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Abstract Nano- and micro-sized CuS crystals were suc-
cessfully synthesized from copper and sulfur sources
(CuCl, " 2H,0, CuBr, Cu(CH3;COO), - H,O, CH3CSNH,,
NH,CSNHNH, and NH,CSNH,) in ethylene glycol
assisted by the cyclic irradiation of different microwave
powers and prolonged times. By using XRD and SAED,
CuS (hcp) was detected. The products characterized using
SEM and TEM compose of assemblies of nano-flakes,
clusters of nano-particles, nano-fibers, nano-rods and
sponge-like structures influenced by the synthesized con-
ditions. Their lattice vibrations are in the same Raman
wavenumber at 474 cm™'. Among the different products,
the emission peaks are over the range 414-435 nm (2.85—
2.99 ev). Reaction evidences of the sources were provided
using FTIR. Phase and morphology formations are also
proposed on according to the analytical results.

Introduction

Copper sulfides are the IB-VIA compounds. They have a
wide varieties of compositions, ranging from S-rich (CuS,)
to Cu-rich (Cu,S). CuS is an intermediate compound. It is
very interesting due to its wide range of applications in
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optical and electrical devices, such as catalysts, solar cells
and cathode materials in lithium rechargeable batteries [1].
It has metallic conduction property, and transforms into a
superconductor below the 1.6 K [2]. Recently, copper
sulfides with different morphologies have been synthe-
sized. Among them are hollow spheres [1, 3], nanoparticles
[4, 5], nanorods [6—8], nanoflakes [9], nanoplates [10], and
nanocones and nanobelts [11]. There are different methods
used for the synthesis, such as solid-state reaction [7],
hydrothermal fabrication [2, 11], sonochemical synthesis
[12], photochemical deposition [13] and microwave irra-
diation [4]. For the present research, nano- and micro-sized
CuS crystals with different morphologies such as assem-
blies of nano-flakes, clusters of nano-sized particles, nano-
fibers, nano-rods and sponge-like structures were success-
fully synthesized from different copper and sulfur sources
in ethylene glycol by the cyclic exposure to microwave
irradiation. No surfactants were used in the process, which
is very simple and novelty.

Experiment

Each of 0.005 mole copper and sulfur sources was dis-
solved in 30 mL ethylene glycol and stirred for 30 min.
The reactions cyclically proceeded using different micro-
wave powers and prolonged times to produce products with
different morphologies (Table 1). One cycle of 2 min
prolonged time composes of irradiation and non-irradiation
for 1 min each. Current temperatures at different micro-
wave powers and prolonged times are shown in Fig. 1. At
constant microwave power, the temperatures were
increased with the increasing of the prolonged times within
about the first 10 min. They tend to be constant afterwards.
At the conclusion of the process, the final products were
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Table 1 Copper and sulfur sources, product codes and morphologies at different conditions

Copper and sulfur sources

Power (W) Prolonged time (min) Product codes Morphologies

CuCl, - 2H,O + CH;CSNH, 180 10 CAl Assemblies of nano-flakes (Micro-sized flowers)
180 20 CA2
180 30 CA3
180 40 CA4
300 10 CAS
450 10 CA6
600 10 CA7
CuCl, - 2H,0 + CH3CSNH, 600 20 CA Assemblies of nano-flakes (Micro-sized flowers)
CuCl, " 2H,0 + NH,CSNHNH, 600 20 CC
CuCl, ' 2H,0 + NH,CSNH, 600 20 CU
CuBr + CH3;CSNH, 600 20 BA Clusters of nano-sized particles
CuBr + NH,CSNHNH, 600 20 BC Nano-rods
CuBr + NH,CSNH, 600 20 BU Sponge-like structures
Cu(CH5COO), - H,O + CH3CSNH, 600 20 AA Assemblies of nano-flakes
Cu(CH;COO), " H,O + NH,CSNHNH, 600 20 AC Nano-fibers
Cu(CH;COO), " H,O + NH,CSNH, 600 20 AU Clusters of nano-sized particles
200 - of the JCPDS software (reference code: 78-0876) [14].
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Fig. 1 Current temperatures at different microwave powers and
prolonged times used for the present process

washed with water and ethanol, and dried at 80 °C for
12 h. Then, they were characterized using XRD operated at
20 kV, 15 mA and using the Ko line from a Cu target,
SEM operated at 15 kV, TEM as well as the use of selected
area electron diffraction (SAED) operated at 200 kV, FTIR
with KBr as a diluting agent and operated in the range 400—
4,000 cm™', Raman spectrometry using 50 mW Ar Laser
with A = 514.5 nm, and photoluminescence (PL) spec-
trometry using a 202 nm exciting wavelength.

