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a b s t r a c t

Mesoporous titanium dioxide beads with high surface areas (over 90 m2/g) and tunable pore sizes (from
12.8 to 16.5 nm) were synthesized via a solvothermal process heating by microwave irradiation, with
ammonia being used as both a source of nitrogen and a control agent for the mesoporous structure.
Structural characterization indicated that the mesoporous TiO2 beads were composed of nanocrystals
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and pores and the beads possess a optical band gap energy of 3.11 eV. The doping nitrogen was in the
form of NHx or NOx species and was adsorbed on surface of the beads, which caused changes to the
surface electronic structure. The results show that the samples which possess higher-order structure,
large surface area and well-defined crystallinity have the best performance in photocatalytic activities
exhibited as evaluated in the degradation of methylene blue.
hotocatalytic
olvothermal process

. Introduction

Mesoporous materials with a crystalline framework, high spe-
ific surface area, excellent transport behavior and tunable pore size
ave received significant research attention [1–4]. To achieve a high
urface area and meso or microporous structure, the fabrication of
esired morphologies and structures is important as well as con-
rol in crystallinity, porosity and composition [5,6]. Titania (TiO2)
as proven to be the most versatile material among various oxide
nd nonoxide photocatalysts because of its high catalytic activity
nd long-term stability [7]. Mesoporous titania films [8,9], beads
10–15], networks [16,17], and tubes [18,19] have been prepared
ia different synthesis strategies. In order to optimize the perfor-
ance of TiO2 for the photon-related application, it is desirable to

ombine high-surface area and surface modified [20,21]. In these
pplications such as photocatalysis, catalysis, dye-sensitized solar
ells (DSSC) and photonic crystals, where the diffusion of photons

r molecules through the pore structure is vital for optimum per-
ormance, a highly ramified network of macro- and mesopores is
esired [22]. Recently, the surface structure of TiO2 photocatalysts
as been intensively explored at the atomic level. And Liu [23] have
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been made toward creating higher-order and high-surface area
micro-sized superstructures from primary anatase TiO2 nanocrys-
tals via fluoride mediated self-transformation method and proved
that surface chemistry of TiO2 materials open new avenues for the
design of advanced photocatalysts with desirable catalytic selec-
tivity beyond reactivity and stability.

Herein we report the synthesis of crystalline, mesoporous TiO2
beads with surface areas up to 122.2 m2/g and tunable pore sizes
(pore diameters varying from 12.8 to 16.5 nm) through a facile
combination of sol–gel and solvothermal processes. This synthetic
route of TiO2 mesoporous beads from amorphous TiO2 beads has
the potential to prepare many spherical materials useful as photo-
catalytic, gas-sensing, optical, or biomedical materials [24,25]. And
higher-order and high-surface area micro-sized superstructures of
primary anatase TiO2 nanocrystals were formed on the surface of
mesoporous TiO2 beads. Additionally, the ammonia used in the
synthesis served both as a source for the nitrogen doping as well
as a control for the formation of the mesoporous structure. The
formation of mesopores and the doping of nitrogen in TiO2 were
completed simultaneously during the solvothermal treatment. The
effect of the amount of ammonia on the mesostructure was also
discussed.

2. Experimental
2.1. Preparation

Mesoporous TiO2 beads were prepared from a combined sol–gel
and solvothermal process. The compounds used in the synthe-

dx.doi.org/10.1016/j.jhazmat.2011.03.011
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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is were tetrabutyl titanate (Ti(OBu)4), ethanol, ammonia, sodium
hloride and deionized water.

First, 2.2 mL of Ti(OBu)4 was added dropwise into a mixture of
thanol (100 mL) and sodium chloride solution (0.4 mL 0.1 M) to
btain a turbid solution under magnetic stirring. Then, the suspen-
ion was aged in a static condition for 24 h; the powder deposited
t the bottom of the vessel was collected and dried at 80 ◦C in air.

In order to obtain the mesoporous TiO2 beads with high crys-
alline frameworks, 0.8 g of the amorphous TiO2 beads (samples S1)
as dispersed into a mixture of 20 mL ethanol and 10 mL deion-

zed water. Then different amounts of 25% ammonia solution were
dded (0.0, 0.5, 1.0, and 1.5 mL ammonia for samples S2, S3, S4
nd S5, respectively). The mixture were sealed within a Teflon-
ined autoclave (100 mL) and heated by microwave irradiation at
80 ◦C for 1 h. The solid products were collected by centrifugation,
ashed with deionized water and ethanol several times, and then
ried in air at 80 ◦C to produce the final mesoporous TiO2 beads for
haracterization.

