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Abstract

Mesoporous (N, S)-codoped TiO, was simply prepared by a solvothermal method with thiourea as N and S source. The as-prepared products
were characterized by XRD, SEM, XPS, BET and UV-vis. The results confirm that N and S have been incorporated into the lattice of anatase TiO,,
which brings an obvious red-shift of the absorption edge into visible-light region. Moreover, the codoped products exhibit high photocatalytic

activity under the visible-light irradiation.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

For the application as photocatalyst, titania (TiO,) has
attracted comprehensive scientific interests and been widely
investigated in recent years, due to its advantages such as low
lost, nontoxicity, availability, and structural stability [1-8].
However, TiO, can only be activated under the UV light
irradiation for its wide band gap (3.2 eV), which means that a
red-shift of the absorption edge to visible-light region is quite
necessary in order to fully utilize the solar light. Recently, many
efforts have been made to shift the absorption spectrum of
titania towards the visible-light region. Among these efforts, the
doping of ions, especially anions doping as N, F, S, B, and C
anions, has been proved to be effective doping ions in TiO,
through mixing their p orbits with the O 2p orbits in TiO, to
reduce the band gap energy of TiO; [9,10]. Furthermore, it has
been confirmed that the codoping of multiple ions can further
extend the absorption edge into the visible-light range and
promote the efficiency of photocatalysis obviously because of
the synergistic effect of the multiple ions [11-16].
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TiO, with mesoporous structure has also been used as an
efficient photocatalyst for the decomposition of the organic
compounds and in dye-sensitized solar cells for its large surface
area and pore volume [17-19]. Usually, mesoporous TiO, is
prepared by template-based methods using soft templates
(surfactant and block polymers) or hard templates (porous
silica, polystyrene spheres, and porous carbon) [20-23]. For the
hard templates, the complete removing of these templates will
be difficult. And most of the soft templates are organic
molecules, which are favorable to form super mesoporous
structure. However the removal of the organic templates would
bring environment problems [24].

In this paper, a simple solvothermal method is used to
synthesize the (N, S)-codoped anatase phase TiO, with
mesoporous structure. In the typical synthesis process, tetra-
butyl orthotitanate (TBOT) is used as the precursor and thiourea
as the sources of the nitrogen and sulfur doping. The result
shows that in this process, (N, S)-codoped anatase TiO, with
mesoporous structure can be obtained without the existing of
any hard or soft templates. It is found that the thiourea not only
can provide the codoping sources, but also help to form TiO,
spheres with mesoporous structure by adjusting the pH value of
the solution during the solvothermal treatment. The photo-
catalytic activities are evaluated by the photodegradation of
methylene blue (MB) under the visible-light irradiation, which
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confirms that the as-prepared (N, S)-codoped TiO, shows
enhanced visible-light photocatalytic activity.

2. Experimental details
2.1. Synthesis of materials

The (N, S)-codoped mesoporous TiO, spheres were prepared
by a solvothermal method. 0.003 mol TBOT was mixed with 4 g
HCI1 (37 wt%), and thiourea was mixed with 30 mL ethanol
(99.5%), respectively. Then the latter mixture was slowly put
into the former one under continuously stirring. After stirring for
2 h, the obtained transparent solution was transferred into the
Teflon-lined stainless steel autoclave and heated at 150 °C for
6 h. The obtained precipitate was separated by centrifugation
and washed with ethanol. Finally, the white powder was
annealed at 450 °C for 2 h with a heating rate of 2 °C/min. The
molar ratio of thiourea to TBOT was chosen as 0, 0.25, 0.5, 1.0,
and 1.5. The corresponding annealed final products were named
as NST-000, NST-025, NST-050, NST-100, and NST-150,
respectively.

2.2. Measurements

The crystal phases of the products were detected by X-ray
diffractometer (XRD, X’Pert PRO) with a Cu Ka radiation. The
microstructure was characterized by environment scanning
electron microscopy (ESEM, Quanta 200) and field emission
scanning electron microscopy (FESEM, Sirion 200). The
binding energy was identified by X-ray photoelectron spectro-
scopy (XPS, Shimadzu ESCA 750). The BET and BJH results
were calculated according to N, adsorption—desorption
measurements at 77 K (Micromeritics ASAP 2020 M
analyzer). The shift of absorption edge was measured by the
UV-vis diffused reflectance spectra, in which BaSO, was used
as the reflectance standard.

