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The heterogeneous photocatalysis technique to treat dye effluents demands micrometer-sized titania
aggregates with one-dimensional nanostructures, which possess high photocatalytic activity and at the
same time facilitate the catalyst-recovery from a slurry system. In this study, the solution remained
after interactions between metallic Ti and hydrogen peroxide was subjected to an alkaline hydrothermal
treatment. Microspheres with extremely uniform sizes of ca. 2 �m in diameter were achieved after a
subsequent proton exchange followed by calcination in air. The microspheres were urchin-like aggregates
anostructure
itanium oxide
ydrothermal synthesis
hotocatalysis

of radially assembled nanowires, which consisted of chain-like anatase single crystallites with an average
diameter of 20–25 nm. The homogeneous microspheres calcinated at 600 ◦C possessed a surface area of
45.4 m2/g and exhibited an excellent activity to assist photodegradation of rhodamine B in water, which
is significantly higher than that of P25 titania nanoparticles. Because of the much easier recovery of
the photocatalyst, the homogeneous microspheres synthesized herein may find practical applications in
efficient photocatalytic treatments of dye effluents.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

As one of the advanced oxidation techniques for wastewa-
er treatments, heterogeneous photocatalytic reactions utilizing
itania (TiO2) as photocatalysts are capable of decomposing
rganic pollutants thoroughly under a mild condition, which
ence attracted much attention worldwide [1]. For photocataly-
is setups, a slurry system is several times higher in efficiency
hen compared with an immobilized one [2]; unfortunately, the

ecovery of titania nanoparticles after the photocatalysis process
s quite cumbersome [3]. There appeared two main approaches
o alleviate the situation. One is to coat nanosized titania onto a

agnetic core of iron oxides, which makes it easier to be sepa-
ated from a slurry-type photoreactor under an external magnetic
eld [4]; however, the heterojunction formed between titania
nd iron oxides usually serves as additional recombination cen-

ers of photogenerated charges, which hence reduces remarkably
he photocatalytic activity of titania [5]. Recently, an interlayer
f silica between the magnetic core and the titania shell was
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reported to enhance the property of the magnetic photocatalyst
[6]. In addition, Agrawal et al. [7] reported a template-assisted
fabrication of hollow titania capsules containing several super-
paramagnetic Fe3O4 nanoparticles insides. Such a novel structural
design avoids the heterojunction formation, which in turn achieves
a photocatalytic activity comparable to that of bulk titania nanopar-
ticles.

The other route to easier catalyst-recovery from a slurry sys-
tem is to assemble titania nanoparticles to micrometer-sized
spheres either utilizing templates such as silica micro-
spheres [8] and polystyrene (PS) latexes [9], or through
several template-free approaches such as sol–gel strat-
egy [10,11], spraying hydrolysis [12], thermal hydrolysis
[13–15], sonochemical reactions with the help of a triblock
copolymer [16], or glycine-assisted solvothermal synthesis
[17].

One-dimensional (1D) titania nanostructures of nanorods,
nanotubes and nanowires, together with two-dimensional (2D)
titania nanosheets, possess a photocatalytic activity superior
to that of titania nanoparticles; therefore, compared with tita-
nia microspheres consisted of nanoparticles, those assembled

with 1D or 2D nanostructures should be of more interesting.
Micrometer-sized assembly of 1D titania nanorods (flower-like
or sea-urchin-like) has been achieved by hydrothermal treat-
ments of a mixture of TiCl4, ethanol and water [18,19], a

dx.doi.org/10.1016/j.jhazmat.2011.07.110
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:msewjm@zju.edu.cn
mailto:mse_yanmi@zju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2011.07.110


rdous

m
u
H
a
m
f
s
t
[
r

n
n
a
m
c
t
[
n
t
o
c
e

2

5
o
r
r
H
c
t
c
c
t
t
t
u
e
c
f
t

s
d
T
s
m
t
d
(
d
T
d
m
v
m
a
m

o
t
t

J.-M. Wu et al. / Journal of Haza

ixture of TiB2, TiO2 and HF [20], a mixture of TiF4 and
rea [21], or through a mild reaction of metallic Ti with
2O2 aqueous solution containing certain amounts of nitric acid
nd hexamethylenetetramine [22,23]. As examples, hydrother-
al treatments of amorphous titania spheres in ammonia

ollowed by a subsequent calcination achieved titania micro-
pheres assembled with 2D nanosheets [24,25]. Hollow-centered
itania microspheres consisted of radial arrays of nanorods
26] and {0 0 1}-facets exposed polyhedra [27] have also been
eported.

