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HIGHLIGHTS

e TiO, modified with SnS, (TiO2/SnS,)
was synthesized via the hydrother-
mal method.

e Components of TiO, and SnS; in
composite of TiO,/SnS, exhibit a
strong interaction.

e Photodegradation activity of TiO, has
been improved by SnS, on UV or UV
—Vis light.
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ABSTRACT

The particles of TiO, modified with various amounts of SnS; nanoparticles (TiO2/SnS,) were synthesized
via the hydrothermal method by reacting SnCls-5H,0 with thioacetamide in 5% (vol.) acetic acid aqueous
solution in the presence of TiO,. The obtained products were characterized by using X-ray diffraction, X-
ray photoelectron spectroscopy, UV—Vis diffuse reflection spectra, scanning and transmission electron
microscopy. The photodegradation activities of TiO,/SnS, composites have been investigated by using
methyl orange as target in water under the light irradiation of 250—400, 360—600 and 400—600 nm. It
was found that the photodegradation activity of TiO,/SnS, composites depended on the mass ratio of
SnS, and the wavelength of the irradiating light. The composites containing 33% SnS, exhibited the
maximum activity under the light irradiation of 250—400 and 360—600 nm. However, the more SnS; in
the composites, the higher activity appeared under the irradiation of 400—600 nm light. All the results
reveal that the composites possess much better activity than the pristine TiO;,

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

limited by the wide energy band gap (Eg > 3.2 eV) and high
recombination rate of the photo-induced electron—hole pairs

In recent years, TiO, nanoparticles have been widely used as an
effective photocatalyst in environmental purification in view of its
low cost, high activity, chemical and photochemical stability and
biocompatibility [1-3]. However, the photocatalytic activity is
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formed in photocatalytic processes [4—8]. Hence, many methods
have been employed to prepare nano-sized TiO-based catalyst in
order to maximize the utilization of the visible light and reduce the
recombination of electron—hole [9].

Up to date, it is well known that decorating TiO, nanoparticles
with some metals, metal ions and semiconductors [10—12] may be
a good method to decrease the band gap or to establish energy
levels inside the band gap which will lead a significant visible light
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absorption [13—16]. Since there is a suppression of the recombi-
nation of electron—hole pairs by coupling two different semi-
conductors with dissimilar Fermi levels, the introduction of another
semiconductor to TiO; particles will produce a more efficient sep-
aration of the photo-generated electron—hole pairs [17—19].

SnS; is a kind of n-type semiconductor with band gap of 2.18—
2.44 eV, indicating that it can be used as a promising component in
composites to achieve visible-light-responsive ability [20]. Ac-
cording to its electronic property and appropriate matching degree
of band potentials with TiO,, SnS,/TiO, has been synthesized by co-
precipitation to enhance the activity of the composites under
visible light because the photo-induced electron can transfer from
the conduction band of SnS, to the conduction band of TiO, under
visible light irradiation [21—23]. Based on the results reported
previously, it is expectable that TiO,/SnS; composite with appro-
priate compositions shall possess higher light-driven photo-
catalytic activity than individual SnS; and TiO,. However, the TiO,/
SnS, composites have only been fabricated by simply mixing the
two components or by co-precipitating methods till now and used
as photo-catalyst to remove the dye of methyl orange (MO) in water
[23].

In this paper, the composites of TiO»/SnS; have been synthe-
sized under hydrothermal condition through reacting SnCls-5H,0
with thioacetamide (TAA) in the presence of TiO,. Furthermore, the
photodegradation activities of the composites have been investi-
gated in detail and the results show that the synthesized com-
posites exhibit much higher activity than the pristine TiO,.

2. Experimental
2.1. Materials

TiO, (P25) was obtained from Evonik Degussa (Hualisen
Guangzhou). SnClg-5H0, TAA (99.0%), NapS-9H,O (98.0%),
CH3COOH (>99.5%), MO and other chemicals were of analytical
grade and used directly without further purification.

