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Abstract In this study, covellite (CuS) nanoparticles were synthesized through a
facile and low temperature thermal decomposition method using [Cu(sal),]- oley-
lamine complex, (sal = salicylaldehydeato, prepared in situ from [Cu(sal),] and
oleylamine as the precursors), and sulfur as the Cu>* source and S source,
respectively. Scanning electron microscope, transmission electron microscope,
electron diffraction and ultraviolet—visible absorption (UV-Vis) spectra were used
for the characterization of the products. The effect of reaction parameters, such as
the copper:sulfur molar ratio, the reaction temperature and the reaction time on the
shape, size and phase of CuS nanostructures, was investigated. The results showed
that the, covellite (hexagonal structure of CuS) with an average size between 20 and
45 nm could be obtained with the Cu:S molar ratio of 1: 3 at 105 °C for 60 min.
With increasing the reaction temperature from 105 to 200 °C, non-stoichiometric
Cuy ¢sS with the average size of 25-50 nm was obtained due to the different
existing state of the released Cu”" ions from the copper-oleylamine complex.
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Introduction

Copper sulfides are an interesting class of metal sulfides with variable stoichiome-
tries, such as CuS, Cu; 75S, CuygS, Cu;94S, Cuj96S, Cu;S, and Cu,S [1]. Some
Copper sulfides with variable composition have been identified as p-type
semiconducting materials due to copper vacancies within the lattice, which is
responsible for their usefulness as optoelectronic materials. Copper sulfides are an
important for use as catalysts, coatings, solar cells, optical filters, and so on [2].

Recently, controlling the sizes and morphologies of CuS and metal sulfide
nanostructures has been found to be very important in order to enhance the
physicochemical properties of this semiconductor [3, 4]. Many methods have been
developed to synthesize nanoparticles, wires, belts, tubes, spherical and hollow
copper and metal sulfides. These methods are such as solid state reaction [5-7],
spray pyrolysis deposition [8], ultrasonic sonochemistry [9], solvothermal and
hydrothermal synthesis [10—13], wet chemical route [14—17] and thermolysis [18].

The preparation of metal oxides and metal sulfide nanostructures through thermal
decomposition of complexes is an attractive area for chemists, since there have many
advantages such as the control of process conditions, particle size, particle crystal
structure, and purity [19-23]. Molecular precursors have been used to prepare Cu,S.
Inoue et al. obtained the amorphous CuS nanostructure with [Cu(en),] ™2,
(en = ethylenediamine), and thiourea as the precursor [23]. Paul et al. synthesized
CuS by decomposing complex Cuy(Ss)(N-Melm), (N-Melm = N-methylimidazole)
at 500 °C [24]. Chen et al. synthesized copper sulfide nanoparticles by solvothermal
decomposition of (copper dialkyldithiophosphates) at 120-200 °C [25].

One potentially attractive chemical method to prepare metal sulfides is thermal
decomposition. In this technique, the selection of good surfactant, solvent and sulfur
source is the key parameter. Moreover, the advantages of using solvents such as
oleylamine to prepare colloidal nanoparticles have attracted much attention [26-29].
Chin et al. successfully synthesized copper sulfide nanoparticles via the decompo-
sition of an-air stable precursor, copper(I) thiobenzoate, in the presence of
dodecanethiol [30]. Chen et al. reported CuS nanodisk by thermal decomposition
[31].

