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a b s t r a c t

Sb2S3/Bi2S3 doped TiO2 were prepared with the coordination compounds [M(S2CNEt)3] (M¼Sb, Bi;

S2CNEt¼pyrrolidinedithiocarbamate) as precursors via gel–hydrothermal techniques. The doped TiO2

were characterized by XRD, SEM, XPS and UV–vis diffuse reflectance means. The photocatalyst based on

doped TiO2 for photodecolorization of 4-nitrophenol (4-NP) was examined. The optimal Bi2S3/Sb2S3

content, pH and different doped techniques have been investigated. Photocatalytic tests reveal that

M2S3 doped TiO2 via the gel–hydrothermal route performs better photocatalytic activity for photo-

degradation reaction of 4-nitrophenol (4-NP).

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

As the representative semiconductor oxide, titanium dioxide
(TiO2) has attracted intense attention for its technologically impor-
tant application in photoelectrochemical process, dye-sensitized
solar cell and photocatalysis. Recently, substantial effort has been
devoted to using metal and nonmetal doping strategies to impart
TiO2 with active photocatalytic performance in response to grow-
ing environmental concerns [1–17]. The doping process improves
TiO2 photocatalytic activity through increasing the concentration
of charge carrier, curtailing the band gap, or changing the equili-
brium concentration of electrons or holes [18–21]. Sb or Bi doped
TiO2 photocatalysts in previous works were active for photode-
gradation of pollutants in waste water [22–25]. The heterosystem
of their sulfureteds Sb2S3/TiO2 and Bi2S3/TiO2 [26,27] showed a
much higher photocatalytic activity than bare TiO2 or Bi2S3

illuminated by visible light [28]. The doped TiO2 demonstrates a
high ability to degrade organic dyes in visible light and UV–vis
light. However, the photocatalytic behavior is influenced by var-
ious facts, and it is difficult to draw unifying conclusion by direct
comparisons between the studies, including particle size, surface
area, crystallinity, state of surface hydration, concentration of
catalysts and doped ions [29–32]. Various synthetic techniques
have been developed to obtain uniform size and high crystallinity
ll rights reserved.

),
dopants with big surface areas. It is known that the gel process
leads to the greatest possible homogeneous distribution of the
dopant in the host matrix and high surface area of TiO2 particles
among various synthetic routes [33–35] and the hydrothermal
method is readily to obtain uniform size nanocrystal [34].

In the present work, gel and hydrothermal techniques were
combined to prepare homogeneously distributable nanocrystalline
Sb2S3/Bi2S3 doped TiO2 with coordination compounds [M(S2CNEt)3]
(M¼Sb, Bi; S2CNEt¼pyrrolidinedithiocarbamate) as precursors.
M(S2CNEt)3 was chosen as the precursor because it could form
homogeneous gel with tetrabutylorthotitanate (TBOT) and facilely
thermodecomposed into Sb and Bi sulfureted doped TiO2. As-
prepared nanopowders Sb and Bi sulfureted doped TiO2 were
characterized by XRD, SEM, UV–vis and XPS. The photocatalytic
behaviors of the resulting powders were characterized by the de-
gradation of an organic dye 4-nitrophenol (4-NP) in the aqueous
suspension. The detailed microstructural characteristics for the
doped TiO2 systems were investigated based on the doping content
and the preparation techniques.
2. Experimental

2.1. Materials

Antimony pyrrolidinedithiocarbamate was synthesized and
purified according to literature [36]. All the reagents (AR grade)
used in this work were purchased from commercial suppliers
without further purification.
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Fig. 3. XRD patterns of doped TiO2 obtained by different routes. (a) Sb–Ti–1 SG;

(b) Sb–Ti–1 SH; (c) Sb2S3–Ti–1 GH; (d) Bi2S3–Ti–1 SG; (e) Bi2S3–Ti–1 SH;

(f) Bi2S3–Ti–1 GH.
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2.2. Characterization

The complex was revealed by X-ray structural analysis. Data
were collected for crystals on a Bruker Smart 1000 CCD diffract-
ometer with graphite-monochromated Mo Ka radiation
(l¼0.071073 nm) at 295(2) K. Crystalline phases were revealed by
powder X-ray diffraction patterns from a Bruker D8 Diffractometer
using a Cu K radiation source (l¼0.15406 nm) at a scan rate of
0.03 s/step, operated at 40 kV and 40 mA. The working range was
from 201 to 801. Scanning electron microscopy (SEM) images were
performed on a Quanta 400 FEG electron microscopy instrument.
Element composition and the chemical state of particle surface were
determined by X-ray photoelectron spectroscopy from a Perkin-
Elmer Physics Electronics PHI5400X with Al Ka radiation source.

