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Porous nanocrystalline S-doped TiO,-ZrO,, visible-light photocatalysts were prepared through a one-step
method. The resulting materials were characterized by X-ray diffraction (XRD), N, adsorption-desorption
measurements, transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), UV-vis
diffuse reflectance spectra (DRS), Fourier transform infrared spectra (FT-IR) and electron paramagnetic
resonance (ESR). It was found that modification by ZrO, could effectively inhibit phase transformation,

enhance visible-light absorption, and possess more surface hydroxyl groups. The photocatalytic activity
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of S-doped TiO,-ZrO; was higher than that of unmodified S-doped TiO, and Degussa P25. The enhanced
photocatalytic activity could be attributed to the higher specific area, smaller crystal size, porous structure
and more surface hydroxyl groups in the catalyst.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

TiO, has been widely used as an efficient photocatalyst for the
photogradation of organic pollutants in water owing to its inex-
pensiveness, strong oxidizing power, non-toxicity and long-term
photostability [1-4]. However, it can be activated only under UV
light irradiation because of its large energy band gap (3.2 eV for
anatase TiO;) [5,6]. For further improvement of effective utiliza-
tion of the solar energy, considerable efforts have been made to
shift its photocatalytic activity to the visible-light region. One of
earlier approaches was the doping of TiO, with transition-metal
elements [7-9]. However, the disadvantage of cationic dopants
is that they often show a weak absorption in the visible-light
region [10]. For further improvement of effective utilization of
solar energy, nonmetal doping (N, S, B, C) has been carried out to
prepare visible sensitive photocatalyst via band gap narrowing of
photocatalyst [11-21]. Among which, S dopant is often incorpo-
rated as anion, cation or both anion and cation to take the place
of Ti ion or/and oxygen in the lattice of TiO,, and the S-doped
TiO, powders show high photocatalytic activity under visible-
light [21-23]. In general, the preparation of S-doped TiO, powder
mainly includes wet chemical methods such as co-precipitation,
sol gel, and hydrothermal [24-26]. These methods are usually per-
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formed under relatively low temperature conditions because the
prepared S-doped TiO, materials usually have a low thermal sta-
bility. Otherwise, the doped nonmetal element will be replaced by
oxygen again under high thermal treatment. However, low temper-
ature condition usually leads to the existence of other undesired
impurified materials, low crystallinity and lots of surface defects,
which are not helpful to the improvement of photocatalytic activ-
ity.

The introduction of a second metal oxide (La; 03, SiO, ZrO,, etc.)
was proved to be an effective route to improve the thermal sta-
bility and UV light photocatalytic activity of TiO, [27-29]. Among
them, a mixed system with ZrO, and TiO, was widely investigated
in the photocatalysis field by our and other groups [29,30], the addi-
tion of ZrO, in TiO, could not only enhance the phase stability for
the phase transformation of pure TiO, and N-doped TiO, particles
from anatase-to-rutile but also stabilize the surface area and nitro-
gen incorporated in the catalyst, and thus enhanced photocatalytic
activity.

In the present research, mesoporous S-doped TiO,-ZrO, visible-
light photocatalysts were successfully prepared on the basis of our
previous study [30]. The introduction of ZrO, in the catalyst could
significantly enhance the thermal stability of the S-doped TiO,
and extend the absorption to visible-light region. The photocat-
alytic activity of the S-doped TiO,-ZrO, photocatalysts has been
investigated in the visible-light region for the decomposition of
rhodamine B (RB) as a model pollutant. A considerably enhanced
photocatalytic activity was found for the S-doped TiO,-ZrO,
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in comparison to the S-doped TiO, and commercial Degussa
P25.

