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Strategic Synthesis of Hierarchical TiO2 Microspheres with Enhanced
Photocatalytic Activity

Zhaoke Zheng,[a] Baibiao Huang,*[a] Xiaoyan Qin,[a] Xiaoyang Zhang,[a] and Ying Dai[b]

Synthesis and characterization of one-dimensional struc-
tures have attracted much attention due to their potential
applications in a variety of fields.[1–3] Among the one-dimen-
sional nanomaterials reported, special attention has been di-
rected to TiO2 due to its unique functional properties such
as increased photocorrosion resistance,[4] high photoconver-
sion efficiency,[5–7] and its suitability as a material for purifi-
cation of water and air.[8–10] Recently, hierarchical inorganic
materials have attracted significant scientific and technologi-
cal interest in functional materials synthesis. Such hierarchi-
cal structures proved to be very efficient when using them
for practical applications such as water treatment,[11] elec-ACHTUNGTRENNUNGtrodes for lithium batteries, dye-sensitized solar cells, and
catalyst supports.[12] More importantly, the hierarchical struc-
ture possesses good light-scattering properties which are ex-
pected to provide more efficient light harvesting. Thus, for
use as a practical catalyst, hierarchical TiO2 materials pro-
duced from one-dimensional building blocks are highly de-
sirable.

There have been extensive studies to explore approaches
to the synthesis of hierarchical materials, such as chemical
vapor deposition methods and solution-phase chemical
routes. Among them, the assembly of 1D or 2D nanoscale
building blocks into 3D hierarchical superstructures is the
most common synthetic route. However, this route usually
requires catalysts, and expensive and even toxic templates
or surfactants to complete the assembly process.[13] More-
over, assembly of 1D building blocks to hierarchical materi-
als with a particular morphology is generally more difficult.

Different from the conventional method for hierarchical
materials, herein we report that a strategic synthetic method
leads to hierarchical TiO2 microspheres (HTM) with a 1D
structure. In our synthetic strategy, primary TiO2 micro-
spheres (PTM) were first synthesized by a simple alcoho-
thermal method. Then, under alkali hydrothermal treat-
ment, these primary microspheres (precursors) transformed
into HTM with a hierarchical nanotubular structure. After
annealing, these HTM samples exhibit a porous dendritic
structure. This may provide a facial route to produce hier-
archical TiO2 with a particular matrix morphology.

The scanning electron microscopy (SEM) images of the
PTM precursors show that they have a smooth surface and
are produced from TiO2 nanoparticles (Figure 1 a and b).
After alkali hydrothermal treatment and acid washing, hier-
archical microspheres with diameters in the range of 4–6 mm
were formed (Figure 1 c). The higher magnification SEM
and TEM images of the HTM sample revealed that the mi-
crospheres are produced from TiO2 nanotubes with diame-
ters of �10 nm and lengths of several micrometers (Fig-
ure 1 d). These nanotubes wrapped around each other to
form mesoporous microspheres.

Once exposed to alkali hydrothermal treatment, the Ti�
O�Ti bonds in the TiO2 nanoparticles of the PTM were
broken to form Ti�O�Na.[14] Single- or multilayered titanate
nanosheets were formed in situ, then these nanosheets con-
verted into nanotubes, either by scrolling (rolling-up) single-
layer nanosheets[15] or by curving (wrapping) of conjoined
nanosheets.[16] More importantly, the as-synthesized HTM
sample retains the original sphere morphology of the PTM
precursor. Both anatase and titanate contain zigzag ribbons
of TiO6 octahedra that share four edges with the others, and
the common structural features make the phase transition
from anatase to titanate relatively easy.[17] Therefore, the
original sphere morphology could be retained. Unlike con-
ventional hierarchical material synthesis, in which it is diffi-
cult to control the morphology of the finally assembled ma-
terial, this method is rather convenient to control the mor-
phology of the hierarchical products by varying the presyn-
thesized precursor.
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The HTM sample after calcination at 400 8C still retained
the hierarchical nanotubular structure (Figure 1 e and f).
The spaces between the adjacent nanotubes and the inner
space of the nanotubes can act as a light-transfer path for in-
troducing incident photon flux onto the inner surface of mi-
crospheres, and enhances photocatalytic activity.[18] More im-
portantly, the open mesoporous structure makes the hier-
archical microsphere a potential candidate for concurrent
membrane filtration with photocatalysis, which is widely
used in advanced photocatalytic membrane water-treatment
engineering. After calcination at 500 8C, the nanotubular
structure is destroyed and the nanotubes transform into
branchlike nanorods (see Figure S2e and f in the Supporting
Information). It is indicated that titanate nanotubes are un-
stable at temperatures above 400 8C, and this is in agree-
ment with the results reported before.[19] Upon further in-
crease of the calcination temperature to 600 8C, the micro-
spheres present open dendritic structures (Figure 1 g and h).

