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ABSTRACT: A simple, template-free and mild solution
chemistry route was employed to synthesize diverse copper
sulfide (CuS) nanostructured assemblies at 70 °C by varying
the solvent (water or ethylene glycol, or their ratios (3:1, 1:1
and 1:3)). The CuS structures in the shape of spheres and
nanotubes were found to be assemblies of either nanoplates or
nanoparticles. The nanotube formation was elaborately studied
by varying the synthesis parameters such as temperature,
reaction duration, precursor’s ratio, and counterions. Counter-
ions such as NO3

− and SO4
2− were found to be suitable for

nanotube formation whereas in the presence of Cl− and OAc− ions, CuS flake-like and nanoparticle assemblies are obtained,
respectively. The optical bandgaps for the CuS with different morphologies were measured to be in the range of 1.88−2.16 eV.
The bandgap of CuS in the visible region of electromagnetic radiation prompted it to be used as photocatalyst in the past under
natural light. However, we demonstrate here the similar catalytic performance of as-synthesized CuS nanostructures for the
degradation of methylene blue in the dark, suggesting that light does not play a role in its catalytic behavior.
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1. INTRODUCTION

Chalcogenides such as PbS, ZnS, CdS, CuS and Bi2S3 are
inorganic materials that have been drawing attention of
researchers for their unique properties and potential
applications.1−5 Among these materials, copper sulfide (CuxS
with x = 1−2) is one of the transition metal chalcogenides that
exhibits different stoichiometric forms with crystal structure
varying from orthogonal to hexagonal. The shape, size,
stoichiometric composition and crystal structure usually control
the optical and electrical properties of copper sulfide.6,7 Copper
sulfides with five different stoichiometries such as covellite
(CuS), anilite (Cu1.75S), digenite (Cu1.8S), djurlite (Cu1.95S)
and chalcocite (Cu2S) are known to be stable at room
temperature.8 These copper sulfides behave as semiconductors
with either direct or indirect bandgaps, depending on the
stoichiometric ratio of Cu to S. The copper vacancies present in
these copper sulfides act as electron acceptors, making them p-
type semiconductors.9 In addition, the copper percentage is
known to control the bandgap (Eg) of CuxS. The Eg of CuxS
increases with decrease in the x value (Eg =1.2 eV for Cu2S,
1.75 eV for Cu1.8S and 2.2 eV for CuS).10−12 In terms of these
Eg values, CuS can absorb maximum solar energy among the
CuxS. Therefore, it is imminent to synthesize CuS that would
find possible applications in the solar cells and other
optoelectronic devices. Furthermore, CuS nanocrystals have
been found as one of the potential materials for application in
catalysis12,13 biosensor,14 tissue imaging,15 drug delivery,16 Li-
ion battery,17 and memory cell.18

Varieties of CuS micro- and nanostructures have been
synthesized using solid-state synthesis,19 sonochemical,20

hydrothermal,21 solvothermal,22 solution based method,23

template assisted,24 atomic layer deposition25 and chemical
vapor deposition (CVD)26 techniques. CuS in the shape of
nanoparticles,15,27 nanotubes,28 nanowires,29,30 nanorods,23

nanoplates,31 ball-flower,32 hollow cages33 and hollow sphere34

have been synthesized using the above techniques. Among the
different types of nanostructures, one-dimensional nanotubes,
nanowires and nanorods have attracted the attention of
researchers for their unique properties and have become one
of the main research topics in recent years.35,36 In the past, CuS
nanotubes and microtubes were mostly synthesized in the
presence of templates such as copper nanowires,28 thiourea
complex,14,37 Cu(OH)2 nanowires38 and Cu(I)-complexes39

using solution chemistry routes. The use of a template requires
multiple steps, which is time consuming and expensive. It is
also difficult to completely remove the template material,
which, therefore, affects the purity of the final product. There
are only a few reports on the synthesis of CuS tubes without
using templates.40,41 Gong et al. reported CuS microtubes
composed of hexagonal nanoflakes and Zhang et al. prepared
CuS nanotubes using oleic acid and poly(vinyl pyrrolidone)
(PVP) in a microemulsion system without using templates.40,41

In this article, we report the preparation of diverse CuS
nanostructures using a simple, template-free and single-step
solution chemistry route by varying the reaction medium, i.e.,
either in pure aqueous or alcohol, i.e., ethylene glycol (EG) or
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mixture of these two solvents in different ratios at 70 °C. The
main advantages of the present process of synthesizing CuS
nanostructure self-assemblies are simpler reagents, lower
temperature and shorter duration than that of previous
reports.40,42 Self-assembled CuS nanostructures are normally
prepared by a hydrothermal/solvothermal technique. Cheng et
al. and Meng et al. recently reported a ball-like morphology and
hollow spheres self-assembled of nanoplates using a hydro-
thermal/solvothermal process, respectively.32,43 In addition to
the CuS spheres self-assembled of either nanoplates or
nanoparticles, we report synthesis of CuS nanotubes consisted
of nanoparticles. In an optimum solvent ratio (1:3 water−EG),
CuS nanotubes were solely obtained. More importantly, the
temperature and duration of CuS nanotubes synthesis in the
present work is, respectively, lower and faster than that of
previous reports.40,41 The effects of various synthesis
parameters such as types of solvent (aqueous and/or alcohol,
and their mixture), reaction temperature and duration,
precursor concentration and counterions on the formation of
CuS nanotubes are investigated in detail. Furthermore, the
catalytic activity of as-synthesized CuS nanostructures is studied
for the methylene blue (MB) degradation. In the textile
industries, synthetic organic dyes are used for coloring the

fabrics. As a result, the effluents from these industries contain a
high amount of synthetic organic dyes, which cause water
contamination. Several oxide materials, including TiO2, are
extensively used as a photocatalyst for dye degradation.44

However, due to large bandgap of most of the oxide materials,
they are not very suitable to be used as a photocatalyst. Efforts
have been made to shift the bandgap toward the visible region
for practical application.45 In recent years, CuS has been
successfully used for the dye degradation in the presence of
visible light and H2O2 due to its lower bandgap than that for
oxides.33 In contrast, we herein report for the first time the
direct catalytic behavior of CuS by demonstrating the MB
degradation in the dark.

