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Abstract
Photocatalysts have gained much attention because of the water pollution instigated by the rapid usage of organic dyes for 
industrial needs. The degradation of these dyes using photocatalysts under natural light is an economical and popular method 
for water treatment. There is a need to synthesize photocatalytic materials which can generate reactive oxygen species under 
natural light. Hence, keeping in mind the above point, rose flower-shaped CuS nanostructures have been synthesized first time 
by solvothermal technique by varying reaction duration. The self-assembled powder of CuS nanostructures is characterized 
using XRD, FE-SEM, TEM, DLS, EDS, XPS, Raman, FT-IR, and UV–visible spectroscopy. The XRD and TEM analyses 
confirmed the formation of a polycrystalline hexagonal structure with prominent diffraction peaks. FE-SEM study shows 
the formation of uniformly self-assembled rose flower-shaped nanostructures of size 2–3 μm composed of densely packed 
nanoparticles. XPS study shows the presence of Cu(II) and Cu(I) states of copper in the synthesized batch and stoichiometric 
composition Cu:S is found to be 60:40 at.%. The optical studies showed broad absorption spectra of CuS nanostructures in 
about 300–800 nm wavelength range. Besides, this work studies the degradation activity of methylene blue and crystal violet 
organic dyes under natural sunlight conditions without the presence of any additive agent.
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1  Introduction

Rapid industrial growth and extensive use of chemicals for 
industrial purposes have severely contaminated the environ-
ment. Different dyes used in the textile and other industries 
heavily polluted the water bodies and soil at large. Organic 
dyes such as methylene blue, methyl orange, Congo red, and 
crystal violet are toxic in nature and pose serious challenges 
and threats to human health and the environment [1]. To 
settle down, the challenge of the increasing use of dyes in 
different industries is a very big challenge for all research 
communities. Among different organic dyes, methylene blue 
(MB) is a toxic, mutagenic, and non-biodegradable cationic 
dye, commonly used in textile, pharmaceutics, and aquacul-
ture as a fungicide and antidotes, that can seriously threaten 
the ecology [2]. Likewise, crystal violet (CV) is a cationic 
triphenylmethane dye, a highly demanded industrial raw 
material that is used in textile materials (such as cotton and 
silk), in ternary materials (such as leather and animal skin), 
and as an external disinfectant due to its harmful effect on 
cells [3]. In recent years, many attempts have been made to 
minimize the pollution arising from the use of these dyes 
in the industry. One of the big contributions to minimizing 
this serious problem is the use of solar energy to degrade the 
dyes using suitable photocatalysts [4]. Further, the genera-
tion of hydroxyl radicals (OH·) is an important factor for the 
photocatalytic degradation of dyestuffs. Narrow bandgap and 
single-phase materials such as TiO2-based, graphitic-C3N4, 
Ag3PO4, and metal oxide-based materials have been devel-
oped to enhance photocatalytic performance [5, 6]. Another 
side of photodegradation is the photo-Fenton reactions to 
produce OH· under acidic conditions i.e., a pH-dependent 
procedure. However, there are complications in maintaining 
and proceeding under narrow pH values for dye degrada-
tion. In addition, many common photocatalytic materials 
like TiO2 having lattice defects hinder photocatalytic activ-
ity [7, 8]. Consequently, there is a need to explore catalyst 
materials that work beyond such limitations. The photocat-
alytic performance of catalysts in the degradation process 
depends on different factors such as the surface-to-volume 
ratio, optical bandgap, and excited state energy [9]. The 
chalcogenide-based catalysts when exposed to incident pho-
tons produced charge carriers having high redox potential 
[10]. The charge carriers so produced generate primary reac-
tive oxygen species (ROS) in the reaction with oxygen (O2) 
and water (H2O) which further leads to breaks the dyestuffs 
and other organic pollutants that are present in the environ-
ment. The copper-based chalcogenides are earth-abundant 

and non-toxic materials that show excellent potential in the 
photocatalysis process.