2. Experimental
2.1. Preparation of catalysts

Tetrabutyl titanate and ZrOCl,-8H,0 were used as the inor-
ganic sources, amphiphilic triblock copolymer Pluronic P123
(PEO4¢-PPO79-PEOy9, MW =5800, Aldrich, PEO = poly (ethyleneg-
lycol), PPO=poly (propylene glycol)) and thiourea were used as
the surfactant and sulfur source, respectively. 4 g HCl (10 mol1-1)
was slowly added to 6.8 g tetrabutyl titanate under vigorous stir-
ring at room temperature. After 20 min, a mixture solution of0.39 g
thiourea and 2.0 g P123 dissolved in ethanol was added, after mag-
netic stirring for 2 h,0.52 g ZrOCl,-8H, 0 was added into the mixture
at a Zr/(Zr+Ti) molar ratio of 0.075 and vigorously stirred for 6 h.
After aging at room temperature for 24 h, the obtained sol solu-
tion was dried at 40°C for 5h until a dry gel was gotten. This
gel was milled and calcined in air for 4h at 400, 500 and 600°C,
respectively, with a constant heating rate of 1°Cmin~!. A sam-
ple without any ZrOCl,-8H,0 was also prepared to compare the
results.

2.2. Characterization

X-ray diffraction patterns were carried out on a Rigaku D/MAX X~
ray diffractometer, using Cu Ka radiation with A =0.15406 nm. The
accelerating voltage and applied current were 20kV and 20 mA,
respectively. After samples had been vacuum-dried at 200°C
overnight, nitrogen adsorption-desorption isotherms were col-
lected on an AUTOSORB-1 (Quantachrome Instruments) nitrogen
adsorption apparatus at 77 K. The pore size distribution plots were
obtained by the Barret-Joyner-Halenda (BJH) model. Transmis-
sion electron microscopy (TEM) and high-resolution TEM (HRTEM)
images of samples were recorded in a JEOL 2010 microscope with
a 200kV accelerating voltage. X-ray photoelectron spectroscopy
(XPS) measurements were performed with Thermo ESCALAB 250.
Bulk sulfur concentrations of the samples were determined by
Thermo ICAP6300 inductively coupled plasma-atomic emission
spectrometry (ICP-AES). Before test, the sample powders were
firstly digested using a mixture solution of HF and HNO3 on a
sand bath at 150-200 °C until complete dissolution. UV-vis diffuse
reflectance spectra (DRS) were determined by a UV-vis spectropho-
tometer (Shimadzu UV-2550). Fourier transform infrared spectra
(FT-IR) were recorded in a PerkinElmer spectrum one system. The
samples were mixed with KBr and the concentrations of the sam-
ples were kept round 0.25-0.3%. The mixture was pressed under
10tonscm~2 to get a 300 mg pellet. Electron paramagnetic reso-
nance (ESR) experiment was conducted for the determination of
*OH generated using 5, 5-dimethyl-1-pyrolin-N-oxide (DMPO) as
a nitron spin-trapping reagent, the ESR spectrum was measured
at room temperature with an ESR spectrometer (Bruker EMX-8/2.7
ESR spectrometer).

2.3. Measurement of photocatalytic activity

The photodegradation experiments were performed in a slurry
reactor containing 80 ml of a 10 mg 1! solution of rhodamine B (RB)
and 0.1 g of catalyst. A 380 W Xe lamp was used as a visible-light
source, and a 410 nm cutoff filter was placed above the reactor to
cutoff UV light, the average light intensity was 50 mW cm~2. Prior
to irradiation, the suspension was kept in the dark under stirring for
30 min to ensure the establishing of an adsorption/desorption equi-
librium. At given time intervals, 2 ml aliquots were collected from
the suspension and immediately centrifuged, the concentration of
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Fig. 1. XRD patterns of (a) S-TiO, and (b) S-TiO,-ZrO, samples after calcination at
400, 500 and 600°C.

RB after illumination was determined at 554 nm using a UV-vis
spectrophotometer (Shimadzu UV-2550).