2. EXPERIMENTAL DETAILS
2.1. Chemicals. Copper nitrate (Cu(NO3)2·3H2O), copper sulfate

(CuSO4·5H2O), copper acetate (Cu(OAc)2·H2O), sodium thiosulfate
(Na2S2O3·5H2O), ethylene glycol (EG), hydrogen peroxide (H2O2,
30%) were from Merck, India; copper chloride (CuCl2·2H2O) and
ammonium thiosulfate ((NH4)2S2O3) were from Loba Chemie, India;
ethanol was from Changshu Yangyuan Chemical, China. All the above
reagents were analytical grade and used without further purification.

2.2. Synthesis. Typically, in a 100 mL round bottom flask, 40 mL
of solvent (100% water or 100% EG or their mixture in the ratio of

Table 1. Detail Experimental Parameters for the Synthesis of Diverse CuS Nanostructures

morphology precursors (1:1 molar ratio) solvent reaction temperature (°C) duration (h) bandgap (eV)

CuS microspheres Cu(NO3)2 and Na2S2O3 water 70 4 2.08
CuS nanotubes Cu(NO3)2 and Na2S2O3 water−EG (1:3) 70 4 2.06
CuS nanoflakes CuCl2 and Na2S2O3 water−EG (1:3) 70 4 2.16
CuS nanoparticles Cu(OAc)2 and Na2S2O3 water−EG (1:3) 70 4 1.88

Figure 1. SEM images of solution-based synthesized CuS nanostructures obtained from precursors Cu(NO3)2:Na2S2O3 = 1:1 at 70 °C in 4 h using
(a) water, (b) 3:1 water−EG, (c) 1:1 water−EG and (d and e) 1:3 water−EG (f) EG, as solvent.
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3:1, 1:1 or 1:3) was taken. Then 483 mg of Cu(NO3)2 (2 mmol) and
496 mg of Na2S2O3 (2 mmol) were added to above 40 mL solvent
(final concentration of Cu2+ and S2O3

2− was 0.05 M). Then the
solution was manually stirred to mix the precursors until a yellowish
green color solution was obtained. Then the round bottom flask
containing solution was placed in an oil bath held at 70 °C and heated
for 4 h with constant stirring. After 4 h, the flask was taken out of the
oil bath and cooled down to room temperature. The precipitated
product was filtered and washed with ethanol and water several times
and dried at 60 °C for 4 h prior to characterization. While keeping the
water−EG solvent ratio (1:3) fixed, at which CuS nanotubes formed,
the reaction temperature was varied in the range of 70−180 °C.
Furthermore, the reaction duration was varied from 15 min to 8 h
while keeping other parameters fixed. Experiments were also
performed with different precursor (Cu(NO3)2:Na2S2O3) molar ratios,
i.e., 1:1, 1:2 and 2:1, keeping other parameters constant. The effect of
counterions on the formation of CuS nanostructures was studied using
five different precursor combination (1) Cu(NO3)2 and Na2S2O3, (2)
CuSO4 and Na2S2O3, (3) CuCl2 and Na2S2O3, (4) Cu(OAc)2 and
Na2S2O3 and (5) Cu(NO3)2 and (NH4)2S2O3. The experimental
condition for synthesizing different CuS nanostructures is presented in
Table 1.
2.3. Characterization. The X-ray diffraction (XRD) measurement

was carried out using a PANalytical X’pert pro PW 3040/60
instrument in the 2θ range of 10° to 70°. The surface morphology
of as-prepared products was examined with Carl-Zeiss EVO 60
scanning electron microscopy (SEM) attached with an Oxford EDS
detector and Carl-Zeiss SUPRA 40 field emission scanning electron
microscopy (FESEM). The transmission electron microscopy (TEM)
study was performed with a FEI-TECHNI-G2 instrument at an
operating voltage of 200 kV. The optical property of CuS samples was
measured with a Perkin-Elmer Lambda 750 UV−Vis spectropho-
tometer. The photoluminescence (PL) measurements were performed
with a SCINCO FluoroMate FS-2 spectrophotometer with an
excitation wavelength of 250 nm.
2.4. Catalytic Degradation of MB using CuS Nanostructures.

The catalytic activity of different as-synthesized self-assembled CuS
nanostructures was studied by MB degradation. First, 10 mg of catalyst
powder (CuS nanostructures) was dispersed in 40 mL 2 × 10−5 (M)
MB solution in the dark. The MB decomposition was studied after the
catalyst−MB mixed solution was stirred for 30 min in the dark for
complete adsorption−desorption of MB on the catalyst surface. For
the decomposition of MB, 1 mL of H2O2 was added to above
catalyst−MB mixed solution and the solution was stirred in the dark
for different durations. The MB solution was collected after selected

durations, and the MB concentration was measured with a Perkin-
Elmer Lambda 750 UV−Vis spectrophotometer.