.2. Characterization

Morphologies of the samples were observed by using a
igh-resolution field emission environmental scanning electron
icroscope (JSM-6700). All the images were obtained under

igh vacuum mode without sputter coating. X-ray diffrac-
ion (D/max-2200, Diffractometer with Cu Ka radiation) was
sed to verify crystal phase and estimate the crystal sizes of
he resulting mesoporous TiO2 beads. The samples were also
nalyzed by X-ray photoelectron spectroscopy (XPS). Nitrogen
dsorption–desorption isotherms were measured at −196 ◦C by
sing a JW-004A system. Fourier transform infrared (FTIR) spectra
ere taken on a FTIR spectrometer (EQUINOX-55). Absorp-

ion spectrum was measured on a UV–vis spectrophotometer
UV-2550) in the wavelength range of 200–800 nm, and the
hotoluminescence (PL) spectra were measured with a fluorospec-
rophotometer (HITACHI F-4500) using the 325 nm line of a Xe lamp
s the excitation source at room temperature.

The elemental composition of the TiO2 beads was determined by

-ray photoelectron spectroscopy (XPS) obtained on an Axis Ultra,
ratos (UK) using monochromatic Al K� radiation (150 W, 15 kV,
486.6 eV). The vacuum in the spectrometer was 10−9 Torr. Binding
nergies were calibrated relative to the C1s peak (284.8 eV) from
ydrocarbons absorbed on the surface of the samples.

Fig. 1. SEM images of the precursor material S1 (a), and the m
aterials 190 (2011) 133–139

2.3. Photocatalytic activity

The photocatalytic activity of the prepared mesoporous TiO2
beads was evaluated through the degradation of 50 mg/L methyl
blue (MB) (marked as −20 min) in a BL-GHX-V multifunctional
photochemical reactor (Shanghai Bilon Experiment Equipment Co.
Ltd., Shanghai, China). The volume of the reaction solution was
240 mL (8 test tubes of 30 mL) into which 100 mg of photocata-
lyst was added and stirred for 20 min. Irradiation was provided by
a medium-pressure Hg lamp (300 W). The solution was dispersed
by sonication, and then transferred to test tubes. Stirring was per-
formed at all the times during the reaction. Sampling was also
performed at regular intervals. The residual concentration of MB
was determined by measuring its absorbance at 665 nm using an
UV–vis spectrophotometer (UV-2550).

3. Results and discussion

3.1. Crystalline structure

Fig. 1 shows the scanning electron microscopy (SEM) images of
the TiO2 beads (sample S1) and the mesoporous TiO2 beads pre-
pared with different ammonia concentrations, and Fig. 2 shows the
X-ray diffraction (XRD) patterns of the compounds. The S1 sample
was made up of monodispersed beads with a diameter of about
1000 nm. These beads possessed relatively smooth surfaces with-
out obvious nanocrystalline features (Fig. 1a). The corresponding
XRD pattern (Fig. 2, S1) indicates these precursor materials were
amorphous.

After solvothermal treatment in a mixture of 20 mL ethanol and
10 mL deionized water, the monodispersed TiO2 beads possessed
an average diameter of 800 nm and with increased roughness (sam-
ple S3, Fig. 1b), indicating a 20% shrinkage of bead diameter. As
illustrated by the high magnification SEM image (Fig. 1d), these TiO2
beads contained nanocrystals (16.7 ± 0.8 nm), and pores (≈15 nm)
could be observed on the surface of the beads. Additionally, the XRD
pattern of these TiO2 beads (Fig. 2c) shows well-resolved peaks

corresponding to anatase as a unique phase (JCPDS card No. 21-
1272). Using the Scherrer equation, the crystal size was estimated
from the (1 0 1) peak to be 16.88 nm in diameter, which agreed
well with the SEM result (Fig. 1e). For samples S3 and S5, the
TiO2 beads that were composed of elongated TiO2 nanocrystals

esoporous TiO2 beads S2 (c), S3 (b), (d), S4 (e) and S5 (f).
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Table 1
Physical properties of the as-synthesized TiO2 beads.

