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Abstract

Sulfides of Cu, Sn and Zn were synthesized by conventional-hydrothermal (C-H) and microwave hydrothermal (M-H) methods using
thioacetamide as a sulfide source. The synthesized CuS, SnS and ZnS were characterized by powder X-ray diffraction (XRD), scanning
electron microscopy and UV-vis diffuse reflectance spectra. The results suggest that M-H process led to very rapid crystallization of all
the sulfides compared to the C-H process. Band gaps of the CuS, SnS and ZnS were determined to be 1.8, 1.3 and 3.6, respectively
matching the theoretical anticipated band gaps of 2.0, 1.2 and 3.54, respectively suggesting that pure phases were obtained. The three
sulfides are potentially useful for the composite solid-state synthesis of kesterite, a photovoltaic material.

© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Copper sulfide, zinc sulfide, and tin (IT) sulfide have come
under increasing scrutiny over the past few years
for their use in the synthesis of Kesterite, Cu,ZnSnS,
(CZTS). These binary chalcogenides have been used in both
sputtering [1] and nanocomposite techniques [2] for the
synthesis of this thin film photovoltaic absorber material.
Copper sulfide is used in various semiconductor devices, such
as solar cells, photodetectors, photothermal conversion
devices, gas sensors, and microwave shielding coating [3].
Zinc sulfide is a wide band gap semiconductor; it has uses in
optics as an infrared window material and is an alpha-ray
detector, becoming luminescent when struck by alpha-rays
[4]. Tin (II) sulfide has uses as a heterojunction material in
photovoltaic devices, and in optoelectronic devices [5]. Sulfur

*Corresponding author.
E-mail address: komarneni@psu.edu (S. Komarneni).

volatility is a major obstacle to the stoichiometric processing
of these binary chalcogenides, and, as a result, studies are
being conducted into the optimal processing methods for
these important materials.

Copper sulfide synthesis is typically accomplished via
hydrothermal synthesis [6-8], although microwave irradia-
tion and sonochemistry [9,10] have both been used as a
means to form covellite copper (IT) sulfide. Hydrothermal
processing of copper nitrate and elemental sulfur in either
dimethylformamide or ethylene glycol has been shown to
produce copper sulfide nanoparticles [11]. Hydrothermal
synthesis has also been successfully pursued using copper
acetate and copper nitrate in thiourea and cetyltrimethy-
lamonium bromide [12]. Typical hydrothermal processing
times for covellite copper sulfide are 24 h if done by the
traditional hydrothermal methods [12]. To make these
methods more environmentally benign, processing tem-
peratures and times must be decreased to reduce the energy
cost. Other approaches, such as microwave irradiation,
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decompose copper chloride-thiourea complexes using
microwaves irradiation to form covellite copper sulfide [9].

Zinc sulfide nanoparticle synthesis has been achieved
through many solution-based syntheses [13]. For example,
successful synthesis occurred through the reflux of zinc
acetate dihydrate, 1-thioglycerol, and sodium sulfide non-
ahydrate in dimethylformamide and water; slightly basic
conditions were maintained [14]. Another solution-based
method involves the dehydration of solutions of zinc
chloride in methanol and sulfur in 1-dodecanethiol fol-
lowed by a reaction with oleylamine [15]. Although several
greener methods have been developed [13], such as the
hydrothermal processing of thiocarbamide, zinc acetate,
and water at 140 °C for 5 h [16], the process may still be
improved by the use of lower temperatures and processing
times. Several other approaches have been explored, such
as liquid-solid-solution processing [17], aging reaction
mixtures [18], and chemical reduction [19]. Zinc sulfide
spheres of about 150 nm were prepared by refluxing Zn
nitrate, thioacetamide and polyvinylpyrrolidone (PVP)
at 80 °C for 2 h [20] using a similar procedure reported
previously [21].

Tin (II) sulfide formation has been accomplished using
organic solvents for chemical syntheses. The organometallic
complex Sn[N[(SiCH3)3]»]» was used as a tin precursor and
thioacetamide as a sulfur precursor in one such synthesis [22].
However, the organometallic complex is air sensitive, leading
to strict processing conditions. Other chemical syntheses
using organic solvents were attempted [23,24]. A more simple
approach was used by Xu et. al in which SnBr, and Na,S
were combined in the presence of ethanolamines dissolved in
ethylene glycol [25]. Thioglycolic acid-assisted hydrothermal
processing of tin (II) sulfide was achieved using tin (II)
chloride and sodium sulfide in an aqueous solution [26]. Tin
(IT) sulfide has also been formed successfully using chemical
vapor deposition [27] and sputtering [28].

