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Abstract

S-doped TiO, photocatalyst with high visible light activity was prepared by acid catalyzed hydrolysis method using thiourea (TU) as sulfur
source. The catalyst was characterized by DRS, XPS, XRD, FTIR, SEM and N, adsorption. It was found that cation S%* was homogeneously
incorporated into the bulk phase of TiO, and substitutes for some of the lattice titanium (Ti*"). Doped S can form a new band above the valence band
and narrow the band-gap of the photocatalyst, giving rise to a second absorption edge in the visible light region. The activity of the catalyst was
examined by photodegradation of phenol in aqueous solution under both artificial visible light and solar light irradiation. The activity of catalyst
was found to be dependent on the doping amount of S and the maximum activity was observed when the catalyst was obtained by calcinated at
600 °C with the mass ratio of TU/TiO, = 1. Too much of new-generated band-gap structures due to higher S-doping could act as recombination
centers for electron—hole pairs. Catalyst with optimum S-doping exhibited the highest activity under both artificial light and solar irradiation for

phenol degradation. In addition, doped S also beneficial for the better dispersion, large Sggr and phase transformation retardation of TiO,.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Heterogeneous photocatalysis by TiO, semiconductors is
promising for elimination of hazard environmental pollutants
[1-5], especially for the degradation of biorecalcitrant organic
contaminants. However, the TiO; photocatalyst has not been
applied widely in the field of environmental pollution control,
since its large band-gap energy (E, =3.2¢eV) considerably lim-
its the utilization of natural solar light or artificial visible light.
Traditional visible light responsive catalysts are unstable under
illumination (such as CdS and CdSe) or have low activity (such
as WOj3 and Fe;03) [6]. Modification of TiO;, to extend its
absorption edge toward the visible light region has been the
subject of recent research. Some UV-active oxides were used
as visible-light photocatalysts by substitution doping of metal
ions [7,8], ion implantation [9], organic dye sensitization [10],
hydrogen plasma reduction of TiO, [11], and hydroxide or sur-
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face coordination [12]. However, these modified photocatalysts,
in general, show a weak absorption in the visible light region and
deactivate easily [13]. Band-gap narrowing by the introduction
of nonmetal anions (N, C, S and F) into TiO, was recently found
to be more efficient than the traditional methods to yield cata-
lyst with high catalytic activity under visible light irradiation
[13-22].

Several works concerning nonmetal cations doping was
reported. Ohno reported that S cation-doped TiO, powder
absorbed visible light more strongly than N, C and the S anion-
doped TiO, powders and showed photocatalytic activity under
visible light [13]. They demonstrated that the substitution of
Ti** by S** was responsible to the visible light absorbance. Pre-
vious study reported that if TU was used, the substitution of Ti**
by S would be more favorable than replacing 0%~ with S*~
[13,23,24]. In addition, Thara et al. [25] indicated that the grain
boundary (13 nm) is important for the visible light activity of
the TiO; photocatalyst. The acid-catalyzed hydrolysis method
is effective for the preparation of TiO, particles with a size of
10-13nm [16,26].

In this work, with the aim of developing a high effi-
cient photocatalyst which can be used in hazardous treatment
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field, the acid-catalyzed hydrolysis method was adopt and TU
was used as raw material for the preparation of visible light
response S cation-doped TiO» photocatalysts with controlled
size (10-13 nm). The catalyst was characterized by DRS, XPS,
XRD, FTIR, SEM and N adsorption and the activity was exam-
ined by photodegradation of phenol in aqueous solution under
both artificial and natural visible light irradiation. Based on
the result of photocatalyst characterization and activity test, the
catalytic mechanism was also discussed.