Absorption and reflectance spectra of pure and doped semi-
conductors were recorded by a Shimadzu UV-2550 spectrophot-
ometer equipped with an integrated sphere. BaSO4 was used as a
reference to measure all samples. The spectra were recorded at
room temperature in air in the range 200–800 nm enabling to
study the spectral properties of these materials.

Photocatalytic activity test was carried out in an UV box contain-
ing magnetic stirrer. Each reaction suspension was prepared by
adding the doped TiO2 nanopowders (100 mg) into a 100 mL solution
mixture of 10�4 M 4-nitrophenol in water. The mixture was ultra-
sonic-treated for 5 min to obtain highly dispersed catalysts. Prior to
irradiation, the suspension was magnetically stirred in the dark for
Fig. 1. Molecular structure of Sb complex.

Fig. 2. Molecular structure of Bi complex.

Fig. 4. XRD patterns of Sb2S3–Ti–x (A), Bi2S3–Ti–x (B) and undoped TiO2. (A) (a) TiO2;

(b) Sb2S3–Ti–1; (c) Sb2S3–Ti–3; (d) Sb2S3–Ti–5. (B) (a) TiO2; (b) Bi2S3–Ti–1;

(c) Bi2S3–Ti–3; (d) Bi2S3–Ti–5.
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30 min to establish adsorption equilibrium. Simultaneously, the
suspensions of catalysts in 4-NP were then illuminated using a
250 W Hg UV lamp without bubbling oxygen into the solution. The
distance between the liquid surface and light source was about
11 cm. During the photocatalytic testing, the samples were continu-
ously magnetic-stirred. Sampling was performed at the same time
intervals for all the samples. The samples (5.0 mL) were taken out
and analyzed for 4-nitrophenol concentration by an UV–vis spectro-
meter (Cary 300). The measure of maximum absorbance was taken
at 317 nm.

2.3. Synthesis

Precursor M(S2CNEt)3 (M¼Sb, Bi) preparation: Antimony chloride
(6.5 mmol) and tartaric acid (13 mmol) were mixed in an agate
mortar and pestled for ca. 15 min during which the ropiness slush
was obtained. Upon being adjusted with sodium hydroxide solution
and filtered, to which ammonium pyrrolidine dithiocarbamate
solution (19.5 mmol) was added drop by drop with constant stirring.
Yellow powders as received were then dried and recrystallized from
alcoholic solution (ethanol:methanol¼1:1) to afford the title com-
plexes. Bismuth complex was obtained similarly as above by using
bismuth nitrate instead of antimony chloride and mannitol instead
of tartaric acid and recrystallized from the mixture solution (etha-
nol:N,N-dimethylformamide¼1:1).

Doped TiO2 preparation: A stoichiometric amount of Sb/Bi complex
was dissolved in a solution of Ti(O–Bu)4(TBOT) (0.025 mmol) and
isopropanol (33.960 mmol), kept stirring at ambient temperature for
30 min. The resulting solution was signed as A. Ice acetic acid
(0.098 mol) was dissolved in a solution of isopropanol (0.065 mol)
and distilled H2O (0.111 mol), continuously stirred at ambient
temperature for 30 min to get the solution B. B was slowly trickled
into A when stirring lasted 1 h at room temperature. The resulting
yellow sol with pH value of 3–4, was aged at room temperature for
24 h to form a transparent gel.
Fig. 5. XPS results of Sb2S3–Ti–5 and Bi2S3–Ti–3. (A) The Ti 2p XPS profiles of Sb2S3 (curv

(C) The Bi 4f and S 2p XPS profiles of Bi2S3 doped TiO2. (D) The S 2p XPS profiles of Sb
Synthesis of SH sample: The sol was transferred to a Teflon-
lined autoclave for a hydrothermal treatment at 160 1C for 60 h.
The powders signed as SH (sol–hydrothermal) were obtained
which subjected to the calcination for 4 h at 500 1C in a nitrogen
atmosphere in a furnace with a heating rate of 2 1C/min.