Direct oxidation of metallic Ti with H2O2 achieved tita-
ia thin films with various structures of nanoflowers [22,23],
anorods [28,29] and nanowires [30,31]. The solution remained
fter the Ti–H2O2 reactions can serve as a precursor to deposit
onolayers of single-crystalline rutile nanorods [32,33], which

ontributed greatly to the light response of photoelectrical
hin films when embedded in nanoparticles of either anatase
34] or CdS [35]. Herein, we report the synthesis of homoge-
eous titania microspheres consisted of 1D anatase nanowires
hrough an alkaline hydrothermal treatment of the remnant
f Ti–H2O2 reactions. The achieved titania microspheres were
onfirmed to possess high efficiency for treatments of dye efflu-
nts.

. Experimental

Each metallic Ti plate (99.5% in purity) with sizes of
cm × 5 cm × 0.01 cm was immersed in 50 ml 30 mass% H2O2 aque-
us solution and maintained in an oven at 80 ◦C for 12 h. The
emnant solution, which served as a titania precursor in the cur-
ent investigation, contained ca. 4.3 mM Ti(IV) ions and 3.2 mass%
2O2 [23]. For each synthesis, 20 g NaOH was added to 50 ml pre-
ursor to give a concentration of 10 M. The addition of NaOH in
he precursor resulted in the release of lots of heat, which led to a
lear solution. The solution was then sealed in a Teflon-lined auto-
lave (60 ml in volume) and maintained at 120 ◦C for 20 h. After
he hydrothermal reaction, the precipitates were collected by cen-
rifugation and washed thoroughly with distilled water for three
imes, followed by dispersing in 0.6 M HCl aqueous solution for 12 h
nder ambient temperature on a shaking table to fulfill the proton
xchange [26]. Finally, the precipitates were washed, collected by
entrifugation, dried at 80 ◦C, and then subjected to heating in air
or 1 h at various temperatures to allow for the titania crystalliza-
ion.

The powder morphology was observed using a field emis-
ion scanning electron microscopy equipped with an energy
ispersive X-ray analysis (EDS) system (FE-SEM, Hitachi S-4800,
okyo, Japan). The high-resolution transmission electron micro-
cope (HR-TEM) examination was employed with a JEM-2010
icroscope (JEOL, Japan) working at 200 kV. The X-ray diffrac-

ion (XRD) measurements were conducted on a Rigaku D/max-3B
iffractometer with CuK� radiation, operated at 40 kV, 36 mA
� = 0.154056 nm). Nitrogen sorption measurements were con-
ucted at 77 K using Autosorb-1-C (Quantachrome Instruments).
he Brunauer–Emmett–Teller (BET) approach using desorption
ata and the relative pressure below 0.3 was utilized to deter-
ine the surface area. The pore size distribution and pore

olume were estimated by the Barrett–Joyner–Halenda (BJH)
ethod using the desorption curve. The sample was degassed

t 150 ◦C to remove physisorbed gases prior to the measure-
ent.

Aqueous rhodamine B solution with an initial concentration

f 0.005 mmol/L was utilized as target molecules to evaluate
he photocatalytic activity for dye-effluent treatments. The pho-
odegradation experiments were conducted in a pyrex reactor
Materials 194 (2011) 338–344 339

with a water-jacket, under the illumination of a 500 W Xe-lamp
(CHF-XM500, Beijing Trusttech Co. Ltd.). Before the test, 50 ml
of the model solution loaded with 20 mg titania powders was
subjected to ultrasonic vibration for 5 min and stirred in dark
for 30 min to establish an absorption balance. During the pho-
tocatalytic reaction, the solution was stirred continuously and
exposed to air. The slurry after 30 min illumination was sub-
jected to centrifugation to separate the titania powders. The
upper clear solution was then subjected to a scan from 450
to 600 nm by a UV–vis spectrophotometer (UV-1800PC, Shang-
hai Mapada, Shanghai, China), using a quartz cuvette of 1 cm
of the optical path length. In all cases, the amount of rho-
damine B absorbed on titania powders is similar to be less than
5%; therefore, for simplicity, the remained rhodamine B concen-
tration was determined by normalizing the absorbance at the
wavelength of 553 nm to that of the as-prepared 0.005 mmol/L
solution.