2. Experimental
2.1. Preparation of the S-doped TiO; photocatalyst

In an ice bath [16], 25 ml TiCls was added dropwise into
250 ml H>O under vigorous stirring at 5 °C for 1 h. A solution
mixture of (NH4)>SO4 and HCI was then added and further
stirred for 0.5 h, and the TiCls:(NHy4),SO4:HCI molar ratio was
maintained at 1:2:10 during the reaction. The mixture was heated
to 98 °C at a rate of 5°C/min and was maintained at this tem-
perature for 1h. Thereafter, NH3-H,O was used to adjust the
pH to 8 and the mixture was kept at 98 °C for 1h. The TiO,
precursor thus obtained was aged at room temperature for 10 h
and then washed with double-deionized water until no CI~ was
detected, followed by washing with ethanol. Finally, the pre-
pared TiO, precursor was added into the mixture of TU and
ethanol (with mass ratio of TiO, to TU: 1:0.25, 1:0.5, 1:1, 1:1.5,
1:2, 1:3), stirred for 1 h and aged for 12 h, then vacuum dried at
85 °C for 6 h. The obtained powder was grounded and placed in
a quartz reactor, then heated under air atmosphere with a ramp
rate of 20 °C/min to a certain temperature (500, 600, 700 and
800 °C, respectively) and maintained for 2h. For comparison,
the unmodified TiO; was prepared under otherwise the identical
conditions in the absence of TU.

2.2. Characterization of photocatalyst

The surface composition and valence state of the obtained
photocatalysts were detected by a PHI5700 X-ray photoelec-
tron spectroscopy using Al Ko X-ray (hv = 1486.6¢eV). The
binding energy was referenced to the Cy; line at 284.6 eV for cal-
ibration. Ti/O atomic ratio of the S-doped TiO;, was determined
by the peak intensities of Tiz, and Oys. The surface structure of
the photocatalyst was observed using a QUANTA 200 scanning
electron microscope. XRD analysis was performed on a D/max-
rB X-ray diffractometer with Cu Ka radiation (45kV, 40 mA).
The TiO, crystallite size was calculated from the Scherrer equa-
tion, and the content of anatase was determined according to the
following equation:

1
T 1+ IR/(KIp)

where wy is the content of the anatase, /g and I are the inten-
sities of the diffraction peaks of rutile and anatase, respectively,
and K is the Scherrer constant. FTIR analysis was conducted on
a Nicolet MAGNA 560 spectrophotometer using a KBr pellet
for sample preparation. The specific surface area of the sample

WA

was measured using an ST-2000 automated apparatus based on
the Brunauer—Emmett-Teller (BET) method at —196 °C with
N, as the adsorbent and H» as the carrier gas.

2.3. Photocatalytic activity test

The artificial light photocatalytic activity test was carried
out in a cylindrical quartz photoreactor (275 ml) using phenol
as the model compound. A 380-W Xe lamp (Amax =510 nm,
A<410nm was cut off by a UV filter) positioned inside the
reactor as the irradiation source. Photocatalyst powder (0.25 g)
was added to 250 ml aqueous solution of phenol (100 mg/l).
Before the photocatalytic degradation, the suspension was mag-
netically stirred in the dark for 30 min to establish a phenol
adsorption/desorption equilibrium. Samples of 5 ml were col-
lected from the suspension and were immediately centrifuged at
4000 r/min for 10 min. The concentration of phenol after illumi-
nation was determined spectrophotometrically at 270 nm using
a TU-1900 UV spectrometer.

Experiments using solar irradiation were carried out from
9:10 a.m. to 5:30 p.m. during the autumn season in Harbin and
Petri dishes with 15cm diameter were used as reactor. Each
Petri dish contained a 100 ml of 50 mg/l phenol aqueous solu-
tion and 0.1 g photocatalyst. The Petri dishes were covered with
plastic film to prevent evaporation of phenol solution. As artifi-
cial light activity test, before the photocatalytic degradation, the
suspension was magnetically stirred in the dark for 30 min to
establish a phenol adsorption/desorption equilibrium. Then the
covered Petri dishes were placed under direct sunlight. During
the irradiation experiments, neither forced aeration nor stirring
of phenol solution was conducted.