Because of our interest in kesterite as a photovoltaic
material and in the composite processing technique for its
preparation, we here report the synthesis of CuS, SnS and
ZnS using thioacetamide as the sulfide source by the
conventional-hydrothermal (C-H) method and compared
it with the microwave-hydrothermal (M-H) method. Opti-
cal properties of the hydrothermally prepared sulfides are
also reported. The CuS, SnS and ZnS prepared here are
potentially useful as precursors to prepare kesterite by
composite processing at high temperature in sulfur-rich
environment.

2. Experimental section
2.1. Synthesis of CuS, ZnS and SnS

In a typical conventional-hydrothermal (C-H) synthesis,
Smmol of zinc nitrate (Alfa Aesar), copper nitrate (Alfa
Aesar, 98%-102%) or tin chloride (Sigma-Aldrich, 98%)
were dissolved in 60 mL of distilled water. Then, 2 g of
polyvinylpyrrolidone (PVP, M.W. 40000, Sigma-Aldrich)

and 5 mmol of thioacetamide (Alfa Aesar, 98%) were added
to each of the above solutions. After stirring at room
temperature for 30 min, the mixtures were transferred into
Teflon-lined stainless steel autoclave (Parr Reactor) and
treated at three different temperatures (100 °C, 150 °C or
200 °C) for 4 h. Finally, the precipitates were separated
from solutions by centrifugation and washed repeatedly
with water and ethonal to remove all soluble salts.

The above mixtures were also subjected to microwave-
hydrothermal (M-H) synthesis, which was performed using
the MARSS microwave digestion system [29]. This system
controls the temperature and/or pressure. The temperature
can be measured using an optical probe encased in a
sapphire tube. The synthesis was performed under static
conditions at 100° or 150 °C for 15 to 45 min using 300 W
of microwave power. The solid products were collected as
described above for the C-H method.

2.2. Characterization

X-ray diffraction (XRD) patterns for the samples were
recorded on a Panalytical Xpert PRO X-ray diffractometer
with Cu Ko radiation (A1=1.5406 A, 45KV, 40 mA).
Scanning electron microscopy (SEM) was performed using
a Hitachi S-4800 field emission scanning electron micro-
scope (accelerating voltage: 3.0 kV).

UV-vis characterization of CuS, SnS and ZnS was done using
a Perkin-Elmer Lambda 950 UV/VIS/NIR Spectrophotometer.
A 150 mm integrating sphere attachment in diffuse reflectance
mode was used for collection of UV-vis spectra. Although this
instrument is accurate over a 250 nm to 2500 nm range, here we
used a scan range of 600 nm to 1200 nm for collecting UV—-vis
spectra. The scan range was expanded midway through data
collection to encompass a range of 500 nm to 1500 nm using a
step size of 2nm. A photomultiplier tube was used as the
detector in the ultraviolet and visible regions of the scan range
while PbS was used in the near infrared region.

3. Results and discussion

Results of various crystallized CuS, ZnS and SnS samples
prepared by C-H conditions at different temperatures for
4 h are presented in Table 1. Table 2 presents the results of
the three sulfides crystallized at different temperatures and
durations under M-H conditions. The mechanism of for-
mation of sulfides can be represented as follows:

M?2* + CH5C(S)NH,+H,0 »MS+CH;C(O)NH,+2 H*
(M=Cu, Zn and Sn)

The main purpose of thioacetamide is to supply sulfide
under slow release by the hydrolysis/decomposition of the
thioacetamide and nucleation for the formation of sulfides.
During the above reaction, the reaction product CH;C(O)
NH, as well as excess thioacetamide are expected to stay in
solution and not incorporated in the solids. All the organics
have been removed by through washing of the solids after the
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Table 1

CuS, ZnS and SnS samples prepared by the conventional hydrothermal conditions at different temperatures.

Sample Chemicals® Crystallization temperature (°C) Crystallizationtime (h) XRD

CuS Cu(NO;),, PVP 100 4 CuS formed
CuS® Cu(NO3),, PVP 150 4 CusS formed
CuS Cu(NO;),, PVP 200 4 CuS formed
ZnS Zn(NO3),, PVP 100 4 ZnS formed
ZnS® Zn(NOs),, PVP 150 4 ZnS formed
ZnS Zn(NOs),, PVP 200 4 ZnS formed
SnS SnCl,, PVP 100 4 SnS formed
SnS® SnCl,, PVP 150 4 SnS formed
SnS SnCl,, PVP 200 4 SnS formed

#The sulfide to metal ratio is 1:1 for all the samples and thioacetamide is the sulfide source in all syntheses.

"These samples were also prepared without PVP.

Table 2

CuS, ZnS and SnS samples prepared by the microwave hydrothermal method at different temperatures and durations of treatment.

