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Non-Aqueous Preparation of High-Crystallinity Hierarchical TiO2 Hollow
Spheres with Excellent Photocatalytic Efficiency
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High-crystallinity hierarchical anatase TiO2 hollow spheres
were prepared by a high-temperature (350 °C) and non-
aqueous solvothermal method in the absence of water, tem-
plates, or additives. The hollow structures were assembled
from highly crystallized TiO2 nanoparticles and exhibit supe-
rior photocatalytic properties relative to those of Degussa P25
TiO2 under irradiation with UV light. The influence of reac-

Introduction

Titanium dioxide (TiO2) has been widely used in photo-
catalysis, dye-sensitized solar cells (DSCs), Li batteries,
transparent conductors, gas sensors, and so on.[1] Its
physicochemical properties are strongly dependent on its
phase composition, crystallinity, crystal size, specific sur-
face area, and porosity. Controllable preparation of well-
crystallized nanostructured anatase (TiO2) is highly desired
for many applications. The perfectly ordered lattice (high
crystallinity) of TiO2 can reduce the formation of electron
traps and facilitate electron transfer,[2] and an assembled
hierarchical nanostructure can provide a particular mor-
phology, microsize, and pore-size distribution to further
meet specific device requirements.[3] The traditional two-
step route to high-crystallinity nanostructured TiO2 is
calcining low-crystallinity or amorphous TiO2 nanostruc-
tures by using organic additives (surfactants, templates),[4]

but the high-temperature treatment can cause particle ag-
glomeration, pore collapse, severe decline in surface area,
and undesired phase transformation. Solvothermal pro-
cesses have been demonstrated to be one of best preparation
methods to produce well-crystallized TiO2 particles with
different morphologies.[5] However, most titanium precur-
sors are extremely sensitive to moisture, and some organic
additives may be required.[6] The reaction temperature is
usually below 250 °C due to the softening temperature of
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tion temperature on the crystallinity, morphology, crystallite
shape and size, band gap, specific surface area, and pore size
distribution of TiO2 has been studied in detail. It is evident
that reaction temperature is the most important factor to in-
crease the crystallinity of TiO2 in order to improve its charge
transfer and transport properties, which are important in
photocatalysis.

Teflon containers. Therefore, it was greatly preferred to ex-
plore a higher-temperature, non-aqueous, additive-free sol-
vothermal method to synthesize high-crystallinity TiO2. In
addition, for the application of TiO2 in photocatalysis, al-
though some samples with higher photocatalytic activity
than P25, such as TiO2 nanocrystals with a high-energy sur-
face of (001)[7] and TiO2 ultrafine nanopowders with large
surface area,[8] have been reported, preparing photocata-
lysts with a performance better than P25 is still not easy to
be achieved by a very simple synthetic route.

Herein, we report highly crystallized TiO2 nanoparticles
and their assembled mesoporous hollow structures pre-
pared by a simple non-aqueous solvothermal route at
350 °C. The specific morphology of these nanoparticles can
be tuned by altering the volume ratio of titanium n-butox-
ide (TNB) and ethanol (EtOH). The reaction temperature
significantly affected the crystallinity of TiO2 nanoparticles
and their assembled morphology and pore structures. The
TiO2 nanoparticles prepared at 350 °C have better photo-
catalytic efficiency than that of Degussa P25, because of
their high crystallinity. The assembled microscale hollow
spheres also exhibit equivalent photoactivity but are easier
to be recycled relatibe to P25. These high-crystallinity TiO2

particles are expected to possess excellent electron transport
ability in DSCs.