The X-ray diffraction (XRD) pattern (see Figure S3a in
the Supporting Information) shows that the presynthesized
PTM sample is a pure anatase phase of TiO2 with a lattice

constant a=3.7852 � (JCPDS No. 21-1272). After alkali hy-
drothermal treatment at 150 8C for 24 h, the anatase PTM
completely transformed into sodium titanate (see Fig-
ure S3b in the Supporting Information).[20] The XRD pat-
tern of the finally formed HTM samples show vague peaks
in anatase phase (see Figure S3c in the Supporting Informa-
tion),[21] and the anatase (with a longer c axis) has been re-
ported to be the preferred phase in TiO2 nanotubes.[22] Fig-
ure S4 (in the Supporting Information) shows the XRD pat-
tern of the HTM samples after calcination at different tem-
peratures. With calcination at 400 8C the HTM transformed
into a well-crystallined anatase phase of TiO2. Upon increas-
ing the calcination temperature to 600 8C, a small peak at
27.48, corresponding to the (110) plane diffraction of rutile
TiO2 (JCPDS No. 21-1276) appeared. This indicates that the
phase transformation temperature of anatase to rutile is at
about 600 8C, which is in good agreement with that reported
by Yu et al.[23]

The open porous structure of the HTM samples was con-
firmed by the nitrogen adsorption-desorption experiment.
Figure 2 a shows the typical isotherms of N2 adsorption onto
HTM samples after calcination at different temperatures.

Figure 1. SEM and TEM (inset) images of PTM (a and b) and the as-pre-
pared HTM and calcined HTM samples (c and d) at 400 (e and f) and
600 8C (g and h).

Figure 2. a) Nitrogen adsorption–desorption isotherm (*=adsorption,
*= desorption) and b) pore-size distribution curves of HTM samples
before and after calcination at different temperatures.
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All these isotherms exhibit a clear hysteresis loop, indicating
that the products are mainly mesoporous.[21] After calcina-
tion below 400 8C, the adsorption–desorption isotherms of
the samples appear to be similar, indicating that the pore
structure did not change much under low-temperature calci-
nation. However, upon further increase of the calcination
temperature to 500 8C, the shape of the hysteresis loop clear-
ly changes. The isotherm of the sample calcined at 600 8C is
similar to that calcined at 500 8C, indicating that HTM500
and HTM600 samples have similar pore structures. The Bar-
rett–Joyner–Halenda (BJH) method was employed to ana-
lyze the pore-size distribution and the results are shown in
Figure 4 b. After calcination below 400 8C, the pore-size dis-
tribution of the sample was similar, which is in good agree-
ment with the results of N2 adsorption–desorption isotherms.
The slight shift to the right means that the pore size gradual-
ly increases with the calcination temperature. At 500 8C, the
pores range from 2 to 10 nm decreased abruptly. It can be
concluded that the original pore structure of HTM is de-
stroyed when the calcination temperature is over 500 8C.