3. Results and discussion

Fig. 1 shows the titania microspheres after the proton exchange
and those followed by a subsequent calcination for 1 h at 600
and 700 ◦C. Homogeneous spheres with an average diameter
of ca. 2 �m have been achieved after the alkaline hydrother-
mal treatment, which remained unchanged after the subsequent
proton exchange procedure. The homogeneous microspheres
were aggregations of nanowires, which remained stable after
a subsequent calcination at 600 ◦C. The sintering of the tita-
nia nanowires was significant only after further increasing the
calcination temperature to 700 ◦C. The proton exchange has
removed thoroughly sodium ions, as confirmed by the EDS analysis
(Fig. 2).

XRD patterns of the titania microspheres after the proton
exchange and those followed by a subsequent calcination at various
temperatures are illustrated in Fig. 3. The microspheres just after
the proton exchange exhibited very weak XRD intensity with two
broad peaks centered around 25◦ and 48◦ in 2� degrees, respec-
tively, which can be approximately contributed to monoclinic
trititanic acid (H2Ti3O7) [36,37]. After a subsequent calcination at
450 ◦C, the microspheres transformed remarkably to phase pure
anatase, according to the standard JCPDS card No. 21-1272. With
increasing calcination temperatures, the crystallinity improved, as
can be discerned by the more sharp XRD peaks. The grain size was
estimated to be ca. 19.4, 26.4 and 38.6 nm, for the three samples cal-
cinated at 450, 600 and 700 ◦C, respectively, applying the Scherer
formula [38],

D = 0.9�

B cos�
(1)

where D is the mean particle size, � is the wavelength of the X-
ray radiation, B is the full width at half maximum (FWHM) of the
characteristic peak, and � is the diffraction angle. The anatase (0 0 4)
plane located at 48.0◦ in 2� was used for the calculation because of
its symmetry.

The low-magnification TEM image of the microsphere sub-
jected to a thermal treatment at 600 ◦C is illustrated in Fig. 4a.
The microsphere as a whole exhibits a sea-urchin like morphol-
ogy, which is an aggregation of titania nanowires with average
diameters of ca. 20–25 nm and lengths of nearly 1 �m. A higher
magnification TEM image shows that the nanowires are actu-
ally chains of anatase single-crystallites. Several single-crystalline
nanorods align one by one along predominantly the axis direc-

tion of the nanowire (Fig. 4b). The upper part in Fig. 4c indicates
the HR-TEM image of two neighboring nanorods labeled as
A and B. Fringes with neighboring distances of 0.35 nm and
0.24 nm correspond to the interplaner distance of anatase (1 0 1)
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Fig. 1. FE-SEM morphologies of homogeneous titania microspheres after the proton exchange (a and b) and those followed by calcination for 1 h at 600 ◦C (c and d) and
700 ◦C (e and f).
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nd (0 0 4) planes, respectively. The two sets of fringes in the
anorod A aligned with an angle of ca. 68◦, which is near to
he theoretical value (68.3◦) for the angle between the (1 0 1)
nd (0 0 4) facets of anatase crystals. The two parallel nanorods
rew mainly along the [1 0 1] direction. The selected area elec-
ron diffraction pattern from the microsphere as a whole is
ypical of anatase with random grain orientations (the inset in
ig. 4c).

There appeared many reports on fabrications of titanate
anosheets, and also nanotubes and nanofibers via the subse-
uent folding of the nanosheets, through hydrothermal treatment
f titania nanoparticles in alkaline solutions [37,39]. It is not

urprising that, after a final calcination to decompose the polyti-
anic acid while maintaining its nanostructure, such an approach
an also be applied to synthesize titania nanotubes or nanofibers
36]. Instead of titania nanoparticles, titanium aloxides such as
tetrabutyl titanate [36], or the corrosion products of metallic
Ti (plates or powders) with H2O2 [26,40], has also been uti-
lized as precursors for the titania nanowire formation. Unlike
Mao et al. [26] and Wu et al. [40], in the current investi-
gation, the corrosive reaction between Ti and H2O2 has been
separated from the alkaline hydrothermal treatment, which we
think contributes to the formation of homogeneous titania micro-
spheres.