2.3. Photocatalytic activity

The photocatalytic activities of the products were evaluated
by the degradation of methylene blue (MB) under visible-light
irradiation. A 500 W xenon lamp with a filter (420-750 nm,
Trans 95%) was used as the visible-light source. An amount of
photocatalyst (0.015 g) was added into a 25 mL MB aqueous
solution (2.5 x 10~ mol/L). Before the photocatalytic experi-
ment, the suspension was stirred in the dark for 0.5 h. The
concentration of MB was monitored every 1 h by measuring the
maximun absorbance of MB at 664 nm using UV—vis spectrum.

3. Results
3.1. Characterization of (N, S)-codoped TiO,

Fig. 1 shows the XRD patterns of the as-prepared products. It
can be found that most of the products are pure anatase phase,

including the unannealed product. It has been reported that the
anatase phase is beneficial for the photocatalytic degradation in
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Fig. 1. XRD patterns of as-prepared TiO, structure: (a) NST-00, (b) NST-025,
(c) NST-050, (d) NST-100, (e) NST-150, and (f) unannealed product of NST-
100.

many relevant studies. From Fig. 1, it also can be found that the
characteristic peaks belongs to rutile are also existing in the
undoped (a) and NST-025 (b) samples. However, with the
increasing of the thiourea in the starting materials, the products
gradually exhibit homogeneous pure anatase phase. The result
shows that the doping may prevent the formation of rutile
structure and result in the formation of the pure anatase
structure.

Fig. 2 shows SEM images of the as-prepared products. SEM
images reveal that the prepared TiO, powders are mainly
composed of irregular small particles of hundreds nanometers
and single-dispersed spheres with size of about 1-3 pm. The
ratio of particles and spheres changes with different synthesis
parameters. According to Fig. 2f, the sphere has a rough surface
with mesoporous structure, which confirms that the spheres are
formed through the agglomeration of a large number of small
titania crystallites during the solvothermal process.

From Fig. 2a—e, it can be found that the sphere size varies
slightly with the thiourea amount. The particles in the sample
NST-050 are the most uniform and smallest. The crystal growth
can be explained as an oriented attachment growth mechanism
[25-28] under solvothermal conditions. Usually, in aqueous
system, the hydrolysis rate of Ti-containing precursors (TBOT)
is too fast to form titania with regular shape such as sphere [29—
31]. In present research, the precursor solution was a quasi non-
aqueous system. The formation rate of titania crystallites
through the alcoholysis of TBOT was much slower than that
through the hydrolysis process. This slow alcoholysis process
of TBOT led to the formation of nano-sized TiO, crystallites.
Then these nano-sized crystallites aggregated isotropically to
form the micrometer-sized spheres due to a well-known
aggregation mechanism [32,33]. The mesoporous structure was
then formed because of the intercrystallite voids originated
from the loose aggregation of the nanoparticles. However,
besides the spheres, there are still existing nano-sized particles
as shown in Fig. 2. It may be due to the reason that the
alcoholysis rate is still faster than the aggregation process of the
crystallites to form spheres.
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Fig. 2. SEM images of N, S-TiO, structure: (a) NST-00, (b) NST-025, (c¢) NST-050, (d) NST-100, (e) NST-150, and (f) detailed surface of the spheres.

Fig. 3 shows the typical pore size distribution curve from the
nitrogen isotherm result by the BJH method of the as-prepared
NST-050, which is a type IV isotherm curve with H, hysteresis
loop, the characteristic of mesoporous materials [34,35]. The
formed nanopores have the pore size of about 20 nm. The
nitrogen adsorption—desorption isotherms results for all the
products are listed in Table 1. It can be found from Table 1 that
the doped products have larger surface area than the as-
prepared pure TiO,. This is due to the decomposition of the
thiourea during solvothermal treatment, which resulted in the
change of pH value of the mixture solution and the formation
rate of the crystallites. Also, the partial mesoporous structure of
the spheres results in the increase of the surface area, which is
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Fig. 3. BJH pore size distribution of the product NST-050 and the correspond-
ing isotherms condition.

helpful for the improvement of the photocatalytic activities.
Furthermore, the high surface area is related with the size of the
crystallites. With the decrease of the crystallites size calculated
from the XRD patterns using Scherrer equation, the surface
area of the product increases.