Copper sulfide (CuS), a class of copper-based chalcoge-
nides, is a p-type semiconductor that is free from any toxic 
composition, has a narrow band gap and higher reactivity 
than TiO2, making it a promising material that superbly 
responds in the visible and near-infrared light region [11, 
12]. CuS material series include various phases such as 
copper-rich chalcocite (Cu2S), copper-deficient villamanin-
ite (CuS2), covellite (CuS), yarrowite (Cu1.12S), spionko-
pite (Cu1.39S), geerite (Cu1.6S), anilite (Cu1.75S), digenite 
(Cu1.8S), and djurleite (Cu1.96S) [13–15]. In general, differ-
ent phases of CuS series can be synthesized by controlling 
the particle size and morphology which is further attributed 
to tuning the physical, chemical, optical, and electronic 
properties without changing chemical composition [13–16]. 
Many researchers have reported different morphology of the 
CuS materials such as flower and branch structures, hex-
agonal plates, dandelion tubes, and spherical-shaped parti-
cles under the effect of reaction time, temperature, solvent, 
composition, etc., [4, 7, 8, 14–20]. Different methods are 
employed to synthesize CuS materials such as hydrothermal, 
solvothermal, chemical vapor deposition, solid-state com-
bustion, coprecipitation, and sol–gel [17–19]. Among these 
methods, the hydro/solvothermal method has the advantage 
of tuning material surfaces into different morphology simply 
by controlling the reaction conditions [20, 21]. In a recent 
work, unusual novel morphologies such as the irregular, 
regular, trigonal, hexagonal leaf, and snowflakes dendrites 
were synthesized using a hydrothermal route by varying 
reaction time from 8 to 24 h and temperatures (60–200 °C) 
[20]. This work is an attempt to explore possibilities of dye 
degradation beyond the limitations of the photo-Fenton reac-
tion and the lattice defects. Metal sulfides such as CdS, ZnS, 
MoS2, SnS2, and Bi2S3 have played an extensive role in pho-
tocatalytic degradation activities [22]. Copper-based chal-
cogenides exhibit unique physical, chemical, optical, and 
electronic properties and possess numerous applications in 
photocatalysis. Herein, the degradation of MB and CV dyes 
has been achieved using CuS nanostructures and the reac-
tive oxygen sites are attained without adding additive agents 
like H2O2 [23]. The present work focuses on the synthesis of 
CuS nanostructures from the non-aqueous N,N-dimethylfor-
mamide (DMF) solvent through the solvothermal technique 
by changing the reaction time. The structural, morphologi-
cal, and optical properties of synthesized nanostructures 
have been analyzed using different characterization tech-
niques. In addition, the ability of the synthesized samples 
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to photocatalyze the degradation of MB and CV dyes under 
the influence of natural sunlight has been analyzed.

2 � Experimental details

2.1 � Materials

In the present work, analytical grade chemicals, i.e., copper 
(II) chloride (CuCl2.2H2O), thiourea (CH4N2S), and N,N-
dimethyl formamide (DMF) were purchased from chemi-
cal drug house (CDH), India and were used without further 
purification.

2.2 � Solvothermal synthesis of CuS nanostructures

To synthesize CuS nanostructures, precursor salts of copper 
chloride (0.1 M), and thiourea (0.2 M) were appropriated in 
50 mL DMF solution and stirred continuously for 90 min at 
room temperature to achieve a clear and homogeneous solu-
tion. The final solution was poured into a 75 mL Teflon liner-
covered stainless-steel autoclave which was further kept in 
a solvothermal reactor. Now, to obtain definite morphology 
and structure of CuS material, the reactor was maintained at 
a fixed temperature of 200 °C, while the reaction time was 
varied for 8 h and 16 h. After the complete reaction process, 
a black-colored product was obtained which was further pro-
cessed for aging and kept for another 16 h. Thereafter, the 
aged black-colored material was centrifuged using REMI 
CPR-30 to separate the desired product from impurities or 
waste. Finally, the obtained samples were dried at 200 °C in 
a hot air vacuum oven for 2 h and then stored in a vacuum 
desiccator till they were used for different characterizations.

2.3 � Characterization techniques

X-ray diffraction (XRD) patterns of CuS nanostructures, that 
are synthesized in the powder form, were obtained using 
XRD: PANalytical X’Pert Pro having Cu-Kα radiation 
(λ = 1.5406 Å) operated at 45 kV/40 mA at a scanning rate of 
0.05 s−1. Field emission scanning electron micrographs (FE-
SEM) were taken using SEM: Hitachi S-4800 coupled with 
an energy-dispersive X-ray spectroscope (EDS: Bruker). To 
prevent the charging of the sample in FE-SEM characteri-
zation, they were sputter coated with gold (~ 1.5 to 3 nm) 
after being mounted on aluminum stubs using double-sided 
carbon tape. To get the direct imaging of the CuS sample, 
transmission electron microscopy (TEM: JEOL-JEM 2100 
plus) was performed at an accelerating voltage of 200 kV. A 
sample for TEM characterization was prepared by dispersing 
the CuS nanostructures in ethanol solution and sonicating 
for 10 min. Subsequently, a drop of the dispersion (20 μL) 
was deposited on a carbon-coated Cu-grid and left to air 