3. RESULTS AND DISCUSSION

3.1. Morphology of CuS Nanostructures. 3.1a. Effect of
Solvent Composition. The morphology of as-synthesized CuS
nanostructured materials was examined with SEM. Either
aqueous or alcohol (EG) or a mixture of these two solvents was
taken at different ratios to observe their effect on the formation
of CuS nanostructures while keeping all other parameters such
as precursor molar ratio (Cu(NO3)2:Na2S2O3) = 1:1, reaction
temperature (70 °C) and reaction duration (4 h) fixed. Figure
1a−f shows the SEM images of CuS nanostructures obtained in
different solvent medium, i.e., (a) water, (b) 3:1 water−EG, (c)
1:1 water−EG, (d,e) 1:3 water−EG and (f) EG. In the aqueous
medium, the as-synthesized CuS product was found with a
spherical morphology of diameter ∼1 μm (Figure 1a). These
spheres are actually composed of agglomerated nanoplates of
width and length ∼100 nm, and thickness ∼20 nm measured
from the magnified SEM images (not shown). In a 3:1 water−
EG solvent ratio, the morphology of the product (Figure 1b) is
found to remain a spherical shape, consisting of nanoplates.
However, the average diameter of the sphere and the size of the
nanoplates are reduced to ∼500 nm and <100 nm, respectively.
In addition, these nanoplates appear to be loosely agglomerated
(Figure 1b) than the former prepared in only aqueous medium
(Figure 1a). Previous studies reported CuS spheres were
hollow with a large diameter (5−20 μm) prepared at >120 °C
with a reaction duration more than 24 h.46,47 However, Wang
et al. reported CuS hollow spheres of an average diameter of
500 nm using CTAB as a surfactant.48 In all these reports,
hollow spheres were reported to be composed of microflakes/
nanoplates. In contrast, we obtained solid CuS spheres of much
smaller diameter (0.5−1.0 μm) at a lower temperature (70 °C)
and in a short duration (4 h) in the absence of a surfactant.
In 1:1 water−EG solvent ratio, the morphology of the

product is found to be drastically different to 100% water and
3:1 water−EG. Here we obtained a tube shape morphology
(Figure 1c) of the product along with some spheres of ∼400
nm in diameter adhered to the tubes. These submicrometer
tubes appear to grow in every direction from one central

Figure 2. EDX spectra of CuS nanostructures obtained from precursors Cu(NO3)2:Na2S2O3 = 1:1 at 70 °C in 4 h using (a) water, (b) 1:1 water−
EG, (c) 1:3 water−EG and (d) EG, as solvent.
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nucleation point. The length and diameter of these tubes are in
the range of 8−10 μm and 0.5−1 μm, respectively. The wall
thickness of these CuS tubes is ∼200 nm. These tubes are
found with a hexagonal shape across their body (SEM not
shown). With increasing EG in the solvent, i.e., at 1:3 water−
EG, we obtained only nanotubes (Figure 1d,e) with uniform
length (∼1 μm) and outer diameter (150−200 nm) across the
whole product. Figure 1d represents a low magnification SEM
image of CuS nanotubes, indicating their uniform length and
diameter. Figure 1e shows a magnified SEM image of these
nanotubes. A further magnified SEM image (shown as inset in
Figure 1e) clearly indicates that CuS nanotubes have an inner
diameter of ∼100 nm and are composed with 40−60 nm
diameter nanoparticles (verified by TEM, discussed later). In
addition, the surface of the CuS nanotubes obtained in this case
(i.e., in 1:3 water−EG) appears to be relatively rougher than
that obtained with 1:1 water−EG. The previous reports on the
CuS nanotubes/microtubes were primarily two-step self-
sacrificial template-based synthesis where either Cu(I)−
complex,14,37 Cu nanowires,28 or Cu(OH)2 nanowires

38 acted
as a template. These template-assisted processes produced CuS
nanotubes/microtubes of length and diameter in the range of
20−40 μm and 50 nm−1 μm, respectively. Moreover, Zhang et
al. prepared CuS nanotubes composed of nanoparticles using a
solvothermal technique at 150 °C in 12 h.41 Unlike the
previous works, we demonstrate here the formation of CuS
nanotubes by optimizing the solvent medium at a lower
temperature (70 °C) using a template-free simple solution
route. With 100% EG, the morphology of the product (Figure
1f) was a spherical type with a deformed shape. In addition,
unlike the previously obtained spheres made from nanoplates,
these deformed spheres are found to consist of nanoparticles.
The size of these nanoparticles is measured to be ∼25 nm,
which is smaller to the nanoplates of size 50−100 nm obtained
with 100% water and 3:1 water−EG solvent media.
Figure 2 shows the energy dispersive X-ray (EDX) spectra of

CuS nanostructures, i.e., microspheres (Figure 2a), submi-
crometer tubes (Figure 2b), nanotubes (Figure 2c), and
deformed spheres (Figure 2d) obtained using water, 1:1
water−EG, 1:3 water−EG, and EG, as solvent, respectively.
The Cu to S atomic ratio for all these cases is found to be
approximately 1:1, confirming stoichiometry of CuS. Addition-
ally, it suggests that the reaction medium does not have any
effect on the phase and composition of the product.
We have recently reported the formation mechanism of CuS

in 100% water albeit using a hydrothermal method.49 Similar
results, i.e., spherical structures, consisted of nanoplates that
have been obtained in the present aqueous solution-based
synthesis process, suggesting the same mechanism was
involved. However, introducing an optimum quantity of EG
into water produces nanotubes and in the presence of only EG
solvent, smaller clusters consisting nanoparticles were obtained,
as shown in Figure 1f. The formation of CuS in the presence of
EG can follow following reaction steps. First, EG can reversibly
convert into aldehyde and water in reaction 1 and in the
subsequent step (reaction 2) CuS can be produced.

