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Stannite and wurtzite Cu,CoSnS, (CCTS) nanocrystals are successfully prepared via a solvothermal approach. X-ray diffraction and Raman
spectroscopy reveal that pure CCTS phases with stannite and wurtzite structure are obtained. Scanning electron microscopy shows that CCTS
nanocrystals with stannite structure are composed of nanosheets with the thickness of about 50 nm while CCTS nanocrystals with wurtzite
structure exhibit large number of irregular nanoparticles. Furthermore, photoluminescence (PL) spectroscopy and UV—Vis spectroscopy
are used to investigate optical and photocatalytic properties of CCTS nanocrystals. When CCTS nanocrystals with stannite and wurtzite
structure are used as photocatalysts, the degradation of methylene blue can reach up to 72 and 53%, respectively, within 100 min under
visible-light irradiation, which are suitable for effective visible-light photocatalysts.

1. Introduction: Recently, with the development of industrialisa-
tion, water pollution has become a severe worldwide problem.
Developing new environmentally-friendly technologies to treat
the pollutants has attracted interest of many researchers. Some
materials, especially semiconductors, have been applied to
degrade organic contaminants under sunlight irradiation [1]. As
an important quaternary chalcogenide semiconductor for solar
energy conversion, Cu,ZnSnS, (CZTS) containing earth-abundant,
non-toxic and low-cost elements has been proven a good photo-
voltaic and photocatalytic material owing to its direct bandgap
energy around 1.5 eV and high absorption coefficient. We believe
that Cu,CoSnS, (CCTS) is also considered as another alternative
for treatment of organic contaminants owing to its similar structure
to CZTS. However, As far as we all know, CCTS has never been
studied as photocatalytic material. To date, CCTS compounds
have been synthesised by some approaches [2-16]. Compared
with other methods, the solvothermal approach has some advan-
tages, such as small grain sizes and easier operation. To the best
of our knowledge, no reports have been found to synthesise wurtzite
CCTS nanocrystals by a solvothermal approach.

Herein, CCTS nanocrystals with stannite and wurtzite structure
are successfully synthesised via a solvothermal approach, and
their structures, morphologies, optical and photocatalytic properties
are studied by different characterisation tools.

2. Experimental details: Copper nitrate trihydrate (Cu(NOj3),-3H,0,
99%), cobaltous acetate tetrahydrate (Co(CH;COO),-4H,0, 99.5%),
tin(IT) chloride dihydrate (SnCl,-2H,O, 98%) and thiourea
(H,NCSNH,, 99%) are used as received. In a typical experiment,
the precursor solutions were prepared by dissolving 0.025M
Cu(NO;),'3H,0, 0.0125M  Co(CH5;COO0),'4H,0, 0.0125M
SnCl,-2H,0 and 0.05M H,NCSNH; in 40 ml ethylene glycol and
ethylenediamine (EDA), respectively. Then the precursor solutions
are transferred into autoclaves and kept for 12 h at 200°C. After
cooled to room temperature, the samples are obtained by being cen-
trifuged at 8000 rpm for 3 min and washed several times with deio-
nised water. Finally, the samples are dried at 80°C for 3 h in vacuum
for further use.

In a photocatalytic experiment, 50 mg CCTS is added into 50 ml
methylene blue (MB) solution of 10™> mol/l. Before the solutions
are exposed to visible light irradiation, which are continuous
stirred for 30 min in the dark to set up adsorption—desorption
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equilibrium. Approximately 5 ml solution from the as-obtained
reactor at given time intervals is used as measured solutions after
CCTS nanocrystals are separated from the liquid by centrifugation.

The crystal phases are studied by X-ray diffraction (XRD,
PaNalytical X’Pert Pro) and Raman spectroscopy (JY-T64000).
The morphologies are investigated by scanning electron microscope
(LEO-1530VP). The photoluminescence (PL) spectra are recorded
by luminescence spectrometer (PerkinElmer LS-55). The optical
and photocatalytic properties are measured by spectrophotometer
(Shimadzu UV-2450).

3. Results and discussion: Fig. 1 shows the XRD patterns of
as-obtained CCTS nanocrystals in different solvents. It is clearly
revealed that the diffraction patterns of stannite and wurtzite
CCTS structures are shown, peaks at 260 values of 28.7°, 47.6°
and 56.7° correspond to (112), (204) and (312) planes of stannite
CCTS, respectively. While peaks at 26 values of 27.1°, 28.6°,
30.8°, 47.7°, 51.9° and 56.4° are assigned to (100), (002), (101),
(110), (103) and (112) planes of wurtzite CCTS, respectively.
The XRD patterns of two samples with broad peaks illustrate the
existence of CCTS nanocrystals. The average crystallite size of
CCTS nanocrystals with stannite and wurtzite structure using
Debye-Scherrer formula can be calculated to be about 7.2 and
15.2 nm, respectively. We all know that the small difference of
the total energy between stannite and wurtzite cannot rule out the
possible formation of CCTS with wurtzite structure. Therefore,
metastable wurtzite CCTS structure can be obtained through a
kinetic-controlled process with the adjustment of the coordination
properties of the solvent and reaction temperature. When EDA is
used as solvent, wurtzite CCTS phase can be formed owing
to the reduction of the surface energy being caused by the robust
chelating ability of EDA along with relatively lower synthesis
temperature (200°C). The phenomenon is similar to the one
reported in the literature [17, 18].