dry. The dynamic light scattering (DLS) measurements were 
conducted on the CuS nanostructures at 25 °C using a par-
ticle size analyzer (Anton Paar: Litesizer). The suspensions 
for DLS measurements were prepared by dissolving 1 mg 
of each CuS sample in the double-distilled water and soni-
cating them for 20 min to deagglomerate the particles. All 
powder samples were characterized by an X-ray photoelec-
tron spectrometer (XPS: PHI 5000 VersaProbe III) equipped 
with an Al-Kα monochromatic X-ray source. Raman and 
FT-IR spectra were obtained using WITec: Alpha300R and 
Shimadzu: 00293 spectrometers, respectively, to examine 
the compositions of the synthesized samples. The KBr pel-
let technique was adopted to prepare samples for FT-IR 
measurements where CuS nanostructures were mixed with 
KBr salt and hydraulically pressed into pellets. UV–visible 
spectrophotometer (Perkin Elmer: Lambda-750) was used to 
get information about absorption in the wavelength range of 
300–800 nm. The liquid samples for UV–visible measure-
ment were prepared by dispersing a small amount of CuS 
nanostructures in ethanol.

2.4 � Photocatalytic degradation of MB and CV dyes

The photocatalytic performance of the synthesized material 
in the presence of natural sunlight was examined over the 
solutions of the selected dyes i.e., MB and CV that were 
prepared using double-distilled water. Typically, 0.5 mg of 
CuS catalysts, which are synthesized for the reaction dura-
tion of 8 h and 16 h, were mixed with the 25 mL solutions 
of each selected dye, and their photocatalytic behavior was 
tested. To maintain the equilibrium, the solutions were kept 
in the dark chamber under a constant stirring rate for 30 min 
intended to adsorb the dye molecules on the surface of the 
CuS catalyst. Thereafter, the solutions were transferred to 
equally sized borosil glass tubes and kept under a natural 
sunlight environment for an exposure time of 100 min. Dur-
ing the photocatalytic experiment, a 5 mL solution of the 
degraded samples from each reaction tube was collected at 
every 20 min sequentially. The catalyst was separated from 
these solutions by centrifugation at 2000 rpm, and filter-
ing through a 0.45 μm membrane. The concentration of 
dye samples after degradation activity was finally analyzed 
using a UV–visible absorbance spectrophotometer, wherein 
the absorbance was recorded over the wavelength range of 
300–800 nm.

3 � Results and discussion

3.1 � Structural studies

The typical XRD patterns, Fig. 1a, b, reveal the phase and 
purity of the synthesized CuS nanostructures at reaction 
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times of 8 h and 16 h. The XRD spectra displayed diffrac-
tion peaks at different angles, 2θ = 22.44°, 27.6°, 29.2°, 
31.8°, 32.7°, 38.12°, 48.02°, 52.5°, 56.21°, and 59.2° which 
are corresponding to the Miller planes as assigned to (004), 
(101), (102), (103), (006), (105), (110), (108), (202), and 
(116), respectively [24–26]. These diffraction peaks are 
indexed to the hexagonal phase associated with the geer-
ite structure of CuS (JCPDS Card File No. 06–0464) [27]. 
Moreover, the absence of any noticeable peaks in the XRD 
spectra strengthens the pure phase formation of CuS nano-
structure with a polycrystalline nature. The low-intensity 
peaks at 2θ = 34.8°, 42.4°, 44.1°, 50.1°, 63.1°, and 67° for 
sample synthesized  at 8 h probably due to the under-devel-
oped phases of CuS whereas with longer reaction time the 
formation of nanostructures completed. The average crys-
tallite size (Dxrd) of the synthesized samples (Table 1) was 
estimated using Debye–Scherrer’s formula [28]:

(1)Dxrd =
k�

�cos�

where k, λ, β, and θ are the shape factor, the wavelength of 
X-ray used, full-width half maxima of the featured peak, and 
Bragg’s angle, respectively. The lattice constants (a and c) 
associated to the hexagonal structure were calculated using 
[29]

The terms used here have their specific meaning, (hkl) 
denotes Miller indices of the defined planes, and d stands for 
inter-planar distance. The calculated values of lattice con-
stants (Table 1) and  c∕a = 4.34 for CuS nanostructures are 
found close to the reported [19]. The crystallites size and 
lattice constants were increased, while dislocation density 
and microstrain decreased with the increasing reaction time 
which is probability due to the complete growth of the nano-
structures [30, 31].