⇔ +HOCH CH OH CH CHO H O2 2 3 2 (1)

+ + +

→ ↓ + + +

CH CHO H O 2Cu(NO ) Na S O

2CuS CH COOH 2NaNO 2HNO
3 2 3 2 2 2 3

3 3 3 (2)

The alcohols, such as EG and benzyl alcohol, are known to play
the roles of solvent, reducing and/or stabilizing agent in the
synthesis of metal, metal oxide and calcogenide nano-
particles.50−52 The stabilization occurs either directly through
OH− or by intermediate acetate formation.50,53 The FTIR
spectrum (not shown) of as-synthesized CuS nanotubes
indicates the stabilization through OH−.
In the absence of EG (i.e., 100% water), the initial particles

were found to be plate-like structures (Figure 1a). As the EG in
the reaction medium is increased, the stabilizing effect of EG
leads to formation of smaller deformed spheres composed of
nanoparticles of much smaller size than that of nanoplates.
Upon formation of nanoplates/nanoparticles, they are
aggregated to spherical structures to reduce the surface energy.
It is important to note that the nucleation and aggregation of
nanoparticles are normally slower in a non-aqueous solvent
than an aqueous solvent. This is because of fewer surface
hydroxyl groups and a higher viscosity of non-aqueous solvent.
This allows the self-assemblies to occur at different rates,
forming different morphologies in different solvents.54 The
loose agglomeration of nanoparticles in the formation of
nanotubes in the present work can therefore be attributed to
the higher viscosity of EG. Moreover, the formation of different
structures is also driven by the minimization of the total energy
of the system. Oriented assembly of Fe3O4 nanoparticles into
monodisperse hollow single-crystal microspheres has been
reported using EG as a reaction medium.55 The strong
chelating ability of EG promotes transition metal complex
formation using its hydroxyl group as a ligand.56 The assemblies
of ZnSe and PbS/PbSe nanoparticles/nanoplates to spherical
structures have also been reported with a higher EG content in
the solvent.57,58 The formation of different morphologies in the
present case can therefore be attributed to the optimum ratio of
water to EG, which affects the solubility, reactivity and diffusion
behavior of the reagents and the intermediates.59,60 Figure 3
displays the schematics of CuS morphologies obtained by
varying the reaction medium. When the copper nitrate is added
to the respective solvent, a bluish transparent solution is
obtained, which turns turbid pale or greenish-yellow by adding

Figure 3. Schematics of formation of different self-assembled CuS
nanostructures obtained by varying the ratio of water to EG.
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sodium thiosulfate. This is due to the formation of a complex,
Na2(Cu(S2O3)2) and NaNO3.

49 This complex produces
different morphologies of CuS by heating in different ratios
of water−EG solvent at 70 °C. Here, the reaction medium plays
an important role in controlling the shape of the basic CuS
building blocks in their self-assembling process. In particular,
the higher viscosity of EG increases the steric hindrance in
reaction system causing reduction of particle sizes of the
product,61 which is obvious in the present case. The greenish-
black solid product was finally obtained after heating the
Na2(Cu(S2O3)2) complex for a selected duration and was
separated by centrifuge.
3.1b. Effect of Reaction Temperature. Reaction temper-

ature can play a role in the size and shape of nanotubes. There
are no previous reports on the optimization of synthesis
temperature in the formation of CuS nanotubes. By keeping the
optimized solvent ratio (1:3 water−EG) and precursor ratio

Cu(NO3)2:Na2S2O3 = 1:1 fixed, the reaction temperature was
varied to synthesize CuS nanotubes. Figure 4a,b shows the
SEM images of CuS nanotubes obtained at 120 and 180 °C in 4
h, respectively. These nanotubes are found to be quite uniform
and hexagonal in shape across their body. With increases in the
reaction temperature from 70 to 180 °C, the length of
nanotubes remains same (∼1 μm) whereas the average
diameter is found to be increased to ∼400 nm (at 120 °C)
and ∼500 nm (at 180 °C) from 200 nm (at 70 °C) (Figure
1d,e). It suggests that a lower reaction temperature of 70 °C is
suitable to grow smaller diameter CuS nanotubes. This is in
support to the previous study by Mao et al., who obtained 50
nm diameter CuS nanotubes at room temperature using a
(Cu(tu))Cl·0.5H2O (tu = thiourea) complex as a sacrificial
template.37 The previous reports on larger diameter CuS
nanotubes (250−800 nm) are possibly due to the use of a
higher synthesis temperature (>80 °C).14,40

Figure 4. SEM images of solution-based synthesized CuS nanotubes obtained from precursor Cu(NO3)2:Na2S2O3 = 1:1 at (a) 120 °C and (b) 180
°C with 1:3 water−EG solvent in 4 h.