Results and Discussion

Effect of Reaction Temperature

No water and organic additives were introduced into the
reaction except the reagents EtOH and TNB. TiO2 powders
were only observed starting at 250 °C. The fixed volume
ratio of TNB/EtOH = 1:1 was used to investigate the influ-
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ence of reaction temperature, and three samples, denoted as
S250, S300, and S350, were prepared at 250, 300, and
350 °C, respectively. All the XRD patterns of the as-pre-
pared powders can be assigned to the anatase phase of TiO2

(JCPDS No. 21–1272), as shown in Figure 1a. As the reac-
tion temperature increased, the significant improvement of
the crystallinity was evident from the higher diffraction
peak intensity and the smaller full width at half maximum
(FWHM). According to the Scherrer equation based on the
main peak (101), the respective average crystallite sizes were
calculated to be 8.4 (S250), 19.1 (S300), and 30.2 nm
(S350), as shown in Figure 1b. This result demonstrated
that crystal growth could be greatly promoted by high reac-
tion temperature. The approximate lattice strain of these
samples, calculated by using the Williams and Hall equa-
tion (see Table S1 and Figure S1 in the Supporting Infor-
mation), decreased obviously with increasing reaction tem-
perature (Figure 1b), which also indicates the significant
improvement of the crystallinity. In order to compare the
new crystals with those of Degussa P25 powder, the XRD
pattern, crystallite size, and lattice strain are illustrated in
Figure 1. The sample synthesized at the highest temperature
(S350) evidently exhibits better crystallinity and larger crys-
tallite size than P25, while S300 is similar to P25.

Figure 1. (a) XRD diffraction patterns of the TiO2 samples pre-
pared at different temperatures. (b) The corresponding crystallite
size and lattice strain variation with reaction temperature calcu-
lated by the Scherrer and Williams–Hall equations.

From the UV/Vis diffuse reflectance spectra of these
samples, a plot of the modified Kubelka–Munk function
[F(R) = (1 – 2R)2/2R = α/S][9] versus the energy of the excit-
ing light is shown in Figure S2 to obtain more precise op-
tical band gaps. With increasing reaction temperature, the
onset of the absorption shifts to longer wavelength slightly,
and the band gap decreases from 3.21 to 3.16 eV in accord-
ance with the quantum size effect. The commercial P25 has
a narrower band gap, 3.07 eV, for the anatase phase and
2.98 eV for the rutile phase.
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The morphologies of the as-prepared samples vary with
reaction temperature (Figure 2). A large amount of the par-
ticles are spheres in the as-prepared samples. But the TiO2

spheres in S250 are smaller and smoother than the others,
and the proportion of spheres in S300 is lower. In S350,
rougher nanoparticle-assembled microspheres with larger
diameters are observed, and some broken spheres reveal a
hollow interior (Figure 3). The selected high-resolution
images clearly show a mesoporous structure. In order to
investigate the pore structure evolution of these samples,
nitrogen adsorption/desorption isotherms were measured
and the pore size distributions were calculated by the Bar-
rett–Joyner–Halenda (BJH) method (Figure 4). The pore
size increased from 4.2 (S250) to 30.5 nm (S350), but the
BET surface area decreased from 172.85 (S250) to
28.18 m2 g–1 (S350), as shown in Table 1.

Figure 2. SEM images of the as-prepared TiO2 samples: (a) S250,
(b) S300, (c) S350.

Figure 3. SEM images of the S350 TiO2 sample, (a) a whole sphere,
(b) magnified image of the selected part in (a), (c) a broken hollow
sphere, (d) magnified image of the selected part in (c).

The nano-TiO2 particles were dispersed from micro-
spheres by using high-power supersonic treatment and in-
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Figure 4. Nitrogen adsorption/desorption isotherm (inset) and the
corresponding pore size distribution of the TiO2 samples prepared
at different temperatures.

Table 1. Characteristics of different TiO2 samples.

Sample Crystal size Specific surface Pore volume Pore size
[nm] area [m2g–1] [cm3 g–1] [nm]

S250 8.4 172.85 0.229 4.2
S300 19.1 64.41 0.195 11.6
S350 30.2 28.18 0.266 30.5
P25[a] 21.1 56 0.25 17.5

[a] This refers to the characterization of Degussa P25 in ref.[10]

vestigated by TEM (Figure 5). The nanoparticles of these
three samples have different shapes and sizes as well as dif-
ferent crystallinity. Irregular crystallites were observed in
S250 (Figure 5a), spindle-shape particles in S300 (Fig-
ure 5b), and largest and polygon-like shapes in S350 (Fig-
ure 5c). The HRTEM and SAED images show the signifi-
cant improvement of crystallinity of the nanoparticles with
increasing reaction temperature, and the reaction tempera-
ture of 350 °C may be the optimal condition to synthesize
well-crystallized nano-TiO2.

