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Mesoporous anatase titania spheres with an average size of approx. 400 nm were facilely prepared at
low temperature by treating the titanium glycolate precursor spheres with hot water (~100°C). The sur-
face of the precursor particle became rough and the anatase phase began to form when it was treated
with hot water for 1.5 h. With increasing treatment time, the crystallinity of the particles was improved,
and the nanoporous structure further formed in the interior of the spheres. When the treatment time
was prolonged to 6 h, the mesoporous anatase spheres were finally obtained, and they were composed
of interconnected nanocrystals with the size less than 15 nm and pores with the mean size of 8.31 nm.
The as-prepared mesoporous anatase titania spheres exhibited excellent adsorption capacity and better
photocatalytic activity compared with the commercial photocatalyst P-25 due to the large specific sur-
face area. Ostwald ripening and surface energy effects were presumed to play an important role in the
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formation of mesoporous structure and anatase nanocrystals.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Titanium dioxide (TiO,) currently has become one of the most
popular semiconductor photocatalysts due to its low-cost, non-
toxicity, chemical inertness and photostability. It has been widely
used in many fields such as energy conversion, environmental
remediation, biomedicine engineering and sensor [1-3]. Although
nanosized TiO, powder usually exhibits a high photocatalytic activ-
ity, it is hard to separate and reuse this kind of powder from the
aqueous suspensions, thus limiting its practical application. The
immobilization of the TiO, catalysts on some supporting materi-
als such as glass, Si, or indium tin oxides (ITO) substrates has been
frequently adopted to overcome this problem [4,5]. However, the
photocatalytic efficiency is often weakened owing to the huge loss
in the contact area with the light source and reactant [6]. Fortu-
nately, large size porous TiO, powder consisting of nanoparticles is
able to resolve the difficulty of recycling to some extent [7]. Besides,
porous TiO, with a large surface area can adsorb more O, and H,O
which are the reaction source of active groups, exhibiting higher
photocatalytic activity. Meanwhile, the catalytic rate can be also
accelerated as the porous powder is able to adsorb more reactants
on the surface and increase the contact area. As is well known, the
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anatase phase shows the greatest activity among the several crys-
talline phases of titania. Hence, the large scale porous anatase TiO,
powder is expected to be the new generation photocatalyst because
of the high photocatalytic activity and easy recovery.

Many different kinds of methods have been reported to syn-
thesize porous titania materials. The most common approach is
template-based method which relies on soft templates (e.g. block
copolymers and supra molecular assemblies of surfactants) [8-11]
and hard templates (e.g. porous alumina, silica and polystyrene
spheres, etc.) [12,13]. For the organic templates, high temperature
thermal treatment (over 400 °C) or hydrothermal treatment is usu-
ally adopted to remove them, meanwhile accompanied with the
crystallization of amorphous TiO, [8,9]. Certainly, the templates
can also be extracted by organic solvent (e.g. anhydrous ethanol and
toluene), mild acid or alkali treatment at low temperature [10-13].
However, the thermal treatment processes frequently lead to the
partial or total collapse of the porous structure. Moreover, some
templates cannot be eliminated completely by either calcination
or solvent extraction sometimes [14]. Thus, the performance and
application of porous titania materials may be restricted to a certain
extent. Some other fabrication strategies are also reported. Kotani
et al. used hot water treatment process to leach the poly (ethylene
glycol) (PEG) in the TiO,-SiO, thin films out in less than one minute
and made the film porous. This treatment also led to the formation
of anatase nanocrystals in the whole film. But they concluded that
it is a unique phenomenon in the present SiO,-TiO, system, and
ascribed the nucleation of anatase nanocrystals to the hydrolysis
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of Si-O-Ti bonds [15,16]. In contrast to template-based method,
only a few studies involved the synthesis of porous titania without
assisting of templates [17-19].

In this paper, sub-micron-sized mesoporous TiO, spheres
consisting of anatase nanocrystals were synthesized by simply
treating the titanium glycolate precursor spheres with hot water
(~100°C) in the absence of templates. The changes in morphol-
ogy, microstructure and composition of the precursor particles with
hot water or high temperature thermal treatment for different
times were compared, and the photocatalytic activity of differ-
ent products was also investigated using Rhodamine-B (RhB) as
a photocatalytic reactant. Probable mechanisms for the simultane-
ous formation of porous structure and anatase nanocrystals were
discussed in detail.