Figure 5. SEM images of solution-based synthesized CuS microrods/nanotubes obtained from precursor Cu(NO3)2:Na2S2O3 = 1:1 at 70 °C with
1:3 water−EG solvent in (a) 15 min, (b) 30 min, (c) 1 h, (d) 2 h, (e) 4 h and (f) 8 h.
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3.1c. Effect of Reaction Duration. We further investigated
the effect of reaction duration to understand the growth
mechanism of CuS nanotubes. Experiments were performed
separately for reaction durations of 15 min, 30 min, 1 h, 2 h and
8 h, keeping other parameters such as precursor ratio
(Cu(NO3)2 : Na2S2O3) = 1:1, temperature (70 °C) and
water−EG solvent ratio (1:3) fixed. After the reaction was
allowed for a specific duration, the reaction vessel was cooled
down to room temperature and the product was collected by
centrifuge. Figure 5a,b shows the SEM images of CuS
microrods obtained in 15 and 30 min of reaction, respectively.
The length and diameter of these microrods are measured to be
in the range of 5−7 and 1−2 μm, respectively. These microrods
are found with a hexagonal shape across the body and a few
microrods are joined at the middle producing a cross-sign
structure. When the reaction duration is increased to 1 h, a
larger number of hexagonal shaped microrods are found be
joined together forming clusters (Figure 5c). The length and
diameter of the microrods formed after 1 h of reaction are in
the range of 3−5 and ∼1 μm, respectively, which is smaller than
that of microrods formed after 15 or 30 min of reaction
duration. In addition, several of these microrods are found to be
hollow toward the axial end. This suggests that the initially
formed solid rods are degraded at a higher rate on the axial
directions than that of the lateral sides. This degradation
produced nanoparticles that appeared on the surface of these
microrods (Figure 5a−c). When the reaction duration is
increased to 2 h, the hexagonal tube shaped structure clearly
emerged with a length and outer (inner) diameter in the range
of 0.8−1.5 μm and 300−350 nm (200−250 nm), respectively
(Figure 5d). Similar types of tubes are obtained when the
reaction duration is increased to 4 (Figure 5e) and 8 h (Figure
5f) but with a shorter length (0.8−1 μm) and smaller diameter
(150−200 nm). Two important observations are made on the
formation of the CuS structures with increasing the reaction
duration. First, the length and diameter of the CuS structures
are reduced with increasing the reaction duration. Second, there
is a preferential etching on the axial direction to create
hollowness in the microrods (Figure 5a), producing nanotubes
(Figure 5d−f). In addition, the sharp hexagonal edges (Figure
5a−d) on the microrod’s body appear to disappear with
increasing the reaction duration to more than 2 h (Figure 5e,f).
The structure and composition of the solid rods and tubes was
found to be same, i.e., CuS, as analyzed by XRD and EDX (not
shown), respectively.
On the basis of the morphologies of CuS structures obtained

by varying the reaction durations, a schematic diagram is
presented in Figure 6. After the copper and sulfur precursors
were stirred in the chosen solvent, the solution color was found
to slowly change from blue to greenish-yellow. However, the
precipitate was observed only after 15 min of heating and
stirring. The solid microrods that formed after 15 min of
reaction was the initial morphology (Figure 6a) of the product
and a similar type of product was obtained after 30 min (Figure
6b). When the reaction duration was increased to 1 h, the
length and diameter of these microrods decreased and were
found to be clustered with growth from one central nucleation
point to different directions (Figure 6c,d). In addition, there
was tube type morphology at the end of these microrods. This
suggests that initially formed microrods were etched from all
directions at different rates with a faster etching rate on the axial
direction. When the reaction duration is increased to 2 h
(Figure 6e) and 4 h (Figure 6f), the decrease in length and

diameter, improvement in the tube formation, and change in
outer tube morphology from hexagonal to round shape strongly
suggest etching of the initial product. Further study is underway
to understand the detail formation mechanism of CuS
nanotubes.

3.1d. Effect of Precursor Ratio. To see the effect of
precursor ratios on CuS nanotube formation, three different
molar ratios of Cu(NO3)2 and Na2S2O3 (1:1, 2:1 and 1:2) were
taken, keeping all other reaction parameters the same (i.e.,
solvent water−EG = 1:3, reaction temperature 70 °C and
reaction duration 4 h). Figures 1e and 7a,b show the
morphology of product obtained with Cu(NO3)2 and
Na2S2O3 molar ratios of 1:1, 2:1 and 1:2, respectively. The
detailed discussion on the formation of CuS nanotubes with 1:1
Cu(NO3)2:Na2S2O3 molar ratio has been outlined in the
previous sections (refer to Figures 1e and 5e). With a 2:1 molar
ratio of Cu(NO3)2 and Na2S2O3, both CuS nanotubes and
nanoparticles were obtained. A SEM micrograph (Figure 7a)
clearly reveals that CuS nanotubes consist of loosely held
nanoparticles. With a 1:2 Cu(NO3)2 and Na2S2O3 molar ratio,
there were no CuS nanotubes or other nanostructures, as
shown in Figure 7b. Furthermore, it is important to note that
the product obtained with a 1:2 Cu(NO3)2 and Na2S2O3 molar
ratio was a mixture of CuS and Cu2S, as confirmed from the
XRD measurement (discussed later). This was supported by
the EDX analysis, as shown in the inset of Figure 7b. The Cu to
S atomic ratio was measured to be 3:2, which is greater than 1:1
but lower than that of 2:1. This is due to the presence of both
CuS and Cu2S, as confirmed by XRD. The previous report on
the effect of precursor ratios on the formation of CuS micro/
nanospheres and micrometer size bars consisting of nanoflakes
or nanotubes is possibly due to the use thiourea and
thioacetamide as sulfur sources.21,40 Therefore, it can be
concluded that not only the precursor ratios but also the types
of precursors can have a significant role in the formation of CuS
nanostructures.

