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Ag,S quantum dots in situ coupled to hexagonal
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A novel visible-light-driven Ag,S/SnS, composite photocatalyst was successfully fabricated via a simple in

situ hydrothermal-ion-exchange method. The materials were systematically characterized by various
techniques. XRD, XPS, and TEM analysis demonstrated the successful formation of Ag,S quantum dots

on the surface of SnS, nanoplates. The Ag,S/SnS, composite materials exhibited

increased

photocatalytic activity compared to pure SnS, for the removal of methyl orange (MO) and Cr(vi), and the
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1% Ag,S/SnS, composite material showed the best activity under visible light irradiation. Holes (h*) and

superoxide radicals ("O,7) were the major active species during the photocatalytic process. The in situ
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1. Introduction

Nowadays, environmental pollution and energy issues have
hindered the sustainable development of modern society.
Among them, the excessive discharge of industrial wastewater
containing both organic pollutants and heavy metal irons at the
same time is a major problem. Worse still, both organic pollut-
ants such as methyl orange (MO) and heavy metal ions like Cr(vi)
produce serious harm to the environment."* Therefore, how to
remove these two types of pollutant efficiently and economically
becomes an urgent issue. Semiconductor photocatalysis, as an
efficient and promising technology directly utilizing solar energy
to solve the environmental pollution and energy demand prob-
lems, has aroused considerable attention in the past decades.**
Hitherto, various kinds of semiconductor materials (such as
TiO,,* Fe,05,° AgVO;,” CdS®) have been developed for the pho-
todegradation of organic pollutants or the photoreduction of
heavy metal ions. However, some semiconductors like TiO, only
can be excited under UV light irradiation due to its wide band
gap (~3.2 eV), which restricts its practical applications.®
Therefore, to explore visible-light response and high-
performance photocatalysts is a key objective for researchers.
Among a large variety of semiconductor photocatalysts, tin
disulfide (SnS,), a peculiar CdI,-structure metal-sulfide
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formation of Ag,S quantum dots provided an effective way to facilitate carrier transfer and separation,
which is believed to be responsible for the enhanced photocatalytic performance.

semiconductor, depend on its excellent oxidation resistance,
splendid thermal stability in the air and non-toxicity, low
cost,'™* has been in-depth investigated and widely applied in
the photocatalysis field involving reduction of CO,,' reduction
of Cr(v1),"” degradation of organic compounds,'® and production
of H, from water." As the research goes on, different
morphologies of SnS, nanomaterials have been obtained (such
as nanoflowers,? nanotubes,?* nanorods,* and nanoplates®) to
produce higher specific area or control the band gap energies.
Even so, the photocatalytic ability of SnS, still has been limited
by the high recombination rate of photo-generated carriers.**
Numerous strategies have been carried out to overcome this
limitation, particularly, constructing suitable semiconductor
composites is a powerful and effective method and various
different composites with oxides (SnO,,** Al,0;,* TiO, ),
sulfides (CdS,* SnS,,* In,S; *°), and others (ZnFe,0,4,*" g-C3N,,*
rGO*), have been successful synthesized.

Recent years, silver sulfide (Ag,S), as a direct semiconductor
material with narrow band gap, possesses a high absorption
coefficient and excellent conductivity properties, attracts
substantial research interest and has been widely applied in
sustainable photocatalysis field.***® Up to now, a series of
researches have been employed to use nanosized Ag,S or Ag,S
quantum dots to modify some materials in order to obtain
higher photocatalytic properties such as Ag,S-Sn0,,” ZnS-
Ag,S,*** Ag,S/Ti0,,** CuS/Ag,S* and so on. However, according
to our knowledge, there is still no research compositing Ag,S
quantum dot with hexagonal SnS, to minimize the recombi-
nation rate of photo-generated carriers and further promote the
photocatalytic property of SnS,. Therefore, it is highly desirable
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to synthesis Ag,S/SnS, composite materials for removing the
organic pollutants and heavy metal ions efficiently.

Inspired by the above ideas, in this study, a new type of Ag,S/
SnS, composite photocatalysts was synthesized via a simple in
situ strategy, and determined by XRD, XPS, TEM, DRS, and some
other techniques in detail. The experimental results showed that,
Ag,S/SnS, composite can achieve significantly enhanced photo-
catalytic performance for the removal of MO and Cr(vi), indi-
cating that the excellent electron conductivity property of Ag,S
can be used sufficiently. The reusability of Ag,S/SnS, composite
was examined. Finally, combining with the ESR and active
species trapping results, a possible photocatalytic mechanism
for the enhanced photocatalytic performance was presented.