3.2 � Morphological studies

The effect of the reaction time on the morphology of the 
CuS nanostructures is evinced from the field emission scan-
ning electron microscopic (FE-SEM) images (Fig. 2a–d) that 
displayed self-assembled rose flower-shaped morphology for 
the fully developed CuS nanostructures. It also reveals that 
the rose-like regular assemblies are formed as a result of the 
symmetrical combination of nanoflakes. In addition, with 
higher reaction time, fully developed hexagonal structures 
(insert Fig. 2c) are also found with round-shaped flowers 
without any noticeable change in the assembly of the nano-
structures. This type of morphology in synthesized CuS 
nanostructures may be attributed to the complex formation 

(2)
1

d2
=

4

3

(

h2 + hk + k2

a2

)

+
l2
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Fig. 1   XRD patterns of CuS nanostructures at the reaction time a 8 h and b 16 h

Table 1   Structural parameters, i.e., average crystallite size, lattice 
constants, dislocation density, and microstrain calculated for the syn-
thesized CuS nanostructures

Sample Crystallite 
size
Dxrd (nm)

Lattice con-
stants (Å)

Disloca-
tion density 
(nm)−2

Microstrain

a c

CuS (8 h) 14.13 3.61 15.67 5.01 × 10–3 8.02 × 10–2

CuS (16 h) 17.25 3.63 15.69 4.06 × 10–3 5.53 × 10–2
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between DMF and Cu-ions [32, 33]. Further, to minimize 
the surface energy these nanoflakes are self-assembled and 
grown up in hexagonal rose flower-like structures due to the 
privileged Ostwald ripening [34, 35]. Many researchers have 
reported spherical, marigold, doughnut-shaped structures for 
CuS material using the solvothermal/hydrothermal technique 
[36]. The average size of each such flower is observed to be 
5–10 µm; however, hexagonal sheet has a size range between 
2 and 5 µm. It is clear from the observed morphology that 
high reaction time offers an environment for the nanoflakes 
to be assembled in rose-like regular structures with large 
volumes. Thus, it can be concluded that substantial changes 
in the morphology of the CuS nanostructures are promoted 
by the reaction time in the solvothermal technique.

Figure 3a–c displays the transmission electron micro-
scopic (TEM) micrographs of synthesized CuS nanostruc-
tures for a reaction duration of 16 h. Almost equal-sized 
nanoparticles are found in a dense morphology whereas a 
few individual nanoflakes are also found to be scattered in 
the background. Figure 3b reveals the individual image of a 
flower-shaped structure which is in good contrast with FE-
SEM images. In the SAED pattern (Fig. 3d), the electron 
diffraction patterns in the form of concentric rings, at (1101) , 
(1103) , (1105) , (0110) , (1108) , and 

(

1212

)

 correspond to the 
hexagonal structure of CuS and are further supported by the 
reported literature [37, 38]. The detected central bright spot 
along with concentric rings (Fig. 3d) is evident in the extent 

of high polycrystallinity in the synthesized material which 
is already confirmed by the XRD study.

DLS technique based on the Brownian movement is used 
to estimate the zeta potential (i.e., charge on the surface of 
nanoparticles) and size of hydro-dynamically suspended 
particles. The high value of zeta potential tends to hinder 
the coagulation of particles which further supports electri-
cally more stable particles. Here, the zeta potential values 
for CuS nanostructures synthesized at reaction times of 8 h 
and 16 h were measured to be – 19.79 mV and – 9.92 mV, 
respectively, Fig. 4a and c. Its negative value indicates the 
formation of hydroxyl groups on the surface of nanoparticles 
upon dispersion in distilled water. The mean diameter of 
the CuS nanostructures, synthesized at reaction times of 8 h 
and 16 h, in the aqueous suspension, has been determined 
to be 23.48 ± 8 nm and 32.47 ± 10 nm, respectively, Fig. 4b 
and d. The hydrodynamic size observed from DLS meas-
urement, which is somewhat larger than that obtained from 
XRD analysis, may be attributed to the contribution of the 
electrical double layer around the nanoparticles [39].