3. Results and discussion
3.1. XRD analysis

Fig. 1a and b shows the XRD patterns of the S-TiO, and S-
TiO,-ZrO, samples calcined at different temperatures, respectively.
The average crystallite sizes of the catalysts are calculated using
the Scherrer equation and the values are listed in Table 1. At
400°C, the two samples display pure anatase phase, the crystal
sizes are 10.6 and 6.9 nm for S-TiO;, and S-TiO,-ZrO,, respectively.
For the S-TiO, sample, the anatase-to-rutile phase transformation
occurs at 500°C. However, the S-TiO,-ZrO, sample shows 100%
anatase phase even at 600°C, and the crystal size of anatase in
the S-TiO-ZrO, sample still maintains 11.6 nm. Meanwhile, no
tetragonal ZrO, phase can be seen at 400, 500 and 600°C. Our
previous study shows that tetragonal ZrO, phase can only be
observed at or above 800°C [30]. Therefore, it can be thought
that the mixed oxide materials are TiO,-ZrO, solid solution com-
posites. The results indicate that the introduction of ZrO, can
effectively suppress the anatase-to-rutile phase transformation and
crystal growth of S-doped TiO, particles during the calcination pro-
cess, which is consistent with the previous results reported above
[29,30].
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Physicochemical properties of two series of S-TiO, and S-TiO,-ZrO, samples calcined at 400, 500 and 600 °C.

Sample Calcination temperature (°C) Anatase (Wt%)? Rutile (wt%)? Crystal size (nm)? Sper (M2 g=1-)P Pore size (nm)®
S 400 100 0 10.6 (A) 114 3.2
- 500 95 5 215 (A), 29.8 (R) 23 958
2 600 62 38 315 (A), 412 (R) 2 -
S 400 100 0 6.9 (A) 175 3.5
y 500 100 0 8.5 (A) 116 38
10050 600 100 0 116 (A) 25 -

2 Phase content and crystal size measured from XRD, A and R denote anatase and rutile, respectively.
b Sger, BET surface area; mean pore size measured from N, adsorption isotherm branch.

3.2. BET surface areas and pore structure analysis

In order to investigate the surface area and pore structure of the
catalysts, nitrogen adsorption-desorption measurement was car-
ried out. The data parameters are summarized in Table 1. Nitrogen
adsorption-desorption isotherms (inseted) and their BJH pore size
distributions of the S-TiO, and S-TiO,-ZrO, samples calcined at
500°C are shown in Fig. 2. The insets in Fig. 2b exhibits a type
IV isotherm with an inflection of nitrogen adsorbed volume at
P/Py =0.45 (type H2 hysteresis loop), being representative of meso-
porosity in the S-TiO,-ZrO, sample. The pore size distributions in
Fig. 2a and b show that the S-TiO,-ZrO, sample has a very narrow
pore size distribution with an average pore diameter at ca. 3.8 nm.
However, the S-TiO, sample has a wide pore size distribution and
big pores with average pore size of 9.8 nm resulted from the big
crystallites aggregation. The specific surface area of S-TiO,-ZrO,
sample calcined at 500°C is 116 m2 g~!, and it remained as large
as 25m?2 g~! even after calcination at 600 °C. However, the specific
surface area of S-TiO, sample calcined at 500 and 600°C is only 23
and 2 m?2 g-1, respectively. This should be due to crystallite growth
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Fig. 2. Pore size distributions of the S-TiO; (a) and S-TiO,-ZrO; (b) samples after
calcination at 500 °C. Inset: N, adsorption-desorption isotherm.

and collapse of the porous framework. The relatively high surface
area of S-TiO,-ZrO, samples confirms that the introduction of ZrO,
can significantly stabilize the porous structure and reinforce the
thermal stability of S-TiO,-ZrO,.

3.3. TEM analysis

Fig. 3 shows the TEM images of the prepared S-TiO, and S-
TiO,-ZrO, samples calcined at 500°C. Compared with the control
(Fig. 3a and b), for the S-TiO, sample calcined at 500 °C, no porous
structure is found, and the particles (20-30nm) are more larger
than those (6-10 nm) of the S-TiO,-ZrO, sample calcined at 500°C.
Fig. 3c presents the high magnification image of Fig. 3b, some
disordered porous structure (locations marked with black circles)
and many randomly oriented nanocrystallites with sets of clearly
resolved lattice fringes were observed. The results indicate that the
introduction of ZrO, can effectively inhibit the excessive crystal
growth and stabilize the porous structure, which is consistent with
XRD and N,-sorption measurements.