The pore structures calculated according to the adsorption
data are summarized in Table 1. The as-prepared HTM
sample shows a very large specific surface area of

325.3 m2 g�1 and a high pore volume of 0.50 cm3 g�1. After
calcination at 400 8C, the specific surface area and pore
volume decreased to 215.8 m2 g�1 and 0.42 cm3 g�1, respec-
tively. When the sample was calcined at 500 8C, the specific
surface area decreased drastically to 61.1 m2 g�1, and the
average pore size increased sharply to 18.71 nm. This is due
to the collapse of the nanotubular structure. Yu et al. have
reported that at 600 8C, the specific surface area of their hi-
erarchical mesoporous titania decreased drastically to
0.8 m2 g�1 and the pore volume became very small.[23] How-
ever, at 600 8C, the specific surface area and pore volume of
our sample retain a relative high value, 28.4 m2 g�1 and
0.17 cm3 g�1, respectively. Clearly, the mesoporous structure
of our products shows higher thermal stability.

The UV/Vis diffuse reflectance spectra of HTM400 and
commercially available Degussa P25 are compared in Fig-
ure S5 (in the Supporting Information). HTM400 has a
stronger adsorption in the UV region than Degussa P25,
which may be due to the good light-scattering property of
the unique hierarchical nanotubular structure. Therefore,
this hierarchical nanotubular structure is expected to pro-

vide more efficient light harvesting and an enhanced photo-
catalytic activity.

The photocatalytic activity of hierarchical TiO2 micro-
spheres was examined by probing the photocatalytic decom-
position of methyl orange (MO) as a function of irradiation
time (Figure 3).[24] The concentration of MO in the solution

slightly decreases while it is kept in the dark owing to the
adsorption of MO on the catalysts. The sample calcined at
400 8C shows the highest photocatalytic activity, which may
be due to the high surface area of nanotubular structure and
good crystallinity. With an increase in the calcination tem-
perature to 500 8C, the photocatalytic activity of the sample
is still higher than that of Degussa P25. This is due to the
open porous structure of the HTM500. The poor crystallini-
ty for HTM300 and low surface area for HTM600 explain
the relative lower photocatalytic activity of these two sam-
ples.

Owing to the nanotubular structure and the open porous
networks, the HTM400 sample may have promising applica-
tions in advanced water treatment combined with concur-
rent filtration with photocatalysis. Figure 4 a shows the sche-
matic diagram of water filtration treatment with photocatal-
ysis. Phenol and CrVI were used as probe molecules.[25]

Under UV irradiation, the conversion of phenol oxidation
and chromium reduction was 57 and 97 %, respectively (Fig-
ure 4 b). Clearly, the larger particle size of the microspheres
avoids dense packing of the catalyst, which permits facile
fluid transport; the nanotubular and mesoporous structures
provide an efficient transport pathway to their interior
voids, which could effectively improve the contact area in
advanced water treatment.

In addition to the above water-treatment applications,
noble metals can also be easily loaded on the surface of our
samples, and the nanotubular structure and open porous
networks provide efficient supports for loading of Au and
Ag nanoparticles. As shown in Figure 5, noble-metal nano-
particles (10–25 nm) have been evenly deposited on the sur-

Table 1. The effects of calcination temperatures on the pore structures of
HTM samples.

Calcination
temperatures [8C]

SBET [m2 g�1] Pore volume [cm3] Average pore
size [nm]

as prepared 325.3 0.50 6.18
300 284.0 0.49 6.96
400 215.8 0.42 7.85
500 61.1 0.29 18.71
600 27.4 0.17 25.05

Figure 3. Photodegradation of methylene orange (20 mgL�1) over differ-
ent samples under full Xe arc light irradiation.
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faces of the HTM400 sample. Plasma resonance peaks of Au
and Ag are observed at approximately 543 and 459 nm, re-
spectively (see Figure S7 in the Supporting Information).
Such noble-metal modified hierarchical TiO2 microspheres
may be efficient visible-light photocatalysts owing to the sur-
face plasma resonance,[26–28] and could be used in various
fields such as organic waste treatment and disinfectants for
filtering water.

In summary, we have developed a facile method of syn-
thesizing hierarchical TiO2 microspheres with nanotubular
and dendritic structure. Owing to the high surface area and
open porous networks, the synthesized TiO2 microspheres
exhibit a superior photocatalytic activity, and are promising
for practical applications such as solar cells, catalyst sup-
ports, and water-treatment engineering. This method pro-
vides a facile strategy to the synthesis of hierarchical materi-
als with a particular matrix morphology.