2. Experimental
2.1. Preparation of TiO, precursor spheres

The monodisperse titanium glycolate precursor spheres were prepared accord-
ing to the reference with some modifications [20]. In a typical synthesis, 5g
tetrabutoxytitanium (TBT, 98%) was added to 50 g ethylene glycol (EG, AR) in a sealed
conical flask. The solution was magnetically stirred for 10 h at room temperature,
then the glycolated precursor was immediately poured into acetone (99.5%) con-
taining ~0.3% water at the molar concentration of 91 mM (calculated as the final
concentration of the precursor in acetone) under vigorous stirring for 20 min and
then aging for ~30 min. The white precipitate was harvested by centrifugation, fol-
lowed by washing with ethanol and deionized water several times to remove EG
from the surfaces of the titania glycolate particles and was dried at 50°C for further
usage.

2.2. Fabrication of mesoporous TiO; particles

0.5 g TiO, precursor spheres were redispersed in 100 g deionized water followed
by ultrasonic vibration for 15 min to attain a better dispersion, and the solution was
refluxed at the boiling point (~100 °C) under slightly stirring for different periods.
The white precipitate was recovered by centrifugation, then washed with deion-
ized water and ethanol several times, and dried at 50 °C for further usage. The final
mesoporous TiO, products were named as MT-x (here, x is an arabic number rep-
resenting the treatment time (min)). Besides, compact TiO, spheres prepared by
thermal treatment at 500 °C for 2 h (named as CT-500) were also used as reference.

2.3. Characterization

The morphology and microstructure changes of the TiO; spherical particles were
examined using field-emission type transmission electron microscope (TEM, JEOL
JEM-1230), high-resolution transmission electron microscope (HRTEM, PHILIPS
CM200) and scanning electron microscope (FE-SEM, FEI SIRION-100). Crystallinity
of the powders was examined from the X-ray diffraction (XRD) patterns using a
PANalytical’'s X'Pert PRO diffractometer (CuKo, 40kV, 40 mA) for 26 in the range
from 20° to 80°. The average crystallite size of anatase was calculated according to
the Scherrer’s formula using the fwhm (full width at half-maximum) data of the
major diffraction peak (101), and the instrumental line broadening was corrected
by using silicon as a standard. N, adsorption measurements were performed on a
Micromeritics ASAP 2020 apparatus at 77 K. The specific surface area of the samples
was calculated by using the multiple-point Brunauer-Emmett-Teller (BET) method
in the relative pressure range P/Py = 0.05-0.3. The pore size distribution curves were
computed by using the Barrett-Joyner-Halenda (BJH) method, and pore sizes were
obtained from the peak positions of the distribution curves. Fourier transformed
infrared (FTIR) spectra of the samples were acquired in air using a spectrophotome-
ter (Thermo Nicolet 5700).

The photocatalytic properties of the different powders were evaluated using
decomposition of RhB in a deionized water solution. P-25 powder was also adopted
as the reference for comparison. 15 mg catalyst was added to 60 g RhB aqueous solu-
tion (with the concentration of 5mgL-1). The solution was completely adsorbed
under closed light for 2h at first, and then irradiated with a high-pressure Hg
lamp (500 W) for different times. Changes in concentrations of RhB in the aque-
ous solution were examined from absorption spectra measured on a UV-vis-NIR
spectrophotometer (HITACHI U-4100).

3. Results and discussion
3.1. Characterization of morphology and structure

Fig. 1a shows the SEM image of the monodisperse titanium gly-
colate precursor spheres (approx. 400 nm in diameter) with a good
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Fig.1. SEMimage (a)and TEM image (b) of the titanium glycolate precursor spheres.

dispersivity. The bright field TEM image of the spherical colloids
(Fig. 1b)indicates that the spherical particles have a rather compact
structure and their surfaces are very smooth.