Sample Nitrogen
content (at%)a

Surface areas
(m2/g)

Pore size
(nm)

dXRD
b

(nm)
DSEM

c

(nm)

S2 0.05 122.2 ± 0.5 12.8 ± 0.2 10.40 10.5 ± 0.3
S3 0.54 107.0 ± 0.7 14.2 ± 0.2 11.75 16.7 ± 0.5
S4 0.91 90.1 ± 0.6 16.5 ± 0.3 16.88 20.0 ± 0.8
S5 1.34 94.2 ± 0.8 15.1 ± 0.2 13.64 18.0 ± 1.0

were obvious porous characteristics and mesoporous structure.
ig. 2. (a) Wide-angle XRD patterns of the as-synthesized TiO2 beads (samples S1,
2, S3, S4 and S5) and (b) low-angle XRD patterns of sample S1 and S2.

Fig. 1e and f) with an average particle size of (20.0 ± 0.8) and
18.0 ± 1.0) nm (short dimension), respectively. Compared to sam-
le S2 (Fig. 1c), the crystal size was increased due to the presence
f ammonia during the solvothermal process, which instigated ori-
nted crystal growth to give rise to the elongated nanocrystals.
owever, when excessive ammonia was added, such as for S5

Fig. 1f), the mixture resulted in monodisperse TiO2 beads that were
lightly smaller in their oriented crystal growth compared to S4.

It has been confirmed that conventional methods such as sol–gel
ould not be used to prepare monodispersed spherical titania
ecause the hydrolysis rate of Ti-containing precursors was too
ast and the nucleation and the growth were difficult to sepa-
ate. In the present research, the Ti(OBu)4/NaCl/ethanol mixture,
quasi-nonaqueous system, slowed the initiation of the alcohol-

sis of Ti(OBu)4 at the ambient temperature. The concentration
f mineralizing agent (NaCl in here) controlled the slow nucle-
tion and growth processes of TiO2 to form small TiO2 crystallites.
hen, these nanometer-sized particles aggregated isotropically to
orm the micrometer-sized spherical product due to a well-known
ggregation mechanism [26,27]. The mesopores were formed from
he intercrystallite void that originated from the loose aggrega-
ion of the nanoparticles, thus explaining why sample S1 had a

esoporous structure (as shown in Fig. 2b).
However, during the solvothermal process of the mixture, the
morphous TiO2 beads were partly redecomposed into nanoparti-
les and then aggregated to produce the formation of TiO2 nuclei.
he TiO2 nuclei were formed and grew on the malformed sur-
ace of beads. By aging for 1 h, the mesoporous TiO2 beads were
a Nitrogen content (at%) calculated from XPS.
b Crystal size calculated by apply the Scherrer equation to the (1 0 1) anatase peak.
c Crystal size measured from the corresponding SEM images (Fig. 1c–f).

formed finally. In this paper, the addition of ammonia can cause a
large quantity of gas such as NH3 to be produced in the autoclave
and increase the pH in the solution. More ammonia in the starting
solution led to an increase in the number of nuclei formed at the
beginning period of solvothermal treatment. Thus, TiO2 crystallite
size would be limited since the total amount of TiO2 in solution is
the same, which could be used to explain the difference in crystal-
lite size of the products. These larger amounts of nuclei and then
the small crystallites in the larger amount of the ammonia-added
products (such as S4, S5) made the aggregation process faster and
more random [28]. Therefore, the samples S4 and S5 have a larger
nanocrystals size and mesopore size.

3.2. XPS analysis

The XPS analysis in Fig. 3a shows that S4 consisted of Ti, O, C and
N; the C was mainly ascribed to adventitious hydrocarbon from XPS
itself. Fig. 3b shows the XPS spectra of the N 1s region while Fig. 3c
and d represents the O 1s and the Ti 2p region respectively. The N
1s spectrum indicates one peak of binding energy around 400 eV,
which most of the researchers interpret the peaks above 400 eV
as the chemisorbed �-N2 or from surface adsorbed NHx species
or from NOx [29,30], though there is still some controversy over
the exact position of N in N-doped TiO2. The O 1s XPS spectrum
exhibited an additional peak at a slightly higher BE than TiO2 which
was indicative of the incorporation of N in TiO2. The O 1s region
could be fitted by the peak at 531.3 eV corresponding to the Ti–O
bond (Fig. 3c) [31]. Finally, in Fig. 3d the peak position of Ti 2p3/2
corresponds to that of the Ti4+ oxidation state. The shape of the Ti
2p excludes the presence of traceable amount of Ti4+, which are
separated by about 5.7 eV formed the Ti4+ peak [32].