3. Results and discussion
3.1. Result of XPS

The XPS spectra of S-doped TiO, and naked TiO; and their
deconvolution with a Gaussian function are presented in Fig. 1.
Eight peaks of Ti2P1/2’ Ti2p3/2, Tios, Tiss, Ti3p, Ois, Szp and Cyg
were appeared for S-doped TiO;. Cjs peak at 284.6eV were
organic polluted carbon and used for calibration. Sy, and Tipp
spectra was shown as Fig.1(b) and (c), respectively. The oxi-
dation state of the S-dopant is dependent on the preparation
routes and sulfur precursors. Previous study reported that if TU
was used, the substitution of Ti** by S+ would be more favor-
able than replacing O>~ with S>~ [13,23,24]. Sop spectra can
be resolved into four peaks, Szp1/26+, SZP3/26+’ Sgpl/z4+ and
Sap, /24+. It is clear that S was doped mainly as S®*, the content

of S** was much lower and no S?>~ was detected. When the S-
doped samples were washed with water repeatedly, the intensity
and binding energy of S®* remained. This revealed that doped
S was not formed in the form of sulfur oxides on TiO; surface.
From Fig. 1(c), the binding energies of Tiyp, P and Tipp, , were
observed to be at 464.5 and 458.7 eV, which should be assigned
to Ti** of TiO,. It is obvious that the doped S can lead to the peak
of Tigp, P and Tipp, P shift to the lower binding energy. This may
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Fig. 1. XPS spectra (a), Sz, spectra (b) and Tiy, spectra (c) of S-doped TiO;
(calcinated at 600 °C) with different TU/TiO; ratios.

Table 1
XPS elements analysis result of Tij_,S,0; calcinated at 600 °C with different
mass ratio of TU to TiO,

Sample TU/TiO, w (Ti) (%) w (0) (%) w (S) (%) m(Ti):m(O)
TiO, 28.39 71.61 0.00 39.65:100
0.25 28.01 71.54 0.45 39.15:100
1.0 27.38 71.63 0.99 38.22:100
2.0 25.98 71.56 242 36.31:100

be caused due to the difference of ionization energy of Ti and S.
The Ti:O atomic ratio based on XPS spectrum decreased when
S-doping increased (Table 1). Therefore, it could be concluded
that the lattice titanium sites of TiO, were substituted by S®*
and formed a new band energy structure.

3.2. Result of DRS

Diffuse reflectance spectra of S-doped TiO, with different
mass ratio of TU/TiO, (a) and its first derivative (b) are shown in
Fig. 2. Like reported anion nonmetal doped TiO; [13-22], a sec-
ond absorption edge in the visible region (490-550 nm) appeared
for all prepared S-doped TiO», indicating that more photons can
effectively be utilized by catalyst excitation. It is thought that the
first and second edges are related to the band-gap of the original
TiO, and the S-doped sample, respectively. With the increase
of S-doping content, the second absorbance edge shifts to the
longer wavelength and the visible light absorbance increased.
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Fig. 2. (a) Diffuse reflectance spectra of S-doped TiO; catalysts with different
mass ratio of TU to TiO; (calcinated at 600 °C). (b) The first derivative of (a).
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Table 2
Characteristics of TiO, and S-doped TiO; catalyst

Sample TU/TiO, Crystalline size
(calcination (nm)
temperature (°C))

Sger (m? g™ 1)

Ist adsorption
edge Ajmax (nm)

Ist Epand-gap (€V) 2nd adsorption

edge Aomax (nm)

2nd Eband-gap V)

TiO, 13.0 58.37 380

0.25 (600°C) - 55.41 375.03
0.5 (600°C) - 46.83 375.85
1.0 (600°C) 14.0 40.47 374.35
1.5 (600°C) - 38.55 376.04
2.0 (600°C) - 35.82 375.13
3.0 (600°C) - 30.47 377.11
1.0 (400°C) 9.0 71.48 376.39
1.0 (500°C) 12.0 69.15 374.63
1.0 (700°C) 21.0 26.41 373.94
1.0 (800°C) 32.0 15.57 375.66

32 - -

3.306 453.83 2.732
3.299 458.77 2.703
3.312 466.71 2.657
3.298 473.61 2.618
3.306 482.67 2.569
3.288 490.46 2.528
3.294 466.91 2.665
3.310 466.52 2.658
3.316 448.97 2.762
3.301 - -

The appearance of the second absorption edge showed that a
new energy band was formed. This may suggest that the substi-
tution of lattice titanium by cation S®* can formed an isolated
narrow band above the valence band of TiO; and narrowed the
band-gap, then produce a second absorption edge in the visible
region (490-550 nm). The 1st and 2nd band-gap energy of all
S-doped catalysts were calculated according to the equation of
Eg=1240/A [16], the results were listed as Table 2.