3.3 � Compositional studies

Energy-dispersive spectroscopy (EDS) was performed 
to confirm the stoichiometric proportion of the prepared 
CuS nanostructures as shown in Fig. 5a and b. The peaks 
obtained in EDS spectra confirm the presence of Cu and S 
elements in synthesized samples. Further, the absence of any 

Fig. 2   FE-SEM images for CuS 
nanostructures with reaction 
times of 8 h (a, b) and 16 h (c, 
d) at two different magnifica-
tions, i.e., 20 µm and 10 µm, 
respectively
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other elemental peaks depicted that the synthesized mate-
rial is free from elemental impurities. It is analyzed that the 
stoichiometry of the synthesized CuS nanostructures is inde-
pendent of the reaction time. The stoichiometric ratio (at. 
%) for Cu:S in both samples is found to be 60:40, i.e., 1.5:1 
which also confirms the formation of the geerite (Cu1.5S) 
phase of copper sulfide.

3.4 � XPS studies

To understand the composition, oxidation state, and surface 
chemistry of Cu and S elements present in the synthesized 
CuS nanostructures the X-ray photoelectron spectroscopy 
(XPS) measurements were carried out and shown in Figs. 6 
and 7. The survey scans (Figs. 6a and 7a) show the full 
XPS spectra of CuS nanostructures that confirm the exist-
ence of Cu and S elements by their characteristic peaks. 
Besides these peaks, a carbon (C) peak is observed that may 
be from the reference material used in the characterization 
or the chemisorption of functional groups on the surface 
of CuS nanostructures [40]. Moreover, the oxygen peak 
is also there because of the moisture content on the CuS 
surface from the surrounding atmosphere. The absence of 
impurities such as nitrogen, chlorine, and sodium, in the 
XPS survey scan shows the purity of the synthesized CuS 
nanostructures. In the narrow scan spectra for the Cu ele-
ment (Figs. 6b and 7b), the peak obtained at 931.8 and 
951.5 eV belong to Cu1+ binding energies of Cu 2p3/2 and 
Cu 2p1/2 of monovalent Cu(I), respectively [41]. Further, 

the Cu1+ oxidation state is confirmed by the establishment 
of a spin–orbit separation of 19.7 eV. In addition, a peak 
at ~ 945 eV (Figure b) corresponds to the existence of the 
paramagnetic chemical state of Cu2+ [40, 41]. The presence 
of dual oxidation states (Cu1+ and Cu2+) of copper in CuS 
structures was also reported in the literature [40, 41]. In 
the same manner, the narrow scan spectrum of S (Figs. 6c 
and 7c) showed two peaks between 162 and 164 eV cor-
responding to the spin–orbit split of S 2p1/2 and 2p3/2 which 
confirms the S2− oxidation state. The peaks close to 164 eV 
and 169 eV are related to the S2− (metal-S) bond and satel-
lite peak, respectively [42, 43]. From these peaks, it is found 
that the peak observed toward the higher binding energy side 
(i.e., toward 164 eV) is related to mono-sulfide bonded with 
Cu2+ centers, whereas the peak observed toward the lower 
binding energy side (i.e., toward 162 eV) was attributed to 
the di-sulfides. Further, it has been reported that both mono-
sulfide and di-sulfide atoms are responsible for S 2p peak 
splitting in the hexagonal CuS. The chemical composition 
and binding energies attained by XPS analysis are observed 
to be in accordance with the previous reports [40, 42, 43]. 
Therefore, the observed XPS peaks are well correlated with 
the valency distribution of copper and sulfur in the hexago-
nal structure of CuS.

3.5 � Raman and FT‑IR studies

As Cu and S have very close diffraction angles in order to 
confirm the phase formation in synthesized CuS material, 

Fig. 3   TEM images for CuS 
nanostructures synthesized at a 
reaction time of 16 h at different 
resolutions a 500 nm, b 50 nm, 
c 100 nm and d SAED pattern
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Fig. 4   Zeta potential and particle size distribution of the synthesized CuS nanostructures synthesized at a reaction time of 8 h (a, b) and 16 h (c, 
d), respectively

Fig. 5   EDS spectra for CuS nanostructures synthesized at a reaction time of a 8 h and b 16 h
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Raman spectroscopy was done and Raman spectra for both 
samples are represented in Figs. 8a and b. Both spectra 
reveal a weak peak at about 266 cm−1 and a pronounced peak 
at ~ 473 cm−1 which are assigned to the Cu–S bond vibra-
tions and S–S vibrational (stretching) mode of S2 ion at 4e 
sites, respectively. It represents the good crystallinity of the 
synthesized nanostructures [44, 45]. The peaks belonging 
to Cu2O (218/523/623 cm−1) and CuO (298/347/591 cm−1) 
are not found in these spectra which confirms the existence 
of pure and crystalline CuS material [46].