Korgel [21] synthesized CuS nanodisks by the reaction of copper(Il) acetylace-
tonate with elemental sulfur in o-dichlorobenzene using oleyamine and octanoic
acid as the surfactant at 182 °C for 60 min. L. Gao [22] prepared CuS flakes in a
quaternary by microemulsion of CTAB/n-CsH;;OH/n-CcH 4/water containing
copper and sulfur precursors at 130 °C for 15 h. Here, we have reported the use
of thermal decomposition method by employing an inorganic precursor [Cu(sal),] to
synthesize hexagonal CuS (Covellite) nanoparticles under mild condition. Herein, it
has been shown that this method was simple, template-free and low temperature
(105 °C for 1 h) method for synthesizing covellite nanostructures. The ratios of the
starting reagents, including organometallic compounds, surfactant, and solvent, are
the key parameters for the control of the size and the morphology of metal sulfide
nanoparticles. The reaction temperature as well as the reaction time could also be
crucial for the precise control of size and morphology.
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Experimental
Materials

Organometalic precursor; [bis(salicylaldehydeato)copper(Il)]; was prepared in
similar manner to that reported previously [32]. Oleylamine; (Technical grade),
elemental sulfur; (99.95 %), absolute ethanol were analytical grade and purchased
from Fluka Co. All reagents were used without further treatment.

Typical Synthetic Process of Copper Sulfide Nanoparticles

CuS nanoparticles were synthesized in a three-neck flask under argon atmosphere.
[Cu(sal),]-oleylamine complex was prepared by reacting 2 mmol of [Cu(sal),]
solution and 10 ml of oleylamine. The mixed solution was placed into a flask under
stirring and heating and then 2 mmol of elemental sulfur was injected into the
complex. The complex was rapidly heated up to 105-200 °C and then kept for
60—180 min. During the process, the color of the solution turned from dark green to
dark gray. The change in the color indicated the formation of copper sulfides. The
solution was then cooled to room temperature and mixed with an excess amount of
ethanol used to wash and purify as-obtained copper sulfide nanoparticles. The black
suspension was separated by centrifugation and washed with absolute ethanol at
least three times. The obtained black solid was dried in a vacuum oven at room
temperature.

To investigate the effect of reaction times on the phase and particle size of the
product, the 1:3 molar ratio of [Cu(sal),]:S in oleylamine was kept at 105 °C for 60,
90 and 180 min. Moreover, different reaction temperatures were achieved by
heating the solution of 1:3 molar ratio of [Cu(sal),]:S in 10 mL oleylamine for 1 h
at 105, 180 and 200 °C, respectively.

Characterization

The X-ray diffraction (XRD) analyses were performed using a Rigaku D-max C III,
X-ray diffractometer using Ni-filtered Cu Ka radiation in the 26 range of 20°-80°.
The scanning electron microscopy (SEM) images were obtained on Philips XL-
30ESEM equipped with an energy dispersive X-ray spectroscopy. The transmission
electron microscopy (TEM) images and electron diffraction (ED) patterns were
obtained on a Hitachi H-800 transmission electron microscope at an acceleration
voltage of 200 kV. UV—Vis absorption spectrum was recorded on a Shimadzu UV-
1550 spectrophotometer by dispersing the sample in ethanol at room temperature.
Moreover, for comparison of bandgap of nanosized CuS with its microsized (bulk),
the one sample was prepared with Pulse Electrical Explosion (PEE) (Nano
Engineering and Manufacturing Company, PNF Co., Model: PEE5S0K, made in
Iran). Fourier transform infrared (FT-IR) spectra were recorded with a Shimadzu
Varian 4300 spectrophotometer in KBr pellets at room temperature.
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Results and discussion