The atomic content of nitrogen in the samples was calculated
from the XPS and is represented in Table 1. S3, S4 and S5 had N
contents of 0.54, 0.91, and 1.34 atomic%, respectively.

3.3. BET analysis

Fig. 4 shows the nitrogen adsorption–desorption isotherm
(inset) and pore size distribution plots for the mesoporous TiO2
beads (sample S4). The hysteresis loop is of type H2, which is con-
sistent with pores with narrow necks and wider bodies (ink-bottle
pores) [21], and indicates the presence of mesoporous materials
according to IUPAC classification [26]. The plot of the pore size
distribution was determined by using the Barrett–Joyner–Halenda
(BJH) method from the desorption branch of the isotherm. The
average pore diameter and BET surface area of the TiO2 beads are
16.5 nm and 90.1 m2/g, respectively. The results of other samples
are shown in Table 1. As shown in Table 1, the surface areas for
samples S2, S3, S4, and S5 were all larger than 90 m2/g and there
The sample S2 had a specific surface area about 122 m2/g and a
narrow pore size distribution centered at 12.8 nm. Adding 0.5 and
1.5 mL ammonia solution resulted in the pore size increasing to 14.2
and 15.1 nm for samples S3 and S5, respectively. This enlargement
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Fig. 3. (a) The survey spectrum; (b) N1s XPS spectra;

n pore size along with an increase in crystal size resulted in a cor-

esponding decrease in the specific surface area from 107.0 to 90.1
nd 94.2 m2/g in this process. And the sample S5 have letter larger
han sample S4 because of the smaller size of the nanocrystals (see
ig. 2a and Table 1).

ig. 4. N2-sorption isotherms (inset) and corresponding pore-size distribution
urves for the TiO2 beads (sample S4).
s XPS spectra and (d) Ti2p XPS spectra of sample S4.

3.4. FTIR analysis

The FT-IR spectra of the mesoporous TiO2 beads (sample S2, S3,
S4, S5) are shown in Fig. 5a and b. The broad peaks at 3400 and
1650 cm−1 observed for two TiO2 samples correspond to the bend-
ing and stretching models of surface-adsorbed water and hydroxyl
groups, respectively [33]. This indicates that water molecules are
easily adsorbed on the surface of TiO2 [34]. The 700–460 cm−1

range has a broad and flat absorption band due to the quan-
tum effect of nano-particle size which causes the fine structure
of the infrared absorption band to disappear [35,36]. Addition-
ally, peaks characteristic of Ti–O stretching vibrations occurred
around 480 cm−1. The FTIR spectra of plasma showed a new peak
at 1404 cm−1 which was absent in the samples S3, S4, S5 and can
be attributed to the C–H deformation vibration of CH3–N from the
ammonia solution.

3.5. UV–vis analysis

The optical band gap of the mesoporous TiO2 beads was tested
by means of UV–vis optical absorbance spectroscopy. The relation-
ship between the absorption coefficient (˛) and the photon energy
(h�) can be written as shown in Eq. (1) [27]:
(˛hv)2 = B(E − Eg) (1)

where B is the constant related to the effective masses associated
with the valence and conduction bands, Eg is the band gap energy,
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Fig. 5. FTIR spectrums of the samples.

nd E is the photon energy as defined by E = h�. Fig. 6 shows the
bsorption spectra of the samples, which are all nearly identical,
ndicating that their optical band gaps were also almost the same.

he inset curve shows the plots of (˛h�)2 versus the (h�). Eg for
he mesoporous TiO2 beads can be calculated by extrapolating the
inear portion of (˛h�)2 versus the (h�) plot to ˛ = 0. Thus, the optical
and gap for these mesoporous TiO2 beads is about 3.11 eV.

ig. 6. UV–vis absorbance spectrum of the TiO2 beads, The inset shows the plot of
˛h�)2 versus photon energy (h�).
Fig. 7. The photoluminescence (PL) spectra of the samples.