To check the presence of different functional groups 
in the chemically synthesized samples, Fourier transform 
infrared (FT-IR) spectra were recorded, Fig. 9a and b. A 
broad absorbance band between ~ 3400 and 3300 cm−1 is 
shared by the O–H stretching vibration of water molecules, 
which may be due to the moisture content in the air, and 
N–H stretching vibrations that are obtained because of the 
use of H2N–C–NH2 as a source of sulfur during the syn-
thesis. A strong peak obtained at 2972 cm−1 is assigned 
to C–H stretching. Different weak peaks at 2504  cm−1, 

2242 cm−1, 2062 cm−1, 1998 cm−1, and 1959 cm−1 belong 
to O–H, –C–C–, N=C=S bonding and aromatic overtones 
[47–50]. The peak obtained at 1689.64 cm−1 corresponds 
to δN–H bending deformity. Similarly, the peaks obtained 
at 1411 cm−1 and 1380 cm−1 are because of S=O stretch-
ing [48]. The strong peaks at 1107 cm−1, 1056 cm−1, and 
833 cm−1 are claimed because of asymmetric stretching of 
the carbonyl (C=O) group, C–O bonding, and C–halogen 
bonding, respectively. The peaks that occurred at 675 cm−1 
and 516.12 cm−1 belong to C–S stretching and CuS bonding, 
respectively [20, 50].

3.6 � Optical studies

The optical absorption spectra of the CuS nanostructures 
(Fig.  10) synthesized by varying reaction times were 
recorded in the wavelength range of 300–800 nm. The opti-
cal absorption in the ultra-violet region is much higher than 
in the visible region where it has a steady rate. It has been 
reported that CuS nanoparticles have a wide absorption 

Fig. 6   XPS spectra for a survey scan, b copper (Cu), c sulfur (S) for CuS nanostructures synthesized at a reaction time of 8 h
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Fig. 7   XPS spectra for a survey scan, b copper (Cu), c sulfur (S) for CuS nanostructures synthesized at a reaction time of 16 h

Fig. 8   Raman spectra for CuS nanostructures synthesized at a reaction time of a 8 h and b 16 h
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range as compared to bulk CuS [51]. The absorption edge 
of the synthesized nanostructures is observed to be slightly 
shifted toward the higher wavelength side with reaction time. 
The steepness of the absorption edge, Fig. 10a and b, is an 
indication of the direct bandgap nature of the CuS nano-
structures. Optical bandgap energy (Eg) of the synthesized 
nanostructures at different reaction times, inset of Fig. 10a 
and b, was estimated using Tauc’s plot i.e., (αhν)2 vs hν 
from the absorption spectra [52]. Here α, h, and ν are the 
absorption coefficient, Planck’s constant, and frequency of 
incident light, respectively. The estimated values for Eg are 
3.79 eV and 3.70 eV for CuS nanostructures synthesized at 
reaction times 8 h and 16 h, respectively, and are in good 
agreement with reported values [51, 53]. However, slightly 
higher Eg values of the synthesized CuS nanostructures in 
comparison to the bulk CuS having Eg = 2.5 eV is attributed 
to the prevailing quantum size effect in the semiconductor 

nanoparticles. The range of bandgap energy of the synthe-
sized nanostructures may be suitable for the visible solar 
light-driven dye degradation purpose.