The XRD patterns of the as-products have been shown in Fig. 1. All reflections in
Fig. la, b (copper:sulfur ratios: (a) 1:3 and (b) 1:5 in 10 mL oleylamine at 105 °C
for 60 min) could be indexed to the covellite CuS phase [JCPDS No. 79-2321] with
the hexagonal structure. No other impurities such as Cu,S, oxide or organic
compounds were found on the products, thereby indicating that the synthesized
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Fig. 1 The XRD patterns of the as-prepared nanoparticles obtained for different temperatures and molar
ratios of Cu:S a 1:3 obtained at 105 °C, b 1:5 obtained at 105 °C and ¢ 1:3 at 200 °C for 60 min
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(covellite) CuS nanoparticles were pure. The average crystallite size of the copper
sulfide nanoparticle was estimated to be 15 nm (Fig. 1a, b), according to the Debye—
Scherrer formula [33]. When the reaction temperature was increased from 105 °C
(Fig. la, b) to 200 °C (Fig. 1c), the crystal phase and composition of the as-
obtained nanoparticle were changed. All reflections of Fig. 1c¢ could be indexed as
the (digenite) Cuy g5S crystal phase [JCPDS file No. 230960]. The transformation of
(covellite) CuS to (digenite) Cu, ¢sS, by increasing reaction temperature could be
attributed to the different release rate of the copper from the copper-oleylamine
complex [33, 34]. The release rate of sulfur ions was faster than that of copper ions.
Furthermore, sulfur ions could exist in various states and combine with copper ions
to form copper sulfide; they could also be oxidized to form sulfur and sulfurated
hydrogen [33, 34]. At high temperatures, the release rate and consumption of sulfur
ions are so fast, leading to the formation of sulfur deficient copper sulfide Cu; ¢sS.

Hexagonal
=1 shape

Fig. 2 TEM images of CuS nanoparticles synthesized with various Cu:S ratios: a 1:3 and b 1:5 at 105 °C
for 60 min
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Also, by increasing the reaction temperature to 200 °C, all reflections became
sharper than the sample prepared at 105 °C. From Fig. lc, the average crystallite
size of ~25 nm was obtained.

The ratios of the reagents, including the copper complex, surfactant, reaction
temperature and reaction time, were effective parameters r controlling the size,
shape and type of metal sulfide nanoparticles. The effect of copper:sulfur molar
ratio on the particle size of the products is shown in Fig. 2. TEM images of copper
sulfide nanoparticles synthesized at 105 °C with different copper:sulfur molar ratios
of 1:3 and 1:5 have been shown in Fig. 2a, b. TEM images (see Fig. 2a, b) show that
hexagonal nanoparticles were obtained in the case of copper:sulfur molar ratio of
1:3. By increasing copper:sulfur molar ratio from 1:3 to 1:5, the average particle
size was increased from 20—45 to 25-50 nm (see Fig. 2b). With the comparison of
the data shown in the SEM (Fig. 4a), TEM (Fig. 2a) images and XRD pattern
(Fig. 1a), it was observed that h CuS nanoparticles were formed from relatively two
or three crystallites. Furthermore, the shape of the product was changed from a
hexagonal (Fig. 2a) morphology to a semi-spherical one (Fig. 2b).

Figure 3 shows the electron diffraction (ED) pattern of CuS nanoparticles
synthesized at 105 °C with copper:sulfur molar ratios of 1:3. From inside to outside
ring of the ED pattern, they were indexed to (100), (103), (006) and (105) of the
hexagonal structure of polycrystalline CuS (Fig. 3a); this was consistent with the
XRD data (Fig. 1).

To investigate the influence of the reaction time on the size of nanoparticles, it
was varied from 60 min to 180 min (Fig. 4a—c) at 105 °C. As shown in Fig. 4a—c,
upon increasing the reaction time from 60 min (the average size of 40-45 nm) to
180 min, agglomerated nanoparticles with the average size of 50-55 nm were
yielded. It is well known that the synthesis of nanocrystals includes two steps:

Fig. 3 ED images of the as-
synthesized copper sulfide
synthesized with Cu:S ratio of
1:3 and at 105 °C for 60 min
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Fig. 4 SEM images of CuS nanoparticles formed with Cu:S ratio 1:3 for a 60 min, b 80 min and
¢ 180 min

nucleation and growth. At the nucleating stage, the intrinsic crystal properties
dominate the shape of the initial CuS seeds, that is, platelet hexagonal CuS seeds
(Fig. 2). Subsequently, the precursors are absorbed to each plane, and the seeds
grow. However, in this case, with increasing the reaction time, the rate of CuS seed
growth was faster than nucleation step. Thus, CuS nanoparticles tended to grow in
bigger sizes, as compared with lower reaction times (Fig. 4c).