2.2. Synthesis of SnS, powder

The samples of SnCls-5H0 (2.0 mmol) and TAA (4.0 mmol)
were [24] added into a beaker containing 16.0 mL acetic acid
aqueous solution (5.0 vol.%) under magnetic stirring, the mixture
was then transferred into a 20 mL teflon-lined autoclave after the
samples were dissolved. After being heated at 120 °C for 12 hin an
oven, the autoclave was cooled naturally to room temperature. The
precipitation was collected by centrifugation, washed with deion-
ized water and anhydrous ethanol several times and dried in a
vacuum oven at 100 °C for 3 h.

2.3. Synthesis of the nanocomposites of TiO,/SnS,

Firstly, TiO, powder (200 mg) and certain amounts of
SnCly-5H,0 were dispersed in 8.0 mL acetic acid aqueous solution
(5 vol%) under ultrasonic condition, then 8.0 mL acetic acid
aqueous solution containing TAA was dropped into the mixture and
the molar ratio of SnCls-5H,0 and TAA was kept to about 1:2.
Subsequently, the mixtures were transferred into teflon-lined
stainless steel autoclaves after being stirred 30 min, the teflon-
lined autoclaves were then heated at 120 °C for 12 h in an oven.
Finally, the products were obtained after the precipitations were
filtered, washed with distilled water and anhydrous ethanol several
times to remove the impurities, and dried in a vacuum oven at
100 °C for 3 h.

The composites of TiO,/SnS; containing 9.1, 16.7, 23.1, 33.3, 37.5,
50.0, 54.6 wt¥% of SnS; have been synthesized and tested. Under the

irradiation of UV and UV—Vis light, the activity of the photo-
catalysts increased with the increment of SnS; in the composites
initially, while it decreased when the content of SnS; in the com-
posites was larger than 33.3%. In order to make the figures clear, the
composites containing 9.1, 33.3 and 54.6 wt% SnS; were defined as
TiO,/SnS,-9, 33 and 54 and the curves corresponding to their
photodegradations were listed in the figures.

The SnS; particles could be also prepared by using SnCls-5H>0
and NaS-9H,0 as raw materials. In order to make a comparison
between the two preparation methods, the composite of TiO»/SnS,
containing 33.3% SnS; named as TiO,/SnS;-33(Na,S) was prepared
according to literature [23] by using SnCl,-5H,0 and Na,S-9H,0 as
raw materials. Briefly, 10 mL NayS-9H,O aqueous solution
(0.2 mol L’l) was slowly added into 10 mL SnCls-5H,0 aqueous
solution (0.1 mol L~!) containing appropriate TiO, powder under
vigorous stirring until the pH of the suspension is about 7. The final
product was filtered, washed with distilled water and anhydrous
ethanol for several times, and then dried at 100 °C for 3 h under
vacuum.

2.4. Characterization

The morphologies of the obtained products were observed by
using a scanning electron microscope (SEM, JEOL-JSM-6701F)
operating at 10 kV and transmission electron microscope (TEM,
JEOL 2010) operating at 200 kV. The XRD patterns of the samples
were recorded on a Bruker D8 Advance X-ray diffractometer (Cu
Ka). X-ray photoelectron spectroscopy (XPS) measurements were
carried out on an ESCAL-ab 220i-XL spectrometer (VG Scientific,
England) employing a monochromic Al Ka source at 1486.6 eV,
where the binding energies were calibrated by referencing the Cls
peak (284.6 eV) to reduce the sample charge effect. The UV—Vis
diffuse diffraction spectra were obtained on a Thermo Scientific
Evolution 220 UV—Visible spectrophotometer.