3.1e. Effect of Counterions. We further study the effect of
the counterions on the formation of CuS nanostructures. Five
different precursors combinations (1) Cu(NO3)2 and Na2S2O3,
(2) CuSO4 and Na2S2O3, (3) CuCl2 and Na2S2O3, (4)
Cu(OAc)2 and Na2S2O3 and (5) Cu(NO3)2 and (NH4)2S2O3
with different counterions were chosen. In all these experi-
ments, the molar ratios of the above precursors were kept
constant (i.e., 1:1) along with all other reaction parameters such
as water−EG (1:3) solvent, reaction temperature (70 °C) and

Figure 6. Schematic representation of CuS nanotubes formation as a
function of reaction duration.
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reaction duration (4 h). In the case of Cu(NO3)2 or CuSO4
with Na2S2O3, CuS nanotubes are formed, as shown in Figures
1e and 8a. The diameter of CuS nanotubes formed in the
presence of CuSO4 (∼400 nm) is found to be larger than that
obtained with Cu(NO3)2 (<200 nm). However, in the presence
of a chloride medium (CuCl2 and Na2S2O3), no nanotubes
were obtained. The structures obtained with CuCl2 and
Na2S2O3 precursors are the agglomeration of nanoflakes with
a thickness <25 nm (Figure 8b). With Cu(OAc)2 and Na2S2O3
as copper and sulfur sources, respectively, CuS nanoparticles
(Figure 8c) are formed instead of nanotubes or nanoflakes.
Interestingly, submicrometer size interconnected spheres were
obtained by replacing sodium thiosulfate with ammonium
thiosulfate as one of the precursors, along with Cu(NO3)2. A
SEM image (Figure 8d) shows that these spheres consist of fine
particles of ∼20 nm diameter. From these experiments, it can
be concluded that the counterions in the reaction medium play
a crucial role in controlling the morphology of the product.
3.2. Crystal Structure and Microstructure. The crystal

structure of as-synthesized CuS nanostructures was measured
using XRD. Figure 9a presents the XRD pattern of nanotubes
(Figure 1d,e) obtained using precursors Cu(NO3)2:Na2S2O3 =
1:1 and 1:3 water−EG solvent at 70 °C for 4 h. The XRD
pattern collected in the 2θ range of 10° and 70° shows several
diffraction features, which matched a pure hexagonal (covellite)
CuS system (JCPDS card No. 006-0464, space group = P63/
mmc(194)). The measured lattice parameters of a = 3.787 Å
and c = 16.363 Å were in good accord with the reference data a

= 3.792 Å and c = 16.344 Å from JCPDS card No. 006-0464.
The products obtained from experiments with varying synthesis
parameters (solvent ratio, reaction temperature, reaction
duration and counterions) show similar XRD patterns (not
shown) with a hexagonal CuS crystal structure. However, the
XRD pattern (Figure 9b) of the product (Figure 7b) obtained
with precursor molar ratio Cu(NO3)2:Na2S2O3 = 1:2 shows
mixed phase of CuS (marked by *) and Cu2S (marked by
▲)(JCPDS card No. 002-1294). The formation of Cu2S phase

Figure 7. SEM images of solution-based synthesized CuxS obtained from precursor (a) Cu(NO3)2:Na2S2O3 = 2:1 and (b) Cu(NO3)2:Na2S2O3 = 1:2
at 70 °C with 1:3 water−EG solvent in 4 h. The Inset shows the EDX spectrum of the corresponding sample.

Figure 8. SEM images of solution-based synthesized CuS nanostructures obtained from precursor combinations (a) CuSO4 and Na2S2O3, (b) CuCl2
and Na2S2O3, (c) Cu(OAc)2 and Na2S2O3 and (d) Cu(NO3)2 and (NH4)2S2O3, in 1:1 molar ratio at 70 °C with 1:3 water−EG solvent in 4 h.

Figure 9. XRD patterns of solution-based synthesized CuxS obtained
from precursors (a) Cu(NO3)2:Na2S2O3 = 1:1 and (b) Cu-
(NO3)2:Na2S2O3 = 1:2 with 1:3 water−EG solvent at 70 °C in 4 h.
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is due to the higher percentage of sodium thiosulfate in the
reaction medium. As sodium thiosulfate is a reducing agent, its
higher concentration is believed to reduce the Cu2+ to Cu1+,
producing Cu2S.
The microstructural investigation was carried out using

TEM. Figure 10 displays the TEM images of the CuS
nanotubes prepared from precursors Cu(NO3)2:Na2S2O3 =
1:1 in 1:3 water−EG solvent at 70 °C in 4 h. A low
magnification TEM image (Figure 10a) shows that CuS
nanotubes are grown from a central point to different directions
as observed in the SEM images (Figure 1d,e). Figure 10b shows
both the open- and close-ended CuS nanotubes, in accord with
the SEM images. The outer and inner diameters of these

nanotubes are measured to be ∼200 and 150 nm, respectively.
A magnified TEM image (Figure 10c) indicates that an
individual CuS nanotube is composed of elongated nano-
particles of size ∼40−50 nm. Figure 10d shows a high-
resolution TEM (HRTEM) image taken at the edge of a CuS
nanoparticle in the nanotube. The continuous lattice with a
spacing of 3.012 Å is assigned to the (102) plane of a hexagonal
CuS crystal. Furthermore, the spot selected area electron
diffraction (SAED) pattern (inset of Figure 10d) suggests the
single-crystalline nature of individual nanoparticle in the CuS
nanotubes.