2. Experimental
2.1 Materials

All chemical reagents and solvents were of analytical reagent
grade and used as received.

2.2 Catalysts synthesis

Synthesis of SnS, nanoplates. The SnS, nanoplates were
designed by a facile hydrothermal method. Specific steps are as
follows: first of all, 2.1 g of tin tetrachloride pentahydrate
(SnCl,-5H,0), 3 g of thiourea and 60 mL of deionized water
were mixed with ultrasonic for 10 min, then transferred into
a 100 mL Teflon-lined autoclave and heated at 180 °C for 12 h.
The yellow precipitates were centrifuged and washed several
times, then dried at 60 °C for 12 h in vacuum.

Synthesis of Ag,S/SnS, composite materials. The formation
of Ag,S/SnS, composite materials was described as the
following steps: firstly, 0.1 g of SnS, nanoplates were dispersed
in 40 mL of deionized water, followed by ultrasonic and stirring
for 20 min and 30 min, respectively, then added a certain
amount of AgNO; (0.1 mol L") by dropping with stirring for
another 2 h. The solubility products (Ksp) of SnS, (2 x 10~%7) is
less than that of Ag,S (6.3 x 107 °°). Through the cation-
exchange reaction between SnS, and Ag’, Ag,S is deposited
preferentially on the surface of the SnS, nanoplates by in situ
reaction. Then the products were washed with deionized water
and absolute ethanol for several times, then dried at 60 °C for
12 h in air. Finally, the Ag,S/SnS, composites were obtained. By
adding different volume percentage of AgNO; to control the
quality of the compound of Ag,S, resulting in 0.5% Ag,S/SnS,,
1% Ag,S/SnS,, 3% Ag,S/SnS,, 5% Ag,S/SnS, composite photo-
catalytic materials. The inductively coupled plasma atomic
emission spectroscopy (ICP) analysis was investigated to
determine the values of Ag* and Sn*" concentration (Fig. S17),
then we calculated the molar ration of elements for all samples
in details according to the analysis of ICP and the result are
shown in Table S2.7 The schematic of the preparation process is
shown in Scheme 1.

2.3 Characterization

The crystal structure of samples was determined by a Shimadzu
XRD-6000 X-ray diffractometer (Cu Ka radiation). Transmission
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Scheme 1 Schematic of the preparation process.

electron microscopy (TEM, JEOL JEM 2010, 200 kV) were used to
observe the morphologies and structures of Ag,S/SnS, compos-
ites. Energy dispersive X-ray spectroscope (EDS) was used to
analyze the elementary composition. X-ray photoelectron spec-
troscopy (XPS, VG-MultiLab 2000 system, Mg Ka) was applied to
the surface analysis of samples. The optical properties of samples
were analyzed by a UV-2450 Shimadzu UV-vis spectrophotometer,
where BaSO, powder played the role of internal reflectance
standard. The photoluminescence (PL) spectra of the as-prepared
samples were investigated on a Varian Cary Eclipse Fluorescence
spectrometer with an excitation wavelength of 360 nm. To inves-
tigate the transfer rate of the photo-induced carriers for the as-
prepared samples, the electrochemical impedance spectroscopy
(EIS) were performed in an electrochemical workstation, in which
Ag/AgCl and a platinum wire and were used as reference and
counter electrode, respectively. Meanwhile, the working electrode
was photocatalyst (0.1 mg) films coated on ITO (0.5 x 1 cm®). The
ESR spectra were taken on an ESR spectrometer (JES-FA200) with
DMPO (Sigma Chemical Co.) as the spin-trap reagent dispersed in
water and methanol, respectively.

2.4 Photocatalytic activity

The photocatalytic activities of the SnS, and Ag,S/SnS,
composites were performed by the degradation of MO and
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Fig. 1 XRD patterns of pure SnS, and Ag,S/SnS, composites with
different Ag,S contents (0.5%; 1%; 3%; 5%). Inset: XRD patterns of pure
AgZS

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 TEM images of (a) SnS;; (b and c¢) 1% Ag,S/SnS, composite; (d) EDS analysis of 5% Ag,S/SnS, composite sample.