Synthesis of SG sample: The gel (10.3 g) obtained from the sol
was dried at 60 1C for 12 h to remove the solvents and the dried
gel was calcined at the same condition as SH sample.

Synthesis of GH sample: The gel (10.3 g) was dissolved in
distilled H2O (28.0 ml) by ultrasonic dispersion for 10 min to get
a yellow suspension, which was transferred to a Teflon-lined
autoclave for a hydrothermal treatment at 160 1C for 60 h. GH
(gel–hydrothermal) sample was obtained which subjected to the
calcination as same as SH sample. The obtained photocatalysts
were denoted as M2S3–Ti–x, where M is for the doped metal and x

for the doped molar ratio.
3. Results and discussion

3.1. Analysis of crystal structure and chemical composition

of doped TiO2

The compounds Sb(S2CNEt)3 and Bi(S2CNEt)3 have isomorphous
structures (Figs. 1 and 2), and can be described as pentagonal
pyramidal geometries. In the structures, three pyrrolidinedithiocar-
bamate molecules are asymmetrically chelated to the central metal
atom, in which the two pyrrolidinedithiocarbamate ligands are
nearly coplanar while the third ligand is approximately orthogonal
to the ligands at the apex of the pyramid.

Fig. 3 shows the XRD patterns of TiO2 powders doped with
1.0 mol% Sb2S3 or Bi2S3 obtained by various synthetic routes. It
reveals that the samples are in single phase with good crystal-
linity and all peaks are assigned to the anatase phase (tetragonal,
I41/amd, JCPDS 21-1272), no significant diffraction peak of Sb/Bi
e b) and Bi2S3 (curve a) doped TiO2. (B) The Sb 3d XPS profiles of Sb2S3 doped TiO2.

2S3 doped TiO2.
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species is observed in each pattern because of the higher disper-
sion of doped ions and the lower content of Sb2S3/Bi2S3. The
powders synthesized by the GH route show better crystallinity.

Figs. 4 and 5 show the XRD patterns of undoped TiO2 and M2S3

doped TiO2 prepared by gel–hydrothermal route with different
doping ratios. Clearly, the doping of Sb2S3/Bi2S3 does not affect
the crystal phases of photocatalysts. In addition, at low concen-
tration of Bi2S3, the presence of Bi2S3 is not detected significantly
by XRD analysis. At concentration of 5.0 mol%, different peaks
attributed to Bi2S3 (JCPDS card file no. 17-320) are observed. The
presence of Sb2S3 is not detected by XRD analysis regardless of
the concentration of Sb2S3, indicating that Sb2S3 is highly dis-
persed. With increasing the doping ratio from 1.0 to 5.0 mol%, the
diffraction peaks become sharp, suggesting an increase of crystal-
linity. The average crystal size of the particle is estimated from
the widths of anatase (101) reflection by the Scherrer formula,
Fig. 6. SEM images of the TiO2 dopants. (A) TiO2 G-H; (B) Sb2S3–Ti–1 GH; (C)
L¼0.89l/b cos y, where l (1.5406 Å) is the wavelength, y is the
Bragg angle (deg.), L is the average crystallite size (nm) and b is
the full width at half-maximum. The calculated data indicates
that the average crystal sizes for samples are all approximately
12 nm. These results support that the current doping procedure
allows stable and uniform mixing dopants.

To determine the surface chemical state of M2S3, XPS was
used to study the samples as shown in Fig. 5. According to the
deconvolution results, the Ti 2p spectrum of the M2S3 doped TiO2

dominates by species in the Ti4 + oxidation state (Fig. 5A). The
binding energy of the Ti 2p band in the case of Bi2S3 doped TiO2

samples (Fig. 5A curve a) is found to be a little higher than that
of the Sb2S3 dopants (Fig. 5A curve b). The peak at 160.8 eV
corresponds to the S 2p binding energy and the peak at 538.6 eV
corresponds to Sb 3d binding energy (Fig. 5B and D). The results
are in agreement with the reported values of Sb2S3 in literatures
Bi2S3–Ti–1 GH; (D) Bi2S3–Ti–5 GH; (E) Sb2S3–Ti–1 SG; (F) Bi2S3–Ti–1 SG.