The diffuse reflectance spectra of the prepared samples are
shown in Fig. 4. The absorption edges of all the doping samples
shift to the visible-light region, compared to the pure anatase
TiO,. Among them, the sample NST-025 obviously has the
strongest absorption to the visible-light. These results can be
attributed to the N and S doping, which can narrow the band gap
of the TiO, and produce more charge carriers. Thus the
enhancement of absorption for the visible-light would be
beneficial for the improvement of the photocatalytic ability.

The typical XPS analysis result of the doped TiO, NST-050
is shown in Fig. 5. The S 2p data include two peaks in the
spectrum around binding energy (BE) of 168.6eV and
169.7 eV. Researches have indicated that S 2p peaks are found
for high oxidation states at BE > 168 eV. Thus these two BE
peaks can be attributed to S®* in the lattice replace for Ti'**,
meaning the S cationic doping in the lattice [36,37]. No obvious

Table 1
BET surface area and crystallite size of as-prepared products.

Samples Molar ratio Crystallite size (nm) SBET (m2/g)
of thiourea/TiO,

NST-000 0 46.24/28.83(r) 29.11

NST-025 0.25/1 42.05/26.30(r) 36.25

NST-050 0.50/1 20.36 65.32

NST-100 1.00/1 33.52 38.04

NST-150 1.50/1 26.07 49.90
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Fig. 4. UV-vis diffuse reflectance spectra of the TiO, products.

S*~ ions replacement of O®~ ions in the lattice can be observed
since there is no peaks locating at around BE 161.8 eV for S*~
jons replacing the O>~ ions in the lattice of TiO,, which will
cause a lattice distortion for the notable ionic radius difference
between S*~ (0.184 nm) and O>~ (0.140 nm) [38]. The total
volume of S doping in NST-050 is about 0.35 at%.

The N1s roughly contains two kinds of peaks at 395.9 eV
and 399.7 eV, which is similar with the reported results [39].
The peak detected at 395.9 eV is due to the form of nitrides
chemisorbed on the surface of the products, and BE of 399.7 eV
is resulted from the formation of O-Ti-N sites in anatase TiO,
lattice. The total N doping in NST-050 is about 0.62 at%.

The XPS results confirm that N and S elements have
successfully incorporated into the lattice of anatase TiO,. The
result is consistent with the theoretical calculation of our
previous study result about N and S doped TiO, that confirms N
replacing O site and S replacing Ti site in anatase lattice [40].
The codoping effect will result in the occurrence of the
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Fig. 5. XPS result of the doped TiO, products.
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Fig. 6. Photocatalytic activities of TiO, products and Degussa P25 under the
visible-light irradiation.

hybridized states located in the band gap, resulting in the band
gap narrowing.

3.2. Photocatalytic activity of (N, S)-codoped TiO»

In Fig. 6, the photocatalytic activities of the as-prepared
TiO, products and commercial Degussa P25 TiO, nano-
powders were evaluated by measuring the degradation
efficiency of the MB aqueous solution under visible-light
irradiation. The result shows that all the prepared TiO, products
are superior to Degussa P25 in the visible-light region,
regardless of the doping or not. This is because of the codoping
effect that would change the gap band of TiO,. Among them,
the NST-050 sample displays the highest photocatalytic
activity, which could be ascribed to the synergic effect of its
large surface area and (N, S)-doping.

4. Conclusions

Mesoporous structure (N, S)-codoped TiO, products have
been successfully synthesized through a simple solvothermal
method with the thiourea as the resources of N and S. XPS
results confirm that N and S have been incorporated into
anatase lattice. And the co-doped products exhibits higher
photocatalytic activities than the undoped TiO, or P25 under
the visible-light irradiation, because the codoping can narrow
the band-gap of anatase TiO,.
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