Under an alkaline hydrothermal condition, the formation of
titanate nanosheets proceeds in the following steps: (1) partial
dissolution of the initial source of titanium (either TiO2 or Ti)
to release Ti(IV) into alkaline solution, (2) formation of titanate

nanosheets with thickness of several nanometers, and (3) trans-
formation of nanosheets to nanotubes or nanofibers [26,36,37,39].
Titanate nanosheets remain in a dynamic equilibrium with Ti(IV)
in solution, the molar concentration, cTi(IV), of which is dependent
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Fig. 2. EDS analysis results of titania microspheres after the proton exchange and
calcinated at 600 ◦C for 1 h.
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Fig. 3. XRD patterns of the titania microspheres after the proton exchange (a) and
those followed by calcination for 1 h at 450 (b), 600 (c) and 700 ◦C (d).
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on the reaction temperature T (in Celsius) through the equation
follows (in 10 M NaOH) [41],

lncTi(IV) = 0.355 − 2623
T + 273

(2)

For T = 180 ◦C, Eq. (2) gives a value of 4.36 mM for the molar
concentration of Ti(IV) ions. The precursor utilized in the cur-
rent investigation contains ca. 4.3 mM Ti(IV), a value just near the
equilibrium concentration of Ti(IV) in 10 M NaOH. This means a
quite low supersaturation with respect to sodium titanates in the
solution. Unlike the commonly adopted reactants to synthesize
titanates [26,36,37,39–42], the present reactant contains no solid
phase to provide sites for heterogeneous nucleation; therefore, it
is expected that the sodium titanate precipitated mainly through
homogeneous nucleation. The continuous growth of the nuclei is
inhibited because of the relatively low supersaturation. As a result,
homogeneous microspheres were achieved in the current investi-
gation. It is noted that the hollow titanate microspheres achieved
by Mao et al. [26] ranged from 0.8 to 1.2 �m in size.

A Ti(IV) concentration beyond 3.3 mM as well as intensification
of the reaction through hydrothermal treatment has been argued
to favor the transformation of titanate nanosheets to nanowires
[37,41]. In the current investigation, the nanowires aggregated to
form microspheres to minimize the surface energy of the system.
The subsequent proton exchange procedure transformed sodium
titanates to hydrogen titanates, maintaining the morphology
unchanged. The subsequent calcination in air further decomposed
hydrogen titanates to anatase, through in situ crystallizations. The
resultant anatase nanowires consisted of single-crystalline anatase
nanorods aligned along the [1 0 1] direction. The grain boundary in
the nanowires is a small-angle one (Fig. 4c). It is interesting to note
that a calcination temperature as high as 700 ◦C caused remarkable
sintering of the nanowires; but the microsphere as a whole is not
destroyed (Fig. 1e and f).

Fig. 5 indicates the nitrogen adsorption–desorption isotherm
and the pore size distribution curve of the titania microspheres
obtained by 600 ◦C calcination. The BET specific surface area of
the microspheres is determined to be 45.4 m2/g. The correspond-
ing pore size distribution curve exhibits a dual pore structure of
the anatase microspheres. The maxima at ca. 1.6 nm can be con-
tributed to the defects (voids) arising from the alignment of anatase
crystals within a nanowire; while the one at ca. 17.6 nm can be
attributed to the intra-aggregate pore of the nanowires [42]. The
microspheres possessed a mean pore size of ca. 17.7 nm and a total
pore volume of 0.355 cm3/g. The BET specific surface area achieved
in the current investigation is approaching the upper limit reported
for titanate nanofibers derived by reactions of titania nanoparti-
cles with concentrated alkaline solutions, the specific surface area
of which varies in the range from 20 to 50 m2/g [37]. It is also
quite impressing when compared with previously reported titania
microspheres. For example, after calcinated at 500 ◦C, the BET spe-
cific surface area of hollow titania microspheres with mesoporous
surfaces fabricated by Li et al. [12] is 38.4 m2/g. Jitputti et al. [24]
reported that titania microspheres consisted of anatase nanosheets
exhibited a BET specific surface area of 31.7 m2/g after a subse-
quent calcination at 500 ◦C for 1 h. It is noted that, the surface area
of anatase powders derived by a hydrolyzing procedure reduced to
25 m2/g upon heating at 600 ◦C for 2 h [43]. Coalescence of neigh-
boring nanoparticles results in the grain growth and hence surface
area reduction for condensed titania powders or films. Such a phe-
nomenon could be alleviated to a great extent in the sea-urchin
like microspheres because the titania nanowires separated from