Sample Chemicals® Crystallization XRD

Temperature (°C) Duration (min)

CuS Cu(NO3),, PVP 150 15 CusS formed

CuS Cu(NOs),, PVP 150 30 CuS formed

CuS Cu(NO3),, PVP 150 45 CusS formed

CuS Cu(NOs),, PVP 175 15 CuS formed

ZnS Zn(NOs),, PVP 150 15 ZnS formed

ZnS Zn(NO3),, PVP 150 30 ZnS formed

ZnS Zn(NOs),, PVP 150 45 ZnS formed

ZnS Zn(NOs),, PVP 175 15 ZnS formed

SnS SnCl,, PVP 150 15 SnS formed

SnS SnCl,, PVP 150 30 SnS formed

SnS SnCl,, PVP 150 45 SnS formed

SnS SnCl,, PVP 175 15 SnS formed
“Thioacetamide is the sulfide source in all syntheses.

reaction. Well-crystallized sulfides were obtained as indicated 016)

by sharp peaks in their XRD patterns (Figs. 1 and 2) in all

cases. Typical powder XRD patterns of CuS and ZnS (0124)

prepared by the C-H method at 150 °C/4 h and M-H method
at 150 °C/15 min are shown in Fig. 1. The diffraction peaks
of both the CuS samples by the C-H and M-H methods
could be indexed to the standard diffraction data of the
corresponding hexagonal covellite, CuS (JCPDS no0:060464).
Similarly, the diffraction peaks of both the ZnS samples by
the C-H and M-H methods could be indexed to the standard
diffraction data of the corresponding hexagonal ZnS (JCPDS
no0:83-2124). No other characteristic peaks were observed,
indicating that the synthesized products were pure. The sharp
peaks revealed that the obtained samples were of good
crystallinity.

Fig. 2 shows the typical XRD patterns of the SnS product
prepared by the C-H method at different temperatures for
4 h and the M-H method at 150 °C for 15 min. It can be seen
that all the diffraction peaks could be indexed to the standard
diffraction data of the corresponding herzenbergite, SnS

Intensity (a.u.)

2 Theta (degrees), CuKq

Fig. 1. XRD patterns of ZnS and CusS prepared at 150 °C: (a) ZnS by the
C-H method for 4 h, (b) ZnS by the M-H method for 15 min, (c) CuS by
the C-H method for 4 h and (d) CuS by the M-H method for 15 min.
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Intensity (a.u.)

2 Theta (degrees), CuK,

Fig. 2. XRD patterns of SnS prepared at different temperatures by the
M-H and C-H methods: (a) M-H method at 150 °C for 15 min, (b) C-H
method at 100 °C for 4 h, (¢c) C-H method at 150 °C for 4 h and (d) C-H
method at 200 °C for 4 h.

Intensity (a.u.)
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Fig. 3. XRD patterns of SnS prepared by the microwave hydrothermal
method at different temperatures and durations: (a) SnS at 150 °C for
15 min, (b) SnS at 150 °C for 30 min, (c) SnS at 150 °C for 45 min and (d)
SnS at 175 °C for 15 min.

Fig. 4. SEM images of sulfides prepared by the conventional hydrothermal method for 4 h: (a) CuS at 100 °C, (b) CuS at 150 °C, (c¢) CuS at 200 °C,
(d) ZnS at 100 °C, (e) ZnS at 150 °C, (f) ZnS at 200 °C, (g) SnS at 100 °C, (h) SnS at 150 °C and (i) SnS at 200 °C.

(JCPDS no0:33-1375). No other characteristic peaks were
observed, indicating that the synthetic products were pure.
When the hydrothermal temperature was increased from
100 °C to 200 °C under C-H conditions, the intensity of the
peaks increased (Fig. 2b—d), indicating that the crystallinity
of SnS improved as a function of temperature, as expected
because of Ostwald ripening. Using the M-H method at

150 °C, only 15 min were needed to achieve high intensity of
CuS and ZnS peaks while the samples prepared by the C-H
method at the same temperature needed 4 h (Fig. 1). The SnS
peaks at 150 °C by the M-H method prepared in 15 min
(Fig. 2a) were as strong as those by the sample prepared by
C-H method at 200 °C for 4 h (Fig. 2d). Compared with the
C-H method, M-H treatment has led to faster crystallization
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of all three sulfides investigated here confirming many
previous results which reported faster kinetics of synthesis
or crystallization of many materials under M-H conditions
[30-33]. The mechanism of faster crystallization by the M-H
method can be explained by the localized superheating [34]
where nucleation began rapidly and therefore, led to faster
crystallization by growth.

Fig. 3 shows the XRD patterns of SnS prepared by the
microwave hydrothermal method at different temperatures
and durations. It appears that the crystallinity of the SnS
did not change either with time or temperature of treat-
ment under the M-H conditions used here. This result
suggests that SnS is very easy to crystallize and once
crystallized there is little growth of the crystals by Ostwald
ripening probably because of the low solubility of SnS.