Figure 5. TEM, HRTEM, and SAED patterns of the TiO2 nanoparticles prepared at different temperatures: (a) S250, (b) S300, (c) S350,
(d) P25.
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Effect of Precursor Concentration

The morphology of S350 can be tuned by adjusting the
volume ratio of TNB and EtOH, as shown in Figure 6. As-
sembled hierarchical nanoparticle spheres can only be ob-
tained when the volume ratio EtOH/TNB is in an appropri-
ate range. The porous structure is obvious at EtOH/TNB =
3:1 and 1:1 from the SEM image. At higher ratios (e.g.,
10:1) the nanoparticles diminish in size and the spherical
surfaces are smoother. At EtOH/TNB � 1:1, the hollow
spheres shrink and collapse to irregular shapes. Under ex-
treme conditions, pure TNB decomposed at 350 °C to form
well-crystallized TiO2 nanoparticles, but the spherical
shapes were not retained. It is evident that the molar ratio
of EtOH/TNB plays an important role on the formation of
hollow spheres. The crystallinity of these as-prepared sam-

Figure 6. The SEM morphology variation of the TiO2 prepared
at 350 °C with different volume ratios of EtOH/TNB (scale bar:
1 μm).
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ples was studied by XRD (Figure S3), and particularly low
TNB concentration (e.g. 10:1) was found to result in smaller
crystallite size and poorer crystallinity.

Photocatalytic Performance

Figure 7 depicts the results of the photocatalytic degra-
dation of methyl orange (MO) over the different TiO2 sam-
ples. The photocatalytic efficiency decreases gradually in
the order S350 � S300 � S250, in agreement with the
decreasing crystallinity. Specific surface area and crystal-
linity are the primary factors to influence the photocatalytic
activity of TiO2 in this case. With increasing reaction tem-
perature, the notable improvement of crystallinity compen-
sates the shortcomings of decreasing specific surface area,
as listed in Table 1. So the photocatalytic efficiency of the
S350 is comparable to that of P25, while S250 exhibits in-
ferior performance despite its high specific surface area.

Figure 7. (a) Photocatalytic degradation of methyl orange (MO) by
different TiO2 samples, (b) comparison of photocatalytic activities
of different TiO2 samples under 10 min UV-light irradiation and
the photograph (inset) of S350 and P25 suspensions after precipi-
tation for 30 min.

In order to evaluate the photocatalytic reactivity of the
nanoparticles constituting the spheres, the nanoparticles in
the S300 and S350 microspheres were dissociated by high-
power ultrasonic treatment, and the obtained samples were
denoted S300-UST and S350-UST, respectively. S350-UST
was found to possess superior photocatalytic efficiency over
P25 and S350. S300-UST has crystallinity, crystallite size,
and specific surface area similar to those of P25, but its
photocatalytic efficiency is lower than that of P25, which
may be due to the rutile–anatase nanocomposite effect of
P25. However, the microscale nanoparticle-assembled pho-
tocatalysts S350 can easily be recycled (inset of Figure 7b),
which is also an advantage over P25 in addition to the com-
parable photocatalysis.
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Possible Growth Mechanism

In the present method, the water supply for hydrolysis
was chemically introduced, which is appropriate for the
high moisture sensibility of the titanium alkoxide precursor.
The occurrence of etherifying reactions to generate water
was proven by GC-MAS studies (Figure S4). Three typical
ethers (ethyl ether, ethyl n-butyl ether, and dibutyl ether)
were detected, and they were probably generated by the re-
actions shown in Equations (1), (2), (3), and (4). The dif-
ferent reaction temperatures may lead to different reaction
types and growth mechanisms. At low temperature
(250 °C), the water from esterification can hydrolyze TNB
to TiO2 gradually according to Equations (1)–(5). As a re-
sult of the limited amount of water, the obtained TiO2 crys-
tallites are small, and they assemble to microspheres with
nanosized pores. Higher reaction temperatures allow the
production of sufficient water for hydrolysis to facilitate
large preferentially shaped nanocrystal growth. Pure TNB
can decompose to TiO2 nanoparticles above 350 °C and
produce some gas. The gas may be 1-butyne [Equation (6)]
according to GC-MAS measurements, which can serve as
bubble templates for the growth of hollow TiO2 structures.
Large and well-crystallized TiO2 nanocrystals were formed
at 350 °C and assembled on the bubble surface to create the
hierarchical hollow structure. The possible growth mecha-
nism at different temperatures is shown in Figure 8.