each other. It is reported that, even for low-temperature derived
crystalline titania, a subsequent calcination to further improve
the crystallinity of titania favors the photocatalytic activity [44].
Therefore, it is of great importance that the novel nanoarchitecture
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Fig. 4. Low (a) and high (b) magnification TEM images of the titania microspheres calcinated at 600 ◦C for 1 h. The HR-TEM image illustrating the alignment of two neighboring
s lectro

d
s

w
m

ingle-crystalline nanorods is demonstrated in (c). Inset in (c) is the selected area e

erived in the current investigation is capable of maintaining a high

pecific surface area upon the subsequent thermal treatment.

Fig. 6 shows the remained concentration of rhodamine B in
ater after illumination for 30 min, in the presence of the titania
icrospheres obtained by calcination at various temperatures of
n diffraction pattern collected from one microsphere.

450, 600 and 700 ◦C. The blank test revealed that the degradation of

rhodamine B under the illumination of Xe-lamp is negligible within
30 min [30]. The sample subjected to calcination at 600 ◦C exhib-
ited the best activity to assist photodegradation of rhodamine B
in water, which is significantly higher than that of P25, a golden
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Fig. 7. Optical photos showing sedimentation of Degussa P25 titania nanoparticles
(P25) and titania microspheres (MS) after the proton exchange followed by calci-
nation at 600 ◦C for 1 h: (a) just after ultrasonic vibration of the slurry and (b) that
after sedimentation for 24 h. The slurry was prepared by dispersing 20 mg titania
tandard photocatalyst. A lower calcination temperature resulted
n insufficient crystalline; while a higher temperature led to signif-
cantly sintering of the nanowires and hence the reduced specific
urface area. The high photocatalytic activity of the 600 ◦C calci-
ated microspheres can be contributed to the well balance between
he crystallinity and the specific surface area. Fig. 4c illustrates that
he nanowires constituting the 600 ◦C-calcinated microspheres are
hains of 20–25 nm anatase single-crystalline nanorods. Such a
ovel nanostructure favors the charge separation and its migration
o the surface to be involved in a photocatalytic reaction. Consider-
ng that P25 possesses an average particle size of 30 nm and a BET
pecific surface area of 50 m2/g, the fact that the present titania
icrospheres possessed an activity to assist photodegradation of

hodamine B remarkably higher than that of P25 is of great interest
n practice for treatments of dye effluents. Fig. 7a indicates that
uring the photodegradation reaction, the titania microspheres
an be well-dispersed in water. After sedimentation for 24 h, most
f the microspheres sank while P25 nanoparticles still well dis-
ersed (Fig. 7b). This suggests that the recovery of the microspheres
rom the slurry will be much easier. The improved uniformity of

he microspheres further facilitates the catalyst-recovery proce-
ure.

particles in 50 ml distilled water.
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[44] J.M. Wu, B. Huang, Y.H. Zeng, Low-temperature deposition of anatase thin films
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. Conclusions

A titania precursor containing 4.3 mM Ti(IV) ions and 3.2 mass%
2O2 was prepared by interactions between metallic Ti plate and
0 mass% H2O2 aqueous solution at 80 ◦C for 12 h, which was then
ubjected to an alkaline hydrothermal treatment at 180 ◦C for 20 h.
fter a subsequent proton exchange followed by calcination in
ir, homogeneous microspheres consisting of anatase nanowires
ere achieved. The microspheres were very uniform with sizes

f 2 �m in diameter. The radially aligned nanowires consisted
f chain-like single-crystalline anatase nanorods with diameters
f 20–25 nm. Compared with P25 titania nanoparticles, the syn-
hesized homogeneous anatase microspheres calcinated at 600 ◦C
ossessed a significantly higher activity to assist photodegradation
f rhodamine B in water, because of the well-crystallinity and high
ET specific surface area of 45.4 m2/g.
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