3.7 � Photocatalytic activity

The photocatalytic behavior of the synthesized CuS nano-
structures against organic water contaminants, methylene 
blue, and crystal violet dyes, under exposure to natural sun-
light is examined. The optical absorbance spectra of aque-
ous MB solution (with initial concentration 2 × 10–5 M and 
volume 25 mL) in contact with CuS photocatalysts that 
tested at different time intervals are shown in Figs. 11a and 
12a. The single peak observed at wavelength 663 nm in both 
spectra corresponds to the characteristic absorption peak for 
MB dye [54]. The intensity of this peak has been observed 
to decrease swiftly with increasing irradiation time which 

Fig. 9   FT-IR spectra for CuS nanostructures synthesized at reaction times of a 8 h and b 16 h

Fig. 10   Absorption spectra of CuS nanostructures synthesized at a reaction time of a 8 h and b 16 h with the inset depicting Tauc’s plots
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directly indicates the degradation of the dye. Initially, there 
is a significant decrease in the concentration of MB dye in 
the presence of CuS photocatalyst under illumination till 
60 min of exposure time for both samples. However, this 
decrease slowdown subsequently, and absorption has been 
observed to be negligible for CuS photocatalysts synthe-
sized at 16 h. Further, it is clear that the intense bluish color 
of the starting MB solution containing CuS photocatalyst 
(from Figs. 11b and 12b) gradually fades with increasing 
natural light exposure time. The degree of photocatalytic 
dye degradation (C/C0) as a function of time (Figs. 11c and 
12c) has been estimated for each photodegradation w.r.t the 
maximum absorbance at 663 nm, where C0 is the initial dye 
concentration and C is the concentration at reaction time 
t. It has been noticed that the CuS catalyst synthesized at 
16 h has higher photocatalytic activity (with a rate constant 
of 0.61 × 10–2 min−1) than the sample prepared at 8 h (with 
a rate constant of 0.73 × 10–2 min−1) in the photodegrada-
tion of MB. The degradation efficiency of CuS photocata-
lysts prepared at 8 h and 16 for MB after 100 min expo-
sure time (Figs. 11d and 12d) is found to be 73% and 76%, 
respectively.

Likewise, the absorbance spectra of aqueous CV solu-
tion (initial concentration 2 × 10–2 M, and volume 25 mL) 
comprising CuS photocatalyst dose have been tested at dif-
ferent exposure times (Figs. 13a and 14a). The single peak 
obtained at wavelength 592 nm resembles the characteristic 
absorption peak of CV dye [55]. The intensity of this peak 
has been observed to decrease more rapidly with increas-
ing irradiation time for CV solution containing CuS catalyst 
prepared at 8 h than the catalyst prepared at 16 h. Both the 
samples indicate the degradation of CV dye in the presence 
of CuS photocatalyst and the absorption peak completely 
disappeared after about 100 min for the CV solution with 
CuS catalysts prepared at 8 h. As no new peak appears dur-
ing the reaction, hence, degradation has been found success-
ful within 100 min. This degradation is also supported by 
the gradual decoloration of the violet solution to transparent 
with increasing exposure time (Figs. 13b and 14b). Future, 
it has been analyzed that the CuS catalyst synthesized at 8 h 
exhibits higher photocatalytic activity (with a rate constant 
of 0.41 × 10–2 min−1) than the sample prepared at 16 h (with 
a rate constant of 0.70 × 10–2 min−1) in the degradation of 
CV dye (Figs. 13c and 14c). The degradation efficiency of 

Fig. 11   a Time-dependent UV–visible absorption spectra for the photodegradation of MB, b decoloration of MB as a function of time, c degree 
of degradation and d the degradation efficiency in the presence of CuS nanostructures synthesized at reaction time 8 h
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CuS photocatalysts, prepared at 8 h and 16 for CV, at the 
same exposure time (Figs. 13d and 14d) is found to be 72% 
and 65%, respectively.

3.8 � Mechanism for dye degradation

Semiconductors in different nanostructures have excellent 
possibilities for applications in photocatalysis due to their 
distinct physical and chemical properties. The process of 
degradation is preceded basically in three steps, i.e., photon-
induced excitation of charge carriers, separation of charges 
which is done by surface oxidation, and reduction process. 
It has been reported that semiconductors can absorb sunlight 
to catalyze different photochemical reactions and reactive 
oxygen species (ROS) which are the main intermediates in 
photocatalysis [56, 57]. The mechanism of degradation of 
organic dyes (MB and CV) supported by ROS generation 
under visible light is shown in Fig. 15. In all photocatalytic 
activities, the photons of energy equal to or greater than the 
bandgap of the catalyst get absorbed, and h+, OH·, and O2