To investigate whether the samples were capped with the organic surface, the
Fourier transformed infrared (FT-IR) of the as-synthesized sample was performed.
Figure 5 shows typical FT-IR spectra of CuS nanoparticles. The peaks at 2921 and
2857 cm™' were due to the symmetric and asymmetric CH, stretching modes of
oleylamine molecules. The peak at 3007 cm ™' was due to the n(C—H) mode of the
C—H bond adjacent to the C=C bond and the small peak at 1624 cm ™" was due to
the n(C=C) stretching mode of oleylamine molecules. The peak at 1591 cm™" was

Transmittance (a.u.)

3500 3000 2500 2000 1500
Wavenumbers (cm™)

Fig. 5 Fourier transformed infrared (FT-IR) spectra of the as-synthesized CuS nanoparticles
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Fig. 6 UV-vis spectrum of the
as-synthesized copper sulfide

nanoparticles formed for 60 min
with Cu:S ratio a 1:3 and b 1:5 a
at 105 °C and ¢ 1:3 at 200 °C

Absorbance (a.u)

400 600 800
Wavelength (nm)

due to the -NH, scissoring mode. The results, therefore, clearly revealed that the
nanoparticles were coated with the oleylamine molecules [35].

The optical properties of copper sulfide nanoparticle were investigated at the
ambient temperature. The UV—Vis absorption spectra of copper sulfide nanopar-
ticles dispersed in ethanol have been in Fig. 6. According to the results obtained by
Dixit et al. [36, 37], the crystal phase of copper sulfide could be handily determined
from the absorption spectrum. Figure 6a shows a broad absorption band of sample
(a) formed with Cu:S ratio 1:3 at 105 °C for 60 min, at 500—-650 nm. It can be
attributed to the d—d transition of Cu(Il) state and is a general characteristic of
covellite phase [21, 33]. Compared with the absorption edge of the sample
(b) formed with the Cu:S ratio of 1:5 at 105 °C for 60 min, (Fig. 6b), there was a
blue shift in the sample (a). The result indicated that the CuS particles formed at
lower copper:sulfur molar ratio had a smaller size [17, 38, 39]. An obvious
absorption red-shift appeared in the sample (c) formed with the Cu:S ratio of 1:3 at
200 °C for 60 min, as shown in Fig. 6¢, due to its larger particle size. Also, the
absorption of the sample prepared at 200 °C (Fig. 6¢) showed a different absorption
profile. The band peak appeared around 400 nm with significantly reduced intensity
in near-IR region [40]. This confirmed the existence of sulfur deficient copper
sulfide, which was consistent with the XRD result (Fig. 1c). Research shows that at
temperatures below 180 °C, the CuS nanoparticle is covellite phase, while at
200 °C, it is digenite Cuy g5S phase [21, 33].

Conclusion
To summarize, hexagonal covellite (CuS) nanoparticles were successfully prepared

by tge thermal decomposition of a [Cu(sal),]- oleylamine complex in the presence
of elemental sulfur. By varying the key parameters, including the copper:sulfur

@ Springer



Controllable Synthesis of Covellite Nanoparticles... 601

molar ratio, reaction temperature as well as the reaction time, we were able to
prepare CuS nanoparticles with different average sizes and structures. Moreover, the
imbalanced integration of copper ions and sulphur ions into a CuS cluster at high
temperature could change the composition of the resulted nanoparticles. This
occurred with increasing the reaction temperature from 105 to 200 °C. At this
temperature, the phase of the samples was changed from covellite (hexagnal) to
digenite (rhombohedral) structure. Moreover, upon increasing the reaction time
from 60 min to 180 min, at 105 °C, the particle size of the CuS nanoparticle was
increased from 40-45 to 50-55 nm due to the faster rate of CuS seed growth, as
compared with nucleation.
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