EtOH + EtOH � Et–O–Et + H2O (1)

Ti(BuO)4 + H2O � Ti(BuO)3OH + BuOH (2)

BuOH + EtOH � Bu–O–Et + H2O (3)

2BuOH � Bu–O–Bu + H2O (4)

Ti(BuO)3OH + Ti(BuO)4 � (BuO)3Ti–O–Ti(BuO)3 + BuOH (5)

Ti(BuO)4 � TiO2 + CH3CH2CH�CH � (6)

Figure 8. Growth mechanism of TiO2 spheres at different tempera-
tures.

Conclusions

In this study, a facile method was proposed to prepare
high-crystallinity TiO2 spheres with higher photocatalytic
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activity than that of Degussa P25 by a high-temperature
(350 °C) and non-aqueous solvothermal route. The water
for hydrolysis is self-provided in the reaction system. In ad-
dition to the superior photocatalytic performance, the as-
prepared TiO2 samples are easy to handle and to recover
(for example, by sedimentation) in practical applications.

Experimental Section
Synthesis: The chemicals Ti(OBu)4 (TNB, analytically pure), and
ethanol (EtOH, analytically pure) were used without further purifi-
cation. In a typical procedure, the mixed solution of TNB and
EtOH was prepared by slowly adding TNB to EtOH with a certain
volume ratio. After stirring for 30 min, the mixture was transferred
into a stainless steel autoclave (10 mL capacity, 70% filling) for
solvothermal reaction at a desired temperature for 4 h. Followed
by cooling gradually to room temperature, the precipitate was col-
lected by filtering, washing with anhydrous ethanol for three times,
and drying at 80 °C overnight.

Characterization: The analysis of the crystalline structure and
phase identification of the samples were performed by X-ray dif-
fraction (XRD Bruker D8 ADVANCE) with a monochromatized
source of Cu-Kα1 radiation (λ = 0.15405 nm) at 1.6 kW (40 KV,
40 mA). A JEOL JSM-6510 scanning electron microscope (SEM)
was used to investigate the morphologies of the samples. Field-
emission transmission electron microscopy (TEM) as well as high-
resolution transmission electron microscopy (HRTEM) images was
collected by using a JEOL JEM 2100F microscope working at
200 kV. The optical absorption characteristics of the powders were
determined by UV/Vis diffuse reflectance spectroscopy (DRS) on
a spectrophotometer (Hitachi U4100) equipped with an integrating
sphere. Nitrogen adsorption/desorption isotherms at 77 K were
measured with a Micromeritics Tristar 3000 system. The pore size
distributions were calculated from desorption branches of iso-
therms by the Barrett–Joyner–Halenda (BJH) method. The species
of organic reaction products were characterized with a combination
of gas chromatography and mass spectrometry (GC–MS) (Agilent,
6890N/5973N). The photocatalytic activity of the samples was
evaluated by the photocatalytic degradation of a model pollutant,
methyl orange (MO), under UV light (generated by a 500 W high-
pressure mercury lamp). The photocatalyst (ca. 100 mg) was added
into MO solution (200 mL, 10 mgL–1). After being stirred in the
dark for 30 min to reach the adsorption/desorption equilibrium,
the suspension was exposed to light irradiation whilst stirring. The
concentrations of MO were monitored by checking the absorbance
at 464 nm during the degradation process with a Hitachi U-3010
UV/Vis spectrophotometer.

Supporting Information (see footnote on the first page of this arti-
cle): The method to evaluate lattice strain by using the Williams
and Hall Equation, XRD patterns of the TiO2 samples prepared
at different volume ratios of EtOH/TNB, and GC-MAS spectrum
characterization of the reaction solution at 350 °C.
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