 29-1360) phases. The
percentage of brookite in the brookite/anatase mixed phase was
estimated by the equation28

= + ×r I I I/( ) 100%Brookite Brookite
121

Brookite
120

Anatase
101

rBrookite represents the percentage of brookite; IBrookite
121 and

IBrookite
120 represent the area of the brookite (121) and (120)
diffraction peaks, respectively; IAnatase

101 represents the area of the
anatase (101) diffraction peak).
Anatase and brookite phases in the as-synthesized sample

account for ca. 77% and ca. 23%, respectively. After calcination
at 500 °C, THS-500 exhibited enhanced crystallinity compared
to the as-synthesized sample, and the average size of anatase
and brookite crystals in THS-500 was 14 and 17 nm,
respectively (Figure 1f,g). The Brookite ratio in this TSH-500
is ca. 20%. To illuminate the formation process of this biphase
structure, the samples solvothermally reacted with different
endurance were characterized by XRD. As indicated in Figure
1a, the sample obtained with a reaction time of 3 h was mixed
phases of anatase and brookite. Moreover, for the samples with
reaction time of 4−10 h, the ratio of anatase to brookite
remained constant, although the crystallinity of anatase and
brookite enhanced with the reaction time as indicated by the
increased diffraction intensity (Figure 1b−f). It is commonly

reported that brookite phase forms with strong acidic
conditions, halogenide ions (F− and Cl−), a very long aging
time period, and high reaction temperature (above 220
°C).29−35 However, the mild reaction condition in this work
also produced both anatase and brookite crystals that formed
and grew synchronously, which further expanded our under-
standing of the formation conditions of the rare brookite phase.
As shown in Figure 2, the TiO2 spheres are uniform in size

and most of them are intact with a diameter of ca. 450 nm
(Figure 2a). Occasionally, we could also observe holes existing
on the sphere surface, indicating the possibility of hollow
sphere structure formation. This prediction could be
corroborated by TEM images. The asymmetric hollow sphere
structure with a core can be clearly observed and the thickness
of the shell is ca. 30 nm (Figure 2b,c). It is worth noting that
these hollow spheres are stable against high temperature. After
calcination at 500 °C for 3 h, THS-500 with enhanced
crystallinity still kept the pristine hollow structure morphology
without collapse (Figure 2d). To confirm whether there is any
difference in phase composition between different parts of this
asymmetrical structure, selected area electron diffraction with
electron beam positioned at different regions of the hollow
sphere was conducted. All the diffraction patterns reveal that
the anatase and brookite phases coexist both in the shell and
core parts (Figure 2f−h) of the samples THS and THS-500.
Additionally, the HRTEM images of the shell could also clearly
demonstrate the coexistence of anatase and brookite crystals in
the hollow shell. As shown in Figure 2e and in Figure S1 in the
Supporting Information, the spacing of 0.29 and 0.23 nm
corresponds to the lattice distance of brookite (121) and

Figure 1. XRD patterns of the TiO2 hollow spheres obtained at
different reaction times: (a) 3 h; (b) 4 h; (c) 5 h; (d) 6 h; (e) 8 h; (f)
10 h; (g) sample (f) calcined at 500 °C for 3 h. At the lower part of the
pattern, the single lines state the standard diffraction angles and
intensities of anatase and brookite phases.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp408322g | J. Phys. Chem. C 2013, 117, 21718−2172321719

http://pubs.acs.org/action/showImage?doi=10.1021/jp408322g&iName=master.img-001.jpg&w=178&h=288


anatase (112) planes, respectively; and the lattice spacing of
0.35 nm could be attributed to the distance of either anatase
(101) planes or brookite (120) planes. Combining with the fact
that the ratio of anatase to brookite phases remained constant
during the Ostwald ripening process, we suggest that the
brookite and anatase phases present uniformly in this
asymmetric hollow sphere structure.
The concentrations of titanium n-butoxide and oxalic acid

were of great importance to the formation of the spherical
hollow structure. When the amount of titanium butoxide
increased to 19.6 mM, the Ostwald ripening did not occur, and
the solid spheres appeared as the final product (Supporting
Information, Figure S2). The optimum concentration for
titanium butoxide is 3.9 mM. As to oxalic acid, with lower
concentration, the initially formed nanoparticles failed to self-
assemble into a spherical structure. If the amount of oxalic acid
in the reaction solution exceeded 1.4 M, the obtained hollow
spheres were not as uniform as that synthesized with the oxalic
acid concentrations in the range of 1.1−1.4 M. Apparently, the
oxalic acid plays double roles: (1) inducing the nanocrystals to
assemble spherically and maintaining the uniformity of the
hollow spheres; and (2) acting as chelating agent for titanium
ions transfer in core dissolving and shell recrystallizing during
the Ostwald ripening process. This process also has high
reaction temperature tolerance, and uniform hollow spheres
could be obtained under a wide range of 150−180 °C
(Supporting Information, Figure S3).