Fig. 8. Diffuse reflectance UV–vis spectra of Bi2S3 modified TiO2.

Fig. 9. UV–vis absorption spectra of 4-nitrophenol degraded by Bi2S3–Ti–1

catalyst and taken after UV–vis irradiation at intervals of 10 min.
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[37,38]. The peak areas of Sb 3d, S 2p and Ti 2p are quantified to
give a molar ratio of Sb:S:Ti of 0.99:1.62:19.44, which is nearly
consistent with the anticipated value 1:1.50:20.00 (Sb2S3–Ti–5).
The two strong peaks in Fig. 5C at 158.5 eV and 163.7 eV corres-
pond to the Bi (4f) transitions and the peak at 163.83 eV can be
attributed to the S (2 s) binding energy. Quantification of the XPS
peaks gives the atomic ratio of Bi:S:Ti as 3.09:1.89:27.21, which is
out of the anticipated value 3:4.5:100 (Bi2S3–Ti–3). The error
probably caused by (1) the error of the simulation and (2) the
reductive reaction from Bi3 + to trace Bi0 attributable to the
remaining carbonaceous species from the calcination.

Typical SEM images of the TiO2 dopants are illustrated in Fig. 6.
Sb2S3 doped TiO2 particles appear as sphere-like morphology with
diameter in the range of 80 nm and Bi2S3 doped TiO2 powders
show cubic morphology with diameter in the range of 60 nm as
shown in Fig. 6C in which the doped ratio is 1.0 mol%.

Comparing with sol–gel route, GH route avoids abundant
agglomeration, as evidenced by Fig. 6B, D, E and F. Different from
those of SG route, the particulates from GH route highly disperse
and the dopants is a uniform system. A reasonable mechanism may
be presumed as that, TBOT is firstly hydrolyzed to produce the gel,
which acts with the complex to form a mixing and homogeneous 3D
network. Upon hydrothermal process [39], the homogeneous sys-
tem of gel-complex is then transformed to a uniform doping
configuration. Additional, size of particulates increases with increas-
ing the doped ratio, as shown in Fig. 6C and D.

3.2. UV–vis diffuse reflectance spectroscopy

The UV–vis absorption spectra of Sb2S3 and Bi2S3 doped TiO2

with different doped molar ratios are illustrated in Figs. 7 and 8,
respectively. The Sb2S3 doped samples show the weaker absorption
intensity than Bi2S3 dopants in the visible region of 400–750 nm.
As for Bi2S3 dopants, absorption intensity increases with increasing
doped molar ratio in the region of 550–700 nm which is consistent
with reported work [27].

3.3. Photocatalytic activity for photodecolorization of 4-nitrophenol

The photocatalytic properties for the samples are tested on
4-nitrophenol (4-NP) decolorization. Degradation of 4-NP is observed
as function of concentration change under UV–vis light. As shown in
Fig. 9, the contamination is decomposed completely in the end. In
the dark, there is no obvious absorption of 4-NP on the surface of
bare or doped TiO2, suggesting that absorption is not the precondi-
tion in the degradation process of 4-NP in this system. Fig. 10 shows
Fig. 7. Diffuse reflectance UV–vis spectra of Sb2S3 modified TiO2.
photocatalytic efficiency of Bi2S3 or Sb2S3 doped TiO2 versus degra-
dation of 4-NP at different conditions. In contrast with Sb2S3 doped
TiO2, Bi2S3 doped TiO2 exhibits better photocatalytic activity, which
depends on Bi2S3 narrower band gap. The dopants obtained from GH
route perform better photocatalytic activity than those SG or SH
process. It could be observed that the photocatalytic efficiencies
decrease when increasing the amount of Bi2S3, as shown in Fig. 11.
The same trend has been investigated in literature [27]. This fact is
believed to be a consequence of charge carrier dissipations by
trapping when the amount of Bi2S3 reaches a critical concentration,
the critical concentrations of Sb2S3 and Bi2S3 doped TiO2 are 3.0 and
1.0 mol%, respectively.