2.5. Photocatalytic tests

Photocatalytic activities of the as-prepared products were
studied by using the MO solution with a concentration of 20 mg L™!
as target under the light irradiation with the wavelength range of
250—400, 360—600 and 400—600 nm. Prior to illumination,
50.0 mL MO aqueous solution containing 10.0 mg of photocatalyst
was magnetically stirred in the dark for 30 min to achieve the
adsorption/desorption equilibrium between the catalyst and MO.
Then the mixture was exposed to the light produced by a 200 W Xe
lamp positioned 36 cm away from the vessel, and the temperature
was kept at about 25 °C in the process of degradation. During the
irradiation, about 1.0 mL of the suspension was taken from the
vessel at an interval of 5 or 10 min and the photocatalyst was
removed by centrifugation at 12,000 rpm. Then the retained MO in
the supernatant solution was analyzed by a UV—Vis spectropho-
tometer (Varian 50 Bio UV—Visible spectrophotometer) at the
maximum absorption wavelength of 462.0 nm. Furthermore,
the photodegradation activities of TiO, (Degussa P25) and TiO/
SnS»-33(NayS) synthesized by a precipitation method were also
determined under the same conditions with the similar procedure.

The measured absorbance intensities after different irradiation
times were transformed to the reduction ratio of MO (Rrm), which
was calculated using the following expression:

Rrm = (Ag — A¢)/Ag x 100%

where Ag and A; were the absorbance intensities when illuminated
for O (that is, just after the dark adsorption) and t min, respectively.
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3. Results and discussion
3.1. The characterization of the samples

From the XRD pattern of pure SnS; (Fig. 1a) prepared by hy-
drothermal method, it is found that the characterized diffraction
peaks located at 14.93, 28.32, 32.96, 50.09, 52.49, 58.60 and 70.14°
are corresponded to the crystal plane of (001), (100), (011), (110),
(111), (201) and (113), respectively. The average size of the particles
is calculated to be about 7.86 nm and 12.83 nm according to the
Debye—Scherrer’s formula based on the diffraction peaks of (001)
and (110) plane. From the XRD pattern of TiO, shown in Fig. 1e, it is
found that the diffraction peaks corresponding to anatase phase are
located at 25.23, 36.96, 37.03, 53.26, 53.97, 62.55, 68.89, 70.22 and
75.12°. It is notable that the characterized peaks of rutile phase of
TiO, appear at 27.32, 36.02 and 41.21° at the same time. The XRD
patterns of TiO,/SnS; composites with various contents of SnS; are
shown in Fig. 1b—d, from which it is found that the intensity of
diffraction peaks assigned to SnS, increases with the increment of
the content in the composites. The average size of the SnS; in
composite of TiO»/SnS,-33 is about 5.42 and 9.53 nm based on the
(001) and (110) diffraction peaks of SnS,, respectively, which is
obviously smaller than that of pure SnS,, indicating that the SnS;
particles can be stabilized by the surface of TiO; and that there may
be some strong interaction between them. It is surprising to find
that the TiO2/SnS,-33(NayS) composite prepared by reacting
SnCly-5H,0 with NayS-9H,0 in the presence of TiO, exhibits only
the diffraction peaks of TiO; (Fig. 1f), which indicates that the SnS;
particles dispersed on the surface of TiO, are amorphous. This
result is consistent with that of the previous literature [21—24].

In order to clarify the interaction between the components in
the composites, the XPS spectra are recorded and shown in Fig. 2. It
can be seen that the binding energies of Sn3ds; in SnS; and TiOy/
SnS,-33 are about 486.6 and 486.0 eV, respectively. It is clear that
the binding energy of Sn3ds), in TiO»/SnS;-33 is less than that of
pure SnS; (486.6 eV). Moreover, the XPS peak of Ti2p3), in sample
TiO,/SnS,-33 is located at 458.6 eV which is higher than that of TiO,
(458.3 eV). This may be due to the fact that the Fermi levels of SnS;
are lower than that of TiO,, so that the electrons on Ti atom can
transfer to the Sn atom in SnS; dispersed on the surface of TiO»,
which causes the changes in the outer electron cloud density of Ti
and Sn ions and makes the Ti2p binding energy increase and Sn3d
binding energy decrease. This fact suggests that there is some
intense interactions between TiO, and SnS, species [25,26]. The
XPS peak of Ti2p3; for TiO»/SnS;-33(NayS) is located at 458.8 eV
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Fig. 1. The XRD patterns of the samples of the pure SnS, (a), TiO2/SnS,-9 (b), TiO,/
SnS;-33 (c), TiO,/SnS,-54 (d), TiO; (e) and TiO2/SnS;-33(NasS) (f).