Fig. 2 presents the XRD patterns of the titanium glycolate precur-
sor spheres before and after hot water treatment for various times,
and the sample CT-500 is also shown in the image for comparison.
It is apparent that the TiO, precursor does not show any diffraction
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Fig. 2. X-ray diffraction patterns of (a) CT-500, (b) TiO, precursors, (c¢) MT-30, (d)
MT-90, (e) MT-120, (f) MT-180, (g) MT-240, (h) MT-300 and (i) MT-360.
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peak, suggesting its amorphous nature. After treating for 30 min,
MT-30 is also almost amorphous. When the precursor is treated
for 90 min, several diffraction peaks appear and all of them can be
clearly attribute to the anatase phase (JCPDS No. 21-1272; space
group, I41/amd (141)) of TiO,. With the increase of treatment time,
the peak intensities of anatase increase, indicating the enhance-
ment of crystallization. Meanwhile, the (101) plane diffraction
peaks of anatase become sharper and sharper, showing the increase
of anatase crystallite size. However, there is slight change in the
intensity when the hot water treatment time exceeds 180 min, and
further increase of treatment time has no obvious influence on the
phase structures and composition of the samples. Besides, the weak
peak at 26 =30.7° belonging to the brookite phase (JPCDS No. 29-
1360; space group, Pcab (61)) is also detected. As observed, the
sample CT-500 is made of pure anatase, and the anatase diffrac-
tion peaks of the powder obtained at low temperature are much
broader than CT-500. It indicates that the size of anatase crystals
in the TiO, particles formed by the hot water treatment is much
smaller.

100 nm

Typical TEM images of changes in morphology of the TiO,
spherical particles with different treatment times are chosen and
compared in Fig. 3. For MT-30 (Fig. 3a), there are very few fine
clusters on the surface of the particles, thus the surface is almost
smooth. When the treatment time is increased to 90 min (Fig. 3b),
the surface of MT-90 spheres gets a little rough and begins to crys-
tallize according to the results of XRD. The porous structure on the
surface layer of the spheres is formed after treating for 180 min
(Fig. 3c). With increasing reaction time to 300 min, the loose porous
structure gets deeply into the interior of the MT-300 spheres
(Fig. 3d). When the treatment time reached 360 min (Fig. 3e), the
porous spheres consisting of interconnected TiO, nanoparticles and
pores are finally obtained. In particular, the spherical morphol-
ogy of these particles is nearly preserved. By contrast, the sample
CT-500 (Fig. 3f) exhibits more compact structure and the mean
diameter of colloids reduces by ~15% as a result of the phase tran-
sition from amorphous to anatase.

HRTEM studies were performed to further investigate the
microstructure and crystallinity of MT-360. Fig. 4a shows a rep-

(b)

Fig. 3. TEM images of different spherical particles: (a) MT-30, (b) MT-90, (c) MT-180, (d) MT-300, (e) MT-360, and (f) CT-500.
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Fig. 4. HRTEM images of MT-360: (a) one typical mesoporous sphere, the inset is
magnified image and (b) corresponding lattice fringes (with the electron diffraction
pattern in the inset).

resentative HRTEM image of one TiO, mesoporous sphere with
a magnified image in the inset. Compared to the compact struc-
ture of precursor spheres (Fig. 1b), the as-obtained TiO, spheres
exhibit a hierarchically mesoporous structure. Further evidence
of microstructure can be found from the inset image (Fig. 4a). It
can be seen from the image that many nanocrystals with the size
less than 15 nm and mesopores in size ranging from 2 nm to tens
of nanometers are well dispersed in the sphere. Fig. 4b presents
the corresponding HRTEM image of the same sample with the
selected-area electron diffraction (SAED) pattern in the inset. The
nanocrystals with a lattice fringe of 0.35nm are attributed to the
spacing of (101) in anatase TiO,. In addition, the SAED pattern
shows a set of diffraction rings which have been indexed to the
(101),(004),(200), and (105) planes of the anatase phase, also
revealing the formation of polycrystalline anatase phase.

Surface area and pore size distribution of the samples are deter-
mined by nitrogen adsorption measurements. Fig. 5 shows the
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Fig. 5. Nitrogen adsorption and desorption isotherms of (a) precursor spheres, (b)
CT-500, and (c) MT-360. Inset is the BJH pore size distribution curve of MT-360.