Experimental Section

Primary TiO2 microspheres : PTM were prepared on the basis of an alco-
hothermal reaction of the mixture of Ti ACHTUNGTRENNUNG(OBu)4, absolute ethanol, deion-
ized water, and sulfuric acid of AR grade. In a typical procedure, Ti-ACHTUNGTRENNUNG(OBu)4 (5.1 g) was mixed with absolute ethanol (75 mL) under vigorous
stirring. After, sulfuric acid (0.33 mL, 98 %) and deionized water
(0.3 mL) were added. The resulting solution was transferred to a dried

Teflon autoclave, and then kept at 180 8C for 4 h. After being cooled to
room temperature, the white precipitate was collected, washed with etha-
nol for several times, and dried at 40 8C.

Hierarchical TiO2 microspheres

General procedure : HTM were synthesized by alkali hydrothermal meth-
ods. In a typical procedure, PTM (0.5 g) were mixed with a 10 m NaOH
aqueous solution (50 mL), followed by hydrothermal treatment at 150 8C
in a Teflon autoclave for 24 h. Then, the filtered sample was dispersed
into a 0.1 m HCl aqueous solution (600 mL) for 12 h, and washed thor-
oughly with deionized water. The powder was collected and dried at
60 8C to give the HTM. By annealing the HTM at different temperatures
range from 300 to 600 8C for 1 h, anatase TiO2 microspheres were ob-
tained and named as HTM300, HTM400, HTM500, and HTM600.

Synthesis of an Au-loaded HTM400 sample : An Au-loaded HTM400
sample was prepared by a photodeposition method. An aqueous suspen-
sion containing a sample of HTM400 (200 mg) and HAuCl4·4H2O
(4.2 mg> ) was irradiated with a 300 W Xe arc lamp for 0.5 h, before the
purple precipitate was collected and dried at 40 8C. The loading amount
of noble metal was 1wt %.

Synthesis of an Ag-loaded HTM400 sample: An Ag-loaded HTM400
sample was prepared by the same procedure as above except that
HAuCl4·4H2O was replaced by AgNO3 (3.1 mg). The loading amount of
noble metal was 1wt %.

X-ray diffraction : XRD patterns were obtained by using a Bruker D8 ad-
vanced X-ray powder diffractometer with CuKa radiation (l=1.5418 �).
The morphologies of the samples were examined by SEM (Hitachi S-
4800 microscope) and HRTEM (JEOL JEM-2100). The surface areas of
the TiO2 microspheres were measured by using the Brunauer–Emmett–
Teller method with a Builder 4200 instrument at liquid nitrogen tempera-
ture. The pore volume and the pore-size distribution of the TiO2 micro-
spheres were derived from the absorption branch of the absorption–de-
sorption isotherms by using the Barrett–Joyner–Halenda method. The
diffuse reflectance spectra were measured on a Shimadzu UV 2550 UV/
Vis spectrophotometer.

Photocatalytic properties : MO dye was chosen to evaluate the photocata-
lytic properties of the TiO2 microspheres. In a typical reaction, 0.1 g of
samples were dispersed in a Pyrex glass reactor (with the cross section of
30 cm2 and the height of 5 cm) containing 100 mL MO solutions with a
concentration of 20 mg L

�1. The optical system for detecting the catalytic
reaction consisted of a 300 W Xe arc lamp (PLS-SXE300, Beijing Trust-
tech), and the degradation of MO dye was monitored by UV/Vis spec-
troscopy (UV-7502PC, Xinmao, Shanghai). Water filtration treatment
with photocatalysis was carried out on a laboratory-scale test unit (glass
tube with diameter of 0.7 cm). The catalyst (0.5 g) was filled into the
tube with absorbent cotton as the supporting layer. An aqueous solution
containing phenol (6.0 � 10�4

m) and K2Cr2O7 (4.0 � 10�4
m) flowed through

the catalyst under UV irradiation. The concentration and conversion of
phenol and CrVI were analyzed by using a UV spectrophotometer (UV-
7502PC, Xinmao, Shanghai) at their characteristic wavelengths (phenol=

270 nm, CrVI =350 nm).
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