–· 
radicals are the sources of ROS generation. These absorbed 
photons further generate photo-emitted electron–hole pairs 

in the valance band and conduction band i.e., holes (h+) in 
VB and electron (e−) in CB. In the conduction band, the 
generated electrons (e−) act as reducing agents which are 
captured oxygen molecules present on the surface of CuS 
nanostructures which further creates superoxide radicals. 
The function of the oxidizing agent is performed by holes 
(h+) which are generated in the valence band and produce 
hydroxyl radicals by reacting with water. The proposed reac-
tion mechanism for the degradation of organic dyes (MB and 
CV) is expressed by the following equations:

(3)CuS + hv → CuS
(

e
−
CB

+ h
+
VB

)

(4)e
−
CB

+ Dye(MB∕CV) → Dye−⋅(MB−⋅∕CV−⋅)

(5)h
+
VB

+ Dye(MB∕CV) → Dye+⋅
(

MB+⋅∕CV+⋅
)

(6)e
−
CB

+ O
2(aq) → O

−⋅
2

(7)h
+
VB

+ H
2
O(OH−) → OH. + H+

Fig. 12   a Time-dependent UV–visible absorption spectra for the photodegradation of MB, b decoloration of MB as a function of time, c degree 
of degradation and d the degradation efficiency in the presence of CuS nanostructures synthesized at reaction time 16 h
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The photo-generated (h+) holes in this process have 
a very limited direct role in photodegradation. In the 
whole degradation process, it is noticed that the addition 
of catalyst did not proceed to any degradation reaction 
alone. However, the presence of visible light is also an 
important factor for the reaction to proceed. The experi-
mental results of the present study demonstrate that CuS 
nanostructures possess excellent photocatalytic behavior 
for MB and CV organic dyes, indicating its feasibility as 
a promising photocatalytic material for the degradation 
of organic pollutants.

The synthesized CuS structures have a great ability to 
degrade MB and CV dyes and they exhibit high photo-
catalytic activity (Table 2). Therefore, rose flower-shaped 
CuS structures are promising photocatalysts for water 
remediation in the visible-light region.

(8)
OH. + O−⋅

2
+ dye(MB∕CV) → DegradationProducts

(

CO
2
+ H

2
O
) 4 � Conclusion

This work demonstrated the photocatalytic behavior of 
rose flower-shaped CuS nanostructures synthesized by 
solvothermal technique for different reaction times of 8 h 
and 16 h. The structural, morphological, compositional, 
and optical properties of synthesized nanostructures were 
observed using different characterization tools. The struc-
tural study revealed that the obtained nanostructures grow 
in hexagonal CuS geerite phase, polycrystalline in nature, 
and comprise crystallites having average sizes of 14.13 nm 
and 17.25 nm. The surface morphology disclosed rose 
flower-shaped nanostructures built by self-assembled 
nanoflakes in a hexagonal pattern. FE-SEM and TEM 
studies showed that the changing reaction time signifi-
cantly influences the morphology of the nanostructures. 
The appearance of the elemental peaks as observed from 
EDS and XPS spectra confirms the presence of desired 

Fig. 13   a Time-dependent UV–visible absorption spectra for the photodegradation of CV, b decoloration of CV as a function of time, c degree 
of degradation and d the degradation efficiency in the presence of CuS nanostructures synthesized at reaction time 8 h
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CuS material, while the absence of extra peaks confirms 
its purity. The optical studies showed broad absorption 
spectra of CuS nanoparticles in the visible range and the 

optical band gap value was found to decrease with reaction 
time. The photocatalytic activity of the synthesized CuS 
nanostructures was examined over MB and CV organic 

Fig. 14   a Time-dependent UV–visible absorption spectra for the photodegradation of CV, b decoloration of CV as a function of time, c degree 
of degradation and d the degradation efficiency in the presence of CuS nanostructures synthesized at reaction time 16 h

Fig. 15   Possible mechanism 
for the photodegradation of the 
organic dye
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dyes under natural sunlight exposure for the time duration 
of 100 min. The degradation efficiency of 76% and 73% for 
the MB dye was achieved by 0.5 mg dose of CuS photo-
catalysts prepared at 8 h and 16 h, respectively. Moreover, 
the efficiency was 72% and 65% for the CV dye by the 
same photocatalysts prepared at 8 h and 16 h, respectively. 
Finally, it can be expected that the possibility of using 
rose flower-shaped CuS nanostructures for the degrada-
tion of organic dyes, especially MB and CV, in natural 
sunlight is appreciable and helpful in the remediation of 
water pollution.
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