reduction of Cr(vi) irradiated by a 300 W Xe lamp with a 420 nm
cutoff filter. The photocatalytic experiment was taken with
a circulating water system controlling the temperature in 30 °C

to avoid the thermal catalytic effects. Specific experimental
details are as follows, 70 mg as-prepared samples were totally
dispersed in 70 mL MO (10 mg L™ ") and K,Cr,0, (50 mg L)
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Fig. 3 XPS spectra of 1% Ag,S/SnS, sample: (a) full spectra; (b) Sn 3d; (c) S 2p; (d) Ag 3d.
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aqueous solution, respectively, and then the mixed solution was
magnetically stirred for 30 min in the dark to obtain the
absorption-desorption equilibrium, after which the reaction
solution was irradiated for 60 min and about 4 mL solution was
taken out in each 10 min and centrifuged. The concentrations
of MO were determined on a UV-vis spectrophotometer (Shi-
madzu, UV-2450). The concentrations of Cr(vi) were analyzed by
the following steps: 1 mL of the supernatant and 9 mL of
sulfuric acid solution (0.2 mol L") diluted in the volumetric
flask, then added 0.2 mL of chromogenic agent (0.25% DPC
dissolved in acetone) followed by shaking and putting it aside
for 15 min, to ensure complete coloration. Finally, the absor-
bance was measured at a wavelength of 540 nm using a UV-vis
spectrophotometer.

3. Results and discussion
3.1 Characterization of samples

The crystal structures of Ag,S, SnS, and Ag,S/SnS, composite
materials with different Ag,S contents were investigated by XRD
analysis, as shown in Fig. 1. The diffraction peaks of pure SnS,
can well be indexed to hexagonal SnS, (JCPDS 23-0677) with
20 = 15.03°, 28.20°, 32.12°, 41.89° and 49.96°, which are
consistent with (001), (100), (101), (102) and (110) diffraction
planes.” The diffraction peaks of pure Ag,S are indexed to the
standard card of pure monoclinic Ag,S (JCPDS 14-0072).*® For
Ag,S/SnS, composite materials, no Ag,S phase can be observed,
which may be due to the low amount of Ag,S, and no obvious
change is observed compared to pure SnS,, indicating that the
introduction of Ag,S doesn't affect the crystal structure of SnS,.

The microscopic morphologies and surface microstructures
of the Ag,S/SnS, composite materials were determined by the
transmission electron microscopy (TEM). The pure SnS, nano-
plate (Fig. 2a) presents a smooth hexagonal structure with
a diameter of about 400 nm, which has a large surface area for
the in situ formation of Ag,S. The morphology of 1% Ag,S/SnS,
composite material (Fig. 2b) is similar to pure SnS,, which can
be further seen in Fig. 2c, the Ag,S quantum dots have inti-
mately attached on the surface of SnS, nanoplates.** The EDS
analysis (Fig. 2d) of Ag,S/SnS, composite samples displayed
only Ag, Si, S and Sn elements with no other elements, indi-
cating that Ag,S/SnS, composite materials were successfully
performed with only composed of both Ag,S quantum dots and
SnS, nanoplates.

Fig. 3 is the XPS analysis for 1% Ag,S/SnS, composite. Fig. 3a
reveals Sn, S and Ag elements are three main elements in Ag,S/
SnS, composites. Two obvious peaks at 487.0 and 495.3 eV
could be attributed to the Sn 3ds,, and Sn 3dj,,, respectively, in
the Sn 3d high-resolution spectra (Fig. 3b).** Meanwhile, the
typical peaks in Fig. 3c located at 161.7 and 162.9 eV could be
assigned to S 2psj, and S 2py, orbits of >, respectively.* While
the peaks at binding energy 368.3 and 374.5 eV could be
ascribed to Ag 3d;,, and Ag 3ds/, of Ag" in Ag,S quantum dots,
respectively.*® Above all, from the analysis of XRD, EDS and XPS,
it can be confirmed that SnS, and Ag,S exist in the Ag,S/SnS,
composites.
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The light absorption abilities of pure SnS, and Ag,S/SnS,
composites were investigated via UV-vis spectroscopy. From
Fig. 4a, we can see that SnS, has strong and broad absorption in
the region of visible light, and Ag,S quantum dot has broad
absorption in both UV and visible light. Besides, the light
absorption abilities of Ag,S/SnS, composite materials show
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Fig. 4 (a) The optical absorption spectroscopy of SnS, and Ag,S/SnS,

composite materials; plots of (@hv) and (ahv)? versus energy for the

band gap energy of (b) SnS; and (c) Ag,S, respectively.
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enhancement with the addition of Ag,S quantum dots. Hence
the combination both SnS, and Ag,S improves the absorption
abilities, which may result in higher photocatalytic abilities for
Ag,S/SnS, composite materials. According to the equation:
ahv =A (hv — Eg)"/ 2 where a, k1, v, A, E, is absorption coefficient,
Planck constant, light frequency, a constant and band gap
energy, respectively.”” The value of n is equal to 1 and 4 for direct
and indirect transition semiconductors, respectively.*® Thus,
the values of n are 4 for SnS, and 1 for Ag,S. The band gap
energy of SnS, and Ag,S were calculated to be 2.05 eVand 1.1 eV,
respectively (as shown in Fig. 4b and c).