The role of synthesis temperature on particle size and
morphology of the various sulfides prepared at different
temperatures was investigated and the results are shown in
Fig. 4. Spherical aggregates of particles of CuS formed at
100 °C (Fig. 4a) while spherical aggregates of particles as
well as blades (Fig. 4b) formed at 150 °C, apparently some
of the particles changed to blades at the latter temperature.
At 200 °C, spherical aggregates of blades only resulted
(Fig. 4c). Thus the morphology of CuS changed as a
function of temperature. In the case of ZnS, microspheres
of aggregated nanoparticles were observed at all tempera-
tures with little or no change in morphology or size
(Fig. 4d-f) while SnS yielded aggregates of brick-like
particles at 100 °C and 150 °C (Fig. 4g and h) which grew
to larger size and became separated at 200 °C (Fig. 4i).

The role of microwaves on the morphology and particle
size of CuS, ZnS and SnS was investigated and the results
are shown in Fig. 5, which shows the SEM images of CuS,
ZnS and SnS at 150 °C prepared by the M-H method. The
morphology of CuS under C-H conditions at 150 °C is
spherical aggregates of particles as well as blades (Fig. 6a)
while the morphology under M-H conditions is aggregated
nanoparticles at the same temperature (Fig. 6b). It appears
that the aggregated spherical particles started to transform
to blades because of longer treatment time during the C-H
conditions compared to the M-H conditions where the
treatment time was only 15 min. Blades of spheres is the
morphology of SnS at 200 °C (Fig. 5c¢) and this morphology
perhaps could also be obtained with longer treatment time
based on the above results at 150 °C under C-H conditions

Fig. 6. SEM images of CuS samples prepared at 150 °C by the conventional
hydrothermal method for 4 h (a) and the microwave hydrothermal method for
15 min (b).

Fig. 7. SEM images of CuS, ZnS and SnS samples prepared with and
without PVP at 150 °C for 4 h by the conventional hydrothermal method:
(a) CuS with PVP, (b) CuS without PVP, (c) ZnS with PVP, (d) ZnS without
PVP, (e) SnS with PVP and (f) SnS without PVP.
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which showed partial conversion to blades after treatment
for 4 h (Fig. 6a). The morphology and particle size of ZnS at
150 °C under M-H (Fig. 5b) and C-H (Fig. 4e) are the same.
Similarly, the morphology and particle size of SnS at 150 °C
under M-H (Fig. 5c) and C-H (Fig. 4h) did not change much
except that slightly larger crystals formed and aggregated in
the former. Syntheses by M-H and C-H yielded aggregated
particles of various sulfides under the present conditions.
Fig. 7 shows the SEM pictures of CuS, ZnS and SnS
samples prepared with and without PVP at 150 °C for 4 h
by the conventional hydrothermal method. In the case of
CuS synthesis with PVP, mainly aggregated blades formed
while in the absence of PVP different morphologies were
obtained and some very large crystals formed (Fig. 7a and
b). A clear role of PVP can be seen with the synthesis of ZnS
as much smaller Zns particles were obtained with PVP while
very large spheres were obtained without PVP. The reduc-
tion in particle size is expected with PVP as the PVP
molecules block the crystals from growing as has been
documented before [29]. In the case of SnS, a wide particle
size range of spheres (Fig. 7e¢) was obtained in the presence

X. Yan et al. | Ceramics International 39 (2013) 4757-4763

of PVP while in the absence of PVP, large block-like
particles (Fig. 7f) were obtained. Thus the behavior of
PVP is different with different sulfides in controlling the
morphology. Further studies are needed to clearly delineate
the role of PVP with each sulfide but these studies are
beyond the scope of current study.

Fig. 8 shows the UV-vis diffuse reflectance spectra
of the three sulfides while Fig. 9 shows the band gaps
calculated from Kubelka—Munk transformations of all
the samples. The determined band gaps of CuS, SnS
and ZnS are 1.8, 1.3 and 3.6, respectively compared to
the anticipated bandgaps of 2.0, 1.2 and 3.54, respec-
tively. The small differences in band gap values between
the experimentally determined values and the theore-
tical values could be explained by the particle sizes as
has been shown previously for ZnO [35]. A detailed
explanation of these small differences in band gaps is,
however, beyond the scope of this research. The main
reason why we measured the band gap values is to show
a close match of the determined and expected band gap
values which may suggest that the synthesized materials
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Fig. 8. UV-vis spectra of CuS, ZnS and SnS.
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are pure phases as has already been shown above
by XRD.

4. Conclusions

Both conventional- and microwave-hydrothermal meth-
ods are highly suitable for green processing of CuS, SnS
and ZnS. All the sulfides could be synthesized in as little
time as 15 min in the temperature range of 100-200 °C
using the microwave-assisted reactions.
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