adsorption and desorption isotherms of the precursor spheres,
CT-500 and MT-360, the inset is the BJH pore size distribution
curve of MT-360. For the as-prepared amorphous TiO, and CT-500
samples, the isotherm is of type II (BDDT classification) which is
the normal form of isotherm obtained with a non-porous adsor-
bent [21], and it is in accordance with the above TEM results.
However, MT-360 exhibits a type IV isotherm curve (BDDT clas-
sification) with an H3 hysteresis loop at high relative pressure
(P[Pg) between 0.6 and 1, indicating the presence of mesopores. The
summary of the nitrogen adsorption-desorption results of above-
mentioned products is listed in Table 1. After high temperature
thermal treatment, the sample CT-500 shows a low BET specific
surface area (14.21m2g~!) owing to the large particle size and
solid structure. While for the porous spheres treated by hot water,
the BET specific surface area and pore volume reach 194.91 m? g~!
and 0.43cm3 g1, respectively. According to the bulk density of
anatase TiO, (1 g TiO, corresponds to a volume of 0.256 cm?3), the
calculated porosity of the mesoporous spheres is 63%. Moreover,
the pore sizes of porous spheres (inset of Fig. 5) mainly range
from 2 nm to 15 nm. The average pore diameter is 8.31 nm, which
is consistent with the above HRTEM results. However, the pore
size is widely distributed. The larger pores may attribute to the
aggregation of the particles. It is reported that the introduction
of secondary larger pores could remarkably improve the activity
of mesoporous catalysts due to the enhanced diffusion of reac-
tants and products [22]. All of above results further support the
fact that the sample after hot water treatment has a mesoporous
structure.

3.2. Analysis of formation mechanism

Monodisperse titanium glycolate precursor spheres are syn-
thesized through a homogeneous nucleation and growth process.
When mixed with TBT, EG is sufficiently reactive to form glycolates

Table 1
Summary of the physical properties of different TiO, samples.

Sample Sger(m2g-1) Pore size Pore volume Crystallite size
(nm) (cm?g™) (nm)

Precursor  331.2 3.65 0.16

MT-360 194.9 8.32 0.43 7.6

CT-500 14.2 0.03 24.0

P-25 51.0 3.80 0.06 30.0
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Fig. 6. FTIR spectra taken from (a) TiO, precursors, (b) MT-180, (c) MT-360 and (d)
CT-500. Solid circle and asterisk denote the Ti-O stretching mode in the amorphous
phase of titania (at ~640 cm~1) and anatase phase (at ~465 cm™1), respectively.

or mixed alkoxide/glycolate derivatives (see the reactions below):
[20]

TI(OBU)4 +HOCH,CH,;0H — TI(OCHchzo)(OBU)z +2HOBu (1 )
TI(OBU)4 +2HOCH,;CH,;0H — TI(OCH2CH2 0)2 +4HOBu (2)

Once the derivatives are poured into an acetone bath with a
little water (~0.3%), the titanium glycolate precursor spheres are
obtained, and they contain a lot of ethylene glycol units due to the
partial hydrolysis and fast growth.

Fig. 6 shows FTIR spectra taken from the precursor and samples
of MT-180, MT-360, and CT-500, respectively. The broad absorption
peak appearing near 3400 cm~! relates to a stretching vibration of
Ti-OH group. At ~1640cm™!, a band corresponding to physically
adsorbed water also appears. These results show that the hydroxyl
group and surface adsorbed water are present in the products with
hot water treatment. As the treatment time is increased, the peak
corresponding to ethylene glycol units (the C-0 stretching mode
at ~1050cm~1) is reduced in intensity and then disappears. This
peak is also not detected in the sample with thermal treatment.
Ti-O stretching mode at ~640 cm~! belonging to the amorphous
structure shifts to ~465 cm~! once the anatase phase is formed by
hot water treatment or calcination. These observations are con-
sistent with the reported literature [20]. All of the above results
demonstrate that the porous anatase spheres are synthesized by
the further hydrolysis and condensation process of the precursor,
which can be expressed as follows:

Ti(OCH2CH20)(OBU)2 + 4H,0 — Ti(OH)4+2HOBLl

+ HOCH,CH,OH (3)
Ti(OCH,CH,0); +4H,0 — Ti(OH),4 + 2HOCH,CH,0H (4)
Ti(OH)4 — TiO2* x H,0 + (2 —x)H;0 (5)

Fig. 7 schematically depicts the formation of the mesoporous
anatase TiO, spheres. The formation mechanisms of anatase
nanocrystals and porous structure can be attributed to surface
energy effects and Ostwald ripening, respectively. When the tita-
nium glycolate precursor spheres are added to the sufficient hot
water at a boiling temperature (~100°C), the surface shell of the
particles would contact the hot water at first as showed in step (a) in
Fig. 7. According to the FTIR results, the incomplete hydrolysis pre-
cursor would undergo a further in situ hydrolysis and condensation
on the surface layer firstly. The water also promotes the crystalliza-
tion of amorphous TiO; [23]. Then, the fine anatase nanocrystal is