3.2 Photocatalytic activity

The photocatalytic properties of samples were evaluated by the
degradation of MO (Fig. 5a) and the reduction of Cr(vi) (Fig. 5b)
under visible light irradiation. We can see from Fig. 5a, under
visible light irradiation, MO is too stable to degrade without any
photocatalysts, but about 68% MO is degraded with the addi-
tion of pure SnS,. Meanwhile, in the case of Ag,S/SnS,
composite materials, MO degradation rates are enhanced for
the same time period (60 min), and 1% Ag,S/SnS, composite
material shows the best photocatalytic activity with about 88%
MO degraded. Besides, the removal rate of Cr(vi) can quickly
increase from 42% for pure SnS, to 53%, 57%, 51% and 45% for
0.5%, 1%, 3%, and 5% Ag,S/SnS, composite materials, and the
1% Ag,S/SnS, composite also shows the best performance, just

View Article Online
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as shown in Fig. 5b. Above all, the in situ formation of Ag,S
makes good effect on the photocatalytic process.

The reaction kinetics of MO photocatalytic degradation over
different samples were investigated by using a first-order kinetics
model with the formula: —In(C,/C,) = kt. Where C; and C, are the
MO concentration at times ¢ and 0, k (min ") is the rate constant
of apparent first-order and ¢ (min) is the irradiation time.
According to the Fig. 5c, we can see the k for SnS,, 0.5% Ag,S/
SnS,, 1% Ag,S/SnS,, 3% Ag,S/SnS, and 5% Ag,S/SnS, are calcu-
lated to be 0.01822, 0.02787, 0.03228, 0.02352 and
0.02083 min ", respectively. The rate constant of 1% Ag,S/SnS,
composite is 1.77 times as high as the pure SnS, under the same
conditions, indicating there has synergistic effect between Ag,S
and SnS,, which improves the MO photocatalytic degradation.
Moreover, the stability and recycling of the Ag,S/SnS, materials
were tested and shown in Fig. 5d, the photocatalytic performance
has no significant decrease (only 3.2% decreased) after three
cycles. The XRD and SEM analysis of 1% Ag,S/SnS, composite
after cycle runs were performed and the results are shown in
Fig. S1 and S2.t For 1% Ag,S/SnS, composite, the phase structure
has no obvious changes before and after the experiment and the
hexagonal structure still maintain with Ag,S quantum dots
intimately attached on the surface. The results confirm that the
Ag,S/SnS, has good stability.

Photoluminescence (PL) spectroscopy is usually used to
investigate the transfer and recombination ability of photo-
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Fig. 5 The adsorption rate curves of MO (a) and Cr(v) (b) test under visible light irradiation in the presence of as-prepared samples; (c) the
corresponding rate constant (k) for photocatalytic degradation of MO solution over various samples under visible light irradiation; (d) cycling runs
for the photodegradation MO in the presence of 1% Ag,S/SnS, composites under visible light irradiation.
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generated carriers in photocatalysts. Generally, the lower the PL
emission intensity, the higher the efficiency of charge recom-
bination, and the more charge can join in photocatalytic reac-
tion, and finally, the higher the photocatalytic performance.
The PL spectra of Fig. 6 show that the emission peaks positions
of SnS, and 1% Ag,S/SnS, are uniform, but the emission
intensities of 1% Ag,S/SnS, are lower than pure SnS,, indicating
Ag,S/SnS, composite materials have lower recombination rate
of carriers than pure SnS,. The results show that the synergistic
effect between Ag,S and SnS, promotes the photo-induced
carriers separation, and eventually, enhances the photo-
catalytic performance of Ag,S/SnS, composite materials. EIS are
performed on 1% Ag,S/SnS, composite and pure SnS, to further
determine the charge separation efficiency over different
samples and the results are shown in Fig. 6b. We can see that
the diameter of Ag,S/SnS, composite is smaller than that of
pure SnS,, indicating the Ag,S/SnS, composite has a relatively
lower resistance than pure SnS,. Therefore, the coupling of Ag,S
to SnS, can enhance the separation and transfer efficiency of
charge, and realize enhanced photocatalytic performance.