To study the formation mechanism of the titania hollow
spheres, we carried out time-dependent reactions and TEM
characterizations. As shown in Figure 3a, the initial state of the
reaction was spherical aggregation of nanoparticles. In Figure
3b, we can clearly observe that the hollowing asymmetrically
started from the side of the sphere beneath the shell, not from
the center of the sphere. This indicates that the region beneath
the shell is less dense or composed of smaller crystals. The
interior space increased with the reaction time until 5 h.
However, the hollowing stopped after 5 h of reaction, and the
interior space percentage of ca. 60% did not increase as
indicated by the TEM images of the samples with the reaction
time of 6 and 10 h (Figures 3b−f and 2c), which follows the
typical asymmetrical Ostwald ripening mechanism.36

Considering the Ostwald ripening process involving core
dissolving and shell recrystallizing, the channel for mass
transport may finally result in porosity. It is expected that the
hollow spheres may possess fine porous structure, which is
highly favorable for catalysis. The porosity of the hollow
spheres was characterized by N2 adsorption−desorption. As
indicated by the hysteresis loop in the isotherms (Figure 4a),
the as-synthesized TiO2 hollow spheres are mesoporous.37

Most of the pores have a size smaller than 10 nm, and the
maximum size distribution is 3 nm (Figure 4a inset). Because of
the presence of these mesopores, the as-synthesized hollow
spheres have a quite high BET surface area of 168.3 m2/g
(Table 1). In Figure 4b, the adsorption isotherms of the
calcined sample reveals that THS-500 maintained a meso-

Figure 2. (a−c) SEM and TEM images of the as-synthesized TiO2 hollow spheres (THS) (d and e) TEM images of the calcined TiO2 hollow
spheres (THS-500); (f−i) selected area electron diffraction (SAED) patterns obtained with the aperture diameter of ca. 100 nm. (f) and (g) are the
electron diffraction patterns with the electron beam located at the positions (1) and (2) circled in (d), respectively; (h) and (i) are the electron
diffraction patterns with the electron beam positioned at the areas (1) and (2) marked in (c), respectively; “A” and “B” in (h) are the abbreviations
for “anatase” and “brookite”, respectively. The large-dimension HRTEM images of THS-500 are also available in the Supporting Information (Figure
S1).
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porous structure with increased pore size ranging from 4 to 30
nm, and the maximum pore size distribution was 10 nm. The
hollow interior space and the mesoporosity make this hollow
sphere an ideal material for designing nanoreactors.
To reveal the photocatalytic performance of this novel

mesoporous anatase−brookite biphase TiO2 hollow sphere, the
samples were evaluated in the photocatalytic oxidation of
phenol and RhB, and commercially available pure anatase
nanoparticles were employed as reference photocatalyst. The
micrometer-sized as-synthesized TiO2 hollow sphere exhibited
catalytic activity slightly inferior to that of the reference
photocatalyst with the reaction rate constant of 0.025 and 0.031
min−1, respectively (Table 1 and Figure S4 in the Supporting
Information). After the calcination, although the surface area
drastically dropped to 60.1 from 168.3 m2/g, THS-500
possesses enhanced photocatalytic performance, and the
reaction rate constant in phenol degradation increased to
0.030 min−1. In the RhB degradation reaction, despite its
relative low surface area, THS-500 exhibited higher photo-
catalytic performance than the reference photocatalyst with the
reaction rate constant of 0.077 and 0.070 min−1, respectively,
whereas for the as-synthesized hollow sphere TiO2, the catalytic
performance was comparable to the reference photocatalyst. It
is worth noting that the ease of separation of such

submicrometer-sized catalyst from the reaction system is of
great importance from the perspective of practical applications.
The photocatalytic activity of brookite was reported to be

highly sensitive to the morphology, from inactive to highly
active.29,31 The mesoporous anatase−brookite biphase TiO2
hollow spheres were submicrometer-sized aggregation contain-
ing ca. 23% of brookite, while the reference catalyst is
monodispersed anatase nanocrystals with average crystal size
of ca. 18 nm and large surface area of 107.5 m2/g (Table 1 and
Figure S5 in the Supporting Information). It is expected that
the reference catalyst should have catalytic performance
superior to that of the submicrometer-sized aggregations.
However, the catalytic performance of THS-500 with relatively
low surface area was comparable to or sometimes even better
than the photocatalytic activity of the reference anatase.
Inspired by the mechanism of the improved reactivity of
anatase−rutile mixed phases,38,39 we tentatively believed that
anatase−brookite mixed phase may also contribute to the
aforementioned enhanced photocatalytic activity.

■ CONCLUSIONS

In this work, we developed a facile one-pot method to fabricate
novel mesoporous anatase−brookite biphase TiO2 hollow
spheres via the Ostwald ripening process employing a

Figure 3. TEM images of the samples with different reaction times: (a) 3 h at 150 °C (to capture the initial state of the fast reaction process, we
lower the reaction temperature to get this sample). If not stated, all the reactions are at 180 °C. (b) 2 h; (c) 3 h; (d) 4 h; (e) 5 h; (f) 6 h; (g) Scheme
showing the Ostwald ripening process.
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biocompatible oxalic acid. This biphase structure is composed
of ca. 23% brookite and ca. 77% anatase. The submicrometer
hollow spheres exhibit good photocatalytic performance in the
degradation of phenol and RhB. This method opens a new
avenue to simplified fabrication of uniform TiO2 hollow sphere
structure. These unique biphase hollow spheres with
mesoporous structure and high crystallinity are ideal for
designing nanoreactors.
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