which is higher than that of TiO; and similar to the result of TiO3/
SnS;-33. However, the XPS peak of Sn3ds; centered at 486.7 eV for
TiO2/SnS,-33(NayS) is also higher than that of SnS;, which may be
because some tin oxide has formed during the preparation process
of SnS; by precipitation and tin oxide may cause the XPS peak shifts
to higher region [21].

From the SEM image shown in Fig. 3A, it is found that the par-
ticles in the sample of SnS, are aggregated, and that it is difficult to
get the shape and size of the particles. From the TEM image shown
in Fig. 3D, it is found that the SnS; particles are flaky. The particles
of TiO, have irregular shapes and the size of the particles ranges
from 10 to 30 nm (Fig. 3B and E). Furthermore, it is interesting to
find that the morphology of TiO,/SnS,-33 is between the SnS; and
TiO, profile (Fig. 3C). From the TEM image (Fig. 3F), it can be seen
that the surface of TiO, has been decorated by some small particles,
which indicates that the composites have been synthesized
successfully.

Fig. 4 shows the UV—Vis diffuse reflection spectra of the ob-
tained samples. As seen from Fig. 4A, TiO; displays an optical ab-
sorption capability mainly below 400 nm (Fig. 4A—e), while the
pure SnS, exhibits not only stronger optical absorption below
400 nm, but also an obvious absorption in the range of 400—
650 nm (Fig. 4A—a). It is clear that the absorption spectra of TiO/
SnS; composites have combined the optical absorption features of
TiO, and SnS; (Fig. 4Ab—f). Moreover, the more content of SnS; in
the composites, the absorption of the composites in the visible
region is stronger.

In order to clarify whether the interaction exists between the
TiO, and SnS,, the absorption spectrum plotted by adding 67%
spectrum of TiO and 33% spectrum of SnS; is shown in Fig. 4B—c. It
can be seen that the curve c exhibits the same intense of absorption
comparing to the samples of TiO2/SnS,-33 and TiO/SnS,-33(NayS)
below 350 nm. However, the composites of TiO,/SnS,-33 and TiO,/
SnS,-33(NayS) show much larger light absorption than that of the
curve-c in the visible range (Fig. 4B—a, b), and the sample of TiO,/
SnS;-33 has the largest absorption. This phenomenon also indicates
that there is an intense interaction between TiO; and SnS; species
when the samples are prepared by the in-situ synthesis method.

3.2. The photocatalytic activity of samples

By using the MO molecules as the target, the photocatalytic
activity of the obtained samples is tested and the results are shown
in Fig. 5. From the data shown in Fig. 5A, it is found that the
degradation rate is about 33.3% under the UV—Vis (360—600 nm)
light for 30 min when 10.0 mg TiO; is used as photocatalyst, and is
about 62.1% in the presence of TiO,/SnS,-33(NayS). However, the
degradation rate of MO in the presence of TiO,/SnS; prepared by
hydrothermal method increases with the increment of SnS;
initially, while decreases with the increase of SnS, content in the
composites after the degradation rate reaches the maximum. In the
presence of TiO2/SnS,-33, the degradation rate under the same
condition can reach to about 100% at about 30 min, which is
obviously larger than that of TiO».