In addition to the XRD, the as-obtained CCTS nanocrystals in
different solvents are further characterised by Raman spectroscopy
since XRD does not clearly distinguish the difference between
CCTS and Cu,SnS; due to the similarity of their structure.
As can be seen in Fig. 2, two strong peaks at 335 and 330 cm™"
attributed to stannite and wurtzite CCTS phases are observed,
respectively, which are in good agreement with experimental data
in the literature [19]. There are no Raman peaks of Cu,SnS;
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Fig. 1 XRD patterns of the Cu,CoSnS, nanocrystals with stannite and
wurtzite structure
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Fig. 2 Raman spectra of the Cu,CoSnS, nanocrystals with stannite and
wurtzite structure

(290, 318 and 348 cm™') are found, which demonstrates that the
single-phase CCTS with stannite and wurtzite structures are
synthesised.

Fig. 3 shows that scanning electron microscopy (SEM) images of
as-obtained CCTS nanocrystals in different solvents. We can see
that stannite CCTS nanocrystals display nanosheet morphology
and rough surface, and the thickness of small nanocrystals with
the grain size is ~15 nm. Compared with stannite CCTS nano-
crystals, wurtzite CCTS nanocrystals exhibit large number of ir-
regular nanoparticles with an average size ~18nm. In the
solvothermal process, the solvent plays an essential role in the
formation of CCTS particles with different morphologies. It can
be explained that CCTS nanosheets are formed through anisotropic
growth while the irregular CCTS nanoparticles are obtained
through isotropic growth.

It is well known that the optical characteristic is more important
for photocatalyst. The optical bandgaps of as-obtained CCTS nano-
crystals in different solvents can be determined by plotting (cthv)®
against hv. The bandgaps of stannite CCTS phase and wurtzite
CCTS phase are determined to be 1.43 and 1.49 eV, respectively,
as shown in Fig. 4, implying the usage of full spectrum of visible
light for good photocatalytic activities. The measured bandgap
values are shift from bulk CCTS (E,=1.5eV). This shift is dis-
cussed to be highly possible due to the quantum confinement

Fig. 3 SEM images of the Cu,CoSnS, nanocrystals with different structures
a SEM image of the Cu,CoSnS,4 nanocrystals with stannite structure
b SEM image of the Cu,CoSnS, nanocrystals with wurtzite structure
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Fig. 4 Optical bandgap estimations of the Cu,CoSnS, nanocrystals with
stannite and wurtzite structure

effect of CCTS nanocrystals [20, 21]. Moreover, the bandgap of
stannite CCTS phase is lower than that of wurtzite CCTS phase,
showing that stannite CCTS phase can apparently enhance the
MB degradation rate by expanding photo-response ability to
visible light.

For semiconductors, the PL spectra can be used to investigate the
migration, transfer and recombination processes of photo-generated
charge carriers [22, 23]. Fig. 5 shows the PL spectra of as-obtained
CCTS nanocrystals in different solvents. It is observed that the PL
intensity of stannite CCTS phase is lower than that of wurtzite
CCTS phase, indicating that stannite CCTS phase has a lower
recombination rate between photo-generated electrons and holes
and thus a corresponding higher photocatalytic property.

As we all know, the photocatalytic reaction is caused by the
creation of hole—electron pairs. When the MB solution with the
addition of CCTS nanocrystals is irradiated, generation of
hole—electron of CCTS semiconductor takes place. The hole
charge carriers react with H;O or OH™ to produce hydroxyl
radical groups (#OH). In addition, the electron charge carriers
react with O, and H,O to produce eOH. Further, The MB dye
can be discoloured owing to additional species obtained by reaction
between e¢OH and MB dye. Fig. 6 shows possible schematic
mechanism. In order to prove the photocatalytic ability, CCTS
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Fig. 5 PL spectra of the Cu,CoSnS, nanocrystals with stannite and wurtzite
structure
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Fig. 6 Basic mechanism of photocatalytic reactions of Cu,CoSnS, catalysts
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Fig. 7 Degradation rates of MB as a function of different time with and
without Cu,CoSnS, nanocrystals under visible light

nanocrystals are examined for the degradation of MB under visible-
light irradiation. Fig. 7 shows the photocatalytic degradation rates
(C/Cp) under visible-light irradiation. After 100 min visible-light
irradiation, the concentration of MB shows almost no change in
the absence of CCTS, indicating that MB does not spontaneously
undergo the photocatalytic degradation under visible-light irradi-
ation. The degradation rates of MB with the addition of CCTS
nanocrystals with stannite and wurtzite structure are about 72 and
53%, respectively, under 100 min visible-light irradiation.
Moreover, compared with wurtzite CCTS nanocrystals, stannite
CCTS nanocrystals exhibit higher photocatalytic activity because
of larger surface areas of CCTS nanosheets. Based on the above
research, we propose that CCTS can be used as visible-light
photocatalyst.

4. Conclusions: In summary, CCTS nanocrystals with stannite
and wurtzite structure are successfully prepared via a solvothermal
approach. The solvent plays a virtual role in the formation and
morphologies of two different CCTS phases. Under 100 min
visible-light irradiation, CCTS nanocrystals with stannite and
wurtzite structure can lead to about 72 and 53% discolouration
for the MB, respectively. The study demonstrates that CCTS is a
promising alternative for visible-light photocatalyst.
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