It was generally accepted that holes (h"), hydroxyl radical
(‘OH), and superoxide radical (‘O,") are three active species
during photocatalytic oxidation processes.* The electron spin
resonance (ESR) was executed with DMPO spin-trapping in
methanol and water, respectively, to determine the major active
species in the photocatalytic process, and the results are shown
in Fig. 7. There is no ESR signal for Ag,S/SnS, composites at
dark condition, but the DMPO'O,  adducts signals can be
observed under the visible light irradiation even the signal is
not strong (Fig. 7a) and the DMPO'OH is still negligible
(Fig. 7b), indicating that a handful of 'O, can be generated
while "OH cannot be generated.*® To further ascertain the active
species over Ag,S/SnS, photocatalyst, various active species
trapping experiments were performed, just as shown in Fig. 8.
After adding isopropanol (IPA) to trap ‘OH, no obvious variation
of photocatalytic efficiency can be observed, revealing the ‘OH
was not the major active species.”* However, the photocatalytic
performance decreased in Ar atmosphere trapping "O,", and
instantly decreased after the TEOA was added to trap the h*.°»
Combining with ESR results, the "0, have a littler effect on the
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photodegradation process and the h' is the major active species
in the photocatalysis reaction.

The value of valence band (VB) can be confirmed by the XPS
analysis. Fig. 9 was the VB spectra of the pure SnS, sample and
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Fig. 7 ESR spectra of radical adducts trapped by DMPO in 1% Ag,S/
SnS, composite in (a) methanol dispersion (for DMPO*O, ™) and (b)
aqueous dispersion (for DMPO*OH) under visible light irradiation.
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and pure SnS,.
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(a) PL spectroscopy of SnS, and 1% Ag,S/SnS, composite; (b) electrochemical impedance spectroscopy plots of 1% Ag,S/SnS, composite
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Fig. 8 Effects of various scavengers on the visible light photocatalytic
activity of the 1% Ag,S/SnS, composite material.

the VB maximum edge can be estimated to be 1.30 eV.
According to the DRS results, the band gap energy (E;) of pure
SnS, is 2.05 eV. Based on the equations Eyg = Ecg + E,, the CB
potential of SnS, can be calculated to be —0.75 eV. Fig. 10
illustrates the possible mechanisms for the increased photo-
catalytic activity of Ag,S/SnS, sample towards the pollutant
degradation. After the visible light irradiated on the Ag,S/SnS,
composites, the electrons in the VB of SnS, and Ag,S could be
inspired and transfer from VB to the CB and the photo-
generated holes would leaving in the VB. Generally, most of
electrons and holes would recombine rapidly for pure SnS,,
which results in pure SnS, having relatively poor photocatalytic
activity. However, when Ag,S quantum dots was in situ formed
on the surface of the SnS,, the most electrons would transfer
from the CB of SnS, to the more positive CB of Ag,S due to the
excellent electron transfer ability of Ag,S, leading to effective
separation of charge carriers.>**° But there still have a handful
of electrons don't transferred, which would reduce the adsorbed
molecule oxygen to yield ‘O, , and because the remaining
electrons are little, the content of 'O,  is few. Then the
produced few ‘O,  and vast photo-generated holes would
worked as the reactive oxygen species for the subse-
quently photocatalytic degradation reaction. The excellent

SnS,

Intensity (a.u.)

4 2 0 2 4 6 8 10
Binding Energy (eV)

Fig. 9 Valence-band XPS spectra of pure SnS,.
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Fig. 10 The possible reaction mechanism for photocatalytic process
with Ag,S/SnS, composite material.

photocatalytic performance of Ag,S/SnS, composite photo-
catalyst material can be attributed to the positive effect of Ag,S
quantum dots, which provides an effective way to prevent the
recombination of photo-generated carriers.

4. Conclusions

In summary, high efficient Ag,S/SnS, composite photocatalysts
were successfully fabricated via a facile in situ hydrothermal-
ion-exchange method. The photocatalytic ability of Ag,S/SnS,
composite materials toward MO and Cr(vi) under visible light
irradiation is considerably enhanced compared to pure SnS,.
The introduction of Ag,S quantum dots in the composites
resulted in enhanced and stability photocatalytic performance,
which provides an effective way for the separation of photo-
generated carriers. The major active species were determined
to be holes (h*) and superoxide radical ("O,") in photocatalytic
reaction. Moreover, this work provided meaningful information
on the preparation of other metal sulfide composite materials.
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