Moreover, it is well accepted that the photo-catalytic degrada-
tion of the organic pollutants follows the pseudo first-order kinetic
[27], which exhibits a linear relationship between In(Cy/C;) and the
reaction time. The kinetics equation of the first-order reaction can
be described as:

Co
I = Kt 1)

where Cj is the initial concentration of MO, t the reaction time and
C: the concentration of MO at reaction time of t. So based on the
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Fig. 2. The XPS spectra of Sn3d (A) and Ti2p (B). The curve of a, b and c is corresponding to the SnS,, TiO,/SnS,-33 and TiO,/SnS,-33(Na,S) in A, while to TiO, (P25), TiO,/SnS,-33

and TiO,/SnS;,-33(Na,S) in B.

first-order equation, the activities of the photocatalysts are deter-
mined by measuring the absorbency of the MO in solution at a
certain time intervals.

The relationship between the apparent reaction constants (Kapp)
for the photodegradation of MO and the content of SnS; in the
composites of TiO,/SnS; is shown in Fig. 5B. It can be found that the
Kapp for MO degradation in the presence of TiOp is about

y

Cis

Fig. 3. The SEM images of SnS; (A), TiO; (B) and TiO,/SnS,-33 (C), and the TEM images of SnS; (D), TiO, (E) and TiO/SnS;-33 (F).

50 nmiF

0.0135 min~", and that the Kapp increases with the increment of
SnS, in composites initially. The Kapp reaches the maximum
(0.106 min~') when the content of SnS; in the composite is about
33%, which is almost seven times larger than that of TiO,. However,
the Kapp decreases when the content of SnS; in the composites
increases further. It can also found that the TiO,/SnS,-33(Nax,S) only
exhibits a Kapp of about 0.0225 min~" which is far smaller than that
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Fig. 4. Diffuse reflection UV—Vis spectra (A) of the samples of SnS; (a), TiO2/SnS,-9 (b), TiO»/SnS;-33 (), TiO2/SnS,-54 (d), TiO; (e) and TiO2/SnS,-33(NayS) (f). (B) The comparison of
the UV—Vis spectra of TiO»/SnS,-33 (a) and TiO,/SnS,-33(Na,S) (b) and the curve c obtained by adding 67% spectrum of TiO, and 33% spectrum of SnS,.

of TiO,/SnS,-33. When the mixture of TiO, (6.7 mg) and SnS;
(3.3 mg) is used as the catalyst to degrade the MO, it is found the
degradation rate is about 35.0% at 30 min and the Kapp for MO
degradation is about 0.0137 min~!, which is slightly larger than that
of TiO,. So we can conclude that the composites prepared by hy-
drothermal method exhibit more activity than the composites
prepared by co-precipitation method because of the better crys-
talline, and that the presence of SnS, on the surface of TiO, can
enhance the photodegradation activity of TiO, by improving the
separation of the photo-induced electron—hole pairs or by the
enhancing of the absorption properties in the visible-light range.

The degradation of MO has also been measured under the light
irradiation of 250—400 nm and the results are shown in Fig. 6A and
B, from which the similar trend is observed in contrast with Fig. 5A
and B. For example, it is found that the degradation rate of MO in
presence of TiO; is about 70.0% at 30 min, while in the presence of
TiO2/SnS,-33 it can reach to 100% at 20 min. However, the MO
removal over the TiO,/SnS,-33(NayS) is about 63.9% at the same
condition (30 min). The Kpp for MO degradation in the presence of
TiOy, TiO2/SnS,-33 and TiO,/SnS;-33(NayS) is about 0.0358, 0.222
and 0.0406 min ™. The Kapp, for MO degradation in the presence of
TiO2/SnS,-33 is five times larger than that of TiO,, and about four
times larger than that of TiO2/SnS;-33(NayS).