Hot water

Fig. 7. Schematic process of the formation of mesoporous anatase TiO, spheres: (a) hot water surrounding the precursor sphere and surface becomes rough and get
crystallization; (b) water further penetrates into the interior; (c) converts into mesoporous TiO, spheres completely.
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formed due to the lower surface energy compared to other phases.
The surface energy affects phase formation both in thermodynam-
ics and in kinetics. Thermodynamically, if the nanoparticles are
small enough, the anatase is the stable phase as a result of the low-
est total energy. Based on the classical nucleation rate (Jy) formula
(express as follow): [24]

B —AG"\ —167V2y3?
v =Joexe (<gr-) =loexr (3(RT)3(1nS)2> ©

where Jj is a pre-factor determined by the frequency of collisions
and reaction type, AG is the energy to form a critical nucleus, S is
the supersaturation, and y is the surface energy of the solid-liquid
interface. Therefore, a lower surface energy significantly increases
the nucleation kinetics, thus preferring to form anatase.

After nucleation, many small anatase crystals of different sizes
form on the surface of sphere. According to Ostwald ripening theory
[25,26], the smaller crystals slowly disappear and act as “nutrients”
for the growth of bigger crystals due to the energetic factors, while
the larger crystallites would serve as starting points (or nucleation
seeds) on the outermost surface of spheres, so the voids gradually
generate and the surface becomes rough. As the small grains get
a further growth, some cracks form on the shell, making the hot
water penetrate into the interior as showed in step (b) in Fig. 7.
It is worth noting that the Ostwald ripening firstly takes place at
the surface of compact spheres, which differs from the previous
simpler outward ripening process [27]. With the inward ripening
proceeding, the porous structure is further formed in the inner
part of the spheres and the TiO, grains gradually grow into inter-
connected nano-cluster as showed in step (c) in Fig. 7. Finally,
the anatase mesoporous spheres are formed. Interestingly, some
brookite phase appears with the extension of reaction time, and
this can also be attributed to the surface energy effect. It is known
that the relative stability of TiO, polymorphs is size-dependent
[28,29]. Anatase is most stable at sizes less than 11nm while
brookite between 11 nm and 35 nm. Besides, the transformation
from anatase to brookite can be occurred at lower temperatures as
aresult of the low transformation activation energy (11.9 k] mol~1)
[29]. Based on it, as the treatment time was increased, some grains
get a further growth and exceed the critical size, thus forming the
brookite nanocrystals.
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Fig. 8. Changes of RhB concentration in aqueous solution as a function of exposure
time in the presence of P-25, CT-500, MT-180, and MT-360.

3.3. Photocatalytic properties

To study the photoactivity in degrading contaminants from
water, four different TiO, catalysts (MT-180, MT-360, CT-500 and P-
25) were used to investigate the photocatalytic degradation of RhB.
The changes in RhB concentration during photocatalytic degrada-
tion are shown in Fig. 8. The results indicate that the mesoporous
TiO, spheres MT-360 is able to completely degrade RhB within
35 min, showing the greatest photocatalytic activity of all. It is cer-
tain that the better property of the mesoporous titania spheres
profits from two points: fast reactive rates thanks to the larger
specific surface area of the mesoporous structure; higher reactive
activity due to the anatase nanocrystals. Besides, P-25 exhibits bet-
ter photocatalytic activity than MT-180 and CT-500 because of the
biphase composite structures (anatase and brookite) and smaller
particle size (30 nm).

4. Conclusions

Afacile template-free method was developed to synthesize sub-
micron-sized hierarchically mesoporous anatase TiO, spheres at
low temperature by simply treating the titanium glycolate pre-
cursor with hot water. As the treatment time was increased, the
porous structure and crystallinity of the particles were improved.
The as-prepared mesoporous TiO, spheres consisted of inter-
connected nanosized anatase crystals show a large BET specific
surface area (194.91m2 g1), leading to the excellent adsorption
capacity and better photocatalytic activity compared with P-25
photocatalyst. The formation mechanisms of porous structure and
anatase nanocrystal are attributed to the Ostwald ripening and
surface energy effects in the sufficient hydrolysis and condensa-
tion process of the precursor. This convenient strategy presents
a new possibility for synthesis of porous anatase TiO, materi-
als from an incomplete hydrolysis precursor. Furthermore, these
sub-micron size powders can be easily separated and reused,
thus showing a promising potential in environmental protec-
tion.
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