DRS result of S-doped TiO, samples calcinated at differ-
ent temperatures (TU/TiO, = 1) were present in Fig. 3. When
calcinated lower than 600 °C, all samples exhibited almost sim-
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Fig. 3. Diffuse reflectance spectra of S-doped TiO; calcinated at different tem-
peratures (TU/TiO; = 1). (b) The first derivative of (a).

ilar absorption edge and visible light absorbance. The second
absorption edge shifted to shorter wavelength when the sam-
ple calcinated at 700 °C. With the increasing of calcination
temperature, the yellowish color of the obtained catalysts grad-
ually disappeared. When calcinated at 800 °C, the obtained
S-doped TiO, exhibited the same color and absorption edge
with naked TiO; and no visible photo-response could be
observed.

3.3. Result of XRD

The XRD patterns of S-doped TiO, calcinated at differ-
ent temperatures (Fig. 4) showed that no significant shift of
the characteristic peaks of anatase or rutile was observed, this
may be caused due to the amount of S-doping is trivial. How-
ever, S-doping can inhibited phase transformation of TiO, from
anatase to rutile. For S-doped TiO,, the amorphous precur-
sor was almost completely transformed into anatase at 400 °C
and exhibited a well-crystallized anatase with a distinct peak at
26 =25.2° when calcinated at 500 °C. The phase transformation
of anatase to rutile started at 800 °C, which is much lower than
naked TiO;. When calcinated at 900 °C, 37 wt% anatase was
observed for the S-doped TiO». For the naked TiO,, however,
the phase transformation of anatase to rutile started at 700 °C
and almost completely (97 wt% rutile) transformed to rutile at
800°C.

The physical parameters of S-doped TiO, and naked TiO»
are summarized in Table 2. Fig. 5 shows the influence of cal-
cination temperatures on the surface area and crystallite size of
the catalyst. With the increasing of the calcination temperature,
the surface area decreased and the crystallite size increased. In
comparison with the naked TiO», the rate of crystallite growth
and ST decrease of S-doped samples was slower. It is obvious
that doped S is contributed to the small particle size and the large
surface area of the catalyst.

3.4. Result of FTIR

Result of FTIR analysis was shown Fig. 6. It is obvious
that four main absorption peaks located at 3480, 1600, 1030
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Fig. 4. XRD pattern of S-doped (TU/TiO; = 1) TiO; (a) and TiO; (b) calcinated at different temperatures.

and 530cm~! appeared for S-doped samples. The peaks at
3480 and 1600 cm™! should assigned to the stretching vibration
and bending vibration of surface —OH group and 530cm™~! to
Ti—O stretching vibration. Compared with naked TiO», S-doping
seems has no effect on the quantity and properties of surface
—OH. The shift to the lower wavenumbers and sharpening of
Ti—O peaks may due to the size decrease and phase transforma-
tion. The appearance of the peak at 1031 cm™! is an indicative
of a new interaction of Ti—O-S. The characteristic peak of the
Ti—O-C bond on the interface of TiO; and the activated car-
bon appeared at 1020 cm™![26], Ti-O-N bond of N-doped TiO,
emerged at 1060 cm™! [16] and that of the Ti—O-Si bond on the
Ti0,/Si0, composite catalyst at 949 cm™! [27]. Considering the
electron affinity of S, C, N and Si, the peak at 1030 cm~! should
be related to Ti—O-S, suggesting a conjugation effect between
the S and Ti—O bonds.
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Fig. 5. Effect of calcination temperature on the Sggr and crystalline size of
S-doped (TU/TiO; =1) TiO; and TiO;.