3.6. PL analysis

PL emission spectra have been widely used to investigate the
efficiency of charge carrier trapping, immigration, and transfer,
and to understand the fate of electron–hole pairs in semiconduc-
tor particles. In this study, PL spectra of the samples are shown in
Fig. 7 revealing that the PL peaks are nearly identifical in shape and
position for all of the samples. There was a broad emission band
centered at 396 nm which was ascribed to bound-exciton emission
due to the trapping of free excitons by titanate groups near defects.
There were also PL bands at the long wavelength range from 440
to 520 nm, which were attributed to the oxygen vacancies, impu-
rities and defects. However, when the amount of 25% ammonia
solution was higher than 0.5 mL, the pore sizes increased accord-
ingly which encourages surface recombination. Thus the peak at
396 nm became stronger, and the peak at 468 nm only changed
slightly. Lastly, the PL spectra clearly showed that the additions of
ammonia can affect the surface electronic structure, and the doping
nitrogen was in the form of NHx or NOx species adsorbed on surface
of the beads [37].

3.7. Photocatalytic activity

The photocatalytic activity of the prepared samples was eval-
uated by monitoring the degradation of MB in aqueous solution.
Fig. 8 shows successive UV–vis spectra of the MB photocatalytic
degradation in the presence of the sample S2 under UV irradia-
tion, and Fig. 9 shows the photocatalytic degradation of by all of
the samples. A progressive decrease in the MB absorption band at
665 nm is clearly shown in Fig. 8 when the solution exposed to
UV illumination. No changes in absorbance at 665 nm are observed
in the dark or in the absence of the TiO2 samples, indicating that
the highly crystallized mesoporous TiO2 beads exhibit good photo-
catalytic activity. The mesoporous sample exhibits photocatalytic
activity that was marginally better than S1, because of the anatase
phase structure and high BET surface area. Moreover, hydrother-
mal synthesis is proven to be an effective method to enhance the
photocatalytic activity of nano-sized TiO2 materials. Interestingly,
changes in the addition of ammonia exhibit a significant influence
on the photocatalytic activity of the TiO samples (Fig. 9), due to
2
increased crystallization, formation of the mesoporous structure
and surface modified. This result also demonstrated that the sam-
ples possessed high surface area and better quantum-size effects,
which could change the surface electronic structure to shorten the
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Fig. 8. Successive UV–vis spectra of MB photocatalytic degradation in the presence
of S2 sample under UV irradiation. The concentration of the reactants was as follow:
[MB] = 50 mg/L, [S2] = 0.1 g/L.
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Fig. 9. Photocatalytic degradation activity of different samples.

oute for an electron to migrate from the conduction band to its
urface and enhance the activities of the electrons and holes [24,25].

In general, specific surface areas and crystallinity can be con-
icting factors influencing the photo-catalytic reactivity of TiO2
38,39], particularly for amorphous and poorly crystalline mate-
ials in which the enhanced activity associated with large surface
reas is offset by increased numbers of defects that promote photo-
enerated electron–hole recombination and reduce photoactivity.
he photocatalytic activity is therefore mainly related to a bal-
nce between the specific surface area and crystallinity, the sample
2 is optimized because of the higher-order structure, relatively
arge surface area and well-defined anatase crystallinity that reduce
lectron–hole recombination. So the sample S4 have the highly
rystallinity and relative smaller surface areas, show lower pho-
ocatalytic activity than the sample S2 and these samples exhibit
he high specific photocatalytic activity also (see Fig. 9).

. Conclusions

In summary, we have successfully demonstrated highly crys-

allized mesoporous TiO2 beads with high surface areas of up to
22.2 m2/g and tunable pore sizes (from 12.8 to 16.5 nm) prepared
hrough a combined sol–gel and solvothermal process heated by

icrowave irradiation. In this process, ammonia had a crucial effect

[

aterials 190 (2011) 133–139

on the mesoporous structure and the nitrogen doping amount in
TiO2; the surface electronic structure changed due to the nitro-
gen doping shown in the PL spectra. The photocatalytic results also
proved that the sample S2 has the best performance in photocat-
alytic degradation because of the higher-order structure, relatively
large surface area and well-defined anatase crystallinity that reduce
electron–hole recombination.
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