3.4. XPS analysis

Fig. 4 shows the S 2p XPS spectra of S-TiO, and S-TiO,-ZrO; sam-
ples calcined at 500 °C. In both samples, a peak at 168.5 eV could be
observed and assigned to S6* [31]. The peak intensity of S-TiO,-ZrO,
sample is much stronger than that of S-TiO, sample, indicating that
the surface sulfur content (1.10%) in S-TiO,/ZrO, sample is larger
than that (0.65%) in S-TiO, sample. Additionally, the bulk S concen-
trations of the S-TiO, and S-TiO,-ZrO, samples calcined at 500°C
are also determined by ICP-AES method, bulk sulfur concentrations
are 0.45 and 0.79%, respectively. Apparently, the introduction of
ZrO, can effectively stabilize the sulfur in the TiO, matrix. More-
over, for the same sample, the surface sulfur concentration is larger
than that of bulk sulfur concentration. The differences between XPS
and ICP-AES results might be due to surface accumulation of sulfur.

3.5. UV-vis diffuse reflectance spectra analysis

The UV-vis diffuse reflectance spectra of the S-TiO, and S-
TiO,-ZrO, samples calcined at different temperatures are shown in
Fig. 5a and b, respectively. It can be seen that, compared to the spec-
trum of pure TiO,, the absorption spectra of S-TiO, and S-TiO,-ZrO,
samples show obvious visible-light absorption. However, with the
increase of calcination temperature, the decrease in absorption for
S-TiO, sample is larger than that for the corresponding S-TiO,-ZrO,
sample, which might be due to structural or superficial changes and
the gradual decrease of sulfur content. Moreover, at the same calci-
nation temperature, S-TiO,-ZrO- has a larger red shift of absorption
band edge than S-TiO,. Therefore, the introduction of ZrO, can
effectively enhance visible-light absorption.
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Fig. 3. TEM images of S-TiO; (a), and S-TiO,-ZrO, (b and c) samples after calcination
at 500°C.
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Fig. 4. XPS spectra of S 2p region of S-TiO; (a) and S-TiO,-ZrO, (b) samples after
calcination at 500°C.

3.6. FT-IR spectra analysis

The FT-IR spectra of S-TiO; and S-TiO,-ZrO, samples calcined at
500°C are shown in Fig. 6. Several peaks at 1250-900cm~! were
observed on the spectra for both samples. The peaks at 1218, 1150,
1040, and 975 cm~! can be attributed to the characteristic frequen-
cies of a bidentate SO42~ co-ordinated to metal Ti#* [32]. Such
an interaction between SO42~ and Ti%* is thought to be a driving
force in the generation of a large amount of surface acidic sites on
solid acids of sulfated metal oxides [32,33]. Two peaks at 3402 and
1640 cm~! are assigned to the surface adsorbed water and hydroxyl
groups [34]. Obviously, compared with that in S-TiO,, the intensity
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Fig. 5. UV-vis diffuse reflectance spectra of (a) S-TiO and (b) S-TiO,-ZrO, samples
after calcination at 400, 500 and 600 °C.
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Fig. 6. FT-IR spectra of S-TiO, (a) and S-TiO,-ZrO, (b) samples after calcination at
500°C.

of the two peaks in S-TiO,-ZrO; is much stronger. This indicates that
the introduction of ZrO, makes the catalyst possess more surface
hydroxyl groups, which favors not only the trapping of electrons to
enhance the separation efficiency of electron-hole pair but also the
forming of surface free radical (*OH) to enhance the photocatalytic
degradation of RB [34,35].

3.7. ESR analysis

We employed the ESR spin-trap technique (with DMPO) to probe
the nature of the reactive oxygen species generated on the sur-
face of catalysts under visible-light irradiation. Fig. 7 shows the
typical ESR spectrum of the DMPO-*OH spin adduct. The char-
acteristic quartet peaks of the DMPO-*OH adduct with a 1:2:2:1
intensity were obviously observed in the suspension of S-TiO, and
S-TiO,-ZrO, samples calcined at 500°C, which is consistent with
the similar spectra reported by others for the DMPO-*OH adduct
[36]. The phenomenon of the experiment indicates the formation of
hydroxyl radicals from the S-doped samples under visible irradia-
tion. Moreover, the peak intensity of DMPO-*OH adduct generated
by S-TiO, sample was less than that of S-TiO,-ZrO, sample, indi-
cating a larger production of *OH for S-TiO,-ZrO, sample, which is
consistent with the FT-IR test results because of fact that hydroxyl
radical originates from the oxidation of surface chemisorbed water
and hydroxyl groups.
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Fig. 8. Visible-light-induced catalytic degradation of RB in presence of (a) S-TiO,
Degussa P25 and (b) S-TiO,-ZrO, catalysts after calcination at 400, 500 and 600 °C.