3.5. Result of SEM

SEM images of calcinated S-doped TiO, at different tem-
peratures were presented in Fig. 7. Combined with the result of
XRD, it is obvious that the agglomeration was significant for
unmodified TiO», the agglomerate size was 400-500 nm for the
500 °C calcinated catalyst. However, S-doping can improve the
dispersion and reduce the agglomerate size of TiO». The agglom-
erate size was 50—-100nm for the 700 °C calcinated S-doped
TiO,.

3.6. Photocatalytic activity

Figs. 8 and 9 showed the relative concentration of phenol,
C/Cy, for different times during the artificial visible light irradi-
ation of S-doped TiO; photocatalyst prepared by different mass
ratio of TU/TiO; and calcination temperatures. It is clear that
S-doping can increase the visible light activity. The visible light
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Fig. 6. FTIR spectra of TiO, and S-doped TiO; catalysts (TU/TiO; =1).
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() (d

Fig. 7. SEM images of TiO; and S-doped TiO, prepared at different calcination temperatures (TU/TiO, = 1). (a) TiO2, 500 °C. (b) S-doped TiO,, 500 °C. (c) TiO,,
700°C. (d) S-doped TiO,, 700 °C.

activity was not proportional to the S-doping and visible absorp- that 600 °C is the optimum calcinations temperature. S-doped
tion, however, an optimum amount of doping S existed. Withthe ~ TiO, (TU/TiOz =1 and calcinated at 600 °C) showed the max-
increasing of S-doping, the activity increased up tothe massratio ~ imum activity among all the samples, which can effectively
of TU/TiO, =1 then decreased. The result of Fig. 8 indicated  degrade phenol within 60 min. On the other hand, only 21%
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temperatures (TU/TiO; = 1). to TiO; (calcinated at 600 °C).
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and 17% phenol were degraded on naked TiO, and commercial
P-25, respectively, under otherwise the identical condition. It can
be seen from Fig. 10, when solar irradiation was adopted, the
optimum ratio of TU/TiO, =1 and 1.5 and the calcination tem-
perature was 600 °C. The S-doped TiO, photocatalyst prepared
under the optimum condition can reach almost 100% phenol
removal under solar irradiation. However, for naked TiO, and
commercial P-25, the phenol degradation was less than 35% and
21%, respectively. Combined above activity and DRS result, it
can be seen that the visible light activity was not directly propor-
tional to the red shift of the second absorption edge and visible
light absorbance.

For the S-doped TiO; powders obtained in this work,
the visible-light photocatalytic activity was independent of
the visible-light absorbance and an optimum S-doped content
existed. While the visible light absorbance correlated with doped
S content. XPS and DRS result showed that the substitution of
lattice titanium by S atoms can form an isolated narrow band
above the valence band and narrow the band-gap, and then pro-
duce a second absorption edge in the visible region. However,
with the increasing of the S-doped content, the position of the
new-generated band-gap structures elevated and then could act
as recombination centers for electron—hole pairs [16,25]. The
mechanism of dope-S for the visible-light activity was illustrated
as Fig. 11.

Energy /eV

Cb e e ‘
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Fig. 11. Mechanism of S-doped TiO, for the visible-light activity photocatalyst.

4. Conclusion

S-doped TiO, photocatalyst with high activity for phenol
degradation under visible light illumination can be obtained by
acid catalyzed hydrolysis method using TU as sulfur source.
Cationic S®* is incorporated into the bulk phase of TiO, and
substitutes for partial titanium (Ti**). The visible-light pho-
tocatalytic activity of S-doped TiO; was independent of the
absorption edge. While the visible light absorbance correlated
with doped S content. Doped S can form a new band-gap, giv-
ing rise to a second adsorption edge at 450-550 nm which can
be excited by visible light. However, too much new-generated
band-gap structures could act as recombination centers for
electron—hole pairs. In addition, doped S also beneficial for
TiO; crystalline dispersion, large Sget and phase transformation
retardation.
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