3.3. Optical Property. The optical property of the CuS
samples was measured by a UV−Vis spectrophotometer and

Figure 10. TEM images of (a, b and c) CuS nanotubes obtained from precursor Cu(NO3)2:Na2S2O3 = 1:1 in 1:3 water−EG solvent at 70 °C in 4 h,
(d) HRTEM image taken at the edge of a nanoparticle in the CuS nanotube. The inset of d shows the SAED pattern.

Figure 11. (A) Absorbance vs wavelength plots for CuS microspheres (Figure 1a), microspheres (Figure 1b), microtubes (Figure 1c), nanotubes
(Figure 1d,e), deformed spheres (Figure 1f), nanoflakes (Figure 8b) and nanoparticles (Figure 8c). (B) The corresponding bandgap plot for CuS
nanotubes is estimated from the zero-crossing value obtained by extrapolation of the linear part to the rising edges of the respective ((−ln T) × hν)2

vs hν plots.
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shown in Figure 11. Figure 11A shows the absorbance vs
wavelength plots for CuS microspheres (Figure 1a), micro-
spheres (Figure 1b), microtubes (Figure 1c), nanotubes (Figure
1d,e), deformed spheres (Figure 1f), nanoflakes (Figure 8b)
and nanoparticles (Figure 8c). It is interesting to note that the
absorption spectra show two distinct broad features at ∼425
nm and ∼650−700 nm for the CuS samples (microtubes,
nanotubes, nanoparticles, and deformed spheres) self-
assembled nanoparticles whereas only one broad peak (at
∼650 nm) for the microspheres self-assembled nanoplates/
nanoflakes. The two absorption peaks indicate the zero-
dimensional characteristics of corresponding samples,62,63

with the lower wavelength absorption feature is assigned to
the size-quantized particles.64 Similar UV−Vis absorption
spectra with two broad absorptions were reported for CuS
spheres, and tubes.39,65 The FESEM images clearly show that
the nanotubes (Figure 1e) and the deformed spheres (Figure
1f) consisted of very fine particle (<50 nm diameter).
Therefore, we propose that the particles of much smaller size
could be present in these self-assembled structures and thereby
they behave as quantum dots. In contrast, an absorption peak at
lower wavelengths was not prominent from the samples with
the 2-D nanoplates/nanoflakes as basic units.40 Figure 11B
shows the respective representative bandgap plot of (αhν)2 vs E
(= hν) for CuS nanotubes as per Tauc’s equation αhν = K
(hν−Eg)

1/2 for the direct bandgap materials (where α = −ln T,
h = plank constant, ν = frequency, K = constant, Eg =
bandgap).66−68 The estimated bandgap at the zero-crossing of
linear part of (αhν)2 vs hν curve is 2.06 eV for the CuS
nanotubes. The bandgap for CuS microspheres, nanoflakes and
nanoparticles are measured to be 2.08, 2.16 and 1.88 eV,
respectively. The estimated bandgap energies are found to be
within the reported values for the CuS.12 Due to the broad
absorption, sharp transition was not obtained for the bandgap
measurement as shown in Figure 11B. However, on the basis of
maximum intensity absorption position and from linear
extrapolation of (αhν)2 vs hν plots, the bandgaps of as-
synthesized samples were measured. Our results indicate that
morphology have slight effect on the bandgap as summarized in
the Table 1.
Figure 12 shows the room temperature PL spectra of CuS

samples with different morphologies. In all cases, two broad

emission features were obtained, an intense peak in the range of
345−350 nm and a low intensity peak in the range of 450−460
nm. Previous reports suggest that CuS gives a broad spectrum
in the range of 400−460 nm.29,30 The intense broad peak at
∼350 nm is blue shifted as compared with that of the emission
in the range of 388−440 nm previously reported for CuS.69,70

Kumar et al. found a clear blue shift of the emission wavelength
with decreasing excitation wavelength.69 The lower excitation
wavelength (250 nm) in the present study could be a factor for
emission at a lower wavelength. However, the luminescence
behavior of CuS self-assembled nanostructures is not well
established and needs further investigation.

4. CATALYTIC ACTIVITY OF CuS NANOSTRUCTURES
The catalytic activity of the as-synthesized CuS nanostructures
was tested for MB degradation in the presence of H2O2 in the
dark. Unlike the previous reports that CuS act as a
photocatalyst (under light irradiation) in the presence of
H2O2,

33,71 we demonstrate here, for the first time, that light is
not a requirement for the catalytic dye degradation. For the
catalysis study, 40 mL of 2 × 10−5 (M) MB solution was taken
in a beaker and 10 mg of CuS powder was added to it. The
resulting solution was stirred while keeping away from the light
source and then the solution was centrifuged to separate the
CuS. Figure 13a shows the UV−Vis absorption spectra of MB
solution stirred with CuS nanotubes at different durations in
the dark. The decrease in the absorption at ∼664 nm is due to
the adsorption of MB on the CuS surface, which is found to be
saturated in 30 min. Then, we added 1 mL of H2O2 to a catalyst
(different CuS nanostructures) mixed MB solution (i.e., after
30 min) and the solution was stirred in the dark. Figure 13b
shows the UV−Vis spectra of MB solution in the presence of
H2O2 and CuS nanotubes at different durations after originally
being kept under dark to saturate the adsorption−desorption of
MB on the catalyst surface. The decrease in MB absorbance
(Figure 13b) indicates its degradation due to the catalytic
nature of CuS nanotubes. It must be noted here that there is a
negligible decrease in the absorbance of MB in the presence of
only H2O2 without the CuS catalyst, as shown in Figure 13c.33