3.8. Photocatalytic activity

To evaluate and compare the photocatalytic activity of the S-
TiO, and S-TiO,-ZrO, samples calcined at different temperatures,
the reactions of RB degradation were performed as photoreaction
probes under visible-light irradiation, respectively. The photocat-
alytic behavior of Degussa P25 was also measured as a reference.
Results of the photocatalytic evaluation are shown in Fig. 8a and b.
As expected, the S-doped TiO, is active under visible-light, while
the photocatalytic activity of S-TiO, is limited, and decreases grad-
ually with increasing calcination temperature because of the larger
particle size, smaller specific surface area and the limited utiliza-
tion of visible-light. At the calcination temperature of 400 °C, the
degradation rate of RB is 56%, but it drops to 18% at 600 °C. However,
when S-doped TiO, was modified by ZrO,, the photocatalytic activ-
ity was further enhanced, and the photocatalytic activity increased
gradually with the increase of calcination temperature, and then
decreased. As is shown in Fig. 8, the S-TiO,-ZrO, sample calcined
at 500°C shows the maximum activity among all the samples,
the degradation rate of RB is 85% within 160 min, which could be
attributed to its comparatively high surface area, small crystalline
size, porous structure, well-crystalline anatase phase and intense
absorption in the visible-light region. The decrease in the photo-
catalytic activity of S-TiO,-ZrO, calcined at 600°C is due to its
small surface area, large crystallite size and relative low visible-
light absorption. On the other hand, only 25% RB was degraded on
commercial Degussa P25.

It has been proved in our previous paper that the modification
of ZrO, can increase the photocatalytic activity of TiO, under UV
light illumination due to its large surface area, small crystalline
size and good crystallinity [30]. These are also the reasons that
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S-TiO,-ZrO, sample has higher activity than the corresponding
S-TiO, sample. The large surface area can provide more surface
sites for the adsorption of reactants molecules such as surface
chemisorbed water and hydroxyl group, which are favorable for
the formation of hydroxyl radicals with high oxidation capability,
just these hydroxyl radicals can oxidize adsorbed various organic
molecules. ESR measurement results above confirm the content of
hydroxyl radicals generated from the S-TiO,-ZrO, sample is larger
than that of hydroxyl radicals generated from the S-TiO, sample
under visible-light irradiation, apparently, this is in agreement with
photocatalytic test. Furthermore, the introduction of ZrO, enhance
the absorption of S-TiO,-ZrO, in the visible-light region compared
with the corresponding S-TiO,, the intense absorption in the UV-vis
light region indicated that more photo-generated electrons and
holes can participate in the photocatalytic reactions. Additionally,
the existence of more surface acidic sites might also favor the
photodecomposition of organics, and such further improve the pho-
tocatalytic performance [32].

4. Conclusions

In summary, ZrO, modified S-doped TiO, visible-light pho-
tocatalysts were successfully prepared by a simple method. The
introduction of ZrO, could effectively suppress phase transforma-
tion of anatase-to-rutile and stabilize the sulfur in the S-TiO,-ZrO,
matrix, and thus enhancing visible-light absorption compared with
the corresponding non-modified S-TiO, sample. The visible-light
photocatalytic activities of S-TiO,-ZrO, samples were higher than
that of S-TiO, samples and commercial Degussa P25. The high
photocatalytic activities of the as-prepared S-TiO,-ZrO, can be
attributed to the synergetic effects of large specific area, high crys-
tallinity, intense absorption in the visible-light region, more surface
hydroxyl groups and surface acidic sites in the catalyst.
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