Results and discussion
XRD

XRD spectra of the products (Fig. 2) synthesized using
different conditions were analyzed and compared with that

When CuCl,2H,0 and CH;CSNH, were used as the
starting agents, XRD spectra of the products synthesized at
different prolonged times and microwave powers revealed
the presence of pure CuS (hexagonal) with P63/mmc space
group. No characteristic peaks arising from impurities such
as CuO and Cu,S were detected. The XRD peaks became
higher and narrower with the increase in the prolonged
times and microwave powers. These show that the crys-
talline products were improved. The prolonged times and
microwave powers have the influence on the phase for-
mation by assisting Cu and S atoms in violent vibrating and
diffusing (higher amplitude) at longer time. The atoms
have the better chance to reside in their normal lattices or
in the periodic array. These lead to the increase in the
degree or extent of the product crystalline. When one of the
copper and sulfur sources were used at constant 20 min
prolonged time and 600 W microwave power, pure CuS
can be synthesized as well.

Phase formation

During the synthesis, CuCl, 2H,0 reacted with CH;CSNH,
in ethylene glycol for several steps and copper complex
([Cu(CH3CSNH2)2]2+) formed. Then, the complex was
decomposed by microwave irradiation to produce CuS [4].
Due to the existence of crystal water in CuCl, - 2H,0 and
trace water in ethylene glycol, CH3;CSNH, reacted with
H,O0 to form H,S. Subsequently, H,S was decomposed by
the microwave irradiation [15, 16]. S* generated and
further reacted with Cu** to produce CusS.

@ Springer
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Fig. 2 XRD spectra of the
products synthesized using
different conditions (starting
agents/microwave powers/
prolonged times). (a)
CuCl,2H,0 and CH;CSNH,/
180 W/10-40 min, (b)
CuCl,2H,0 and CH;CSNH,/
180-600 W/10 min, and (c)
different starting agents/600 W/
20 min
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The reactions were similar to the above when CuCl, -
2H,0 was replaced by Cu(CH3COO), - H,0, and CH;CSNH,
by NH,CSNHNH, or NH,CSNH,. In case of using CuBr

@ Springer

as a copper source, Cu'* is not stable in the solution. It can
undergo disproportionation in which the oxidation state of
Cu'*is simultaneously raised and lowered [17].
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2Cu't— Cu** + Cu’

With the assistance of microwave irradiation, Cu® was
further oxidized to Cu®* by H,S.

(0 Microwave irradiation
Cu —

Cu®t + 2e”

Cu®* combined with S*~ to produce CusS.

_ Microwave irradiation
Cu2 + + S2 e

CuS

Reaction evidences between copper and sulfur sources
were provided on according to the following. During the
synthesizing process, copper and sulfur salts were sepa-
rately dissolved in ethylene glycol and mixed. The pre-
cipitates (copper complexes) formed. Subsequently, they
turned into black (CuS) in a microwave oven. In addition,
pure thiourea (NH,CSNH,) and copper-thiourea complex
were characterized using FTIR. Their spectra are shown in
Fig. 3. For thiourea spectrum, bands of C =S and C-N
stretching vibrations [18, 19], were detected at 735 and
1464 cm™', respectively. Corresponding bands of the
complex were at 697 and 1494 cm™, respectively. Com-
paring to thiourea, the first vibration shows red-shift, which
was caused by lowering in the wavenumber. It was char-
acterized as the reduced double bond character of carbon
and sulfur in the complex. The second is blue-shift due to
the greater double bond character of carbon and nitrogen in
the complex. It shows the presence of sulfur-copper coor-
dination [19]. Three bands of NH, stretching vibrations of
thiourea and the complex [19] were the same wavenumber

Cu-Thiourea Complex
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Fig. 3 FTIR spectra of thiourea and copper-thiourea complex

at 3171, 3269 and 3373 cm™'. Their NH, bending [18] is
also the same wavenumber at 1600 cm™'. The NH,
stretching and bending vibrations are stationary. In the
present case, no bonding between nitrogen and copper is
present [18, 19]. Some difference in the intensity peak at
1104 cm™ of thiourea and the complex was detected.
When copper-thiourea complex was produced, the intensity
peak in thiourea was diminished in the complex. It was
influenced by a change in the nature of C =S and C-N
bonds due to the complex formation [18].

Microwave irradiation is at an advantage over other
processes by solving the problems of concentration and
temperature gradients in the solution. Its vibration fre-
quency provides uniform condition for the nucleation and
growth due to the rapid, uniform and effective heating
process. It accelerates the reactions by assisting the
decomposition of copper complexes and H,S, the oxidation
and reduction processes, and the formation of CuS.

SEM

Morphologies of the products synthesized using different
prolonged times, microwave powers, and starting agents
are summarized in Table 1, and SEM images of the
selected products are shown in Fig. 4. For the synthesis
process using CuCl,2H,0 and CH3CSNHj; as the starting
agents at 180 W microwave powers for 10, 20, 30 and
40 min prolonged times, at 300, 450 and 600 W for
10 min, and at 600 W for 20 min, the products (CA1, CA2,
CA3, CA4, CAS5, CA6, CAT and CA) are the assemblies of
nano-flakes (micro-sized flowers). Both the flowers and
flakes became larger at higher power and longer time. The
flowers are 4.5 pm in diameters at 600 W and 20 min. A
microwave oven supplies energy to the system, which was
used to decompose the complexes and accelerate copper
sulfide formation. Microwave powers and prolonged times
did not have so strong influence on the product shapes as
on the sizes.