Figure 13c also displays the MB degradation activity of different
CuS nanostructures by plotting Ct/C0 as a function of time.
Here C0 and Ct are the initial concentration and concentration
of MB at time t, respectively. The stability of CuS nanotubes
catalyst was further studied by repeating the MB degradation
with same CuS nanotubes sample upon adding 1 mL of H2O2
in each cycle. Figure 13(d) shows the plot of degradation
percentage as a function of cycle number. The catalytic
performance was found to be decreased to 94.5% after four
cycles, which is higher than that reported from cubic CuS cages
and hierarchical hollow spheres in the presence of natural light
and H2O2.

33,71 For comparison, we also performed same
experiments under dark and in the presence of visible light. A
slightly higher MB degradation (∼2−3 %) was found initially in
the presence of light as compared to dark and becomes almost
equal after 15 min. Table 2 presents the degradation
performance of MB as a function of time under dark and in
the presence of light using CuS nanotubes or microspheres as a
catalyst with H2O2. Unlike the previous reports, we
demonstrate here that light is not required for MB degradation
in the presence of H2O2 and therefore CuS simply acts as a
catalyst instead of a photocatalyst.
The morphology of CuS nanostructures is found to have an

insignificant effect on the MB degradation. The MB is found to

Figure 12. PL spectra of CuS microspheres (Figure 1a), microspheres
(Figure 1b), microtubes (Figure 1c), nanotubes (Figure 1d,e),
nanoflakes (Figure 8b) and nanoparticles (Figure 8c).
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be completely degraded in 20 min with CuS of any
morphology. The MB degradation mechanism can therefore
be ascribed to the formation of hydroxide radicals in the
presence of CuS and H2O2.

72 The hydroxyl radicals, in turn,
react with organic substrate such as MB to degrade. Figure 14
shows the schematic of MB degradation in the presence of
H2O2 under dark.

⎯ →⎯⎯ ·H O HO2 2
CuS

+ → + =· ·RH HO R H O (RH  organic substrates such as MB)2

5. CONCLUSIONS
Submicrometer range CuS spheres and CuS nanotubes
consisting of nanoparticles/nanoplates are synthesized using a
simple solution chemistry route at low temperature (70 °C).
The effect of synthesis parameters such as solvent (water to
EG) ratios, reaction temperature and duration, precursors
(copper nitrate and sodium thiosulfate) ratios and counterions
on the shape, size and structures of CuS nanostructures is
studied into the details. The 1:1 Cu(NO3)2:Na2S2O3 precursor
ratio and 1:3 water−EG solvent ratio is found to be optimum
for producing CuS nanotubes. With increases in the reaction
temperature from 70 to 180 °C, diameter of CuS nanotubes is
increased from 150−200 to 400−500 nm. The reaction
duration also plays an important role in the formation of

Figure 13. (a) UV−Vis absorption spectra of MB solution at different durations upon adding CuS nanotubes, (b) UV−Vis absorption spectra of MB
aqueous solution in the presence of CuS nanotubes after adding 1 mL of H2O2. H2O2 was added to MB solution after 30 min of stirring with CuS
nanotubes only to saturate MB adsorption−desorption on the CuS surface. (c) The MB degradation rate in the presence of only H2O2, CuS
microspheres and H2O2, CuS nanotubes and H2O2, CuS nanoflakes and H2O2 and CuS nanoparticles and H2O2. (d) The % degradation vs cycle
number suggesting the stability of CuS nanotubes for MB degradation. All the measurements were carried out in the dark.

Table 2. Comparison of MB Degradation (in %) in the Dark
and in the Presence of Light Using CuS Nanotubes and
Microspheres with H2O2

duration
(min)

CuS
nanotubes
(dark) (%)

CuS
nanotubes
(light) (%)

CuS
microspheres
(dark) (%)

CuS
microspheres
(light) (%)

5 52.4 54.9 79.0 82.2
10 77.0 82.9 96.1 97.3
15 94.4 92.8 97.1 98.0
20 97.6 97.4 97.2 98.4
25 98.6 98.3 97.3 98.5

Figure 14. Schematic of MB degradation as a function of time after
adding 1 mL of H2O2 to the CuS dispersed MB solution under dark.
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CuS nanotubes. Initially (after 15/30 min of reaction), CuS
microrods of hexagonal cross-section are formed, which are
subsequently evolved to the nanotubes of circular cross-section
after 4 h. CuS nanostructures are further synthesized using
precursors with different counterions. It is important to note
that CuS nanotubes are obtained only with the counterions
NO3

−, and SO4
2− in the presence of Na+. The bandgap energies

are measured to be 2.08, 2.06, 2.16, and 1.88 eV for the CuS
spheres, nanotubes, nanoflakes and nanoparticles, respectively.
Furthermore, we report here another important finding on the
CuS as a catalyst (not a photocatalyst) for MB degradation with
high degradation efficiency.
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