The photodegradation ability of the obtained samples under the
light irradiation of 400—600 nm is also been investigated and the
results are shown in Fig. 7A and B. As seen from Fig. 7A, the

A

20
Irradiation time (min)

30 40 50

reduction of MO can hardly occur under visible light irradiation in
the presence of TiO, for a long time (Fig. 7A—e). Instead, the
reduction of MO over TiO,/SnS; composites increases with the
increment of the SnS; content in the composites. For example, in
the presence of TiO,/SnS,-33 and SnS,, the degradation rate is
about 40% and 98% at 60 min, while in the presence of TiO,/SnS;-
33(NayS), the degradation rate is about 28%. Moreover, it can be
seen from the Fig. 7B that in the presence of TiO, particles, the
system exhibits a Kapp of about 0.000413 min~', and that the Kapp
increases with the increment of SnS, in the composites of TiO,/
SnS,, for example, in the presence of TiO2/SnS,-33, TiO,/SnS;-
33(NayS) and SnS, the Kpp is measured to be about 0.00857,
0.0058 and 0.0343 min~". When 3.3 mg SnS; is used as photo-
catalyst, the degradation rate of MO is about 22.2% at 60 min. While
the mixture of 6.7 mg TiO, and 3.3 mg SnS; is used as catalyst, the
degradation rate of MO is measured to be about 24.0% at 60 min
which is slightly larger than 22.2%, and the Kjp, is calculated to be
about 0.00562 min~. These results are smaller than that of TiO,/
SnS,-33, indicating that TiO, in the composites of TiO,/SnS; can
only slightly increase the performance of SnS, in the composites.
From all the above results, it can be deduced that the activity
improvement of TiO, under 360—600 nm light irradiation does not
mainly come from the visible light absorption ability of SnS, in the
composites. According to the literature [25] and XPS spectra, it is
considered that the conduction band of the SnS; is slightly lower
than that of TiO,, and that the photo-generated electron on SnS; is

0.12

—=—Ti0,/SnS,
—e—Ti0,/SnS,-33(Na,S)

0 20 40 60 80 100

Content of SnS2 (%)

Fig. 5. (A) the plot of C/Cy versus the time of photodegradation for MO in the presence of (a) SnS,, (b)TiO2/SnS,-9, (c) TiO2/SnS,-33, (d) TiO/SnS,-54, (e)TiO, and (f) TiO/SnS;-
33(Na,S) under UV—Vis light irradiation (360—600 nm) and (B) The relationships of the apparent reaction constant K, for MO degradation over the composites of TiO,/SnS, with

various contents of SnS,.
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difficult to transfer to TiO,, so the degradation rate of MO over the
composites is smaller than that of pure SnS; under 400—600 nm
light irradiation. However, the photo-generated electron on TiO;
can easily transfer to SnS, under the 250—400 and 360—600 nm
light irradiation, which makes the electron—hole pairs separated
and causes the degradation rate of MO to increase dramatically.
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Fig. 8. The degradation rates of MO under irradiation in the presence of TiO,/SnS,-33
only (a), in the presence of TiO,/SnS,-33 and 1.0 mL isopropyl alcohol (b) and 2.0 mL
isopropyl alcohol (c).

In order to clarify the approach of the degradation, the ex-
periments have been carried out by using the isopropyl alcohol as
the scavengers for -OH radicals. In this case, the degradation rate
will increase when the degradation of MO is performed by
reduction while it will decrease when the degradation is caused by
oxidation. From the results shown in Fig. 8, it can be found that
the degradation rate of MO increase with the increase of the
concentration of the isopropyl alcohol in the mixture, which in-
dicates that the reductive degradation of MO on the TiO»/SnS;
surface played a more important role than the oxidative degra-
dation caused by -OH radicals. This result is similar to the previous
literature [28].

4. Conclusions

The composites of TiO,/SnS; have been successfully prepared
via a rapid and simple hydrothermal method. The product of TiO,/
SnS; with a suitable mass ratio possesses excellent photocatalytic
activities under UV or UV—Visible light irradiation. However, under
visible (400—600 nm) light irradiation, pure SnS; exhibits the
better activity. The higher degradation of MO is ascribed to the
matching band potentials of TiO, and SnS; and efficient electron—
hole separations via interface. Furthermore, the as-synthesized
composites not only show a much better photocatalytic activity
toward the degradation of MO in water, but also can be easily
recovered from the suspension by filtration or centrifuge after the
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use, indicating that they may be a kind of promising photocatalyst
in remediation of water polluted by some chemically organic dyes.
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