At constant 600 W for 20 min with the same copper
source (CuCl, - 2H,O) but different sulfur sources
(CH5CSNH,, NH,CSNHNH, and NH,CSNH,), the
products (CA, CC and CU) are the assemblies of nano-
flakes (micro-sized flowers) although the three sulfur
sources are different. They compose of nano-flakes as the
fundamental particles. It shows that CuCl, - 2H,O domi-
nated the sulfur sources. Product morphology was influ-
enced by chloride ions in the system. Anions of the
copper sources have the influence on growth of the
particles. But for those synthesized using CuBr or
Cu(CH;CO0), - H;O as copper sources with different
sulfur sources, the products have a variety of morpho-
logies. They are clusters of nano-sized particles, nano-
rods, sponge-like structures, assemblies of nano-flakes and

@ Springer
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Fig. 4 SEM images of the
products. (a—f) are CA1, CA7,
CA, BU, AA and AU,
respectively

nano-fibers for BA and AU, BC, BU, AA and AC,
respectively. Different product morphologies were
influenced by sulfur sources, which have different struc-
ture formulas. Nucleation and growth of the particles can
play roles in the morphology. The crystal growth of some
preferred structure or planes relates to the surface energy
of the planes in the specified condition. It is described as
the shape selective surface absorption process [20]. The
amount of starting agents in the solution also has the
influence on different orientation of the particles, which
reflects nucleation and growth of the crystals. The
orientation was increased with the increasing in the
amount of starting agents [21]. Phase with the lowest free
energy is thermodynamically stable, and has more chance
to exist in the process [22]. This can reflect the product
morphologies. Apart from the above, crystal growth is
influenced by the solubility of the precursors in the
particular  solvent and  synthesized temperature,
which reflects the morphologies [20]. Polarities and
boiling points of solvents [23], pH values of the solutions
and others can play a role in the shapes and sizes due
to the different rates of nucleation and growth.

@ Springer
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Different starting agents play a significant role to pro-
duce the products with different shapes and sizes, which
was influenced by nucleation and growth. They had more
role than the microwave irradiation did.

During the formation of CuS, round particles were formed
by the assemblage of hcp unit cells. Growths in the x-, y- and
z- directions are almost at the same rates. Rod-shaped particles
and fibers were formed by stacking up hcp unit cells. There
were some unit cells stacked aside as well. To form rods and
fibers, growth rate in the z-direction is the fastest. Flake-like
particles were formed by the similar process as the rod/fiber
formation but growth in the z-direction is the slowest.

The products may contain some imperfect round parti-
cles, curved rods/fibers and wavy flakes, due to the
microwave vibration frequency, internal stress and others.
Different morphologies have the influence on the lumi-
nescent property as well.

TEM and SAED

To show more details, the synthesized products were put
into a beaker containing ethanol. After ultrasonic vibration,
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the liquid was dropped on a copper grid and dried in
ambient atmosphere. TEM images and SAED patterns
(Fig. 5) of the selected products were characterized and
analyzed. They compose of round nano-particles with
<20 nm in diameter for BA and AU, nano-rods with
<20 nm in diameter for BC, and nano-fibers with as long as
105 nm for AC.

SAED patterns show eight concentric rings corre-
sponding to diffraction planes of the crystalline products.
Diameters of the rings were measured from the diffraction
patterns on the films. The values of d-spacing of the dif-
fraction planes were calculated [24, 25] and compared with
those of the JCPDS software [14]. The diffraction patterns
show that the products compose of CuS with hexagonal
structure. The analyses interpreted from SAED and XRD
patterns are in good accord. The diffraction planes of the
products are (100), (103), (006), (105), (110), (108), (203)
and (116). The rings are diffuse and hollow showing that
the products composed of very fine particles.

Fig. 5 TEM images and SAED patterns of the products synthesized
at 600 W microwave power for 20 min prolonged time. (a—d) are BA,
BC, AC and AU, respectively

Raman analysis

Raman spectra of different products (Fig. 6) are very sharp
showing that lattice atoms are arranged in the periodic
array. Vibration modes of the crystalline products synthe-
sized from different starting agents are in the same wave-
number at 474 cm™' corresponding to the lattice vibrations.
The present results are in accord with those of CuS thin
films [26, 27]. Generally, vibration frequency is a param-
eter controlled by atomic masses, force constant of lattice
atoms, atomic bonding and others.

PL spectra

PL emission of CuS dispersed in absolute ethanol (Fig. 7)
was determined using a 202 nm (6.14 ev) exciting wave-
length. PL spectra of all the products show the broad
emission peaks in the range 414435 nm (2.85-2.99 ev).
For each of the copper sources, the spectra show the
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Fig. 6 Raman spectra of the products synthesized using different
starting agents at 600 W microwave power for 20 min prolonged time
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