Effect of diverse pH values on the Bi2S3–Ti–1 degrading system
has been investigated, as shown in Fig. 12. The plots of ln(C0/C)
versus time for pH result in a straight line. The photocatalytic
decolorization of 4-NP is a pseudo-first-order reaction and its
kinetics equation can be expressed as ln(C0/C)¼kt, where k is the
apparent reaction rate constant, C0 is the initial concentration of
aqueous 4-NP, t is the reaction time and C is the concentration of
aqueous 4-NP at the reaction time of t. The apparent rate constants
of various pH values are summarized in Table 1. The data given in
Fig. 12 show no clear trend because 4-NP is slowly degraded initially



Fig. 12. The plots of ln(C0/C) versus time for pHs from 5 to 9.

Table 1
Comparison of the apparent reaction rate constants calculated from Fig. 12 for

various pH values when the concentration of catalyst is 1 g/L.

pH 5 6 7 8 9

Apparent reaction rate

constant (min�1)

0.04309 0.05309 0.05927 0.08140 0.07701

Fig. 11. The plots of ln(C0/C) versus time for the amount of Bi2S3 and Sb2S3

increasing from 1.0 to 5 mol%.

Fig. 10. Photocatalytic degradation of 4-NP using Bi2S3 and Sb2S3 sensitized TiO2

obtained by different techniques under UV–vis irradiation.

Fig. 13. Energetic diagrams of M2S3/TiO2 system.
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compared with the last 30 min when the pH increases. Obviously,
the rate of 4-NP decomposition is the fastest at pH 8 from Table 1.

3.4. Mechanism proposal

Using two such semiconductors in contact has a beneficial role in
improving charge separation and extands TiO2 in response to visible
light, such as Si2S3 (Eg�1.7 eV)/TiO2 and Bi2S3 (Eg�1.3 eV)/TiO2

systems. The conduction band of TiO2 is more anodic than Si2S3 and
Bi2S3, the interparticle electron transfer between colloid Si2S3 or
Bi2S3 and TiO2 semiconductor system was investigated [27,40].
Based on the reported works [41–43], a mechanism for the degrada-
tion of pollutants is proposed as shown in Fig. 13. When the system
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is under UV–vis irradiation, Si2S3, Bi2S3 and TiO2 are all excited,
electrons are injected from the M2S3 (M¼Sb, Bi) to TiO2 (Eqs. (1) and
(2)) and then scavenged by molecular oxygen O2 to yield the
superoxide radical anion O2

� (Eq. (3)) and hydrogen peroxide
H2O2 (Eq. (4)) in oxygen-equilibrated media. These new formed
intermediates can interact to produce hydroxyl radical OH� (Eq. (5))
which is a powerful oxidizing agent capable of degrading most
pollutants (Eq. (6)). Holes generated on TiO2 valence band are
transferred to the valence band of M2S3. However, the photo-
generated holes in M2S3 cannot oxidize hydroxyl groups to hydroxyl
radicals due to its valence band potential. This results in the
photocorrosion of M2S3 and an approach is still pursued to make
them stable, such as coupled with stable photocatalyst or immersed
in solutions of X2� [26,27,44] and so on.

M2S3�TiO2��!
hv

M2S3(e� +h+)�TiO2 (1)

M2S3(e� +h+)�TiO2-M2S3(h+)�TiO2(e�) (2)

e� +O2-O2
�� (3)

2e� +O2+2H+-H2O2 (4)

H2O2+O2
��-OH�+OH� +O2 (5)

OH�+4NP-degradation products (6)
4. Conclusions

Sb2S3/Bi2S3 doped TiO2 were prepared with the coordination
compounds [M(S2CNEt)3] (M¼Sb, Bi; S2CNEt¼pyrrolidinedithio-
carbamate) as precursors via gel–hydrothermal techniques. XRD
and SEM analyses demonstrate that higher crystallinity and uni-
form Sb2S3 and Bi2S3 doped TiO2 have been obtained by GH route.
Photocatalytic activity of dopants demonstrates the doped TiO2

powders show much higher rate of photodegradation reaction of
4-nitrophenol (4-NP) compared with bare TiO2 under UV–vis
illumination. Results of 4-NP decolorization indicate that the
optimal doped technique is GH route, the optimal Bi2S3 and
Sb2S3 content are 1.0 and 3.0 mol%, respectively, and the optimal
pH is 8.
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